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Summary	
  	
  
In	
   this	
  PhD	
  project	
  we	
   investigate	
   the	
  composition	
  of	
  primitive	
  bodies	
  of	
   the	
  Solar	
  System	
  (C-­‐type	
  
asteroids	
  and	
  comets)	
  providing	
  insights	
  with	
  the	
  combined	
  petrographic	
  and	
  spectroscopic	
  study	
  of	
  
micrometeorites,	
   carbonaceous	
   chondrites	
   (CCs)	
   and	
   laboratory	
   experiments	
   on	
   CCs.	
   The	
  
composition	
   of	
   C-­‐type	
   asteroids	
   is	
   similar,	
   though	
   not	
   equal,	
   to	
   that	
   of	
   CCs.	
   The	
   IR	
   reflectance	
  
spectra	
  of	
  C-­‐type	
  asteroids	
  show	
  as	
  main	
  features	
  absorption	
  bands	
  at	
  2.7-­‐2.8	
  µm,	
  3-­‐3.1	
  µm,	
  3.3	
  µm	
  
and	
  at	
  3.4-­‐3.5	
  µm.	
  The	
  2.7-­‐2.8	
  µm	
  band	
  is	
  indicative	
  of	
  Mg-­‐OH	
  bonds	
  if	
  centred	
  at	
  2.7	
  µm	
  and	
  of	
  Fe-­‐
OH	
  bonds	
  if	
  at	
  2.8	
  µm.	
  The	
  3	
  µm	
  band	
  is	
  difficult	
  to	
  attribute	
  to	
  a	
  specific	
  compound.	
  The	
  3	
  µm	
  band	
  
is	
  also	
  used	
  to	
  distinguish	
  4	
  different	
  C-­‐type	
  asteroid	
  families,	
  based	
  on	
  the	
  band	
  centre	
  (BC):	
  Sharp	
  
asteroids	
  (BC	
  at	
  3	
  µm),	
  Ceres-­‐like	
  (BC	
  at3.05	
  µm),	
  Europa-­‐like	
  (BC	
  at	
  3.15	
  µm)	
  and	
  rounded	
  asteroids	
  
(rounded	
   band	
   at	
   3	
   µm).	
   The	
   3.3	
   µm	
   and	
   the	
   3.4-­‐3.5	
   µm	
   bands	
   are	
   attributed	
   respectively	
   to	
  
aromatic	
  and	
  aliphatic	
  hydrocarbons.	
  The	
  3	
  µm	
  band	
  and	
  organics	
  are	
  also	
  common	
  on	
  comets.	
  The	
  
main	
  processes	
  suggested	
  to	
  create	
  these	
  features	
  and	
  the	
  associated	
  minerals	
  are	
   low-­‐T	
  aqueous	
  
alteration	
   and	
   hydrothermalism,	
   whereas	
   sublimation	
   and	
   cryovolcanism,	
   both	
   characterised	
   by	
  
outbursts,	
  are	
  distinctive	
  processes	
  of	
  primitive	
   icy	
  bodies.	
  To	
  provide	
  new	
   insights	
  on	
  mineralogy	
  
and	
  geological	
  processing	
  of	
  primitive	
   icy	
  bodies	
  we	
  studied	
  micrometeorites	
   (MMs)	
   (3	
  samples	
   in	
  
particular:	
   TAM5.29,	
   TAM5.30,	
   TAM18c.11	
   and	
   TAM18c.13).	
   We	
   also	
   made	
   some	
   laboratory	
  
experiments	
   on	
   CCs	
   (FRO95002,	
   FRO99040,	
   FRO90006,	
   MCY14001	
   and	
   DaG521)	
   to	
   reproduce	
  
hydrothermal	
  alteration	
  and	
  cryovolcanism.	
  	
  

Several	
  different	
  techniques	
  were	
  used	
  for	
  this	
  project.	
  Petrographic	
  analyses	
  have	
  been	
  done	
  with	
  
Raman,	
  Field	
  emission	
  SEM-­‐EDS,	
  SEM-­‐EDS	
  equipped	
  with	
  EBSD,	
  XRD,	
  µXRD	
  and	
  EMPA.	
  Petrographic	
  
observations	
   have	
   been	
   coupled	
   with	
   spectroscopy	
   and	
   gas	
   chromatography	
   analysis	
   for	
   organic	
  
matter	
   investigations.	
   For	
   the	
   cryovolcanism	
   experiments	
   we	
   mixed	
   some	
   powders	
   of	
   CCs	
   with	
  
deionized	
  water	
  and	
  other	
  with	
  NH4-­‐water,	
  froze	
  them	
  and	
  heated	
  up	
  in	
  vacuum	
  from	
  -­‐195	
  to	
  100°C.	
  
For	
   the	
   hydrothermal	
   experiments	
   we	
   mixed	
   powders	
   of	
   FRO95002	
   with	
   deionized	
   water	
  
(water/rock=	
  0.1)	
  and	
  MCY14001	
  with	
  NH4-­‐water	
   (water/rock=1),	
  put	
   them	
   in	
   two	
  autoclaves	
  and	
  
heated	
  at	
  240°C	
  for	
  nearly	
  two	
  months.	
  The	
  CCs	
  powders	
  were	
  analysed	
  both	
  before	
  and	
  after	
  the	
  
treatment.	
  	
  

TAM5.29	
   is	
   dominated	
   by	
   a	
  matrix	
   of	
   Fe-­‐olivines	
   and	
   clasts	
   of	
   andradite	
   surrounded	
   by	
   diopside-­‐
jarosite.	
   We	
   discovered	
   that	
   TAM5.29	
   records	
   extensive	
   hydrothermal	
   alteration	
   at	
   T~250°C.	
   A	
  
second	
  episode	
  of	
  alteration	
  at	
  T<100°C	
  occurred	
  and	
  resulted	
  in	
  the	
  formation	
  of	
  iddingsite.	
  CH	
  and	
  
SH	
  functional	
  groups	
  are	
  ubiquitous.	
  TAM5.29	
  mineralogy	
  is	
  unique	
  among	
  the	
  micrometeorites	
  and	
  
is	
   also	
   slightly	
   different	
   from	
   the	
   known	
   CV	
   chondrites.	
   TAM5.29	
  mineralogy	
   lies	
   in	
   between	
   the	
  
CVoxA	
   and	
   CVoxB.	
   This	
   intermediate	
   mineralogy	
   may	
   represent	
   a	
   newly	
   described	
   alteration	
  
environment	
  on	
  the	
  CV	
  parent	
  body.	
  TAM18c.11	
  have	
  a	
  high	
  porosity	
  that	
  favoured	
  high	
  Antarctic	
  
alteration	
   and	
   widespread	
   replacement	
   with	
   jarosite.	
   Phyllosilicates	
   are	
   recognisable	
   along	
   with	
  
small	
  metal	
   alloys.	
   A	
   portion	
   of	
   TAM18c.11	
  matrix	
   has	
   been	
   detected	
   and	
   is	
   composed	
   of	
   olivine	
  
crystals	
  (1-­‐2	
  µm)	
   immersed	
  in	
  a	
  mesostasis	
  plus	
  tiny	
  metal-­‐alloys.	
  Raman	
  analyses	
  revealed	
  that	
   in	
  
TAM18c.11	
  there	
   is	
  also	
  the	
  ubiquitous	
  presence	
  of	
  CH	
  and	
  SH	
  functional	
  groups.	
  Another	
  peak	
  at	
  
3412	
  cm-­‐1	
  and	
  can	
  be	
  due	
  to	
  NH	
  functional	
  groups,	
  likely	
  in	
  the	
  jarosite.	
  

TAM5.30	
   is	
   a	
   “wet”	
   CO-­‐like	
   micrometeorite.	
   TAM5-­‐30	
   records	
   a	
   two-­‐part	
   processing	
   history	
  
characterised	
   by	
   an	
   initial	
   episode	
   of	
   low-­‐temperature	
   CM-­‐like	
   aqueous	
   alteration	
   leading	
   to	
   the	
  
formation	
   of	
   Fe-­‐phyllosilicate,	
   Cr-­‐spinel	
   and	
   Fe-­‐oxides,	
   which	
   later	
   transitioned	
   into	
   higher	
  



	
   ii	
  

temperature	
   (~300°C)	
   CV-­‐like	
   thermal	
   metasomatic	
   alteration,	
   resulting	
   in	
   the	
   formation	
   of	
  
abundant	
  fayalite,	
  apatite,	
  diffusion	
  profiles	
  in	
  mafic	
  silicates	
  and	
  partially	
  heated	
  organic	
  matter.	
  	
  

FRO99040,	
   FRO95002	
   and	
   FRO90006	
   (CO3)	
   are	
   composed	
   of	
   olivine	
   and	
   pyroxene	
   with	
  
compositions	
  Fa1-­‐59	
  and	
  Fs1-­‐7	
   respectively.	
  Fe-­‐Ni	
  alloys	
  and	
   troilite	
  are	
  abundant	
   (~5	
  vol%)	
  and	
  also	
  
CAIs	
   (~10	
  vol%).	
  MCY14001	
  (CM2)	
  olivines	
  have	
  fayalite	
  content	
  of	
  Fa0.3-­‐57	
  and	
   low-­‐Ca	
  pyroxenes	
  a	
  
ferrosilite	
   content	
   of	
   Fs0.6-­‐5.	
   Serpentine	
   is	
   widespread	
   replacing	
   chondrules	
  mesostasis	
   and	
   in	
   the	
  
matrix,	
  minor	
  calcite	
  crystals	
  often	
  associated	
  to	
  troilite,	
  FeNi	
  alloys	
  are	
  generally	
   rare.	
  CAIs	
  builds	
  
up	
   ~7	
   vol%	
   of	
   the	
   sample. DaG521	
   is	
   a	
   CV3	
   chondrite	
   and	
   is	
   the	
   only	
  meteorite	
   of	
   our	
   set	
   with	
  
reddish	
  colour,	
  probably	
  due	
  to	
  iron	
  oxide	
  generated	
  by	
  weathering	
  in	
  the	
  Libyan	
  desert.	
  

	
  After	
   the	
  hydrothermal	
   experiments	
   FRO95002	
  didn’t	
   show	
  any	
   substantial	
  mineralogical	
   change,	
  
whereas	
   MCY14001	
   showed	
   the	
   presence	
   of	
   magnetite	
   and	
   sulfides-­‐hydrated	
   sulfides	
   (e.g.	
  
pentlandite-­‐tochilinite)	
  plus	
  other	
  minerals	
  that	
  we	
  described	
  later.	
  

The	
  3.15	
  µm	
  band	
  of	
  TAM5.29	
  is	
  found	
  scattered	
  around	
  the	
  matrix	
  associated	
  to	
  the	
  2.8	
  µm	
  band,	
  
thus	
   related	
   to	
   Fe-­‐rich	
   hydrous	
   phases.	
   An	
   isolated	
   spot	
   gave	
   spectra	
   characterised	
  by	
   a	
   3.04	
  µm	
  
band	
   that	
   always	
   appears	
   together	
   with	
   the	
   3.4	
   µm	
   and	
   3.5	
   µm	
   bands	
   of	
   the	
   aliphatic	
   organics,	
  
indicating	
  a	
  relation	
  between	
  the	
  3.04	
  µm	
  band	
  and	
  the	
  organic	
  matter.	
   In	
  TAM18c.11	
  the	
  3	
  µm	
  is	
  
also	
  shifted	
  towards	
  shorter	
  wavelength	
  at	
  3.05-­‐3.06	
  µm.	
  The	
  band	
  is	
  associated	
  with	
  the	
  2.8-­‐2.9	
  µm	
  
band	
  and	
  a	
  broad	
  band	
  at	
  3.8	
  µm,	
  suggesting	
  close	
   relationship	
  with	
  ammonium-­‐jarosite.	
  The	
  CCs	
  
studied	
  have	
  spectra	
  with	
  a	
  hydration	
  band	
  at	
  2.7	
  µm,	
  the	
  rest	
  of	
  the	
  spectra	
  is	
  almost	
  featureless.	
  
FRO95002	
  powders	
  processed	
  during	
  the	
  hydrothermal	
  experiment	
  gave	
  a	
  noisy	
  spectra,	
   the	
  main	
  
change	
   is	
   the	
   disappearing	
   of	
   the	
   hydration	
   band	
   at	
   2.7	
   µm.	
   Spectra	
   of	
   MCY14001	
   after	
   the	
  
experiment	
  exhibit	
  two	
  bands	
  at	
  2.9	
  and	
  3.05	
  µm,	
  not	
  present	
  in	
  the	
  original	
  spectra.	
  The	
  3.05	
  µm	
  
band	
   is	
   due	
   to	
   ammoniation	
   of	
   serpentine,	
   a	
   task	
   never	
   achieved	
   before.	
   Original	
   powders	
   of	
  
MCY14001	
   also	
   had	
   Na-­‐carbonates,	
   which	
   after	
   the	
   experiment	
   were	
   replaced	
   by	
   ammoniated	
  
analcime-­‐natrolite.	
   In	
   addition	
   Fe-­‐enstatite	
   and	
  diopside	
  are	
  also	
   formed	
  during	
   the	
  hydrothermal	
  
alteration.	
   Cryovolcanism	
   experiments	
   gave	
   insights	
   on	
   the	
   hydrocarbon	
   formation.	
   The	
   ejected	
  
outgassed	
  powders	
  of	
  FRO90006,	
  FRO99040,	
  FRO95002	
  and	
  DaG521	
  always	
  show	
  absorption	
  bands	
  
at	
  3.4	
  µm	
  and	
  3.5	
  µm	
  while	
  in	
  the	
  original	
  unprocessed	
  powders	
  and	
  on	
  the	
  powders	
  that	
  remained	
  
in	
   the	
   sample	
   holder	
   this	
   feature	
   is	
   not	
   found.	
   Gas-­‐chromatography	
   analyses	
   show	
   that	
   these	
  
features	
  are	
  given	
  by	
  aliphatic	
  hydrocarbons,	
  in	
  particular	
  by	
  C17,	
  C19	
  and	
  C21.	
  	
  

We	
   found	
   the	
   first	
   3	
   µm	
   bearing	
   samples,	
   found	
   a	
   new	
   way	
   for	
   organics	
   processing	
   and	
  
ammoniation	
  process	
  on	
  planetary	
  bodies	
  and	
  we	
  also	
  give	
  new	
  perspectives	
  into	
  cryovolcanism	
  and	
  
hydrothermalism.	
  The	
  3.15	
  µm	
  band	
  in	
  TAM	
  5.29	
  is	
  given	
  by	
  Fe-­‐OH	
  bonds,	
  proving	
  that	
  the	
  Europa-­‐
like	
  asteroids	
  are	
  most	
   likely	
  Fe-­‐rich	
  hydrous	
  worlds	
   involved	
  by	
  hydrothermal	
  and	
   low-­‐T	
  aqueous	
  
alteration.	
  The	
  3.07	
  µm	
  band	
  in	
  TAM18c.11	
  is	
  related	
  to	
  organic	
  matter,	
  in	
  particular	
  CH	
  and	
  NH	
  in	
  
aromatic	
  or	
  aliphatic	
  hydrocarbons,	
  in	
  phyllosilicates	
  structure,	
  sulphates	
  and	
  salts.	
  	
  

Hydrothermal	
   experiments	
   on	
   MCY14001	
   confirm	
   that	
   the	
   3.05	
   µm	
   band	
   is	
   related	
   to	
   NH	
   and	
  
indicates	
  that	
  C-­‐type	
  asteroids	
  went	
  through	
  hydrothermalism.	
  Ceres-­‐like	
  asteroids	
  with	
  the	
  3.05	
  ±	
  
0.01	
  µm	
  band	
  are	
  thus	
  enriched	
  in	
  organic	
  matter.	
  	
  

We	
   experimentally	
   show	
   that	
   aliphatic	
   hydrocarbons	
   are	
   created	
   through	
   outbursting	
   at	
   T≤-­‐40°C,	
  
which	
  on	
  planetary	
  bodies	
   is	
   induced	
  by	
  cryovolcanism	
  and	
  sublimation.	
  This	
   is	
  also	
  evidence	
   that	
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comet’s	
  organics	
  are	
  not	
  only	
  remnants	
  of	
  the	
  Solar	
  Nebula,	
  but	
  can	
  be	
  created	
  by	
  Cometary	
  activity	
  
itself.	
  	
  

TAM5.29	
  and	
  TAM5.30	
  give	
  new	
  perspectives	
   in	
  the	
  hydrothermal	
  alteration	
  of	
  CCs	
  parent	
  bodies.	
  
They	
   are	
   products	
   of	
   unique	
   accretion	
  windows,	
   occurring	
   on	
   a	
  more	
   heterogeneous	
   CVs	
   parent	
  
body	
   in	
   the	
   case	
   of	
   TAM5.29	
   and	
   in	
   a	
  mixed	
   environment	
   in-­‐between	
   the	
  CO	
   and	
  CM	
   chondrites	
  
parent	
  bodies	
  in	
  case	
  of	
  TAM5.30.	
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Riassunto	
  
In	
   questo	
   progetto	
   di	
   dottorato	
   abbiamo	
   indagato	
   la	
   composizione	
   dei	
   corpi	
   primitivi	
   del	
   Sistema	
  
Solare	
  (asteroidi	
  di	
  tipo	
  C	
  e	
  comete)	
  fornendo	
  approfondimenti	
  combinando	
  analisi	
  petrografiche	
  e	
  
spettrali	
   di	
   micrometeoriti,	
   condriti	
   carbonacee	
   (CC)	
   ed	
   esperimenti	
   di	
   laboratorio	
   su	
   CCs.	
   La	
  
composizione	
   degli	
   asteroidi	
   di	
   tipo	
   C	
   è	
   simile,	
   sebbene	
   non	
   uguale,	
   a	
   quella	
   delle	
   CCs.	
   Le	
   firme	
  
spettrali	
   di	
   riflettanza	
   nell’infra	
   rosso	
   (IR)	
   degli	
   asteroidi	
   di	
   tipo	
   C	
   mostrano	
   come	
   caratteristiche	
  
principali	
  bande	
  di	
  assorbimento	
  a	
  2.7-­‐2.8	
  µm,	
  3-­‐3.1	
  µm,	
  3.3	
  µm	
  e	
  3.4-­‐3.5	
  µm.	
  La	
  banda	
  da	
  2.7-­‐2.8	
  
µm	
  è	
  indicativa	
  dei	
  legami	
  Mg-­‐OH	
  se	
  centrata	
  a	
  2.7	
  µm	
  e	
  dei	
  legami	
  Fe-­‐OH	
  se	
  a	
  2.8	
  µm.	
  La	
  banda	
  a	
  3	
  
µm	
   è	
   difficile	
   da	
   attribuire	
   a	
   un	
   composto	
   specifico.	
   La	
   banda	
   a	
   3	
   µm	
   viene	
   anche	
   utilizzata	
   per	
  
distinguere	
  4	
  diverse	
  famiglie	
  di	
  asteroidi	
  di	
  tipo	
  C	
  in	
  base	
  al	
  centro	
  di	
  banda	
  (BC):	
  asteroidi	
  “sharp”	
  (	
  
BC	
   a	
   3	
   µm),	
   simili	
   a	
   Cerere	
   (BC	
   a	
   3.05	
   µm),	
   simili	
   a	
   Europa	
   (BC	
   a	
   3.15	
   µm)	
   e	
   asteroidi	
   “rounded”	
  
(banda	
  arrotondata	
  a	
  3	
  µm).	
   Le	
  bande	
  a	
  3.3	
  µm	
  e	
  3.4-­‐3.5	
  µm	
  sono	
  attribuite	
   rispettivamente	
  agli	
  
idrocarburi	
   aromatici	
   e	
   alifatici.	
   La	
   banda	
   a	
   3	
   µm	
   e	
   i	
   composti	
   organici	
   sono	
   comuni	
   anche	
   nelle	
  
comete.	
   I	
   principali	
   processi	
   che	
   si	
   pensa	
   aver	
   creato	
   queste	
   caratteristiche	
   spettrali	
   e	
   i	
   minerali	
  
associati	
   sono	
   l'alterazione	
   acquosa	
   a	
   bassa	
   temperatura	
   e	
   alterazione	
   idrotermale,	
   mentre	
   la	
  
sublimazione	
  e	
  il	
  criovulcanismo,	
  entrambi	
  caratterizzati	
  da	
  outburst	
  (episodi	
  violenti	
  esplosivi),	
  sono	
  
processi	
  distintivi	
  di	
  corpi	
  ghiacciati	
  primitivi.	
  Per	
  fornire	
  nuove	
  informazioni	
  sulla	
  mineralogia	
  e	
  sui	
  
processi	
   geologici	
   di	
   corpi	
   ghiacciati	
   primitivi,	
   abbiamo	
   studiato	
   diverse	
   micrometeoriti	
   (MM)	
   (3	
  
campioni	
  in	
  particolare:	
  TAM5.29,	
  TAM5.30,	
  TAM18c.11	
  e	
  TAM18c.13).	
  Abbiamo	
  anche	
  fatto	
  alcuni	
  
esperimenti	
   di	
   laboratorio	
   sui	
   CCs	
   (FRO95002,	
   FRO99040,	
   FRO90006,	
   MCY14001	
   e	
   DaG521)	
   per	
  
riprodurre	
  l'alterazione	
  idrotermale	
  e	
  il	
  criovulcanismo.	
  	
  

Diverse	
  tecniche	
  analitiche	
  sono	
  state	
  utilizzate	
  per	
   la	
   realizzazione	
  di	
  questo	
  progetto.	
  Sono	
  state	
  
condotte	
   analisi	
   petrografiche	
   con	
   Raman,	
   Field-­‐Emission-­‐SEM-­‐EDS,	
   SEM-­‐EDS	
   equipaggiato	
   con	
  
EBSD,	
   XRD,	
   µXRD	
   ed	
   EMPA.	
   Le	
   osservazioni	
   petrografiche	
   sono	
   state	
   abbinate	
   alle	
   analisi	
   di	
  
spettroscopia	
   e	
   alle	
   analisi	
   sulla	
   materia	
   organica	
   condotte	
   con	
   il	
   gascromatografo.	
   Per	
   gli	
  
esperimenti	
   di	
   criovolcanismo	
   abbiamo	
   mescolato	
   alcune	
   polveri	
   di	
   CCs	
   con	
   acqua	
   deionizzata	
   e	
  
altre	
   con	
   acqua	
   ammoniata,	
   le	
   abbiamo	
   congelate	
   e	
   riscaldate	
   in	
   vuoto	
   da	
   -­‐195	
   a	
   100°C.	
   Per	
   gli	
  
esperimenti	
   di	
   alterazione	
   idrotermale	
   abbiamo	
   miscelato	
   polveri	
   della	
   meteorite	
   FRO95002	
   con	
  
acqua	
   deionizzata	
   (acqua/roccia	
   =	
   0,1)	
   e	
  MCY14001	
   con	
   acqua	
   ammoniata	
   (acqua/roccia	
   =	
   1),	
   le	
  
abbiamo	
  messe	
  in	
  due	
  autoclavi	
  e	
  riscaldate	
  a	
  240°C	
  per	
  quasi	
  due	
  mesi.	
  Le	
  polveri	
  di	
  CCs	
  sono	
  state	
  
analizzate	
   sia	
   prima	
   che	
   dopo	
   il	
   trattamento.	
   L'interpretazione	
   e	
   la	
   datazione	
   di	
   un'area	
   rilevante	
  
della	
   superficie	
   di	
   Cerere	
   sono	
   state	
   eseguite	
   su	
   immagini	
   acquisite	
   dalla	
   sonda	
  Dawn	
   utilizzando	
  
sistemi	
  GIS.	
  

TAM5.29	
   è	
   dominata	
   da	
   una	
  matrice	
   di	
   olivine	
   ricche	
   in	
   Fe	
   e	
   da	
   clasti	
   di	
   andradite	
   circondati	
   da	
  
diopside-­‐jarosite.	
   La	
   composizione	
   della	
   TAM5.29	
   è	
   il	
   risultato	
   di	
   	
   alterazione	
   idrotermale	
   a	
   T	
   ~	
  
250°C.	
   In	
   aggiunta	
   alla	
   fase	
   idrotermale	
   si	
   è	
   verificato	
   un	
   secondo	
   episodio	
   di	
   alterazione	
   a	
   bassa	
  
temperatura	
  (T<100°C)	
  che	
  ha	
  portato	
  alla	
  formazione	
  di	
  iddingsite.	
  Si	
  trovano	
  anche	
  sparsi	
  in	
  tutta	
  
la	
  micrometeorite	
  composti	
  CH	
  e	
  SH.	
  La	
  mineralogia	
  della	
  TAM5.29	
  è	
  unica	
  tra	
  le	
  micrometeoriti	
  ed	
  
è	
  anche	
  in	
  parte	
  diversa	
  dalle	
  condriti	
  CV	
  note	
  fino	
  ad	
  ora.	
  La	
  mineralogia	
  della	
  TAM5.29	
  si	
  trova	
  tra	
  
CVoxA	
  e	
  CVoxB.	
  Questa	
  mineralogia	
   intermedia	
  può	
  rappresentare	
  un	
  nuovo	
  ambiente	
  di	
  alterazione	
  
sul	
   corpo	
   genitore	
   CV	
   mai	
   descritto	
   prima.	
   La	
   micrometeorite	
   TAM18c.11	
   invece	
   ha	
   un'elevata	
  
porosità	
   che	
   ha	
   favorito	
   l'alta	
   alterazione	
   antartica	
   e	
   la	
   sostituzione	
   diffusa	
   con	
   il	
   jarosite.	
   Si	
  
riconoscono	
   fillosilicati	
   insieme	
   a	
   piccole	
   leghe	
  metalliche.	
   Parte	
   della	
  matrice	
   della	
   TAM18c.11	
   è	
  
ancora	
  visibile	
  ed	
  è	
  composta	
  da	
  cristalli	
  di	
  olivina	
  (1-­‐2	
  µm)	
  immersi	
  in	
  una	
  mesostasi	
  nella	
  quale	
  si	
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trovano	
  anche	
  leghe	
  metalliche	
  di	
  dimensioni	
  sotto	
  il	
  micron.	
  Le	
  analisi	
  di	
  Raman	
  hanno	
  rivelato	
  che	
  
anche	
  in	
  TAM18c.11	
  c'è	
  anche	
  la	
  presenza	
  di	
  gruppi	
  funzionali	
  CH	
  e	
  SH.	
  Un	
  altro	
  picco	
  a	
  3412	
  cm-­‐1	
  
può	
  invece	
  essere	
  dovuto	
  a	
  gruppi	
  funzionali	
  NH,	
  probabilmente	
  presenti	
  nella	
  jarosite.	
  

TAM5.30	
   è	
   una	
  micrometeorite	
   simile	
   alle	
   condriti	
   CO.	
   La	
  mineralogia	
   della	
   TAM5.30	
  mostra	
   una	
  
storia	
  evolutiva	
  divisa	
   in	
  due	
  parti:	
  un	
  episodio	
   iniziale	
  di	
  alterazione	
  acquosa	
  simile	
  a	
  quello	
  delle	
  
condriti	
  CM	
  a	
  bassa	
  temperatura	
  che	
  porta	
  alla	
  formazione	
  di	
  fillosilicati	
  ferrosi,	
  spinelli	
  di	
  cromo	
  e	
  
ossidi	
  di	
  ferro,	
  che	
  in	
  seguito	
  sono	
  passati	
  a	
  temperature	
  più	
  elevate	
  (~	
  300°C)	
  andando	
  incontro	
  ad	
  
un	
   metasomatismo	
   simile	
   a	
   quello	
   descritto	
   nelle	
   condriti	
   CV,	
   con	
   conseguente	
   formazione	
   di	
  
fayalite,	
  apatite,	
  profili	
  di	
  diffusione	
  in	
  silicati	
  mafici	
  e	
  parziale	
  riscaldamento	
  della	
  materia	
  organica.	
  	
  

FRO99040,	
   FRO95002	
  e	
   FRO90006	
   (CO3)	
   sono	
   composte	
  da	
  olivina	
   e	
   pirosseno	
   con	
   composizione	
  
Fa1-­‐59	
  e	
  Fs1-­‐7	
  rispettivamente.	
  Le	
  leghe	
  Fe-­‐Ni	
  e	
  la	
  troilite	
  sono	
  abbondanti	
  (~	
  5%	
  in	
  volume)	
  così	
  come	
  
i	
   CAI	
   (~	
   10%	
   in	
   volume).	
   Le	
   olivine	
   nella	
   MCY14001	
   (CM2)	
   hanno	
   un	
   contenuto	
   di	
   fayalite	
   più	
  
eterogeneo	
  Fa0.3-­‐57	
  e	
  pirosseni	
  a	
  basso	
  contenuto	
  di	
  Ca	
  mostrano	
  un	
  contenuto	
  di	
  ferrosilite	
  di	
  Fs0.6-­‐5.	
  
Minerali	
  del	
  serpentino	
  sono	
  diffusi	
  nella	
  matrice	
  e	
  sostituiscono	
  la	
  mesostasi	
  delle	
  condrule.	
  Nella	
  
MCY14001	
   si	
   trovano	
   anche	
   cristalli	
   di	
   calcite	
   spesso	
   associati	
   alla	
   troilite,	
   le	
   leghe	
   FeNi	
   sono	
  
generalmente	
  rare.	
  I	
  CAI	
  sono	
  circa	
  il	
  7%	
  in	
  volume	
  del	
  campione.	
  DaG521	
  è	
  una	
  condrite	
  di	
  tipo	
  CV3	
  
ed	
   è	
   l'unica	
   meteorite	
   studiata	
   di	
   colore	
   rossastro,	
   probabilmente	
   a	
   causa	
   dell'ossido	
   di	
   ferro	
  
generato	
  dagli	
  agenti	
  atmosferici	
  nel	
  deserto	
  libico.	
  

A	
  seguito	
  degli	
  esperimenti	
  idrotermali,	
  FRO95002	
  non	
  ha	
  mostrato	
  alcun	
  sostanziale	
  cambiamento	
  
mineralogico,	
  mentre	
  MCY14001	
  ha	
  mostrato	
   la	
  presenza	
  di	
  magnetite	
  e	
  solfuri	
   solfuri	
   idratati	
   (ad	
  
es.	
  pentlandite-­‐tochilinite)	
  ed	
  altre	
  modifiche	
  descritte	
  in	
  seguito.	
  

Nella	
  micrometeorite	
  TAM5.29	
  si	
  trova	
  la	
  banda	
  a	
  3.15	
  µm	
  sparsa	
  nella	
  matrice	
  associata	
  alla	
  banda	
  
a	
  2.8	
  µm,	
  quindi	
  correlata	
  a	
  fasi	
  idrate	
  ricche	
  di	
  Fe.	
  Un	
  punto	
  isolato	
  ha	
  dato	
  spettri	
  caratterizzati	
  da	
  
una	
   banda	
   a	
   3.04	
   µm	
   che	
   appare	
   sempre	
   insieme	
   alle	
   bande	
   3.4	
   µm	
   e	
   3.5	
   µm	
   degli	
   idrocarburi	
  
alifatici,	
   indicando	
  una	
  relazione	
  tra	
   la	
  banda	
  a	
  3.04	
  µm	
  e	
   la	
  materia	
  organica.	
  Nella	
  TAM18c.11	
   la	
  
banda	
  a	
  3	
  µm	
  è	
  spostata	
  verso	
  una	
  lunghezza	
  d'onda	
  più	
  corta	
  a	
  3.05-­‐3.06	
  µm.	
  La	
  banda	
  è	
  associata	
  
agli	
   assorbimenti	
   a	
   2.8-­‐2.9	
  µm	
  e	
  una	
  banda	
   larga	
   a	
   3.8	
  µm,	
   suggerendo	
  una	
   stretta	
   relazione	
   con	
  
l’ammonio-­‐jarosite.	
   Le	
   CCs	
   studiate	
   hanno	
   spettri	
   con	
   una	
   banda	
   di	
   idratazione	
   a	
   2.7	
   µm,	
   il	
   resto	
  
degli	
  spettri	
  è	
  quasi	
  privo	
  di	
  assorbimenti.	
  Le	
  polveri	
  della	
  FRO95002	
  alterate	
  durante	
  l'esperimento	
  
idrotermale	
   hanno	
   dato	
   uno	
   spettro	
   rumoroso,	
   il	
   cambiamento	
   principale	
   è	
   la	
   scomparsa	
   della	
  
banda	
  di	
  idratazione	
  a	
  2.7	
  µm.	
  Gli	
  spettri	
  della	
  MCY14001	
  dopo	
  l'esperimento	
  presentano	
  due	
  bande	
  
a	
  2.9	
  e	
  3.05	
  µm,	
  non	
  presenti	
  negli	
  spettri	
  originali.	
  La	
  banda	
  da	
  3.05	
  µm	
  è	
  dovuta	
  ai	
  composti	
  NH	
  
che	
  entrano	
  nella	
   struttura	
  del	
   serpentino,	
  un	
   risultato	
  mai	
   raggiunto	
  prima.	
  Le	
  polveri	
  originali	
  di	
  
MCY14001	
   contenevano	
   anche	
   carbonati	
   di	
   Na,	
   che	
   dopo	
   l'esperimento	
   vengono	
   sostituiti	
   da	
  
analcime-­‐natrolite	
  anch’essi	
  con	
  segni	
  di	
  ammoniatura.	
   Inoltre,	
  durante	
   l'alterazione	
   idrotermale	
  si	
  
formano	
  anche	
  enstatite	
  ferrosa	
  e	
  diopside.	
  Gli	
  esperimenti	
  di	
  criovulcanismo	
  hanno	
  fornito	
  spunti	
  
sulla	
   formazione	
  di	
   idrocarburi.	
   Le	
  polveri	
   che	
  hanno	
  subito	
  sublimazione	
  e	
  outburst	
  delle	
  condriti	
  
FRO90006,	
  FRO99040,	
  FRO95002	
  e	
  DaG521	
  mostrano	
  sempre	
  bande	
  di	
  assorbimento	
  a	
  3.4	
  µm	
  e	
  3.5	
  
µm	
  mentre	
  nelle	
  polveri	
  originali	
  e	
  sulle	
  polveri	
  rimaste	
  nel	
  porta	
  campione	
  queste	
  bande	
  non	
  sono	
  
state	
   trovate.	
   L'analisi	
   col	
   gascromatografo	
   mostrano	
   che	
   queste	
   caratteristiche	
   sono	
   date	
   dagli	
  
idrocarburi	
   alifatici,	
   in	
   particolare	
   da	
   C17,	
   C19	
   e	
   C21.	
   Le	
   polveri	
   espulse	
   della	
  MCY14001	
   invece	
   non	
  
hanno	
  chiari	
  e	
  netti	
  assorbimenti	
  a	
  3.4	
  µm	
  e	
  3.5	
  µm.	
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In	
  conclusione,	
  abbiamo	
  trovato	
  i	
  primi	
  campioni	
  tra	
  le	
  collezioni	
  di	
  meteoriti	
  che	
  mostrano	
  bande	
  a	
  
3	
   µm,	
   abbiamo	
   scoperto	
   un	
   inaspettato	
   meccanismo	
   di	
   formazione	
   della	
   materia	
   organica	
   e	
   un	
  
possibile	
   processo	
   di	
   ammoniatura	
   sui	
   corpi	
   planetari	
   dando	
   anche	
   nuove	
   prospettive	
   sul	
  
criovulcanismo	
   e	
   sull'idrotermalismo.	
   La	
   banda	
   a	
   3.15	
   µm	
   in	
   TAM5.29	
   è	
   data	
   da	
   legami	
   Fe-­‐OH,	
   a	
  
dimostrazione	
  del	
   fatto	
   che	
   gli	
   asteroidi	
   simili	
   a	
   Europa	
   sono	
  probabilmente	
  mondi	
   idrati	
   ricchi	
   di	
  
ferro	
  coinvolti	
  in	
  processi	
  di	
  alterazione	
  acquosa	
  idrotermale	
  e	
  a	
  bassa	
  temperatura.	
  La	
  banda	
  a	
  3.07	
  
µm	
   in	
   TAM18c.11	
   è	
   correlata	
   alla	
   materia	
   organica,	
   in	
   particolare	
   alle	
   molecole	
   CH	
   e	
   NH	
   in	
  
idrocarburi	
  aromatici	
  o	
  alifatici,	
  nella	
  struttura	
  di	
  fillosilicati,	
  solfati	
  e	
  sali.	
  

Gli	
   esperimenti	
   idrotermali	
   sulla	
   MCY14001	
   confermano	
   che	
   la	
   banda	
   da	
   3.05	
   µm	
   è	
   correlata	
   a	
  
legami	
   NH	
   e	
   indica	
   che	
   gli	
   asteroidi	
   di	
   tipo	
   C	
   hanno	
   attraversato	
   un	
   periodo	
   di	
   alterazione	
  
idrotermale.	
   Gli	
   asteroidi	
   simili	
   a	
   Cerere	
   con	
   la	
   banda	
   diagnostica	
   a	
   3.05	
   ±	
   0.01	
   µm	
   sono	
   quindi	
  
arricchiti	
  di	
  materia	
  organica.	
  

Inoltre	
  mostriamo	
   sperimentalmente	
   che	
   gli	
   idrocarburi	
   alifatici	
   vengono	
   creati	
   da	
   sublimazione	
   e	
  
outburst	
  a	
  T≤-­‐40°C.	
  Questa	
  è	
  anche	
  la	
  prova	
  che	
  i	
  composti	
  organici	
  delle	
  comete	
  non	
  sono	
  solo	
  resti	
  
della	
  Nebulosa	
  Solare,	
  ma	
  possono	
  essere	
  creati	
  dall'attività	
  cometaria	
  stessa.	
  

TAM5.29	
   e	
   TAM5.30	
   offrono	
   nuove	
   prospettive	
   sull’alterazione	
   idrotermale	
   dei	
   corpi	
   dei	
   loro	
  
genitori	
   (e	
  quindi	
  delle	
  CCs).	
   Sono	
  prodotti	
   che	
   rispecchiano	
   finestre	
  di	
   accrescimento	
  uniche,	
   che	
  
indicano	
   un	
   corpo	
   genitore	
   delle	
   condriti	
   CV	
   più	
   eterogeneo	
   di	
   quanto	
   si	
   pensava	
   nel	
   caso	
   di	
  
TAM5.29	
   e	
   in	
   un	
   ambiente	
   con	
   composizioni	
   e	
   caratteristiche	
   miste	
   tra	
   i	
   corpi	
   progenitori	
   delle	
  
condriti	
  CO	
  e	
  CM	
  nel	
  caso	
  della	
  TAM5.30.	
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Chapter	
  1	
  

Introduction	
  
	
  
1.	
  Importance	
  of	
  meteorites	
  
Meteorites	
  are	
  pieces	
  of	
  asteroids,	
  planets	
   (e.g.	
  Mars)	
  and	
  satellites	
   (e.g.	
  Moon)	
   that	
   fell	
  on	
  Earth	
  
(Brearley	
   and	
   Jones,	
   1998).	
   These	
   rocks	
   are	
   thus	
   a	
   natural	
   laboratory	
   to	
   study	
   composition	
   and	
  
geological	
  processes	
  of	
  planetary	
  and	
  small	
  bodies.	
  Meteorites	
  on	
  Earth	
  fall	
  homogeneously	
  around	
  
the	
  Globe	
  (tens	
  of	
  thousands	
  tons	
  every	
  year,	
  Love	
  and	
  Brownlee,	
  1993;	
  Bland,	
  2001),	
  however	
  the	
  
majority	
  of	
   them	
  are	
   recovered	
  on	
  cold	
  and	
  hot	
  deserts	
   (e.g.	
  Antarctica,	
  Sahara,	
  Atacama	
  desert).	
  
They	
   are	
   divided	
   into	
   undifferentiated,	
   not	
   affected	
   by	
   strong	
   geologic	
   processes	
   such	
   as	
  
metamorphism	
  and	
  melting	
   (Scott	
   and	
  Krot,	
   2003;	
  Krot	
  et	
   al.,	
   2014),	
   and	
  differentiated,	
  which	
  on	
  
the	
   contrary	
   are	
   meteorites	
   that	
   went	
   throught	
   substantial	
   geological	
   processes	
   in	
   particular	
  
magmatic	
   differentiation	
   (Brearley	
   and	
   Jones,	
   1998;	
   Mittleflehdt,	
   2003;	
   Krot	
   et	
   al.,	
   2014).	
   The	
  
undifferentiated	
  meteorites	
  are	
  the	
  chondrites,	
  the	
  differentiated	
  meteorites	
  are	
  instead	
  divided	
  in	
  
3	
   subgroups:	
  achondrites,	
   stony-­‐iron	
  meteorites	
  and	
   iron	
  meteorites	
  as	
   show	
   in	
   figure	
  1	
   (Brearley	
  
and	
  Jones,	
  1998;	
  Mittleflehdt,	
  2003;	
  Krot	
  et	
  al.,	
  2014;	
  Benedix	
  et	
  al.,	
  2014).	
  Chondrites	
  are	
  the	
  oldest	
  
known	
  materials	
  of	
  our	
  Solar	
  System	
  and	
  bring	
  information	
  mainly	
  on	
  the	
  Solar	
  Nebula	
  composition	
  
and	
   processes	
   and	
   on	
   the	
   first	
   geologic	
   activity	
   that	
   took	
   place	
   in	
   the	
   early	
   Solar	
   System	
   (see	
  
paragraph	
  2	
  for	
  more	
  detailed	
  description)	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scott	
  and	
  Krot,	
  2003;	
  Krot	
  et	
  
al.,	
   2014;).	
   Achondrites	
   on	
   the	
   contrary	
   are	
   more	
   evolved	
   rocks	
   that	
   are	
   the	
   result	
   of	
   magmatic	
  
processes	
  occurred	
  later	
  in	
  the	
  Solar	
  System	
  evolution	
  (Brearley	
  and	
  Jones,	
  1998;	
  Mittlefehldt,	
  2003,	
  
Krot	
  et	
  al.,	
  2014).	
  Achondrites	
  are	
  almost	
  entirely	
  made	
  of	
  silicates	
  (mainly	
  olivine	
  and	
  pyroxene	
  and	
  
minor	
  plagioclase),	
  while	
  the	
  stony-­‐iron	
  and	
  iron	
  meteorites	
  are	
  made	
  respectively	
  of	
  silicates	
  plus	
  
Fe-­‐Ni	
   alloys	
   and	
   Fe-­‐Ni	
   alloy	
   only	
   and	
   probably	
   represent	
   the	
   core	
   of	
   a	
   disrupted	
   differentiated	
  
asteroid	
  (Brearley	
  and	
  Jones,	
  1998;	
  Mittlefehldt,	
  2003;	
  Krot	
  et	
  al.,	
  2014;	
  Benedix	
  et	
  al.,	
  2014).	
  
With	
  the	
  help	
  of	
  reflectance	
  spectroscopy	
  data	
  acquired	
  by	
  spacraft	
  and	
  ground	
  based	
  observations,	
  
some	
   of	
   the	
  meteorite	
   families	
   have	
   been	
   associated	
  with	
   a	
   specific	
   asteroid	
   or	
   asteroid	
   families	
  
(Burbine,	
   2013).	
   Asteroids	
   are	
   subdivided	
   into	
   C-­‐type,	
   S-­‐type	
   and	
   X-­‐type	
   (Burbine,	
   2013).	
   C-­‐type	
  
asteroids	
   are	
   those	
   with	
   a	
   carbonaceous	
   chondrite-­‐like	
   spectra	
   and	
   composition,	
   to	
   this	
   group	
  
belong	
  asteroids	
  such	
  as	
  1	
  Ceres,	
  2	
  Pallas,	
  10	
  Hygiea,	
  96	
  Aegle	
  (Burbine,	
  2013).	
  The	
  S-­‐type	
  are	
  the	
  
stony	
   asteroids,	
   the	
  most	
   famous	
   of	
   these	
   is	
   the	
   asteroid	
   4	
   Vesta	
   (Burbine,	
   2003)	
   to	
   which	
   HED	
  
(Howardite-­‐Eucrite-­‐Diogenite)	
   achondrites	
   are	
   attributed	
   (Burbine	
   et	
   al.,	
   2001;	
   McSween	
   et	
   al.,	
  
2013).	
   X-­‐type	
   asteroids	
   are	
  mostly	
  metallic	
  M-­‐type	
   asteroids	
   (the	
  most	
   famous	
   is	
   the	
   asteroid	
   16	
  
Psyche	
   made	
   of	
   iron	
   meteorite-­‐like	
   material),	
   other	
   sub	
   groups	
   are	
   the	
   “primitive”	
   P-­‐type	
   (259	
  
Aletheia	
  and	
  190	
   Ismene)	
  and	
  E-­‐type	
  asteroids	
   rich	
   in	
  enstatite	
   (Burbine,	
  2013).	
   It	
   is	
   thus	
  of	
  huge	
  
importance	
   the	
   spectroscopic	
   study	
  of	
  meteorites	
   and	
   the	
   comparison	
  with	
   space	
  mission	
  data	
   in	
  
order	
   to	
   find	
   possible	
   parent	
   bodies	
   of	
   the	
   different	
   meteorites	
   groups	
   and	
   thus	
   understand	
  
composition	
  of	
  small	
  bodies.	
  	
  
In	
   this	
   project	
   we	
   focused	
   on	
   C-­‐type	
   asteroids	
   and	
   their	
   closest	
   analogues:	
   the	
   carbonaceous	
  
chondrites.	
  Different	
  processes	
  such	
  as	
  aqueous	
  alteration,	
  mild	
  heating,	
  sublimation-­‐cryovolcanism	
  
and	
  space	
  weathering	
  have	
  interested	
  these	
  meteorites.	
  Many	
  of	
  these	
  processes	
  took	
  place	
  on	
  the	
  
parent	
  body	
   (i.e.	
   space	
  weathering	
   irradiation,	
   sublimation-­‐cryovolcanism),	
  while	
   some	
  others	
   (i.e.	
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thermal	
   metamorphism	
   and	
   aqueous	
   alteration)	
   might	
   have	
   taken	
   place	
   in	
   the	
   Solar	
   Nebula	
   or	
  
within	
  the	
  parent	
  body	
  in	
  the	
  early	
  Solar	
  System	
  history	
  (Brearley,	
  2014).	
  With	
  this	
  project	
  we	
  want	
  
to	
   deepen	
   our	
   knowledge	
   on	
   these	
   still	
   unresolved	
   processes	
   and	
   on	
   the	
   C-­‐type	
   asteroids	
  
composition	
  and	
  geologic	
  features.	
  	
  
	
  

	
  
Fig.	
  1.	
  Classification	
  of	
  all	
  meteorite	
  classes.	
  Carbonaceous	
  chondrites	
  are	
  divided	
  in	
  CI:	
  Ivuna-­‐like;	
  CM:	
  Mighei-­‐
like;	
   CR:	
   Renazzo-­‐like;	
   CO:	
   Ornans-­‐like;	
   CV:	
   Vigarano-­‐like;	
   CK:	
   Karoonda-­‐like;	
   CH:	
   ALH85085-­‐like;	
   CB:	
  
Bencubbin-­‐like.	
  Ordinary	
  chondrites	
  are	
  divided	
   in	
  H:	
  high	
   total	
   iron	
  contents;	
   L:	
   low	
  total	
   iron	
  contents;	
   LL:	
  
low	
  metallic	
  iron	
  and	
  low	
  total	
  iron	
  contents.	
  Enstatite	
  chondrite	
  are	
  divided	
  in	
  EH:	
  high	
  total	
  iron;	
  EL:	
  low	
  total	
  
iron.	
   Iron	
   meteorites	
   are	
   divided	
   in	
   groups	
   from	
   I	
   to	
   IV	
   base	
   on	
   decreasing	
   Ga	
   and	
   Ge	
   concentrations.	
  
Furthermore	
   IIAB,	
   IID,	
   IIIAB,	
  VIA,	
   IVB,	
   IIIE	
  and	
   IIIF	
  are	
   iron	
  meteorites	
   free	
  of	
   silicates,	
  while	
   the	
   IAB,	
   IIE	
  and	
  
IIICD	
   have	
   abundant	
   silicates	
   as	
  well	
   as	
   graphite	
   and	
   carbides.	
   (Brearley	
   and	
   Jones,	
   1998;	
   Krot	
   et	
   al.,	
   2014;	
  
Benedix	
  et	
  al.,	
  2014).	
  
	
  
2.	
  Composition	
  of	
  C-­‐type	
  asteroids	
  
In	
   the	
   recent	
   years	
   the	
   interest	
   in	
   primitive	
   C-­‐type	
   asteroids	
   (Burbine,	
   2003)	
   raised	
   thanks	
   to	
   the	
  
successful	
   space	
   missions	
   like	
   the	
   NASA-­‐Dawn	
   mission	
   at	
   1	
   Ceres,	
   Osiris-­‐Rex	
   on	
   101955	
   Bennu,	
  
Hayabusa	
   2	
   that	
   is	
   studying	
   the	
   162173	
   Ryugu	
   asteroid	
   or	
   also	
   the	
   Rosetta	
   mission	
   to	
   the	
  
67P/Churyumov-­‐Gerasimenko	
  comet.	
  Indeed	
  the	
  composition	
  of	
  these	
  primitive	
  bodies	
  of	
  the	
  Solar	
  
System	
  is	
  thought	
  to	
  be	
  similar	
  to	
  that	
  of	
  the	
  most	
  pristine	
  carbonaceous	
  chondrites	
  (CCs)	
  (McCord	
  
and	
  Gaffey,	
  1974).	
  	
  
	
  
CCs	
  are	
   the	
  oldest	
   (~4.5	
  Ga)	
  and	
  most	
  pristine	
  known	
  materials	
  of	
  our	
  Solar	
  System	
   (Brearley	
  and	
  
Jones,	
  1998;	
  Scott	
  and	
  Krot,	
  2003)	
  and	
  are	
  divided	
   in	
  seven	
  different	
  groups	
  based	
  on	
  mineralogy,	
  
textures	
   and	
   isotope	
   composition.	
   Such	
   groups	
   are:	
   	
   CI,	
   CM,	
   CR,	
   CO,	
   CV,	
   CK	
   and	
   CH.	
   CCs	
   can	
   be	
  
considered	
   as	
   conglomerates	
   mainly	
   made	
   of	
   chondrules,	
   metal	
   alloys,	
   Calcium-­‐Aluminium	
  
inclusions	
  (CAIs)	
  and	
  other	
  exotic	
  materials	
  like	
  interstellar	
  dust	
  grains	
  and	
  presolar	
  grains	
  immersed	
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in	
   a	
   fine	
   grained	
   matrix	
   (Brearley	
   and	
   Jones,	
   1998;	
   Scoot	
   and	
   Krot,	
   2003).	
   Chondrules	
   are	
   sub-­‐
millimetre	
   igneous	
   spheres	
  made	
  mainly	
   of	
  Mg	
   and	
   Fe	
   silicates	
   (i.e.	
   olivine	
   and	
   low-­‐Ca	
   pyroxene)	
  
found	
  in	
  mesostasis	
  with	
  the	
  composition	
  of	
  a	
  feldspatic	
  glass	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scoot	
  and	
  
Krot,	
  2003).	
  The	
  most	
  accredited	
   formation	
  of	
  chondrules	
   is	
   through	
  transient	
  heating	
  events	
   that	
  
melted	
  dust	
  grains	
  in	
  the	
  Solar	
  Nebula	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scott	
  and	
  Krot,	
  2003).	
  Chondrules	
  
show	
   different	
   textures	
   such	
   as	
   barred-­‐olivine,	
   porphyritic,	
   radial	
   pyroxene	
   and	
   microcrystalline	
  
textures	
   (Brearley	
   and	
   Jones,	
   1998;	
   Scoot	
   and	
   Krot,	
   2003).	
   Their	
   abundances	
   vary	
   among	
   the	
  
different	
   CCs	
   groups,	
   where	
   CIs	
   and	
   CMs	
   are	
   the	
   most	
   depleted	
   in	
   chondrules	
   and	
   are	
   instead	
  
dominated	
   by	
   the	
  matrix	
   (Brearley	
   and	
   Jones,	
   1998).	
   In	
   the	
  matrix	
  Mg-­‐Fe-­‐phyllosilicates	
   are	
   also	
  
found	
   together	
  with	
   Fe-­‐Ni	
   alloys	
   and	
   sulphides,	
   oxides	
   (e.g.	
   spinel,	
  magnetite,	
   chromite),	
   hydrous	
  
minerals	
  like	
  phyllosilicates,	
  carbonates	
  and	
  organic	
  matter	
  as	
  well	
  as	
  presolar	
  grains	
  and	
  interstellar	
  
particles	
   (Brearley	
   and	
   Jones,	
   1998;	
   Scoot	
   and	
   Krot,	
   2003;	
   MacPherson,	
   2003;	
   Zinner,	
   2003).	
  
Secondary	
  processing	
   is	
   observed	
   in	
  CCs,	
   in	
  particular	
   aqueous	
  alteration,	
   thermal	
  metamorphism	
  
and	
  shock	
  metamorphism	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scoot	
  and	
  Krot,	
  2003).	
  Thermal	
  metamorphism	
  
or	
  aqueous	
  alteration	
  degree	
  on	
  meteorites	
  are	
  defined	
  by	
  the	
  petrologic	
  type,	
  which	
  goes	
  from	
  1	
  to	
  
6.	
  Petrologic	
  type	
  1	
  indicates	
  high	
  aqueous	
  alteration	
  that	
  decreases	
  in	
  the	
  type	
  2.	
  From	
  petrologic	
  
type	
  3	
  to	
  6	
  instead	
  increases	
  the	
  thermal	
  metamorphic	
  grade.	
  Shock	
  metamorphism	
  on	
  meteorites	
  
is	
   based	
   on	
   a	
   scale	
   from	
   S0	
   to	
   S6,	
   indicating	
   respectively	
   un-­‐shocked	
   samples	
   and	
   high	
   shocked	
  
samples	
   that	
   underwent	
   complete	
  melting	
   (Brearley	
   and	
   Jones,	
   1998;	
   Scoot	
   and	
   Krot,	
   2003).	
   CCs	
  
don’t	
   show	
   high	
   shock	
   stages,	
   the	
   highest	
   reported	
   shock	
   stage	
   is	
   S3	
   recorded	
   especially	
   in	
   CV	
  
chondrites,	
  which	
  also	
  show	
  crystal-­‐preferred	
  orientation	
  created	
  by	
  impact	
  compaction	
  (Scott	
  et	
  al.,	
  
1992).	
   The	
   highest	
   thermal	
  metamorphism	
   recorded	
  don’t	
   exceed	
   300°C	
   (petrologic	
   type	
   3)	
   (with	
  
the	
  exception	
  of	
  CK	
  and	
  CR	
  chondrites	
  that	
  can	
  reach	
  petrologic	
  type	
  6-­‐7)	
  (Brearley	
  and	
  Jones,	
  1998;	
  
Scott	
  and	
  Krot,	
  2003),	
   in	
  particular	
  CV	
  chondrite	
   record	
  high	
   fluid	
  assisted	
   thermal	
  metamorphism	
  
(Krot	
   et	
   al.,	
   1995-­‐1998).	
   On	
   the	
   contrary,	
   CCs	
   suffered	
   extensive	
   aqueous	
   alteration	
   caused	
   by	
  
melting	
  of	
  trapped	
  ice	
  that	
  created	
  phyllosilicates	
  and	
  carbonates	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scoot	
  
and	
  Krot,	
  2003).	
  The	
  highest	
  grade	
  of	
  aqueous	
  alteration	
  is	
  found	
  in	
  the	
  CIs	
  chondrites,	
  followed	
  by	
  
CMs	
  chondrites	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scoot	
  and	
  Krot,	
  2003).	
  Another	
  important	
  and	
  distinctive	
  
component	
  of	
  Ccs	
  are	
  the	
  Calcium-­‐Aluminium	
  Inclusions	
  (CAIs)	
  (Brearley	
  and	
  Jones,	
  1998;	
  Scoot	
  and	
  
Krot,	
  2003;	
  MacPherson,	
  2003).	
  CAIs	
  are	
  enigmatic	
  inclusions	
  made	
  of	
  Ca-­‐Al	
  rich	
  phases	
  as	
  well	
  as	
  Ti	
  
and	
   Mg	
   minerals	
   (i.e.	
   corundum,	
   hibonite,	
   grossite,	
   perovskite,	
   anorthite,	
   spinel,	
   fassaite	
   and	
  
melilite)	
  (Brearley	
  and	
  Jones,	
  1998;	
  MacPherson,	
  2003).	
  The	
  constituent	
  minerals	
  of	
  CAIs	
  have	
  high	
  
vaporization	
  temperatures	
  (above	
  1300	
  K)	
  and	
  are	
  probably	
  formed	
  from	
  direct	
  condensation	
  from	
  
the	
  Solar	
  Nebula	
  (Brearley	
  and	
  Jones,	
  1998;	
  MacPherson,	
  2003).	
  	
  
	
  
The	
  composition	
  of	
  C-­‐type	
  asteroids	
  and	
  CCs	
  is	
  not	
  completely	
  equal.	
  The	
  surface	
  composition	
  of	
  C-­‐
type	
  asteroids	
   is	
   known	
   thanks	
   to	
   reflectance	
   spectra	
  acquired	
  by	
   spacecrafts	
  or	
  by	
  ground-­‐based	
  
acquisitions.	
  The	
  average	
   spectra	
  of	
  C-­‐type	
  asteroids	
  display	
  4	
  main	
  absorption	
   regions	
   in	
   the	
  NIR	
  
range	
  (fig.	
  2):	
  the	
  2.7	
  µm	
  band,	
  3	
  µm	
  band,	
  3.3-­‐3.5	
  µm	
  and	
  3.9-­‐4	
  µm	
  bands	
  regions.	
  	
  
The	
  2.7	
  µm	
  region	
  has	
  a	
  band	
  centre	
  (BC)	
  that	
  varies	
  between	
  2.7	
  and	
  2.8	
  µm.	
  This	
  shift	
  is	
  indicative	
  
of	
  Mg-­‐phyllosilicates	
  in	
  case	
  of	
  BC	
  towards	
  2.7	
  µm	
  and	
  Fe-­‐phyllosilicates	
  when	
  the	
  BC	
  is	
  at	
  longer	
  2.8	
  
µm	
  wavelengths	
  (Takir	
  et	
  al.,	
  2013).	
  	
  	
  
The	
  3	
  µm	
  band	
  region	
  has	
  a	
  BC	
   that	
  goes	
   from	
  3	
  µm	
  up	
   to	
  3.15	
  µm	
  (Takir	
  and	
  Emery,	
  2012).	
  The	
  
origin	
  of	
  this	
  band	
  is	
  controversial	
  and	
  still	
  unresolved.	
  Many	
  mineral	
  phases	
  and	
  compounds	
  have	
  
been	
  attributed	
   to	
   this	
   band.	
  Generally	
   the	
  3	
  µm	
   is	
   interpreted	
  as	
   a	
  hydration	
  band	
  attesting	
   the	
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presence	
   of	
   hydrated	
   phyllosilicates	
   and	
  water	
   ice	
   (Takir	
   and	
   Emery,	
   2012;	
  Hargrove	
   et	
   al.,	
   2012-­‐
2015).	
   Other	
   authors	
   suggested	
   that	
   the	
   3	
   µm	
   absorption	
   is	
   given	
   by	
   the	
   water-­‐iron	
   bond	
   in	
  
hydrated	
   Fe-­‐rich	
   phyllosilicates	
   (e.g.	
   cronstedtite)	
   or	
   in	
   goethite	
   (Rivkin	
   et	
   al.,	
   2006;	
   Beck	
   et	
   al.,	
  
2011).	
   Another	
   possible	
   carrier	
   of	
   the	
   3	
   µm	
   band	
   is	
   a	
   mixture	
   of	
   crystalline	
   water	
   ice	
   and	
   ion-­‐
irradiated	
   organics,	
  mainly	
   asphaltite	
   (Vernazza	
   et	
   al.,	
   2005).	
   King	
   et	
   al.	
   (1992)	
   proposed	
   that	
   on	
  
Ceres	
   ammonium	
   bearing	
   minerals	
   as	
   the	
   main	
   minerals	
   that	
   can	
   give	
   the	
   3	
   µm	
   band.	
   This	
  
interpretation	
  received	
  more	
  consensus	
  after	
  the	
  NASA-­‐Dawn	
  space	
  mission	
  at	
  Ceres	
  since	
  spectral	
  
fitting	
  models	
  suggest	
   that	
   the	
  3	
  micron	
  absorption,	
   revealed	
  on	
  Ceres	
  by	
   the	
  VIR	
  spectrometer	
   is	
  
well	
   matched	
   by	
   ammoniated	
   phyllosilicates	
   (De	
   Sanctis	
   et	
   al.,	
   2015;	
   Ferrari	
   et	
   al.,	
   2019).	
   More	
  
recently	
  a	
  2.99-­‐3	
  µm	
  band	
  has	
  been	
  detected	
  on	
  Ceres	
  spectra	
  and	
  is	
  found	
  coupled	
  with	
  the	
  3.4	
  µm	
  
band	
  of	
  aliphatic	
  hydrocarbons	
  (De	
  Sanctis	
  et	
  al.,	
  2019).	
  This	
  additional	
  band	
  is	
  probably	
  also	
  linked	
  
to	
   NH	
   functional	
   groups	
   in	
   the	
   organic	
   matter	
   (De	
   Sanctis	
   et	
   al.,	
   2019).	
   De	
   Sanctis	
   et	
   al.	
   (2015)	
  
considered	
  also	
  other	
  minerals	
  as	
  possible	
   carriers	
  of	
   the	
  3	
  µm	
  band	
  such	
  as	
   cronstedtite,	
  brucite	
  
and	
  tochilinite.	
  However	
   these	
  minerals	
  don’t	
   fit	
   the	
  Ceres	
  spectrum	
  very	
  well,	
  especially	
   the	
  2.46	
  
µm	
  band	
  of	
  brucite	
   is	
  not	
   found	
  on	
  Ceres	
  (De	
  Sanctis	
  et	
  al.,	
  2015).	
  The	
  3	
  micron	
  band	
   is	
  a	
   feature	
  
detected	
  also	
  on	
  comets:	
  it	
  was	
  found	
  on	
  the	
  17P/Holmes	
  comet	
  during	
  a	
  massive	
  outburst	
  (Yang	
  et	
  
al.	
  2009)	
  and	
  on	
  the	
  17P	
  comet	
  was	
  attributed	
  to	
  the	
  presence	
  of	
  water	
  ice	
  (Yang	
  et	
  al.,	
  2009).	
  Goto	
  
et	
  al.	
   (2003)	
   reported	
  the	
  detection	
  of	
   the	
  3	
  µm	
  band	
   in	
   the	
  centre	
  of	
   the	
  proto-­‐planetary	
  nebula	
  
IRAS	
  22272+5435,	
  and	
  is	
  probably	
  derived	
  from	
  acetylene	
  C2H2	
  and	
  hydrogen	
  cyanide	
  HCN.	
  Finally	
  is	
  
is	
  worth	
  to	
  highlight	
  here	
  that,	
  among	
  the	
  meteorite	
  collections	
   it	
  has	
  never	
  been	
  found	
  a	
  sample	
  
with	
  a	
  clear	
  3	
  µm	
  band.	
  
The	
  3.3-­‐3.5	
  µm	
  region	
  is	
  related	
  to	
  organic	
  matter.	
  Band	
  centres	
  at	
  around	
  3.3	
  µm	
  are	
  indicative	
  of	
  
aromatic	
  hydrocarbons,	
  while	
  3.4	
  and	
  3.5	
  µm	
  bands	
  are	
  the	
  ones	
  of	
  aliphatic	
  hydrocarbons	
  (Orthus-­‐
Daunay	
  et	
  al.,	
  2013;	
  De	
  Sanctis	
  et	
  al.,	
  2017).	
  Organic	
  Material	
  (OM)	
  has	
  been	
  found	
  in	
  different	
  Solar	
  
System	
   bodies:	
   67P/Churyumov-­‐Gerasimenko,	
   Ceres,	
   24	
   Themis,	
   65	
   Cybele,	
   Phoebe,	
   Iapetus	
   and	
  
Enceladus	
  (De	
  Sanctis	
  et	
  al.,	
  2017	
  and	
  references	
  therein).	
  There	
  are	
  several	
  theories	
  on	
  the	
  origin	
  of	
  
the	
  OM.	
  Modifications	
   of	
  OM	
   in	
   icy	
   bodies	
   is	
   related	
   to	
   internal	
   processes,	
   such	
   as	
   hydrothermal	
  
activity	
  or	
  relative	
  low-­‐temperature	
  aqueous	
  alteration	
  between	
  2-­‐250°C	
  (Schulte	
  and	
  Shock,	
  2004;	
  
Vinogradoff	
  et	
  al.,	
  2017).	
  The	
  timing	
  of	
  the	
  alteration	
  is	
  also	
  controversial,	
  both	
  short-­‐duration	
  and	
  
long-­‐duration	
  heating	
  have	
  been	
  invoked	
  for	
  the	
  formation	
  of	
  organics	
  (Orthus-­‐Daunay	
  et	
  al.,	
  2013).	
  
Low-­‐	
   temperature	
   (20-­‐50°C)	
   short-­‐duration	
  minimal	
   alteration	
   with	
   local	
   melting	
   of	
   cometary	
   ice	
  
was	
   also	
   proposed	
   for	
   the	
   formation	
   of	
   UltraCarbonaceous	
   Antarctic	
   Micrometeorites	
   (UCAMM)	
  
(Yabuta	
  et	
  al.,	
  2017).	
  Irradiation	
  of	
  ices	
  or	
  the	
  polymerization	
  of	
  mixtures	
  of	
  ices	
  at	
  low	
  temperatures	
  
is	
  another	
  processes	
   that	
  affects	
  organics	
  and	
  was	
  proposed	
   for	
   the	
  67P/Churyumov-­‐Gerasimenko	
  
comet	
   (De	
   Bergh	
   et	
   al.,	
   2008).	
   Interestingly	
   an	
   anomalous	
   enrichment	
   in	
   organic	
   material	
   in	
  
micrometeorites	
   (MMs)	
  compared	
  to	
  CCs	
   is	
   systematically	
   found	
   (Yabuta	
  et	
  al.,	
  2017;	
  Bonal	
  et	
  al.,	
  
2019;	
   See	
   also	
   chapter	
   3	
   of	
   this	
  work).	
   The	
   reason	
   for	
   this	
   enrichment	
   is	
   not	
   clear,	
   but	
   the	
  most	
  
plausible	
   explanation	
   so	
   far	
   is	
   a	
   different	
   starting	
   composition	
   of	
   the	
   MMs	
   parent	
   body(-­‐ies)	
  
compared	
  to	
  those	
  of	
  CCs	
  (Bonal	
  et	
  al.,	
  2019).	
  
Finally	
  the	
  3.9-­‐4	
  µm	
  band	
  is	
  related	
  to	
  carbonates.	
  The	
  highest	
  concentration	
  of	
  carbonates	
  is	
  found	
  
on	
   Ceres	
   (De	
   Sanctis	
   et	
   al.,	
   2016;	
   Tosi	
   et	
   al.,	
   2017;	
   Carrozzo	
   et	
   al.,	
   2017).	
   Indeed	
   Ceres	
   has	
   few	
  
localized	
  spots	
  enriched	
   in	
  Na-­‐carbonates	
  (e.g.	
  Occator	
  bright	
  spots,	
  Haulani	
  crater	
  –	
  De	
  Sanctis	
  et	
  
al.,	
  2016;	
  Tosi	
  et	
  al.,	
  2018;	
  Carrozzo	
  et	
  al.,	
  2017),	
  whereas	
  its	
  whole	
  surface	
  is	
  dominated	
  by	
  Ca-­‐Mg-­‐
carbonates	
  (Carrozzo	
  et	
  al.,	
  2017).	
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Fig.	
   2.	
   IR	
   reflectance	
   spectra	
   of	
   C-­‐asteroids	
   Ceres	
   and	
   Hermione.	
   Grey	
   areas	
   highlight	
   the	
   main	
   important	
  
spectral	
  regions	
  distinctive	
  of	
  these	
  bodies.	
  
	
  
3.	
  Hydrothermal	
  and	
  aqueous	
  alteration	
  on	
  chondrites	
  and	
  their	
  parent	
  bodies	
  
The	
  main	
  processes	
  that	
  shaped	
  these	
  C-­‐type	
  asteroids	
  and	
  changed	
  their	
  composition	
  into	
  the	
  one	
  
we	
  detect	
  now	
  in	
  reflectance	
  spectra	
  are	
  hydrothermal	
  alteration	
  (Neveu	
  et	
  al.,	
  2015;	
  Hendrix	
  et	
  al.,	
  
2016),	
   low-­‐temperature	
   aqueous	
   alteration	
   and	
   cryovolcanism,	
   which	
   is	
   characterised	
   by	
  
sublimation	
   and	
   outburst	
   (Miles,	
   2016;	
   Ruesch	
   et	
   al.,	
   2016).	
   Hydrothermal	
   activity	
   on	
   CCs	
   parent	
  
bodies	
   is	
   enhanced	
   by	
   impact	
   and	
   by	
   decay	
   of	
   26Al	
   and	
   40K	
   that	
   heated	
   a	
   pristine	
   homogeneous	
  
mixture	
  of	
  ice	
  and	
  rock	
  (Grimm	
  and	
  McSween,	
  1989;	
  Castillo-­‐Rogez	
  et	
  al.,	
  2008).	
  The	
  interior	
  of	
  CCs	
  
parent	
   bodies	
  were	
   heated	
   up	
   to	
   dehydration	
   temperatures	
   creating	
   H2	
   gas	
   that	
  migrated	
   to	
   the	
  
surface	
  through	
  cracks	
  and	
  fractures	
  even	
  with	
  explosive	
  processes	
  that	
  could	
  even	
  cause	
  a	
  break-­‐up	
  
of	
   the	
   parent	
   body	
   (Grimm	
   and	
  McSween,	
   1989;	
  Wilson	
   et	
   al.,	
   1999).	
   CCs	
   parent	
   bodies	
   internal	
  
heating	
   and	
   hydrothermal	
   convection	
   were	
   modelled	
   by	
   Wilson	
   et	
   al.	
   (1999).	
   In	
   a	
   body	
   with	
  
endogenous	
   radiogenic	
   heating	
   and	
   a	
   frozen	
   outer	
   shell	
   can	
   be	
   recognized	
   4	
   different	
   types	
   of	
  
hydrothermal	
   convections	
   (Wilson	
   et	
   al.,	
   1999).	
  Wilson	
   et	
   al.	
   (1999)	
   considered	
   a	
   starting	
   parent	
  
body	
  (nominal	
  case)	
  with	
  the	
  following	
  conditions:	
  20%	
  porosity,	
  1	
  darcy	
  uniform	
  permeability	
  (10-­‐12	
  
m2),	
  3	
  x	
  10-­‐8	
  weight	
  fraction	
  of	
  26Al,	
  density	
  of	
  3000	
  kg	
  m-­‐3,	
  specific	
  heat	
  of	
  1000	
  J	
  kg-­‐1	
  K-­‐1,	
  body	
  radius	
  
of	
  50	
  km,	
  solid	
  rock	
  thermal	
  conductivity	
  of	
  3	
  W	
  m-­‐1	
  K-­‐1,	
  an	
  exterior	
  temperature	
  of	
  170	
  K.	
  In	
  these	
  
conditions	
   hydrothermal	
   circulation	
   is	
   minimal	
   (Wilson	
   et	
   al.,	
   1999).	
   Higher	
   permeability	
   and/or	
  
enhanced	
  heating	
  of	
  the	
  CCs	
  parent	
  body	
  are	
  necessary	
  to	
  trigger	
  strong	
  convections	
  and	
  plume-­‐like	
  
structures,	
  in	
  particular	
  permeability	
  must	
  increase	
  to	
  10	
  darcys	
  and	
  the	
  26Al	
  fraction	
  of	
  50%	
  (Wilson	
  
et	
  al.,	
  1999).	
  	
  
Evidences	
   of	
   hydrothermal	
   alteration	
   are	
   recognised	
   also	
   in	
   meteorites,	
   in	
   particular	
   in	
   CV	
  
chondrites,	
  with	
  the	
   formation	
  of	
  secondary	
  mineral	
  assemblages	
   like	
   fayalite-­‐andradite/grossular-­‐
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diopside/hedenbergite-­‐magnetite	
   (Krot	
   et	
   al.,	
   1998).	
   The	
   CV	
   (Vigarano-­‐like)	
   carbonaceous	
  
chondrites	
   (CCs)	
   are	
   a	
   group	
   of	
   primitive	
   meteorites	
   sharing	
   approximately	
   equal	
   ratios	
   of	
  
chondrules	
   and	
   matrix,	
   as	
   well	
   as	
   the	
   highest	
   abundances	
   of	
   refractory	
   phases	
   (CAIs	
   [Ca-­‐Al-­‐rich	
  
inclusions]	
  and	
  AOAs	
  [ameboid	
  olivine	
  aggregate])	
  among	
  any	
  chondrite	
  class	
  (~10	
  vol%,	
  McSween,	
  
1977;	
  Brearley	
  and	
  Jones,	
  1998;	
  Weisberg	
  et	
  al.,	
  2006).	
  The	
  CV	
  class	
  is	
  divided	
  into	
  two	
  subgroups:	
  a	
  
reduced	
  (CVred)	
  and	
  an	
  oxidized	
  group	
  (CVox)	
  –	
  dependent	
  on	
  their	
  ratio	
  of	
  metal/magnetite	
  and	
  on	
  
the	
  Ni	
  content	
  of	
  sulfide	
  phases	
  (McSween,	
  1977).	
  The	
  oxidised	
  CVs	
  are	
  further	
  classified	
  into	
  Bali-­‐
like	
   (CVoxB)	
   and	
   Allende-­‐like	
   (CVoxA)	
   subtypes,	
   with	
   the	
   Bali-­‐like	
   population	
   containing	
   high	
  
abundances	
  of	
  hydrated	
  minerals	
  (up	
  to	
  4.2	
  vol%,	
  Howard	
  et	
  al.,	
  2010)	
  (including	
  Fe-­‐phyllosilicate)	
  
and	
  nearly	
  pure	
  fayalite	
  (Fa90)	
  (e.g.	
  Kaba:	
  Fo100=20.9	
  vol%	
  and	
  Fo90=23	
  vol%;	
  Mokoia:	
  Fo100=19.3	
  vol%	
  
and	
  Fo90=13.3	
  vol%;	
  Howard	
  et	
  al.,	
  2010),	
  while	
  the	
  Allende-­‐like	
  population	
   lack	
  hydrated	
  minerals	
  
and	
   do	
   not	
   contain	
   pure	
   fayalite	
   (Weisberg	
   et	
   al.,	
   2006;	
   MacPhearson	
   &	
   Krot	
   2014).	
   Further	
  
differences	
   are	
   observed	
   in	
   the	
   abundance	
   and	
   speciation	
   of	
   secondary	
   minerals	
   formed	
   by	
  
metasomatic	
  alteration	
   (MacPhearson	
  &	
  Krot	
  2014).	
   Fe-­‐rich	
  olivine	
  and	
  diopside-­‐hedenbergite	
  are	
  
found	
   in	
   all	
   CVs.	
   CVox	
   and	
   CVred	
   groups	
   can	
   be	
   distinguished	
   as	
   CVox	
   (especially	
   the	
   Allende-­‐like	
  
members)	
   contain	
   nepheline,	
   sodalite,	
   andradite,	
   magnetite	
   and	
   Fe-­‐Ni-­‐sulfides,	
   whereas,	
   these	
  
minerals	
  are	
  rare	
  or	
  absent	
  in	
  the	
  CVred	
  group	
  that	
  instead	
  contain	
  kirschteinite	
  (MacPhearson	
  &	
  Krot	
  
2014).	
  	
  
These	
   distinct	
   mineralogies	
   reflect	
   different	
   alteration	
   histories	
   of	
   the	
   CV	
   parent	
   body(-­‐ies).	
   It	
   is	
  
known	
  that	
  the	
  oxidised	
  subgroup	
  is	
  enriched	
  in	
  alkali	
  elements	
  and	
  Fe-­‐rich	
  silicates,	
  attesting	
  to	
  Fe-­‐
alkali-­‐halogen	
  metasomatism	
  (Krot	
  et	
  al.,	
  1995;	
  1998).	
  However,	
   the	
   formation	
  of	
   fayalite	
   remains	
  
unresolved.	
   Different	
   processes	
   have	
   been	
   invoked:	
   alteration	
   of	
   low-­‐Ca	
   pyroxene	
   into	
   fayalitic	
  
olivine	
  (Housley	
  and	
  Cirlin	
  1983),	
  hydrothermal	
  growth	
  of	
  fayalite	
  (Krot	
  et	
  al.,	
  2004)	
  or	
  the	
  formation	
  
of	
   fayalite	
   through	
  dehydration	
  of	
   phyllosilicates	
   (Brearley	
   1999).	
  At	
   present,	
   the	
  most	
   accredited	
  
mechanism	
  of	
  formation	
  of	
  fayalite	
  is	
  development	
  during	
  thermal	
  metamorphism	
  by	
  growth	
  from	
  
an	
  amorphous	
  precursor	
  phase	
  whilst	
  in	
  the	
  presence	
  of	
  aqueous	
  fluids	
  (Abreu	
  and	
  Brearley	
  2011).	
  
Thermodynamic	
   constraints	
   on	
   the	
   formation	
   of	
   fayalite	
  were	
   delineated	
   by	
   Zolotov	
   et	
   al.	
   (2006)	
  
who	
   suggested	
   that	
   the	
   presence	
   of	
   Ca-­‐Fe-­‐silicates	
   (fayalite,	
   nepheline,	
   sodalite,	
   diopside-­‐
hedenbergite,	
  andradite,	
  grossular,	
  kirschteinite	
  and	
  phyllosilicates)	
  are	
  clear	
  evidence	
  of	
  alteration	
  
from	
  primary	
  minerals	
   held	
   inside	
  CAIs	
   (i.e.	
  melilite,	
   anorthite,	
  Al-­‐Ti-­‐diopside,	
   hibonite,	
   spinel	
   and	
  
perovskite)	
   (Krot	
   et	
   al	
   1995)	
   with	
   dissolution	
   of	
   anorthite	
   and	
   albite	
   in	
   chondrule	
   mesostasis	
  
releasing	
  CaO	
  and	
  SiO2	
  for	
  secondary	
  mineral	
  growth	
  (Krot	
  et	
  al.,	
  1995).	
  The	
  study	
  of	
  CV	
  chondrites	
  
clearly	
  shows	
  that	
  their	
  parent	
  body	
  have	
  a	
  strong	
  heterogeneity.	
  However,	
  it	
  is	
  unclear	
  how	
  much	
  
variability	
   is	
   possible	
   within	
   a	
   single	
   asteroid.	
   As	
   such	
   the	
   question	
   of	
   whether	
   a	
   carbonaceous	
  
chondrite	
   group	
   represents	
   a	
   single	
   parent	
   body	
   or	
   multiple	
   parent	
   bodies	
   is	
   a	
   pertinent	
   and	
  
unresolved	
  question.	
  This	
  is	
  not	
  only	
  the	
  case	
  of	
  CV	
  chondrites,	
  it	
  is	
  also	
  particularly	
  true	
  for	
  the	
  CO-­‐
CM	
   chondrite	
   clan	
  which	
   represents	
   one	
  of	
   the	
   largest	
   and	
  most	
   studied	
   carbonaceous	
   chondrite	
  
groups	
   and	
   whose	
   component	
   meteorites	
   exhibit	
   a	
   wide	
   range	
   of	
   properties	
   (Krot	
   et	
   al.,	
   2000;	
  
Schrader	
  and	
  Davidson,	
  2017;	
  Alexander	
  et	
  al.,	
  2018).	
  
	
  
Experiments	
  on	
  CCs	
  were	
  carried	
  out	
  by	
  Nomura	
  and	
  Miyamoto	
  (1998),	
   Jones	
  and	
  Brearley	
   (2006)	
  
and	
   Palmer	
   and	
   Lauretta	
   (2011)	
   to	
   investigate	
   mineral	
   changes	
   during	
   hydrothermal	
   alteration.	
  
Nomura	
  and	
  Miyamoto	
  (1998)	
  made	
  hydrothermal	
  experiments	
  on	
  CAIs	
  minerals	
  such	
  as	
  gehlenite,	
  
spinel	
  and	
  diopside	
  to	
  reproduce	
  secondary	
  minerals	
  found	
  in	
  CAIs.	
  Most	
  of	
  the	
  secondary	
  minerals	
  
in	
  CAIs	
  are	
  produced	
  by	
  the	
  alteration	
  of	
  gehlenite,	
  which	
  releases	
  Ca-­‐Al-­‐Si	
  (Nomura	
  and	
  Miyamoto	
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1998).	
  Ca	
  reacts	
  with	
  CO3	
   in	
  the	
  fluids	
  to	
  produce	
  calcite	
  and	
  Na-­‐Al-­‐Si	
   react	
   to	
  crystallize	
  hydrated	
  
nepheline,	
  sodalite,	
  and	
  analcime	
  (Nomura	
  and	
  Miyamoto	
  1998).	
  If	
  CO3	
  is	
  absent	
  also	
  hydrogrossular	
  
can	
   crystallize	
   (Nomura	
   and	
   Miyamoto	
   1998).	
   Jones	
   and	
   Brearly	
   (2006)	
   made	
   hydrothermal	
  
experiments	
   on	
   the	
   CV3	
   Allende	
   at	
   100	
   to	
   200°C	
   showing	
   that	
   Ca-­‐Mg	
   salts	
   are	
   the	
   first	
   phases	
  
affected	
   by	
   alteration.	
   With	
   increasing	
   alteration	
   Fe-­‐olivines	
   are	
   replaced	
   with	
   interlayered	
  
serpentine-­‐saponite	
  and	
  Fe-­‐oxy-­‐hydroxes	
  assemblages	
   (Jones	
  and	
  Brearley,	
  2006).	
  The	
  FeNi	
  alloys,	
  
one	
  of	
  the	
  main	
  constituents	
  of	
  CCs,	
  follow	
  an	
  alteration	
  path	
  in	
  presence	
  of	
  fluids	
  controlled	
  by	
  Si	
  
and	
  S	
  activity	
  (Palmer	
  and	
  Lauretta,	
  2011).	
  With	
  high	
  activity	
  of	
  S	
  kamacite	
  alters	
  into	
  tochilinite,	
  P-­‐
sulfides,	
  eskolaite	
  and	
  schreibersite	
   (Palmer	
  and	
  Lauretta,	
  2011).	
  With	
  high	
  Si	
  activity	
  alteration	
  of	
  
kamacite	
   turns	
   into	
   sulfide-­‐bearing	
   cronstedtite	
   and	
   with	
   low	
   S	
   and	
   Si	
   activity	
   altered	
   kamacite	
  
crystallizes	
  magnetite	
  (Palmer	
  and	
  Lauretta,	
  2011).	
  
	
  
Low-­‐temperature	
   alteration	
   is	
   a	
   process	
   that	
   has	
  been	
   reported	
   in	
  meteorites	
   and	
   typically	
   forms	
  
weathering	
   films	
  of	
   the	
   so-­‐called	
   iddingsite.	
   Iddingsite	
   is	
   a	
   common	
  alteration	
   feature	
   that	
  affects	
  
olivine	
   in	
  terrestrial	
  rocks	
  and	
   is	
  also	
  found	
  as	
  a	
  native	
  minor	
  component	
   in	
  chondritic	
  meteorites.	
  
Iddingsite	
   forms	
   as	
   a	
   weathering	
   film	
   and	
   represents	
   a	
   complex	
   mixture	
   of	
   secondary	
   hydrated	
  
silicates	
  as	
  well	
  as	
  carbonates,	
  sulphates	
  halides	
  and	
  oxides.	
  	
  
Lee	
  et	
  al.	
  (2015)	
  described	
  iddingsite	
  in	
  the	
  Lafayette	
  meteorite	
  as	
  an	
  alteration	
  sequence	
  affecting	
  
olivine	
   and	
   augite	
   concurrent	
   with	
   the	
   formation	
   of	
   hydrous	
   Fe-­‐Mg-­‐phyllosilicates.	
   These	
   newly	
  
formed	
  phyllosilicates	
  are	
  then	
  partially	
  replaced	
  by	
  siderite.	
  During	
  the	
  growth	
  of	
  siderite	
  Fe-­‐oxides	
  
also	
  begin	
  to	
  form	
  (Abreu	
  and	
  Brearley	
  2011).	
  The	
  alteration	
  sequence	
  ends	
  with	
  saponite	
  and	
  other	
  
fibrous	
   phyllosilicates	
   replacing	
   siderite.	
   Tomeoka	
   and	
   Buseck	
   (1985)	
   described	
   similar	
   alteration	
  
features	
   in	
   the	
   matrix	
   of	
   CM	
   chondrites	
   formed	
   as	
   an	
   intergrowth	
   of	
   Fe-­‐Ni-­‐S-­‐O	
   phases	
   and	
  
cronstedtite.	
  	
  
	
  
4.	
  Cryovolcanism,	
  sublimation	
  and	
  outbursting	
  	
  
Cryovolcanic	
   activity	
   is	
   a	
   process	
   that	
   characterised	
   and	
   is	
   still	
   active	
   on	
  minor	
   bodies	
   like	
   Ceres	
  
(Ruesch	
  et	
  al.,	
  2016),	
  satellites	
  like	
  Europa	
  (Quick	
  et	
  al.,	
  2017),	
  Enceladus	
  (Postberg	
  et	
  al.,	
  2009)	
  and	
  
Charon	
   (Desch	
   and	
  neveu,	
   2017).	
   Cometary	
   nuclei	
   are	
   also	
   involved	
   in	
   cryovolcanic-­‐like	
   processes	
  
such	
   as	
   sublimation	
   and	
   outbursts	
   (Miles,	
   2016;	
   Vincent	
   et	
   al.,	
   2016).	
   Cryovolcanic	
   processes	
   and	
  
related	
   products	
   are	
   still	
   not	
   well	
   understood	
   since	
   the	
   role	
   of	
   rock-­‐ice	
   interactions	
   is	
   still	
   to	
   be	
  
clarified.	
  CCs,	
  the	
  closest	
  match	
  of	
  the	
  rocky	
  and	
  dusty	
  fraction	
  of	
  the	
  icy-­‐bodies,	
  are	
  rich	
  in	
  soluble	
  
salts	
  and	
  unstable	
  anhydrous	
  minerals	
  that	
  can	
  react	
  with	
  water	
  even	
  at	
  low	
  temperatures	
  (Kargel,	
  
1991).	
  The	
  Petrogenesis	
  of	
  the	
  brines	
  thought	
  to	
  take	
  part	
  cryovolcanism	
  was	
  described	
  in	
  the	
  H2O-­‐
MgSO4-­‐Na2SO4	
  system,	
  where	
  MgSO4	
  and	
  Na2SO4	
  are	
  main	
  solutes	
  with	
  minor	
  sulphates	
  of	
  K,	
  Ni,	
  Mn	
  
and	
  Ca	
  (Kargel,	
  1991).	
  Carbon-­‐nitrogen-­‐sulphur	
  species	
  and	
  hydrogen	
  are	
  also	
  very	
  important	
  since	
  
their	
  exsolution	
   lead	
  to	
  a	
  gas-­‐driven	
  activity	
  resulting	
   in	
  an	
  explosive	
  cryovolcanic	
  event	
   (Neveu	
  et	
  
al.,	
  2015).	
  Surface	
  expressions	
  of	
  cryovolcanism	
  are	
  multiple:	
  conical	
  mountains	
  (Desch	
  and	
  Neveu,	
  
2017),	
  domes	
  (Quick	
  et	
  al.,	
  2017;	
  Ruesch	
  et	
  al.,	
  2016),	
  sub-­‐crustal	
  water	
  evaporation	
  and	
  comet-­‐like	
  
sublimation	
   (Küppers	
   et	
   al.,	
   2014),	
   salt	
   rich	
  water	
   fountains	
   (Ruesch	
   et	
   al.,	
   2019),	
   cryogenic	
   flows	
  
(Krohn	
  et	
  al.,	
  2016),	
  ejecta	
  curtain-­‐like	
  deposits	
  (Belton	
  and	
  Melosh,	
  2009)	
  as	
  well	
  as	
  low–lying	
  and	
  
low-­‐albedo	
  smooth	
  surfaces	
   (Fagents,	
  2003)	
  and	
  pits	
   from	
  sinkhole	
  collapse	
   (Vincent	
  et	
  al.,	
  2015).	
  
Endogenic	
   sources	
   of	
   energy	
   necessary	
   for	
   outbursting	
   are	
   present	
   on	
   planetary	
   bodies	
   like	
  
endogenic	
  heating	
  derived	
  from	
  long-­‐lived	
  radioisotopes	
  (Vincent	
  et	
  al.,	
  2015;	
  McCord	
  et	
  al.,	
  2011),	
  
tidal	
  stress	
  (Neveu	
  et	
  al.,	
  2015)	
  or	
  ascent	
  of	
  liquids	
  and	
  brines	
  due	
  to	
  natural	
  buoyancy	
  (Desch	
  and	
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Neveu,	
   2017).	
   On	
   cometary	
   bodies	
   mechanisms	
   for	
   sublimation-­‐outbursting	
   may	
   slightly	
   change	
  
from	
   those	
   active	
   on	
   asteroids.	
   Outbursting	
   on	
   comets	
   is	
   driven	
   by	
   gas	
   exsolution	
   (Belton	
   and	
  
Melosh,	
  2009),	
  post	
  impact	
  heating	
  (Krohn	
  et	
  al.,	
  2016),	
  rapid	
  change	
  of	
  temperatures	
  due	
  to	
  solar	
  
heating	
  (Vincent	
  et	
  al.,	
  2016),	
  rapid	
  release	
  of	
  pressure	
  (e.g.	
  cliff	
  collapse)	
  (Vincent	
  et	
  al.,	
  2016)	
  or	
  by	
  
transition	
  of	
  amorphous	
   ice	
   to	
   crystalline	
   ice,	
   a	
  process	
   that	
   creates	
  energy	
   (Vincent	
  et	
  al.,	
   2015).	
  
Volatiles	
   exsolution	
   is	
   caused	
   by	
   thermal	
   stress	
   induced	
   by	
   solar	
   illumination	
   (De	
   Sanctis	
   et	
   al.,	
  
2015),	
  a	
  process	
  that	
  is	
  in	
  common	
  with	
  some	
  cometary-­‐like	
  sublimation	
  seen	
  on	
  Ceres	
  and	
  Themis	
  
(Rivkin	
   and	
   Emery,	
   2010;	
   Küppers	
   et	
   al.,	
   2014),	
   or	
   by	
   fluidization	
   created	
   by	
   internal	
   pressure	
   of	
  
super-­‐volatiles	
   (Belton,	
   2010).	
   Cometary	
   outburst	
   may	
   be	
   either	
   a	
   low-­‐intensity	
   widespread	
  
sublimation	
   process	
   related	
   to	
   sunlight	
   or	
   localized	
   destructive	
   episodes	
   caused	
   by	
   supervolatiles	
  
release	
  (Belton,	
  2010).	
  	
  
	
  
5.	
  Open	
  questions	
  and	
  aims	
  of	
  the	
  project	
  
As	
  outlined	
  above	
  there	
  are	
  still	
  many	
  open	
  questions	
  regarding	
  the	
  composition	
  of	
  minor	
  bodies	
  of	
  
the	
  Solar	
  System	
  and	
   their	
  geological	
  processes.	
  With	
   this	
  work	
  we	
  want	
   to	
  give	
  new	
   insights	
  and	
  
answer	
  to	
  some	
  of	
  these	
  unresolved	
  questions.	
  	
  
In	
  particular	
  the	
  main	
  objectives	
  of	
  this	
  project	
  are:	
  
	
  

• Attribute	
  the	
  different	
  3	
  µm	
  band	
  of	
  C-­‐type	
  asteroid	
  to	
  mineral	
  phases.	
  
• Give	
  new	
  insights	
  into	
  hydrothermal	
  alteration	
  on	
  minor	
  bodies.	
  
• Expand	
  our	
  knowledge	
  on	
  cryovolcanic	
  processes	
  and	
  sublimation-­‐outburst.	
  
• Better	
  understand	
  formation	
  and	
  post-­‐accretion	
  processing	
  of	
  organic	
  matter.	
  

	
  

Considering	
  that	
  only	
  one	
  CV	
  chondrite	
  with	
  3	
  µm	
  band	
  have	
  been	
  found	
  so	
  far	
  (Takir	
  et	
  al.,	
  2019),	
  
we	
   focused	
   and	
   searched	
   among	
  micrometeorites,	
   never	
   considered	
   before	
   for	
   spectral	
   analyses	
  
and	
   comparison	
   with	
   C-­‐type	
   asteroids.	
   The	
   study	
   of	
   MMs	
   as	
   possible	
   C-­‐asteroids	
   analogues	
   was	
  
already	
  accomplished	
  by	
  Vernazza	
  et	
  al.	
  (2015)	
  who	
  searched	
  among	
  IDPs.	
  Micrometeorites	
  are	
  dust	
  
grains	
   with	
   sub-­‐millimetre	
   dimensions	
   (Genge	
   et	
   al.,	
   2008)	
   and	
   are	
   the	
  main	
   contributors	
   of	
   the	
  
incoming	
   extraterrestrial	
   material	
   on	
   Earth.	
   In	
   a	
   year	
   approximately	
   20000	
   -­‐	
   60000	
   tons	
   of	
  
micrometerites	
   fall	
   on	
   Earth	
   (Love	
   and	
   Brownlee,	
   1993;	
   Zolensky	
   et	
   al.,	
   2006).	
   Micrometeorites	
  
sample	
  minor	
  bodies	
  especially	
  from	
  the	
  asteroid	
  belt	
  (Genge	
  et	
  al.,	
  2008;	
  van	
  Ginneken	
  et	
  al.,	
  2012;	
  
Carrillo-­‐Sanchez	
   et	
   al.,	
   2015)	
   and	
   cometary	
   sources	
   (Noguchi	
   et	
   al.,	
   2015),	
   the	
   study	
   of	
   these	
  
particles	
   can	
   thus	
  be	
  a	
  useful	
   support	
   to	
   recent	
   and	
  upcoming	
   space	
  missions	
   to	
  C-­‐type	
  asteroids	
  
(e.g.	
  NASA-­‐Dawn	
  mission	
  at	
  [1]	
  Ceres,	
  Hayabusa	
  2	
  at	
  [162173]	
  Ryugu,	
  Osiris-­‐Rex	
  at	
  [101955]	
  Bennu)	
  
giving	
   possible	
   insights	
   into	
   the	
   surface	
   and	
   subsurface	
   composition	
   and	
   geological	
   processes.	
  
Micrometeorites	
  are	
   liberated	
  from	
  their	
  parent	
  bodies	
   in	
  many	
  different	
  ways:	
   impacts	
  (Nesvorny	
  
et	
  al.,	
  2003;	
  Flynn	
  et	
  al.,	
  2009),	
  spontaneous	
  disruption	
  (Nesvorny	
  et	
  al.,	
  2010),	
  sublimation	
  (Schulz	
  
et	
  al.,	
  2004;	
  Yang	
  et	
  al.,	
  2009)	
  and	
  mantle	
  shedding	
  events	
  (Schulz	
  et	
  al.,	
  2015).	
  According	
  to	
  oxygen	
  
isotopic	
  composition	
  and	
  mineralogy,	
  the	
  majority	
  of	
  the	
  micrometeorites	
  (~75%)	
  have	
  an	
  affinity	
  to	
  
the	
   carbonaceous	
   chondrites	
   (Suavet	
   et	
   al.,	
   2010;	
   van	
   Ginneken	
   et	
   al.,	
   2012;	
   Taylor	
   et	
   al.,	
   2012;	
  
Cordier	
   et	
   al.,	
   2018).	
   These	
   micrometeorites	
   are	
   mainly	
   porous	
   and	
   friable	
   material	
   named	
   fine-­‐
grained	
   unmelted	
   micrometeorites	
   (Fg-­‐MM)	
   (Genge	
   et	
   al.,	
   2008).	
   The	
   Fg-­‐MMs	
   are	
   divided	
   in	
   3	
  
groups,	
  a	
  division	
  based	
  on	
  the	
  hydration	
  degree:	
  C1	
  particles	
  have	
  extensively	
  hydrated	
  matrix,	
  C2	
  
less	
   aqueously	
   altered	
   and	
   C3	
   anhydrous	
   (Genge	
   et	
   al.,	
   2008).	
  With	
   this	
  work	
  we	
   report	
   the	
   first	
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micrometeorites	
   showing	
   an	
   unambiguous	
   3	
   µm	
   band.	
   The	
   samples	
   we	
   studied	
   are	
   labelled	
  
TAM5.29,	
   TAM18c.11	
  and	
  TAM18c.13	
  and	
  were	
   collected	
  on	
   the	
  Transantarctic	
  Mountains	
  by	
   the	
  
Italian	
   expedition	
   (PNRA	
   –	
   Programma	
  Nazionale	
   delle	
   Ricerche	
   in	
   Antartide).	
   The	
   study	
   of	
   these	
  
micrometeorites	
  suggest	
  that	
  the	
  3	
  µm	
  absorption	
  is	
  related	
  to	
  either	
  Fe-­‐rich	
  hydrated	
  minerals	
  or	
  
organic	
  matter	
  or	
  a	
  combination	
  of	
  both.	
   In	
  addition,	
  TAM5.29	
   turned	
  out	
   to	
  be	
  a	
  unique	
  particle	
  
with	
   a	
   CV-­‐like	
   composition	
   resulted	
   from	
   hydrothermal	
   alteration	
   on	
   the	
   parent	
   body.	
   Thus,	
   this	
  
discovery	
   extend	
   the	
   range	
   of	
   known	
  micrometeorites	
   and	
   brings	
   additional	
   insights	
   into	
   thermal	
  
metamorphism	
  and	
  hydrothermal	
  history	
  of	
  the	
  CV	
  parent	
  body-­‐(ies).	
  

In	
  this	
  study	
  we	
  also	
  examine	
  TAM5.30,	
  a	
  new	
  and	
  anomalous	
  giant	
  micrometeorite	
  that	
  shade	
  light	
  
on	
  the	
  hydrothermal	
  and	
  aqueous	
  alteration	
  transition	
  on	
  CC	
  parent	
  bodies.	
  Petrographic	
  properties	
  
of	
   TAM5.30	
   suggest	
   a	
   close	
  affinity	
   to	
   the	
  CO	
  chondrites	
  but	
  with	
  an	
  otherwise	
  anomalously	
  high	
  
abundance	
  of	
  phyllosilicate	
  and	
  fayalite,	
  and	
  therefore	
  a	
  partially	
  hydrated	
  mineralogy,	
  recording	
  a	
  
significant	
   episode	
   of	
   parent	
   body	
   aqueous	
   alteration	
   and	
   subsequent	
   thermal	
   metasomatism,	
  
inconsistent	
   with	
   the	
   known	
   geological	
   history	
   of	
   the	
   CO	
   or	
   CM	
   chondrite	
   groups.	
   This	
   has	
  
implications	
  for	
  the	
  number	
  of	
  parent	
  bodies	
  formed	
  from	
  a	
  single	
  source	
  region	
  of	
  the	
  solar	
  nebula	
  
as	
  well	
  as	
  for	
  the	
  general	
  parent	
  body	
  processing	
  pathways	
  for	
  chondritic	
  samples.	
  

To	
  better	
  understand	
  cryovolcanic	
  and	
  hydrothermal	
  processes	
  we	
  made	
  experiments	
  on	
  CCs,	
   the	
  
closest	
  known	
  meteorites	
  to	
  C-­‐asteroids.	
  	
  

The	
  cryovolcanism	
  experiments	
  show	
  that	
  organic	
  matter	
   (OM)	
   forms	
  during	
  sublimation-­‐outburst	
  
processes	
  at	
  low	
  temperature	
  (~	
  -­‐40°C)	
  in	
  vacuum	
  and	
  reducing	
  conditions.	
  Formation	
  of	
  OM	
  under	
  
these	
  conditions	
  has	
  never	
  been	
  seen	
  before	
  and	
  we	
  experimentally	
  show	
  that	
  during	
  cryovolcanism	
  
and	
   outbursting	
   OM	
   has	
   a	
   crucial	
   role	
   by	
   being	
   potentially	
   synthesised.	
   Thus,	
   cryovolcanism	
   and	
  
sublimation	
   outbursting	
   and	
   OM	
   post-­‐accretion	
   processing	
   and	
   formation	
   are	
   closely	
   related.	
  
Implications	
  of	
   these	
   findings	
  are	
  very	
   interesting	
  and	
  add	
  new	
   important	
  knowledge	
   regarding	
  C-­‐
asteroids,	
  comets	
  and	
  other	
  materials	
  of	
  the	
  Solar	
  System	
  like	
  micrometeorites.	
  	
  

Hydrothermal	
  experiments	
  have	
  also	
  been	
  done.	
  The	
   results	
  of	
   the	
  experiments	
   show	
   that	
  during	
  
hydrothermal	
  alteration	
  there	
  is	
  an	
  enrichment	
  in	
  Fe	
  and	
  Ca	
  in	
  the	
  silicates	
  as	
  predicted	
  by	
  the	
  CV	
  
chondrites	
  metasomatic	
  history	
  and	
  by	
  the	
  TAM5.29	
  micrometeorite	
  we	
  studied.	
  Furthermore	
  Na-­‐
phases	
   (e.g.	
   natron	
   and	
   nitrite)	
   are	
   leached	
   during	
   hydrothermal	
   alteration	
   and	
   are	
   replaced	
   by	
  
analcime-­‐natrolite.	
  	
  

During	
   the	
   hydrothermal	
   alteration	
   experiments	
   we	
   also	
   used	
   ammoniated	
   water	
   to	
   recreated	
  
ammoniation,	
   one	
   of	
   the	
   main	
   processes	
   that	
   occurred	
   on	
   Ceres	
   (De	
   Sanctis	
   et	
   al.,	
   2015).	
  
Ammoniation	
   experiments	
   have	
   already	
   been	
   done	
   before	
   under	
   different	
   conditions	
   (room	
  
temperature	
   and	
   short	
   duration	
   experiments)	
   (Ehlmann	
   et	
   al.,	
   2018;	
   Ferrari	
   et	
   al.,	
   2019).	
   These	
  
experiments	
  failed	
  to	
  recreate	
  ammoniation	
  of	
  serpentine,	
  the	
  main	
  phyllosilicate	
  in	
  CCs.	
  With	
  our	
  
hydrothermal	
  experiments	
  we	
  show	
  for	
  the	
  first	
  time	
  that	
  ammoniation	
  of	
  serpentine	
  is	
  possible	
  in	
  
an	
  environment	
  where	
  the	
  temperature	
   is	
  higher	
  (~250°C)	
  and	
  for	
   longer	
  alteration	
  processes.	
  We	
  
also	
  show	
  that	
  phyllosilicates	
  are	
  not	
  the	
  only	
  minerals	
  that	
  can	
  carry	
  NH	
  compounds,	
  also	
  zeolites	
  
like	
  analcime-­‐natrolite	
  can	
  take	
  ammonia	
   in	
   their	
  structures.	
  Ammoniation	
  of	
  both	
  serpentine	
  and	
  
analcime-­‐natrolite	
   give	
   rise	
   to	
   the	
   3	
   µm	
   band	
   in	
   the	
   spectra	
   of	
   the	
   weathered	
   samples.	
   Thus,	
  
hydrothermal	
  experiments	
  also	
  bring	
  additional	
  knowledge	
  on	
  the	
  nature	
  of	
  the	
  3	
  µm	
  band	
  of	
  the	
  C-­‐
type	
  asteroids	
  and	
  on	
  the	
  geological	
  processes	
  that	
  shaped	
  the	
  compositions	
  of	
  these	
  bodies.	
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Finally,	
   in	
  the	
  appendix	
  we	
  report	
  a	
  work	
  that	
  shows	
  another	
  possible	
  application	
  of	
  carbonaceous	
  
chondrites.	
   In	
   this	
  work	
  powders	
  of	
  CCs	
  were	
  used	
   for	
   light	
   scattering	
  measurements	
   to	
  constrain	
  
the	
  nature	
  and	
  behaviour	
  of	
  dust	
  grains	
  produced	
  by	
  comets	
  and	
  asteroids. The	
  experimental	
  curves	
  
have	
  been	
  obtained	
  at	
  the	
  IAA	
  Cosmic	
  Dust	
  Laboratory	
  at	
  a	
  wavelength	
  of	
  520	
  nm	
  covering	
  a	
  phase	
  
angle	
   range	
   from	
   3°	
   to	
   175°	
   and	
   direct	
   observations	
   and	
   comparison	
   on	
   the	
   67P/Churyumov-­‐
Gerasimenko	
  comet	
  are	
  reported.	
  The	
  polarization	
  curves	
  are	
  qualitatively	
  similar	
  to	
  ground-­‐based	
  
observations	
   of	
   comets	
   and	
   asteroids	
   and	
   appears	
   that	
   the	
   position	
   of	
   the	
   inversion	
   polarization	
  
angle	
  is	
  dependent	
  on	
  the	
  composition	
  of	
  the	
  grains.	
  In	
  addition, we	
  found	
  opposite	
  dependence	
  of	
  
Pmax	
  (maximum	
  polarization	
  at	
  phase	
  angles)	
  for	
  grain	
  sizes	
  in	
  the	
  Rayleigh-­‐resonance	
  and	
  geometric	
  
optics	
  domains,	
  respectively.	
  Pmax	
  decreases	
  when	
  the	
  particle	
  size	
  increases,	
  while	
  in	
  optical	
  regime	
  
Pmax	
  increases	
  with	
  the	
  particle	
  size.	
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Chapter	
  2	
  

Methods	
  	
   	
  

	
  
In	
   this	
   project	
   numerous	
   different	
   analytical	
   techniques	
   have	
   been	
   used.	
   The	
   multidisciplinary	
  
approach	
   brought	
   us	
   to	
   use	
   mineralogical-­‐petrographic	
   techniques,	
   remote	
   sensing	
   analyses	
  
comprehensive	
  of	
  compositional	
  and	
  morphological	
  data	
  as	
  well	
  as	
  laboratory	
  experiments.	
  
We	
  carried	
  out	
  the	
  micro-­‐morphological	
  and	
  preliminary	
  chemical	
  analysis	
  of	
  the	
  samples	
  using	
  the	
  
Scanning	
  Electron	
  Microscope	
  with	
  Energy	
  Dispersive	
  X-­‐ray	
  spectrometry	
   (SEM-­‐EDS)	
  and,	
   for	
  more	
  
detailsthe	
  Field-­‐Emission	
  SEM	
   (FE-­‐SEM).	
   For	
  more	
  precise	
   chemical	
   analyses	
  we	
  used	
   the	
  Electron	
  
Microprobe	
  (EMPA).	
  The	
  mineralogical	
  phases	
  identification	
  has	
  been	
  performed	
  with	
  micro-­‐Raman,	
  
X-­‐ray	
  Powder	
  Diffraction	
   (XRD)	
   and	
  micro-­‐XRD	
  analyses.	
   Electron	
  BackScattered	
  Diffraction	
   (EBSD)	
  
was	
  also	
  used	
  for	
  minerals	
  identification	
  and	
  for	
  crystallographic	
  orientations.	
  
We	
   took	
   advantage	
   of	
   bidirectional	
   reflectance	
   spectroscopy	
   for	
   the	
   comparison	
   between	
  
meteorites	
   and	
   micrometeorites	
   with	
   asteroids.	
   Macro-­‐samples	
   (meteorites	
   and	
   meteorites	
  
powders)	
  were	
  put	
  in	
  vacuum	
  chambers	
  and	
  their	
  reflectance	
  spectra	
  in	
  the	
  Near-­‐IR	
  (NIR)	
  and	
  Mid-­‐
IR	
   (MIR)	
  wavelength	
   range	
   (from	
   1	
   to	
   25	
   µm)	
   have	
   been	
   acquired	
   under	
   asteroid-­‐like	
   conditions.	
  
Micrometeorites	
  are	
  instead	
  small	
  samples	
  that	
  need	
  a	
  microscope	
  associated	
  to	
  the	
  spectrometer	
  
in	
  order	
   to	
  be	
  analysed	
  and	
   for	
   this	
   reason	
  they	
  have	
  been	
  analysed	
  under	
  ambient	
  conditions.	
   In	
  
absence	
   of	
   vacuum	
   some	
   atmospheric	
   phases	
   (e.g.	
   CO2	
   between	
   4.15	
   and	
   4.35	
   µm	
   or	
   adsorbed	
  
water	
  that	
  might	
  interfere	
  with	
  the	
  2.7	
  µm	
  band)	
  can	
  be	
  detected	
  in	
  the	
  spectra	
  and	
  good	
  care	
  must	
  
be	
  taken	
  when	
  analysing	
  the	
  results.	
  
We	
   compared	
   both	
   micrometeorites	
   and	
   meteorites	
   spectra	
   with	
   space	
   missions’	
   data.	
   For	
   this	
  
comparison	
   we	
   focused	
   on	
   the	
   1.5	
   –	
   4	
   µm	
   and	
   in	
   particular	
   the	
   2.5-­‐4	
   µm	
   region	
   which	
   is	
   the	
  
diagnostic	
   range	
   of	
   C-­‐type	
   asteroids	
   (detailes	
   explained	
   in	
   paragraph	
   3).	
   The	
   data	
   derived	
   from	
  
spacecrafts	
   (mainly	
   from	
   the	
  Dawn	
  mission)	
   and	
   all	
   the	
   spectra	
   acquired	
   in	
   the	
   laboratories	
   have	
  
been	
  processed	
  with	
  different	
  software	
  like	
  ENVI	
  and	
  Origin,	
  for	
  compositional	
  purposes,	
  and	
  ArcGis	
  
equipped	
  with	
  CraterTool	
  for	
  geological	
  mapping	
  and	
  crater	
  retention	
  ages.	
  	
  	
  
	
  
1.	
  Sample	
  collection	
  and	
  preparation	
  	
  
The	
  micrometeorites	
  studied	
  were	
  recovered	
  from	
  Frontier	
  Mountain	
  (72°59ʹ′S–160°20ʹ′E;	
  at	
  ~2800m	
  
above	
   sea	
   level	
   and	
   ~600m	
   above	
   the	
   local	
   icesheet	
   surface),	
   within	
   Victoria	
   Land,	
   Antarctica.	
  
Micrometeorites	
   were	
   collected	
   by	
   the	
   Italian	
   Programma	
   Nazionale	
   delle	
   Ricerche	
   in	
   Antartide	
  
(PNRA)	
  during	
  the	
  2003	
  expedition	
  (Folco	
  et	
  al.,	
  2008).	
  Frontier	
  Mountain	
  consists	
  of	
  igneous	
  rocks	
  
belonging	
  the	
  Granite	
  Harbour	
   Igneous	
  Complex.	
  The	
  top	
  of	
   the	
  mountain	
   is	
  characterised	
  by	
   flat-­‐
glacially	
  eroded	
  surfaces,	
  created	
  by	
  an	
  overriding	
  icesheet	
  in	
  the	
  past	
  (Folco	
  et	
  al.,	
  2008).	
  On	
  these	
  
flat	
  surfaces	
  numerous	
  joints	
  and	
  weathering	
  pits	
  are	
  found.	
  These	
  are	
  filled	
  with	
  loose	
  fine-­‐grained	
  
bedrock	
   detritus	
   in	
  which	
   thousands	
   of	
  micrometeorites	
   accumulated	
   during	
   the	
   last	
   ~1-­‐2	
  million	
  
years	
  along	
  with	
  a	
  relatively	
  small	
  component	
  of	
  background	
  terrestrial	
  sediment	
  (Folco	
  et	
  al.,	
  2008).	
  
Particles	
   TAM5.29,	
   TAM18c.11	
   and	
   TAM18c.13	
   were	
   embedded	
   in	
   epoxy	
   resin,	
   sectioned	
   and	
  
polished.	
  The	
  resulting	
  thick	
  section	
  was	
  used	
  for	
  whole-­‐section	
  petrographic	
  analysis	
  (FE-­‐SEM-­‐EDS,	
  
Raman,	
  EMPA,	
  EBSD,	
  µXRD).	
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The	
   Carbonaceous	
   Chondrites	
   (CCs)	
   FRO95005,	
   FRO99040,	
   FRO90006	
   and	
   MCY14001	
   were	
   also	
  
collected	
   by	
   the	
   Italian	
   Programma	
   Nazionale	
   delle	
   Ricerche	
   in	
   Antartide	
   (PNRA)	
   in	
   the	
   Frontier	
  
Mountain	
  and	
  Mount	
  DeWitt	
  blue	
  ice	
  fields.	
  The	
  other	
  CCs	
  studied	
  were	
  provided	
  by	
  ANSMET,	
  the	
  
US	
  Antarctic	
   Search	
   for	
  Meteorites.	
  All	
   the	
  CCs	
  were	
  polished	
   thin	
   sections,	
  used	
   for	
  petrographic	
  
analyses	
   (SEM-­‐EDS,	
  Raman,	
  EMPA),	
  as	
  well	
  as	
  unprocessed	
  pieces	
  of	
   the	
  original	
  samples	
  used	
  for	
  
spectroscopy,	
  XRD	
  and	
  for	
  experiments.	
  	
  
	
  
2.	
  Petrography	
  and	
  major	
  element	
  analysis	
  
Petrographic	
   analysis	
   of	
   TAM5.29,	
   TAM18c.11	
   and	
   TAM18c.13	
   were	
   made	
   using	
   a	
   field-­‐emission	
  
scanning	
  electron	
  microscope	
  (ESEM-­‐FEG-­‐STEM	
  FEI	
  Quanta	
  450),	
  equipped	
  with	
  microanalytical	
  EDS	
  
(Energy	
  Dispersive	
  Spectrometry)	
  Bruker,	
  QUANTAX	
  400	
  XFlash	
  Detector	
  6|10,	
  which	
  has	
  a	
  129eV	
  
spectral	
  resolution	
  and	
  an	
  intermediate	
  size	
  10mm2	
  detector	
  plate,	
  capable	
  of	
  rapid-­‐data	
  collection	
  
semi-­‐quantitative	
   results	
   at	
   the	
   Centro	
   Interdipartimentale	
   di	
   Scienza	
   e	
   Ingegneria	
   dei	
   Materali	
  
(CISIM),	
  University	
  of	
  Pisa.	
  All	
  analyses	
  were	
  performed	
  under	
  high-­‐vacuum	
  and	
  at	
  a	
  fixed	
  working	
  
distance	
  of	
  10.0mm	
  (the	
  optimal	
  sample-­‐to-­‐pole-­‐piece	
  distance	
  to	
  maximise	
  X-­‐ray	
  counts	
  at	
  the	
  EDS	
  
detector	
  on	
  this	
  instrument).	
  Operating	
  conditions	
  are	
  standardized	
  for	
  our	
  lab	
  and	
  use	
  an	
  electron	
  
beam	
  accelerating	
  voltage	
  of	
  15kV	
  and	
  an	
  unmonitored	
  beam	
  current.	
  Spectra	
  were	
  acquired	
  with	
  
an	
  acquisition	
  time	
   of	
   30s	
  maintaining	
   a	
   deadtime	
   of	
  approximately	
  10%.	
  EDS	
   data	
   reported	
   are	
  
therefore	
  uncalibrated	
   and	
  standard-­‐less.	
  Weight	
   totals	
   were	
   determined	
   using	
   the	
   Bruker’s	
  
“interactive	
  oxides”	
  and	
  are	
  quoted	
  as	
  weight	
  normalized	
  values.	
  Elemental	
  detection	
  limits	
  for	
  this	
  
instrument	
  are	
  on	
  the	
  order	
  of	
  0.2-­‐0.5wt%.	
  	
  
	
  
Other	
  SEM-­‐EDS	
  analyses	
  were	
  carried	
  out	
  at	
  the	
  Department	
  of	
  Geosciences,	
  University	
  of	
  Padova	
  
with	
  a	
  CamScan	
  2500	
  SEM	
  equipped	
  with	
  a	
  LaB6	
  source.	
  Operation	
  conditions	
  were	
  25	
  mm	
  working	
  
distance,	
  15	
  kV	
  beam	
  acceleration	
  and	
  10	
  nA	
  probe	
  current.	
  
	
  
Mineral	
   phases	
   were	
   identified	
   by	
   Raman	
   measurements	
   at	
   the	
   Department	
   of	
   Geosciences,	
  
University	
   of	
   Padova,	
   using	
   a	
   Thermo	
   Scientific™	
   DXR™	
   Raman	
  Microscope	
   using	
   a	
   532	
   nm	
   laser	
  
excitation	
   source.	
  Analyses	
  were	
  performed	
  using	
  a	
  50x	
  and	
  100x	
   long	
  working	
  distance	
  objective	
  
with	
   ~2.5	
   cm−1	
   spectral	
   resolution,	
   ~1	
   μm	
   spatial	
   resolution	
   and	
   25	
   μm	
   pinhole	
   operating	
   at	
   a	
  
minimum	
  of	
  1	
  mW	
  to	
  a	
  maximum	
  of	
  5	
  mW	
  of	
  power.	
  Low	
  power	
   (1	
  to	
  5	
  mW)	
  coupled	
  with	
  short	
  
exposure	
   times	
   of	
   3-­‐4	
   s	
  was	
   essential	
   to	
   avoid	
   damage	
   to	
  minerals	
   and	
   carbonaceous	
   phases.	
   To	
  
minimise	
   noise,	
   each	
   spectrum	
   was	
   acquired	
   10	
   to	
   15	
   times.	
   	
   Spectra	
   were	
   recorded	
   in	
   the	
  
frequency	
  range	
  from	
  100	
  to	
  3500	
  cm−1.	
  Spectral	
  fitting	
  was	
  carried	
  out	
  using	
  the	
  Thermo	
  Scientific™	
  
OMNIC™	
   Spectra	
   Software.	
   Rectangular	
   areas	
   were	
   analysed	
   with	
   the	
   Raman	
   point-­‐by-­‐point	
  
mapping	
  technique	
  –	
  again	
  each	
  spectrum	
  in	
  the	
  map	
  was	
  collected	
  10-­‐15	
  times	
  using	
  an	
  exposure	
  
time	
  of	
  3	
  to	
  4	
  s	
  and	
  spectra	
  were	
  obtained	
  from	
  a	
  grid	
  of	
  points	
  spaced	
  2	
  μm	
  along	
  X	
  axis	
  and	
  2	
  μm	
  
along	
  Y	
  axis.	
  
Raman	
  spectroscopy	
  for	
  TAM5.30	
  was	
  carried	
  out	
  using	
  a	
  Reinshaw	
  inVia	
  Raman	
  microscope,	
  hosted	
  
at	
   the	
   Diamond	
   Lightsource	
   synchrotron	
   facility,	
   UK	
   (offline	
   labs).	
   A	
   473nm	
   green	
   Ar+	
   laser	
   was	
  
focused	
  through	
  a	
  50x	
  objective	
  lens	
  providing	
  a	
  ~6	
  µm	
  diameter	
  spot.	
  Care	
  was	
  taken	
  to	
  ensure	
  an	
  
extremely	
   low	
  laser	
  power	
  (<80µW)	
   in	
  accordance	
  with	
  standard	
  analytical	
  protocol	
   for	
  analysis	
  of	
  
highly	
   disordered	
   carbonaceous	
   phases,	
   thereby	
   preventing	
   modification	
   and	
   graphitisation	
   of	
  
micrometeorite’s	
  organic	
  matter	
   (Bonal	
  et	
  al.,	
  2007).	
  The	
  resulting	
  Raman	
  spectra	
  were	
  processed	
  
by	
   fitting	
   against	
   a	
   6th	
   order	
   polynomial	
   baseline	
   and	
   exponentially	
   smoothing	
   the	
   subtracted	
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spectrum.	
  Carbonaceous	
  ‘G’	
  and	
  ‘D’	
  bands	
  were	
  then	
  modelled	
  using	
  a	
  2-­‐part	
  Lorentz/Voigt	
  model.	
  
Peak	
  parameters	
  from	
  each	
  spectrum	
  were	
  averaged	
  and	
  their	
  standard	
  deviation	
  (σ)	
  calculated.	
  
	
  
EBSD	
  analysis	
  was	
  performed	
  on	
  a	
  CamScan	
  2500	
  SEM	
   (Department	
  of	
  Geosciences,	
  University	
  of	
  
Padova)	
   equipped	
   with	
   a	
   LaB6	
   source,	
   a	
   NordlysNano	
   EBSD	
   detector	
   of	
   Oxford	
   Instruments	
   and	
  
Channel	
  5.12	
  EBSD	
  acquisition-­‐	
  and	
  post-­‐processing	
   software.	
  The	
   sample	
  was	
   for	
  one-­‐hour	
  Syton	
  
polished	
  to	
  remove	
  surface	
  damage	
  related	
  to	
  conventional	
  diamond	
  polishing,	
  and	
  was	
  then	
  carbon	
  
coated	
   (few	
  nanometers	
  of	
   thickness)	
   to	
   improve	
   conductivity.	
  Operation	
   conditions	
  were	
  25	
  mm	
  
working	
  distance,	
  15	
  kV	
  beam	
  acceleration	
  and	
  10	
  nA	
  probe	
  current.	
  Considered	
  the	
  small	
  grain	
  size	
  
of	
  the	
  olivine	
  crystals,	
  for	
  EBSD	
  mapping	
  in	
  automated	
  mode	
  a	
  0.1	
  µm	
  step-­‐size	
  in	
  X	
  and	
  Y	
  directions	
  
was	
  applied	
  during	
  acquisition	
  of	
  a	
  600	
  x	
  400	
  data	
  grid.	
  EBSD	
  does	
  not	
  discriminate	
  between	
  solid-­‐
solutions	
   of	
   olivine,	
   garnet	
   and	
   Cpx,	
   therefore	
   forsterite	
   and	
   diopside	
   reflector	
   files	
   of	
   the	
   HKL	
  
database	
   were	
   used	
   to	
   index	
   olivine	
   and	
   Cpx,	
   whereas	
   andradite	
   of	
   the	
   American	
   Mineralogist	
  
Crystal	
  Structure	
  Database	
  (Downs	
  and	
  Hall-­‐Wallace,	
  2003)	
  was	
  used	
  to	
  index	
  andradite.	
  Indexing	
  of	
  
the	
   EBSD-­‐patterns	
   was	
   accepted	
   when	
   at	
   least	
   6	
   Kikuchi	
   bands	
   were	
   detected.	
   EBSD	
   data	
   were	
  
processed	
   using	
   the	
   Oxford	
   Instruments	
   HKL	
   software	
   package	
   Channel	
   5.12,	
   generating	
  
crystallographic	
  orientation	
  maps,	
  band	
  contrast	
  maps,	
  phase	
  maps	
  and	
  pole	
  figure	
  plots	
  after	
  noise	
  
reduction.	
   Latter	
   was	
   done	
   by	
   removing	
   isolated	
   misindexed	
   data	
   points	
   using	
   a	
   wildspike	
  
correction,	
  whereas	
  all	
  non-­‐indexed	
  points	
  were	
  infilled	
  to	
  a	
  six	
  nearest-­‐neighbour	
  crystallographic	
  
orientation	
  by	
  extrapolation.	
  In	
  the	
  Channel	
  5.12	
  software	
  package	
  grain	
  detection	
  in	
  EBSD	
  maps	
  is	
  
based	
   on	
   crystallographic	
   orientation,	
   using	
   a	
   misorientation	
   angle	
   of	
   at	
   least	
   10°	
   between	
   two	
  
adjacent	
  pixels	
  to	
  identify	
  grain	
  boundaries.	
  Grain	
  orientation	
  data	
  from	
  the	
  entire	
  map	
  were	
  plotted	
  
onto	
  lower	
  hemisphere	
  equal	
  area	
  projections	
  as	
  one	
  point	
  per	
  grain	
  to	
  avoid	
  grain	
  size	
  related	
  bias	
  
during	
  contouring.	
  	
  
	
  
We	
  determined	
  bulk	
  mineralogy	
   through	
  µXRD	
  diffraction	
  methods,	
  using	
  a	
  Rigaku	
  Rapid	
   II	
  micro-­‐
diffraction	
  system,	
  equipped	
  with	
  a	
  2D	
  curved	
   imaging	
  plate	
  detector,	
  at	
   the	
  Department	
  of	
  Earth	
  
Science,	
  The	
  Natural	
  History	
  Museum	
   in	
  London.	
  This	
  was	
  employed	
   to	
  collect	
   in-­‐plane	
  diffraction	
  
pattern	
  data	
  from	
  the	
  TAM5.29	
  sample.	
  A	
  Cu	
  X-­‐ray	
  source	
  with	
  an	
   incident	
  beam	
  monochromator	
  
provided	
  Kb	
  filtered	
  Cu-­‐Kα	
  radiation	
  (1.5418	
  Å).	
  This	
  was	
  collimated	
  by	
  a	
  pinhole	
  system	
  to	
  a	
  beam	
  
spot	
  of	
  100μm.	
  Analysis	
  ran	
  for	
  10	
  hours,	
  after	
  which	
  the	
  2D	
  diffraction	
  image	
  was	
  converted	
  to	
  a	
  1D	
  
XRD	
  pattern	
   following	
   automated	
   removal	
   of	
   the	
   background	
   signal	
   and	
   integration	
   of	
   the	
  Debye	
  
rings.	
  Data	
  were	
  collected	
  on	
  cross	
  section	
  samples	
  using	
  a	
  constant	
  ω	
  angle	
  of	
  16º2θ	
  and	
  a	
  rotating	
  
ϕ	
  axis	
  to	
  maximise	
  the	
  number	
  of	
  crystallites	
  and	
  the	
  randomness	
  of	
  their	
  orientations	
  in	
  the	
  X-­‐ray	
  
beam.	
  Low-­‐angle	
  (<16°2θ)	
  diffraction	
  peaks	
  could	
  not	
  be	
  collected	
  because	
  the	
  polished	
  resin	
  block,	
  
which	
  holds	
  the	
  particles	
  prevented	
  the	
  stage	
  from	
  rotating	
  in	
  the	
  ω	
  plane	
  by	
  <16°2θ.	
  Peak	
  positions	
  
in	
   the	
   converted	
  1D	
  patterns	
  were	
   identified	
  by	
   comparison	
  against	
  a	
  mineral	
   reference	
  database	
  
(PDF-­‐4	
  database	
  from	
  ICDD).	
  
	
  
EMPA	
  spot	
  analyses	
  were	
  carried	
  out	
  at	
  the	
  Department	
  of	
  Geosciences,	
  University	
  of	
  Padova	
  with	
  a	
  
CAMECA	
  SX50	
   instrument	
  with	
  5	
  wavelength	
  dispersive	
  spectrometers.	
  Data	
  were	
  acquired	
  with	
  a	
  
beam	
  current	
  of	
   20	
  nA,	
   accelerating	
   voltage	
  of	
   20	
   kV,	
  defocused	
  beam	
  diameter	
  of	
   5	
  µm	
  and	
  we	
  
used	
   for	
   each	
   element	
   an	
   acquisition	
   time	
   of	
   10	
   seconds.	
   Amelia	
   plagioclase,	
   olivine,	
   orthoclase,	
  
diopside,	
   sphalerite	
   (blenda),	
   synthetic	
   MnTiO3	
   and	
   Cr2O3	
   standards	
   were	
   used	
   for	
   instrumental	
  
calibration.	
  The	
  Pouchou-­‐Pichoir	
  procedure	
  (PAP),	
  supplied	
  by	
  the	
  manufacturer,	
  was	
  used	
  for	
  raw	
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data	
   reduction.	
  Detection	
   limits	
   (wt%)	
  are:	
  Na2O=0.04;	
  MgO=0.02;	
  Al2O3=0.02;	
   SiO2=0.3;	
   SO3=0.03;	
  
K2O=0.02;	
   CaO=0.02;	
   TiO2=0.02;	
   Cr2O3=0.04;	
   MnO=0.04;	
   FeO=0.04.	
   We	
   also	
   used	
   EMPA	
   spot	
  
analyses	
   to	
   obtain	
   the	
   bulk	
   composition	
   of	
   TAM5.29	
   by	
   averaging	
   a	
   grid	
   of	
   122	
   randomly	
   spaced	
  
EMPA	
  analyses	
  in	
  a	
  specific	
  representative	
  area	
  chosen	
  on	
  the	
  basis	
  of	
  EDX	
  maps,	
  especially	
  to	
  avoid	
  
areas	
  with	
  major	
  terrestrial	
  alteration.	
  	
  
For	
   TAM5.30	
   we	
   also	
   collected	
   high	
   accuracy	
   EMPA	
   data	
   were	
   collected	
   at	
   the	
   Natural	
   History	
  
Museum	
   (NHM),	
   London	
   using	
   a	
   Cameca	
   SX100	
   SEM,	
   equipped	
   with	
   5	
   wave	
   dispersive	
  
spectrometers.	
   Analyses	
  were	
   conducted	
   at	
   20kV	
   accelerating	
   voltage,	
  with	
   a	
   20nA	
  beam	
   current	
  
and	
  a	
  <4μm	
  spot	
  size.	
  Prior	
  to	
  analysis,	
  the	
  system	
  was	
  calibrated	
  using	
  suite	
  of	
  mineral	
  standards,	
  
specific	
  to	
  each	
  element	
  under	
  detection	
  and	
  post	
  analysis	
  PAP	
  matrix	
  corrections	
  were	
  performed	
  
using	
  the	
  in-­‐house	
  Cameca	
  software.	
  This	
  removed	
  artefacts	
  arising	
  from	
  atomic	
  number,	
  absorption	
  
and	
  secondary	
  fluorescence	
  (ZAF)	
  effects.	
  Elemental	
  detection	
  limits	
  for	
  this	
   instrument	
  are	
  on	
  the	
  
order	
   of	
   0.02-­‐0.05wt%	
   and	
   elemental	
   uncertainties	
   vary	
   between	
   0.01-­‐0.03wt%,	
   values	
   quoted	
   in	
  
Table.2	
  are	
  given	
  to	
  2	
  decimal	
  places.	
  
	
  
X-­‐ray	
   powder	
   diffraction	
   (XRD)	
   patterns	
   were	
   acquired	
   with	
   an	
   X´Pert	
   PRO	
   MPD	
   (PANalytical)	
  
instrument	
  in	
  Bragg–Brentano	
  geometry	
  with	
  iron-­‐filtered	
  Co-­‐Kα	
  radiation	
  (40	
  kV,	
  40	
  mA,	
  λ	
  =	
  0.1789	
  
nm),	
  equipped	
  with	
  an	
  X´Celerator	
  detector	
  at	
  room	
  temperature.	
  The	
  powders	
  were	
  placed	
  onto	
  a	
  
rotating	
  metal	
  slide;	
  the	
  angular	
  range	
  was	
  set	
  as	
  2θ	
  =	
  3	
  –	
  85°,	
  with	
  a	
  step	
  size	
  of	
  0.017°	
  and	
  scan	
  
speed	
  of	
  0.0061°	
  s-­‐1.	
  The	
  identification	
  of	
  the	
  crystalline	
  phases	
  was	
  obtained	
  using	
  the	
  X’Pert	
  High	
  
Score	
   Plus	
   software,	
  which	
   includes	
   a	
   PDF-­‐2,	
   Pan-­‐ICSD	
   and	
   COD	
   (Crystallography	
  Open	
  Database)	
  
databases.	
  
	
  
3.	
  Spectroscopy	
  
Reflectance	
  near-­‐IR	
  spectra	
  of	
  micrometeorites	
  were	
  acquired	
  at	
  the	
   laboratories	
  at	
  the	
   IAPS-­‐INAF	
  
(Istituto	
   di	
   Astrofisica	
   e	
   Planetologia	
   Spaziali	
   –	
   Istituto	
   Nazionale	
   di	
   Astrofisica).	
   We	
   used	
   a	
  
microscope	
  Micro-­‐IR	
  Hyperion	
  2000	
  FTIR	
  Vertex	
  Bruker®.	
  The	
  spectra	
  were	
  acquired	
  under	
  ambient	
  
conditions	
   in	
   the	
   spectral	
   range	
  between	
  1.3-­‐	
   22	
  μm	
   (here	
  we	
   focused	
  and	
   report	
  only	
   the	
   range	
  
between	
   1.5	
   –	
   4.2	
   µm),	
   with	
   a	
  MCT	
   detector.	
   Infragold	
   (Labsphere®)	
   has	
   been	
   used	
   to	
   calibrate	
  
spectral	
  reflectance.	
  The	
  spectra	
  were	
  acquired	
  with	
  a	
  spectral	
  resolution	
  of	
  2	
  cm-­‐1	
  and	
  an	
  aperture	
  
on	
  the	
  sample	
  of	
  150X150	
  μm.	
  
	
  
For	
  more	
  precise	
   and	
  detailed	
   reflectance	
   spectra	
   analyses	
   of	
   the	
  micrometeorites	
  we	
  performed	
  
FTIR	
  hyperspectral	
  imaging	
  measurements	
  at	
  the	
  SMIS	
  beamline	
  of	
  the	
  SOLEIL	
  synchrotron	
  (France),	
  
using	
  an	
  Agilent	
  Cary	
  670/620	
  micro-­‐spectrometer	
  equipped	
  with	
  a	
  128	
  x	
  128	
  pixels	
  FPA	
  (Focal	
  Plane	
  
Array)	
  detector	
  (the	
  system	
  is	
  described	
  in	
  more	
  details	
  by	
  Dionnet	
  et	
  al.,	
  2018	
  and	
  Brunetto	
  et	
  al.,	
  
2018).	
   We	
  collected	
   NIR-­‐MIR	
   from	
   4000	
   to	
   850	
   cm-­‐1	
   (2.50–11.76	
   μm)	
   spectra	
  under	
   ambient	
  
conditions	
  using	
  the	
  internal	
  globar	
  source,	
  but	
  we	
  focused	
  on	
  the	
  2.5-­‐4	
  µm	
  range	
  sincewith	
  this	
  set	
  
up	
  was	
  not	
  possible	
  to	
  acquire	
  a	
  continuous	
  spectra	
   in	
  the	
  1.5-­‐4	
  µm	
  region	
   like	
  at	
   IAPS-­‐INAF).	
  The	
  
spectral	
   resolution	
   was	
   either	
   4	
  or	
   8	
   cm-­‐1.	
   We	
   acquired	
   the	
   MIR	
   maps	
   in	
   reflectance	
   geometry,	
  
with	
  respect	
  to	
  gold	
  references.	
  In	
  one	
  complete	
  acquisition	
  we	
  accumulated	
  512	
  or	
  1024	
  scans.	
  In	
  
our	
  setup,	
  the	
  FPA	
  is	
  projected	
  on	
  the	
  focal	
  plane	
  through	
  a	
  25x	
  objective	
  (numerical	
  aperture	
  0.81),	
  
providing	
   a	
   field	
   of	
   view	
   of	
   about	
   420x420	
   μm2	
   and	
   a	
   projected	
   pixel	
   size	
   of	
   about	
   3.3	
   μm	
  
(spatial	
  sampling	
  of	
  the	
  MIR	
  maps).	
  We	
  thus	
  simultaneously	
  collected	
  16384	
  spectra	
  per	
  acquisition	
  
without	
  moving	
   the	
  X-­‐Y	
   stage	
  of	
   the	
  microscope.	
   In	
   some	
  cases,	
  we	
  acquired	
  only	
  64x64	
  pixels	
   to	
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select	
  a	
  smaller	
  field	
  of	
  view	
  of	
  210x210	
  μm2.	
  Larger	
  spectral	
  mosaics	
  were	
  measured	
  by	
  moving	
  the	
  
X-­‐Y	
  stage	
  and	
  acquiring	
  several	
  tiles,	
  to	
  cover	
  mm-­‐sized	
  areas	
  of	
  the	
  sample.	
  In	
  the	
  case	
  of	
  the	
  large	
  
mosaics,	
  a	
  4-­‐pixels	
  bin	
  was	
  applied.	
  
	
  
Experiments	
   were	
   carried	
   out	
   at	
   the	
   Planetary	
   Spectroscopy	
   Laboratory	
   (PSL)	
   of	
   the	
   German	
  
Aerospace	
  Center	
  (DLR:	
  Deutsches	
  Zentrum	
  für	
  Luft-­‐	
  und	
  Raumfahrt)	
  in	
  Berlin.	
  IR	
  spectra	
  of	
  original	
  
CCs	
   and	
   of	
   the	
   resulting	
   materials	
   from	
   the	
   experiments	
   were	
   acquired	
   under	
   asteroid-­‐like	
  
conditions	
   using	
   a	
  Bruker	
  Vertex80V	
   FTIR	
   spectrometer	
   equipped	
  with	
   a	
   bi-­‐directional	
   reflectance	
  
unit,	
   a	
   MIR	
   global	
   source,	
   a	
   liquid	
   nitrogen	
   cooled	
   MCT	
   detector	
   and	
   a	
   KBr	
   beamsplitter.	
   Bi-­‐
directional	
   reflectance	
   was	
   measured	
   at	
   room	
   temperature	
   under	
   purging/vacuum	
   conditions,	
  
covering	
  the	
  1	
  to	
  25	
  μm	
  spectral	
  range	
  with	
  an	
  illumination	
  angle	
  fixed	
  at	
  30°	
  and	
  variable	
  emission	
  
angles	
  at	
  15°,	
  30°	
  and	
  45°.	
  
	
  
We	
   compared	
   the	
   average	
   mid-­‐IR	
   spectrum	
   (8-­‐13μm)	
   of	
   TAM5-­‐30	
   against	
   a	
   suite	
   of	
   mineral	
  
standards	
   publicly	
   available	
   as	
   part	
   of	
   the	
   RRUFF	
   database	
   (Lafuente	
   et	
   al.,	
   2015)	
   as	
   well	
   as	
  
dehydrated	
   phyllosilicate	
   spectra	
   published	
   in	
   Che	
   and	
   Glotch	
   (2012)	
   and	
   amorphous	
  Mg-­‐silicate	
  
spectra	
  published	
  in	
  Hallenback	
  et	
  al.,	
  (1998).	
  Using	
  a	
  simple	
  linear	
  mixing	
  model	
  fed	
  with	
  the	
  above	
  
mineral	
   standards	
   we	
   were	
   able	
   to	
   reproduce	
   a	
   modelled	
   spectrum	
   for	
   TAM5-­‐30,	
   which	
   closely	
  
matches	
   the	
   empirical	
   spectrum.	
   This	
   approach	
   allows	
   an	
   approximate	
   estimation	
   of	
   modal	
  
mineralogy	
  and	
  is	
  valid	
  for	
  phases	
  present	
  at	
  >5%	
  [vol.]	
  abundance	
  and	
  whose	
  grain	
  sizes	
  are	
  >50μm	
  
and	
   thus	
   unaffected	
   by	
   volume	
   scattering	
   effects	
   (Ramsey	
   and	
   Christensen,	
   1998;	
   Feely	
   and	
  
Christensen,	
  1999).	
  	
  
	
  
The	
  continuum	
  removal	
  in	
  all	
  the	
  reflectance	
  analyses	
  has	
  been	
  carried	
  out	
  with	
  the	
  Origin	
  software	
  
and	
  has	
  been	
  done	
  individually	
  for	
  each	
  diagnostic	
  band	
  of	
  the	
  C-­‐type	
  asteroids:	
  2.7	
  µm,	
  3	
  µm,	
  3.4-­‐
3.5	
  µm	
  and	
  4	
  µm	
  bands.	
   For	
   the	
   removal	
   of	
   the	
   continuum	
  we	
   individually	
   take	
   into	
   account	
   the	
  
band	
  shoulders	
  for	
  each	
  spectrum	
  of	
  every	
  sample	
  (see	
  an	
  example	
  in	
  figure	
  3).	
  The	
  band	
  centre	
  of	
  
each	
  band	
  did	
  not	
  suffer	
  substantial	
  changes	
  after	
  the	
  continuum	
  removal.	
  However	
  the	
  continuum	
  
removal	
   is	
   crucial	
   for	
   the	
   determination	
   of	
   band	
   depths	
   and	
   allows	
   better	
   comparisons	
   among	
  
sample	
  spectra,	
  highlighting	
  qualitative	
  different	
  abundances	
  of	
  various	
  minerals.	
  	
  
	
  

	
  
Fig.	
  3.	
  Example	
  of	
  baseline	
  creation	
  for	
  the	
  continuum	
  removal.	
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4.	
  Organic	
  matter	
  analyses	
  
n-­‐alkane	
  analyses	
  were	
  carried	
  out	
  with	
  a	
  single	
  quadrupole	
  GC-­‐MS	
  (Hewlett	
  Packard-­‐Agilent	
  6890	
  
Series	
  GC	
  System,	
  coupled	
  with	
  an	
  Agilent	
  5973	
  inert	
  Mass	
  Selective	
  Detector)	
  operating	
  in	
  electron	
  
impact	
  mode	
   (EI,	
   70	
  eV)	
  equipped	
  with	
  a	
  30	
  m	
   long	
   column	
   (HP-­‐5ms,	
  0.25	
  mm	
   I.D.,	
   0.25	
  μm	
   film	
  
thickness).	
  The	
  MS	
  source	
  and	
  analyzer	
  were	
  set	
  to	
  230°C	
  and	
  150°C	
  respectively,	
  while	
  the	
  transfer	
  
line	
  was	
  set	
  to	
  300°C.	
  The	
  operating	
  conditions	
  of	
  the	
  GC	
  were	
  optimized	
  and	
  set	
  as	
  follows.	
  Helium	
  
5.5	
   (99.9995%)	
  was	
  used	
  as	
  carrier	
  gas	
  at	
  a	
  constant	
   flow	
  rate	
  of	
  1.2	
  mL	
  min-­‐1.	
  The	
  splitless	
  mode	
  
inlet	
  was	
  set	
  to	
  300°C.	
  The	
  oven	
  was	
  programmed	
  from	
  50°C	
  (holding	
  time	
  of	
  5min)	
  to	
  315°C	
  at	
  18°C	
  
min-­‐1	
  with	
  6	
  min	
  hold,	
  for	
  a	
  total	
  run	
  time	
  of	
  26	
  min.	
  Acquisition	
  was	
  performed	
  using	
  selected	
  ion	
  
monitoring	
  (SIM)	
  mode	
  and	
  PFTBA	
  was	
  chosen	
  as	
  reference	
  compound.	
  
In	
  order	
  to	
  enhance	
  repeatability	
  and	
  reduce	
  contamination	
  risks,	
  automated	
  instruments	
  were	
  used	
  
for	
   analytes	
   extraction	
   and	
   sample	
   clean-­‐up.	
   Briefly,	
   homogenized	
   sub-­‐samples	
   of	
   carbonaceous	
  
chondrite	
   powders,	
   as	
   well	
   as	
   procedural	
   blanks,	
   were	
   spiked	
   with	
   a	
   known	
   amount	
   of	
  
hexatriacontane	
   as	
   internal	
   standard.	
   Aliphatic	
   hydrocarbons	
   were	
   extracted	
   by	
   means	
   of	
   a	
  
Accelerated	
   Solvent	
   Extractor	
   (ASE™	
   350,	
   Thermo	
   Fisher	
   Scientific	
   Dionex)	
   using	
   a	
   mixture	
   of	
  
dichloromethane	
   (DCM)	
   and	
   n-­‐Hexane	
   (HEX;	
   1:1;	
   v/v).	
   The	
   extractions	
   were	
   carried	
   out	
   in	
   the	
  
presence	
  of	
  anhydrous	
  sodium	
  sulphate,	
  diatomaceous	
  earth	
  and	
  Ottawa	
  sand,	
  and	
  were	
  performed	
  
at	
  100°C	
  and	
  100	
  bar,	
  with	
  5	
  static	
  cycles	
  of	
  5	
  min	
  each.	
  Clean-­‐up	
  was	
  performed	
  by	
  direct	
  injection	
  
of	
  the	
  sample	
  in	
  a	
  Power-­‐Prep™	
  system	
  (FMS,	
  Fluid	
  Management	
  System)	
  into	
  a	
  disposable	
  neutral	
  
silica	
  column	
  and	
  by	
  eluting	
  with	
  30	
  mL	
  of	
  HEX	
   followed	
  by	
  30	
  mL	
  of	
  DCM-­‐HEX	
   (1:1;	
  v/v).	
  Purified	
  
samples	
  were	
   reduced	
   to	
   100	
   μL	
   under	
   a	
   gentle	
   nitrogen	
   flow	
   at	
   23°C	
   (Turbovap®	
   II,	
   Caliper	
   Life	
  
Science).	
   Results	
   were	
   corrected	
   using	
   the	
   instrumental	
   response	
   factor	
   and	
   subtracting	
   the	
  
procedural	
  blank	
  values.	
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Chapter	
  3	
  
Hydrothermal	
  activity	
  on	
  the	
  CV	
  parent	
  body:	
  new	
  perspectives	
  from	
  the	
  giant	
  
Transantarctic	
  Mountains	
  minimeteorite	
  TAM5.29	
  

Abstract	
  
TAM5.29	
   is	
   an	
   extraterrestrial	
   dust	
   grain,	
   collected	
   on	
   the	
   Transantarctic	
   Mountains	
   (TAM).	
   Its	
  
mineralogy	
   is	
   dominated	
   by	
   an	
   Fe-­‐rich	
   matrix	
   composed	
   of	
   platy	
   fayalitic	
   olivines	
   and	
   clasts	
   of	
  
andradite	
   surrounded	
   by	
   diopside-­‐jarosite	
   mantles,	
   chondrules	
   are	
   absent.	
   TAM5.29	
   records	
   a	
  
complex	
  geological	
  history	
  with	
  evidence	
  of	
  extensive	
  thermal	
  metamorphism	
  in	
  presence	
  of	
  fluids	
  
at	
  T<300°C.	
  Alteration	
  was	
  terminated	
  by	
  an	
  impact,	
  resulting	
  in	
  shock	
  melt	
  veins	
  and	
  compaction-­‐
orientated	
   foliation	
   of	
   olivine.	
   A	
   second	
   episode	
   of	
   alteration	
   at	
   lower	
   temperatures	
   (<100°C)	
  
occurred	
  post-­‐impact	
  and	
  is	
  either	
  parent	
  body	
  or	
  terrestrial	
  in	
  origin	
  and	
  resulted	
  in	
  the	
  formation	
  
of	
  iddingsite.	
  The	
  lack	
  of	
  chondrules	
  is	
  explained	
  by	
  random	
  sub-­‐sampling	
  of	
  the	
  parent	
  body,	
  with	
  
TAM5.29	
   representing	
   a	
   matrix-­‐only	
   fragment.	
   On	
   the	
   basis	
   of	
   bulk	
   chemical	
   composition,	
  
mineralogy	
   and	
   geological	
   history	
   TAM5.29	
   demonstrates	
   affinities	
   to	
   the	
   CVox	
   group	
   with	
   a	
  
mineralogical	
   assemblage	
   in	
  between	
   the	
  Allende-­‐like	
  and	
  Bali-­‐like	
   subgroups	
   (CVoxA	
   and	
  TAM5.29	
  
are	
  rich	
  in	
  andradite,	
  magnetite	
  and	
  FeNiS	
  but	
  CVoxA	
  lacks	
  hydrated	
  minerals,	
  common	
  in	
  TAM5.29.	
  
Conversely	
  CVoxB	
  are	
  rich	
  in	
  hydrated	
  phyllosilicates	
  but	
  contains	
  almost	
  pure	
  fayalite,	
  not	
  found	
  in	
  
TAM5.29).	
   In	
   addition,	
   TAM5.29	
   has	
   a	
   slightly	
   different	
   metasomatic	
   history,	
   in-­‐between	
   the	
  
oxidised	
   and	
   reduced	
   CV	
  metamorphic	
   grades	
  whilst	
   also	
   recording	
   higher	
   oxidizing	
   conditions	
   as	
  
compared	
  to	
  the	
  known	
  CV	
  chondrites.	
  This	
  study	
  represents	
  the	
  third	
  CV-­‐like	
  cosmic	
  dust	
  particle,	
  
containing	
   a	
   unique	
   composition,	
   mineralogy	
   and	
   fabric,	
   demonstrating	
   variation	
   in	
   the	
   thermal	
  
metamorphic	
  history	
  of	
  the	
  CV	
  parent	
  body(-­‐ies).	
  	
  

1.	
  Introduction	
   	
  
The	
   CV	
   (Vigarano-­‐like)	
   carbonaceous	
   chondrites	
   (CCs)	
   are	
   a	
   group	
   of	
   primitive	
  meteorites	
   sharing	
  
approximately	
  equal	
  ratios	
  of	
  chondrules	
  and	
  matrix,	
  as	
  well	
  as	
  the	
  highest	
  abundances	
  of	
  refractory	
  
phases	
   (CAIs	
   [Ca-­‐Al-­‐rich	
   inclusions]	
   and	
   AOAs	
   [ameboid	
   olivine	
   aggregate])	
   among	
   any	
   chondrite	
  
class	
  (~10	
  vol%,	
  McSween,	
  1977;	
  Brearley	
  and	
  Jones,	
  1998;	
  Weisberg	
  et	
  al.,	
  2006).	
  Chondrules	
  in	
  CVs	
  
are	
   typically	
   large	
   (averaging	
  1	
  mm	
   in	
  diameter)	
   type	
   I,	
   porphyritic	
  olivine	
   subtypes	
   (~90%,	
   Jones,	
  
2012)	
  and	
  often	
  surrounded	
  by	
  thick	
  (~400μm)	
  accretionary	
  rims	
  (King	
  and	
  King,	
  1991;	
  Tomeoka	
  and	
  
Ohnishi,	
  2010).	
  Meanwhile,	
  their	
  matrices	
  are	
  rich	
  in	
  fayalitic	
  olivine,	
  Ca,Fe-­‐pyroxenes	
  and	
  andradite	
  
(Krot	
  et	
  al.,	
  1995-­‐1998;	
  Brearley	
  and	
  Jones,	
  1998;	
  Weisberg	
  et	
  al.,	
  2006).	
  	
  

The	
   CV	
   chondrite	
   group	
  most	
   likely	
   represent	
  members	
   of	
   a	
   single	
   parent	
   body,	
   derived	
   from	
   an	
  
asteroid-­‐sized	
  planetesimal.	
  Thermal	
  remnant	
  magnetism	
  studies	
  reveal	
  a	
  single	
  coherent	
  magnetic	
  
field	
  among	
  constituent	
  chondrules	
  (Carporzen	
  et	
  al.,	
  2011).	
  This	
  requires	
  the	
  presence	
  of	
  a	
  partially	
  
differentiated	
  structure	
  with	
  a	
  molten	
  core	
  and	
  silicate	
  mantle	
  overlain	
  by	
  a	
  cold	
  chondritic	
  “lid”	
  as	
  
described	
  by	
  the	
  model	
  of	
  Weiss	
  and	
  Elkins-­‐tanton,	
   (2013).	
  Furthermore,	
   isotopic	
  signatures	
  of	
  CV	
  
chondrites	
  (ε54Cr	
  vs.	
  ε50Ti	
  and	
  ε54Cr	
  vs.	
  Δ17O)	
  fall	
  within	
  the	
  carbonaceous	
  supergroup,	
  requiring	
  an	
  
outer	
   solar	
   system	
   origin	
   or	
   late	
   accretion	
   history	
   (Warren,	
   2011).	
   In	
   addition	
   to	
   a	
   partially	
  
differentiated	
   interior,	
   the	
   CV	
   chondritic	
   “lid”	
   attests	
   to	
   a	
   protracted	
   episode	
   of	
   parent	
   body	
  
evolution	
  with	
  evidence	
  for	
  aqueous	
  alteration	
  (variously	
  characterised	
  by	
  oxidation,	
  hydration	
  and	
  
replacement	
  [e.g.	
  phyllosilicate-­‐rich	
  chondrule	
  rims,	
  Tomeoka	
  and	
  Tanimura,	
  2000	
  or	
  oxidized	
  metal	
  
and	
  mobilizied	
  Na	
  and	
  K,	
  Krot	
  et	
  al.,	
  2004])	
  as	
  well	
  as	
  recording	
  the	
  highest	
  grade	
  shock	
  deformation	
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among	
  the	
  carbonaceous	
  chondrites	
  (commonly	
  S2-­‐S3	
  shock	
  stages,	
  Scott	
  et	
  al.,	
  1992)	
  and	
  thermal	
  
metamorphism	
  (~300°C,	
  Krot	
  et	
  al.,	
  1995;	
  1998).	
  	
  

The	
   CV	
   class	
   is	
   divided	
   into	
   two	
   subgroups:	
   a	
   reduced	
   (CVred)	
   and	
   an	
   oxidized	
   group	
   (CVox)	
   –	
  
dependent	
   on	
   their	
   ratio	
   of	
  metal/magnetite	
   and	
   on	
   the	
   Ni	
   content	
   of	
   sulfide	
   phases	
   (Mcsween,	
  
1977).	
  The	
  oxidised	
  CVs	
  are	
  further	
  classified	
  into	
  Bali-­‐like	
  (CVoxB)	
  and	
  Allende-­‐like	
  (CVoxA)	
  subtypes,	
  
with	
   the	
   Bali-­‐like	
   population	
   containing	
   high	
   abundances	
   of	
   hydrated	
   minerals	
   (up	
   to	
   4.2	
   vol%,	
  
Howard	
  et	
  al.,	
  2010)	
  (including	
  Fe-­‐phyllosilicate)	
  and	
  nearly	
  pure	
  fayalite	
  (Fa90)	
  (e.g.	
  Kaba:	
  Fo100=20.9	
  
vol%	
  and	
  Fo90=23	
  vol%;	
  Mokoia:	
  Fo100=19.3	
  vol%	
  and	
  Fo90=13.3	
  vol%;	
  Howard	
  et	
  al.,	
  2010),	
  while	
  the	
  
Allende-­‐like	
   population	
   lack	
   hydrated	
   minerals	
   altogether	
   and	
   do	
   not	
   contain	
   pure	
   fayalite	
  
(Weisberg	
   et	
   al.,	
   2006;	
   MacPhearson	
   &	
   Krot	
   2014).	
   Further	
   differences	
   are	
   observed	
   in	
   the	
  
abundance	
  and	
  speciation	
  of	
  secondary	
  minerals	
  formed	
  by	
  metasomatic	
  alteration	
  (MacPhearson	
  &	
  
Krot	
  2014).	
  Fe-­‐rich	
  olivine	
  and	
  diopside-­‐hedenbergite	
  are	
  found	
  in	
  all	
  CVs.	
  CVox	
  and	
  CVred	
  groups	
  can	
  
be	
   distinguished	
   as	
   CVox	
   (especially	
   the	
   Allende-­‐like	
   members)	
   contain	
   nepheline,	
   sodalite,	
  
andradite,	
   magnetite	
   and	
   Fe-­‐Ni-­‐sulfides,	
   whereas,	
   these	
   minerals	
   are	
   rare	
   or	
   absent	
   in	
   the	
   CVred	
  
group	
  that	
  instead	
  contain	
  kirschteinite	
  (MacPhearson	
  &	
  Krot	
  2014).	
  	
  

These	
   distinct	
   petrographies	
   require	
   different	
   alteration	
   histories	
   operating	
   on	
   the	
   theoretical	
  
pristine	
   CV	
   material.	
   The	
   oxidised	
   subgroup	
   is	
   enriched	
   in	
   alkali	
   elements	
   and	
   Fe-­‐rich	
   silicates,	
  
attesting	
   to	
   Fe-­‐alkali-­‐halogen	
  metasomatism	
   (Krot	
   et	
   al.,	
   1995;	
   1998).	
   However,	
   the	
   formation	
   of	
  
fayalite	
   remains	
   unresolved.	
   Different	
   processes	
   have	
   been	
   invoked	
   such	
   as:	
   alteration	
   of	
   low-­‐Ca	
  
pyroxene	
  into	
  fayalitic	
  olivine	
  (Housley	
  and	
  Cirlin	
  1983),	
  hydrothermal	
  growth	
  of	
  fayalite	
  (Krot	
  et	
  al.,	
  
2004)	
  or	
  the	
  formation	
  of	
  fayalite	
  through	
  dehydration	
  of	
  phyllosilicates	
  (Brearley	
  1999).	
  At	
  present,	
  
the	
   most	
   accredited	
   mechanism	
   of	
   formation	
   of	
   fayalite	
   is	
   development	
   during	
   thermal	
  
metamorphism	
  by	
  growth	
   from	
  an	
  amorphous	
  precursor	
  phase	
  whilst	
   in	
   the	
  presence	
  of	
  aqueous	
  
fluids	
   (Abreu	
   and	
   Brearley	
   2011).	
   Thermodynamic	
   constraints	
   on	
   the	
   formation	
   of	
   fayalite	
   were	
  
delineated	
   by	
   Zolotov	
   et	
   al.	
   (2006)	
   who	
   suggested	
   that	
   the	
   presence	
   of	
   Ca-­‐Fe-­‐silicates	
   (fayalite,	
  
nepheline,	
   sodalite,	
   diopside-­‐hedenbergite,	
   andradite,	
   grossular,	
   kirschteinite	
   and	
   phyllosilicates)	
  
are	
  clear	
  evidence	
  of	
  alteration	
  from	
  primary	
  minerals	
  held	
  inside	
  CAIs	
  (i.e.	
  melilite,	
  anorthite,	
  Al-­‐Ti-­‐
diopside,	
  hibonite,	
  spinel	
  and	
  perovskite)	
  (Krot	
  et	
  al	
  1995)	
  with	
  dissolution	
  of	
  anorthite	
  and	
  albite	
  in	
  
chondrule	
  mesostasis	
  releasing	
  CaO	
  and	
  SiO2	
  for	
  secondary	
  mineral	
  growth	
  (Krot	
  et	
  al.,	
  1995).	
  	
  

Among	
  micrometeorite	
   collections	
   only	
   two	
   particles	
   have	
   previously	
   been	
   recognized	
   as	
   CV-­‐like	
  
(Genge	
   2010	
   and	
   van	
   Ginneken	
   et	
   al.	
   2012),	
   although	
   neither	
   were	
   the	
   subject	
   of	
   a	
   detailed	
  
investigation	
   into	
   their	
   parent	
   body	
   processing,	
   a	
   task	
   that	
   we	
   discuss	
   in	
   this	
   work	
   with	
   a	
   more	
  
detailed	
   characterisation	
   of	
   the	
   CV-­‐like	
   TAM5.29	
   particle.	
   Furthermore,	
   the	
   classification	
   of	
   these	
  
samples	
   as	
   a	
   CV-­‐like	
   reveals	
   some	
   issues.	
   The	
   particle	
   described	
   by	
   van	
   Ginneken	
   et	
   al.	
   (2012)	
  
contains	
   wüstite	
   instead	
   of	
   Fe-­‐Ni	
   metal	
   and	
   the	
   magnetite	
   composition	
   does	
   not	
   fall	
   in	
   the	
   CV	
  
magnetite	
   field.	
   On	
   the	
   other	
   hand,	
   the	
   sample	
   described	
   by	
   Genge	
   (2010)	
   show	
   olivines	
   with	
  
rounded	
  morphologies	
  and	
  a	
  high	
  density	
  of	
  crystal	
  defects,	
  which	
  are	
  not	
  typical	
  characteristics	
  of	
  
CVs.	
  For	
  this	
  reason,	
  van	
  Ginneken	
  et	
  al.	
  (2012)	
  and	
  Genge	
  (2010)	
  also	
  suggested	
  an	
  affinity	
  with	
  CO	
  
chondrites.	
  In	
  addition	
  TAM5.29	
  has	
  andradite	
  inclusions,	
  diopside	
  crystals	
  and	
  oriented	
  petrofabric	
  
of	
  olivine	
  that	
  were	
  not	
  detected	
  in	
  the	
  two	
  other	
  CV-­‐like	
  particles	
  described	
  by	
  Genge	
  (2010)	
  and	
  
van	
  Ginneken	
  et	
  al.	
   (2012),	
  making	
  TAM5.29	
  different	
  and	
  unique	
  with	
  an	
  enhanced	
  metasomatic	
  
history	
  and	
  with	
  an	
  undoubted	
  metamorphosed	
  CV-­‐like	
  mineralogy.	
  	
  

Micrometeorites	
   from	
   anhydrous	
   CC	
   groups	
   are	
   relatively	
   rare,	
   Although	
   up	
   to	
   the	
   50%	
   of	
   the	
  
incoming	
   micrometeorite	
   flux	
   have	
   oxygen	
   isotopic	
   compositions	
   related	
   to	
   the	
   CO/CV/CK	
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anhydrous	
   supergroup	
   (Suavet	
   et	
   al.,	
   2010).	
   Thus,	
   the	
   characterisation	
  of	
   unique	
  micrometeorites	
  
and	
   those	
  derived	
   from	
   rare	
  parent	
  bodies	
   is	
   crucial	
   for	
  our	
   collective	
  understanding	
  of	
   the	
  near-­‐
Earth	
  dust	
  complex	
  and	
  the	
  diversity	
  of	
  the	
  asteroid	
  belt.	
  	
  

Here	
  we	
   provide	
   a	
   detailed	
   characterisation	
   of	
   the	
   third	
   CV-­‐like	
   cosmic	
   dust	
   particle	
  with	
   unique	
  
mineralogy	
  and	
  fabric,	
  expanding	
  knowledge	
  in	
  the	
  compositional	
  range	
  of	
  micrometeorites	
  as	
  well	
  
as	
   investigating	
   the	
   thermal	
  metamorphism	
  and	
  hydrothermal	
  history	
  of	
   the	
  CV	
  parent	
  body-­‐(ies).	
  
Furthermore,	
  given	
   that	
  micrometeorites	
  originate	
   from	
  the	
  asteroid	
  belt	
   (Genge	
  et	
  al.,	
  2008;	
  van	
  
Ginneken	
  et	
  al.,	
  2012)	
  and	
  cometary	
  sources	
  (Noguchi	
  et	
  al.,	
  2015),	
  the	
  study	
  of	
  this	
  sample	
  can	
  be	
  a	
  
useful	
  support	
  to	
  recent	
  and	
  upcoming	
  space	
  missions	
  to	
  C-­‐type	
  asteroids	
  (e.g.	
  NASA-­‐Dawn	
  mission	
  
at	
   [1]	
  Ceres,	
  Hayabusa	
  2	
  at	
   [162173]	
  Ryugu,	
  Osiris-­‐Rex	
  at	
   [101955]	
  Bennu)	
  giving	
  possible	
   insights	
  
into	
  the	
  surface	
  and	
  subsurface	
  composition	
  and	
  geological	
  events.	
   In	
  particular,	
  TAM5.29	
  with	
   its	
  
particular	
  metasomatic	
   history	
   adds	
   knowledge	
   on	
   aqueous	
   alteration	
   and	
   hydrothermalism,	
   that	
  
are	
  known	
  to	
  characterise	
  C-­‐type	
  asteroids,	
  and	
  the	
  relative	
  products:	
  secondary	
  mineral	
  formation	
  
in	
  particular	
  hydrous	
  minerals	
  like	
  phyllosilicates,	
  the	
  formation	
  of	
  opaque	
  phases	
  and	
  post	
  accretion	
  
processing	
  of	
  organic	
  matter,	
  especially	
  aliphatic	
  and	
  aromatic	
  hydrocarbons.	
  	
  	
  

2.	
  Results	
  
2.1	
  Petrography	
  and	
  mineral	
  chemistry	
  
TAM5.29	
   is	
  a	
  ~300	
  µm	
  x	
  ~600	
  µm	
  sized	
  particle	
  with	
  a	
  partial	
  magnetite	
  rim	
  only	
   found	
  along	
  the	
  
fusion	
  crust.	
  The	
  melt	
   layer	
   is	
  discontinuous	
  and	
  the	
  texture	
  is	
  similar	
  to	
  the	
  fusion	
  crust	
  found	
  on	
  
meteorites	
  (Fig.5A,	
  Fig.S1).	
  Voids	
  are	
  recognisable	
  in	
  the	
  melt	
  layer	
  (fig.	
  5A).	
  High	
  resolution	
  FE-­‐SEM	
  
imagining	
  demonstrates	
  that	
  the	
  particle	
   is	
  composed	
  primarily	
  of	
   lath-­‐shaped	
  olivine	
  crystals	
  with	
  
widespread	
   andradite	
   inclusions	
   surrounded	
  by	
   dark	
   halos	
   composed	
  of	
   intermixed	
  pyroxene	
   and	
  
jarosite,	
  which	
  also	
  occur	
  as	
  alteration	
  veins	
  (fig	
  1A-­‐B).	
  These	
  inclusions	
  form	
  lenses	
  with	
  an	
  augen-­‐
like	
  texture	
  (fig.	
  1A-­‐B-­‐E).	
  A	
  few	
  of	
  these	
  lenses	
  show	
  a	
  distinct	
  asymmetrical	
  shape	
  (fig.	
  1B).	
  Olivine	
  is	
  
euhedral	
  to	
  subhedral	
  with	
  dimensions	
  from	
  a	
  few	
  micrometres	
  up	
  to	
  ~10	
  µm.	
  Andradite	
  appears	
  as	
  
sub-­‐rounded	
  crystals	
  5-­‐10	
  µm	
  in	
  size,	
  while	
  the	
  diopside	
  and	
  jarosite	
  surrounding	
  these	
  are	
  anhedral	
  
and	
  difficult	
  to	
  distinguish	
  from	
  one	
  another	
   in	
  backscattered	
  electron	
   images	
  since	
  they	
  are	
  small	
  
crystals	
   (few	
  micrometres)	
   finely	
   mixed	
   and	
   with	
   similar	
   greyscales.	
   EDS	
   spot	
   analyses	
   (table	
   S1)	
  
reveal	
   Fe-­‐rich	
  olivines,	
  with	
  heterogeneous	
  grain	
   compositions,	
   ranging	
   from	
  Fa42.5	
   to	
   almost	
  pure	
  
fayalite	
   Fa92.3.	
   Rare	
   crystals	
   of	
   forsterite	
   are	
   also	
   present	
   (Fo66-­‐71).	
   Similarly,	
   pyroxenes	
   have	
  
heterogeneous	
   grain	
   compositions	
   (Fs1.8-­‐60	
   Wo0.7-­‐48).	
   Owing	
   to	
   the	
   small	
   grain	
   size,	
   pores	
   and	
  
limitations	
  with	
  the	
  spatial	
  resolution	
  and	
  the	
   interaction	
  volume	
  of	
  the	
  electron	
  microprobe,	
  spot	
  
analyses	
   on	
   some	
   phases	
   suffer	
   from	
   beam	
   overlap	
  with	
   adjacent	
   hydrated	
  minerals,	
   oxides	
   and	
  
sulphides,	
  thus	
  analyses	
  shown	
  in	
  table	
  S1	
  may	
  reveal	
   low	
  weight	
  totals	
  (olivine	
  89	
  wt%;	
  andradite	
  
95	
   wt%).	
   We	
   therefore	
   supported	
   mineral	
   identification	
   with	
   spatially	
   resolved	
   Raman	
   and	
   bulk	
  
µXRD	
  measurements.	
  
	
  
Raman	
  data	
   revealed	
  pyroxenes	
   to	
  be	
  diopside	
   (fig.	
   2)	
  with	
   sparsely	
   distributed	
   isolated	
   enstatite	
  
grains.	
   In	
   fig.	
   2	
   a	
   Raman	
   map	
   shows	
   the	
   typical	
   microtexture	
   of	
   this	
   particle.	
   Furthermore,	
   an	
  
aggregate	
  of	
  spinel	
  crystals	
  (mean	
  Cr/(Cr+Al)=0.003	
  and	
  Fe/(Fe+Mg)=0.34	
  based	
  on	
  EMPA	
  analyses)	
  
are	
  present	
  (fig.	
  1C-­‐10,	
  Table.S1-­‐S2),	
  these	
  co-­‐occur	
  with	
  micron-­‐sized	
  Fe-­‐oxides	
  (mainly	
  magnetite,	
  
spinel	
  and	
  ferrihydrite).	
  Only	
  minor	
  FeNi	
  alloys	
  are	
  found	
  (Fig.	
  10	
  and	
  Table	
  S2)	
  dispersed	
  within	
  the	
  
matrix	
   (fig.	
   1).	
   Raman	
   analysis	
   together	
   with	
   EDS,	
   EMPA	
   and	
   EBSD	
   suggest	
   that	
   a	
   considerable	
  



	
   20	
  

portion	
   of	
   the	
   olivine	
   has	
   been	
   altered	
   resulting	
   in	
   a	
   mixture	
   of	
   fine-­‐grained	
   hydrated	
   Mg-­‐Fe-­‐
sulphur-­‐rich	
  minerals	
  and	
  minor	
  carbonates	
  (likely	
  Fe-­‐carbonates)	
  as	
  suggested	
  by	
  the	
  3.9	
  µm	
  band	
  
in	
  TAM5.29	
  IR	
  spectra	
  (fig.	
  11),	
  that	
  we	
  identify	
  as	
  iddingsite	
  (see	
  paragraph	
  3.3	
  for	
  a	
  more	
  detailed	
  
description).	
   Fine-­‐grained	
   phases	
   are	
   found	
   as	
   weathering	
   films	
   on	
   fayalite	
   and	
   also	
   scattered	
  
throughout	
  the	
  whole	
  particle.	
  Given	
  their	
  cryptocrystalline	
  nature	
  it	
  is	
  difficult	
  to	
  definitely	
  resolve	
  
individual	
  mineral	
  phases,	
  however,	
  fibrous	
  phyllosilicates	
  are	
  clearly	
  resolved	
  as	
  dark	
  haloes	
  around	
  
andradite	
   inclusions	
   (fig.	
   1A-­‐B-­‐F).	
  Micro-­‐XRD	
   revealed	
   that	
   these	
   fibrous	
   phyllosilicates	
   are	
  mainly	
  
antigorite	
  and	
  saponite	
  (Fig.	
  8).	
  	
  
The	
  bulk	
  composition	
  of	
  TAM5.29	
  shown	
  in	
  table	
  1	
  is	
  similar	
  to	
  that	
  of	
  CCs,	
  being	
  within	
  2	
  orders	
  of	
  
magnitude	
   of	
   CI	
   values,	
   and	
   similar	
   to	
   other	
   unmelted	
   fine-­‐grained	
   Antarctic	
   micrometeorites	
  
(UMM)	
  (fig.	
  3).	
  However,	
  TAM5.29	
  also	
  demonstrates	
  notable	
  enrichment	
  in	
  Fe	
  and	
  depletion	
  in	
  Mg	
  
compared	
  to	
  the	
  CCs,	
  as	
  also	
  suggested	
  by	
  the	
  2.8	
  µm	
  band	
  (fig.	
  11)	
  typical	
  of	
  Fe-­‐rich	
  hydrous	
  phases	
  
(Takir	
  et	
  al,	
  2013).	
  The	
  aluminium	
  content	
  of	
  TAM5.29	
  is	
  similar	
  to	
  that	
  of	
  CV	
  meteorites	
  (table	
  1	
  and	
  
fig.	
   3)	
   and	
   is	
   significantly	
   higher	
   than	
   other	
   CCs	
   –	
   consistent	
   with	
   the	
   high	
   concentrations	
   of	
  
refractory	
  elements	
  found	
  in	
  CV	
  and	
  CK	
  chondrites.	
  Conversely	
  Ca	
  and	
  Ti	
  are	
  depleted	
  compared	
  to	
  
CVs.	
  The	
  spider	
  diagram	
  in	
  fig.	
  3	
  shows	
  a	
  strong	
  enrichment	
  in	
  K	
  in	
  TAM5.29	
  compared	
  to	
  both	
  CVs	
  
and	
  other	
  UMM.	
  If	
  we	
  consider	
  bulk	
  composition	
  of	
  only	
  the	
  matrix	
  of	
  CVs	
  (table	
  1	
  and	
  Fig.	
  3)	
  we	
  see	
  
that	
  FeO-­‐MgO-­‐CaO-­‐TiO2	
  values	
  are	
  closer	
  to	
  those	
  of	
  TAM5.29.	
  On	
  the	
  contrary	
  Al2O3	
  and	
  Cr2O3	
  CVs	
  
matrix	
  values	
  are	
  considerably	
  different	
  from	
  the	
  values	
  of	
  TAM5.29,	
  which	
  are	
  closer	
  to	
  the	
  average	
  
CVs	
  (considering	
  also	
  chondrules).	
  Slight	
  depletion	
  of	
  Na2O	
   in	
  TAM5.29	
  compared	
  to	
  both	
  CVs	
  and	
  
CVs	
  matrix	
  is	
  also	
  found.	
  
Carbon	
   is	
  also	
  ubiquitous,	
  Raman	
  analyses	
  (fig.	
  2	
  and	
  6)	
   identified	
  characteristic	
  “G”	
  and	
  “D”	
  band	
  
peaks	
  (located	
  at	
  ~1350	
  and	
  ~1590	
  cm-­‐1	
  respectively)	
  and	
  associated	
  with	
  disordered	
  carbonaceous	
  
phases	
  (Bonal	
  et	
  al.,	
  2006).	
  Poorly	
  Graphitized	
  Carbon	
  (PGC)	
  occurs	
  as	
  tiny	
  inclusions	
  of	
  100-­‐200	
  nm	
  
in	
   fayalite	
  and	
  as	
   thin	
   films	
  surrounding	
  crystals	
   (Krot	
  et	
  al.,	
  1998;	
  Abreu	
  and	
  Brearley,	
  2011).	
   It	
   is	
  
interesting	
  to	
  note	
  that	
  Raman	
  spectra	
  of	
  the	
  various	
  mineral	
  phases	
  (fayalite,	
  andradite,	
  diopside,	
  
jarosite	
   and	
   fine	
   grained	
   material)	
   also	
   have	
   peaks	
   around	
   2680	
   and	
   2930cm-­‐1.	
   These	
   peaks	
   are	
  
second	
   order	
   peaks	
   of	
   C	
   but	
   also	
   attest	
   to	
   the	
   presence	
   of	
  OH	
   as	
  well	
   as	
   S-­‐H	
   and	
   C-­‐H	
   functional	
  
groups	
  within	
  organic	
  molecules.	
  Sulphur	
  is	
  detected	
  in	
  all	
  EMPA	
  and	
  EDS	
  analyses,	
  reflecting	
  either	
  
S	
  in	
  jarosite,	
  S-­‐bearing	
  organics	
  or	
  S-­‐rich	
  phyllosilicates.	
  IR	
  reflectance	
  spectra	
  (fig.	
  11)	
  also	
  show	
  the	
  
presence	
  of	
  organic	
  matter	
  (i.e.	
  CH	
  compounds,	
  aromatic	
  and	
  aliphatic	
  hydrocarbons)	
  with	
  the	
  3.3	
  
and	
   3.4	
   µm	
   bands,	
   the	
   broad	
   band	
   between	
   3.6	
   and	
   3.8	
   µm	
   can	
   be	
   instead	
   indicative	
   of	
   S-­‐H	
  
compounds.	
   IR	
   spectra	
   also	
   indicate	
   the	
   presence	
   of	
   carbonates	
   with	
   the	
   3.9	
   µm	
   band	
   (fig.	
   11).	
  
Furthermore,	
  all	
  EMPA	
  and	
  EDS	
  analyses	
  show	
  low	
  totals,	
  indicating	
  ubiquitous	
  presence	
  of	
  OH	
  and	
  
CH	
  functional	
  groups,	
  in	
  agreement	
  with	
  Raman	
  observations.	
  
Another	
   important	
   observation	
   is	
   a	
   shock	
  melt	
   vein	
   136	
   µm	
   in	
   length	
   and	
   approximately	
   5µm	
   in	
  
thickness	
  (Fig.1D).	
  This	
  feature	
  cross-­‐cuts	
  the	
  fayalitic	
  groundmass	
  and	
  is	
  either	
  deforms	
  or	
  displaces	
  
the	
   primary	
   features	
   (an	
   andradite-­‐diopside	
   vein	
   Fig.1D).	
   In	
   addition,	
   we	
   observe	
   a	
   conjugate	
  
synthetic	
  fracture	
  and	
  release	
  band	
  (fig.	
  1D).	
  The	
  displacement	
  of	
  these	
  features	
  appears	
  to	
  show	
  a	
  
dextral	
  shear	
  sense,	
  although	
  this	
  interpretation	
  remains	
  uncertain	
  owing	
  to	
  significant	
  variations	
  in	
  
the	
  width	
   of	
   the	
   Jarosite/diopside	
   band	
   on	
   either	
   side	
   of	
   the	
  melt	
   vein.	
   The	
   lower	
  margin	
   of	
   the	
  
linear	
  feature	
  (as	
  seen	
  in	
  Fig.1D)	
  shows	
  an	
  abrupt	
  compositional	
  contact	
  with	
  the	
  host	
  groundmass,	
  
while	
   the	
   upper	
   margin	
   is	
   transitional	
   over	
   approximately	
   5µm.	
   This	
   feature	
   is	
   composed	
   of	
   a	
  
nanocrystalline	
   or	
   glassy	
  matrix	
   with	
   a	
   high	
   porosity	
   and	
   hosting	
   anhedral	
   rounded	
   small	
   (<2µm)	
  
olivine	
  crystallites	
  and	
  minor	
  Fe-­‐Ni	
  oxides.	
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Fig.1.	
  TAM5.29	
  FE-­‐SEM	
  BSE	
  images.	
  A-­‐B-­‐E)	
  Typical	
  mineral	
  association	
  of	
  TAM5.29	
  with	
  andradite	
  surround	
  by	
  
diopside,	
  jarosite	
  and	
  fibrous	
  phyllosilicates	
  in	
  a	
  matrix	
  made	
  of	
  iron	
  rich	
  olivine	
  alterated	
  in	
  iddingsite.	
  Many	
  
metal	
  grains	
  can	
  be	
  seen.	
  C)	
  Isolated	
  spinel	
  crystals.	
  D)	
  shock	
  melt	
  vein	
  that	
  sharply	
  cuts	
  other	
  crystals.	
  F)	
  
Fibrous	
  phyllosilicates.	
  Fa=fayalite,	
  Di=diopside,	
  Adr=andradite,	
  Jrs=jarosite,	
  En=enstatite,	
  Phyll=phyllosilicate,	
  
M=metal	
  alloys-­‐oxides,	
  Spl=spinel,	
  Idd=iddingsite.	
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Fig.	
  2.	
  Raman	
  map	
  showing	
  a	
  typical	
  assemblage	
  of	
  TAM5.29	
  (A)	
  consisting	
  of	
  andradite	
  inclusions	
  (B)	
  
surrounded	
  by	
  dark	
  halos	
  composed	
  of	
  intermixed	
  pyroxene	
  and	
  jarosite	
  (C),	
  immersed	
  in	
  an	
  olivine	
  
matrix	
  (D).	
  Abbreviations	
  as	
  in	
  figure	
  1.	
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Table	
  1.	
  Bulk	
  composition	
  obtained	
  from	
  122	
  random	
  EMPA	
  analyses	
  (oxide	
  wt%)	
  of	
  TAM5.29	
  
micrometeorite	
  compared	
  with	
  bulk	
  composition	
  of	
  carbonaceous	
  chondrites	
  and	
  average	
  
composition	
  of	
  unmelted	
  fine-­‐grained	
  Antarctic	
  micrometeorites	
  (UMMs).	
  

	
  
TAM5.29	
   CV*	
   CM*	
   CO*	
   CI*	
   CK*	
   CR*	
   UMMs**	
   CV	
  matrix	
  

	
  
Mean	
   σ Mean	
   Mean	
   Mean	
   Mean	
   Mean	
   Mean	
   Mean	
   Mean	
  

Na2O	
   0.26	
   0.18	
   0.46	
   0.48	
   0.47	
   1.13	
   0.42	
   0.31	
   0.44	
   0.46	
  
MgO	
   12.6	
   3.23	
   23.3	
   20.9	
   23.9	
   19.1	
   24.4	
   17.4	
   16.8	
   18.8	
  
Al2O3	
   4.93	
   8.34	
   4.02	
   2.55	
   2.98	
   2.02	
   2.98	
   2.31	
   4.28	
   2.49	
  

SiO2	
   29.2	
   4.95	
   33.2	
   30.1	
   33.9	
   27.3	
   34.2	
   31.9	
   33.9	
   28.6	
  
P2O5	
   n.d.	
   -­‐	
   0.28	
   0.27	
   0.25	
   0.28	
   0.25	
   0.29	
   0.40	
   n.d.	
  
SO3	
   2.17	
   2.22	
   3.96	
   8.6	
   2.34	
   17.9	
   2.9	
   2.7	
   1.9	
   3.29	
  

K2O	
   0.28	
   0.65	
   0.04	
   0.06	
   0.06	
   0.11	
   0.04	
   0.04	
   0.13	
   0.02	
  
CaO	
   1.41	
   2.58	
   3.50	
   1.96	
   2.26	
   1.71	
   2.39	
   1.91	
   0.72	
   0.85	
  
TiO2	
   0.12	
   0.27	
   0.24	
   0.13	
   0.13	
   0.10	
   0.18	
   0.10	
   0.11	
   0.07	
  

Cr2O3	
   0.53	
   0.42	
   0.50	
   0.47	
   0.52	
   0.42	
   0.53	
   0.53	
   0.49	
   0.36	
  
MnO	
   0.15	
   0.05	
   0.19	
   0.24	
   0.23	
   0.28	
   0.18	
   0.22	
   0.23	
   0.23	
  
FeO	
   40.1	
   6.61	
   28.9	
   29.5	
   31.3	
   28.5	
   30.3	
   30.4	
   29.6	
   37.6	
  

NiO	
   n.d.	
   -­‐	
   1.37	
   1.19	
   1.66	
   1.13	
   1.44	
   1.72	
   0.37	
   1.65	
  
TOT.	
   91.8	
  

	
  
100	
   96.5	
   99.9	
   100	
   100.2	
   89.9	
   89.4	
   94.5	
  

n.d.:	
  Not	
  Determined	
  
*	
  from	
  MetBase.	
  
**	
  from	
  Genge	
  et	
  al.,	
  1997.	
  
	
  

	
  
Fig.	
  3.	
  Bulk	
  composition	
  of	
  TAM5.29,	
  average	
  CVs	
  (data	
  from	
  METDB	
  database),	
  average	
  CV	
  matrix	
  and	
  
average	
  Unmelted	
  fine-­‐grained	
  Antarctic	
  micrometeorites	
  (UMMs)	
  (data	
  from	
  Genge	
  et	
  al.,	
  1997)	
  relative	
  to	
  
the	
  CI	
  chondrites	
  composition.	
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Table	
  2.	
  Oxide	
  (wt%)	
  EDS	
  analyses	
  of	
  olivine,	
  pyroxene,	
  andradite	
  and	
  spinel	
  of	
  the	
  TAM5.29	
  	
  
micrometeorite.	
  

 Olivine Pyroxene Andradite Spinel 
 Mean σ	
   Mean σ	
   Mean σ	
   Mean σ	
  

Na2O 0.11 0.08 0.49 0.33 0.12 0.11 0.23 0.10 
MgO 15.2 2.50 21.9 15.1 0.76 0.77 17.1 1.54 
Al2O3 1.27 1.46 3.27 3.00 0.65 0.54 65.2 1.65 
SiO2 27.6 2.70 52.7 5.07 33.6 1.61 0.97 0.85 
K2O n.d. 0.96 0.44 0.58 0.05 0.05 0.03 0.02 
CaO 0.35 0.09 7.55 9.15 28.3 9.06 0.16 0.19 
TiO2 0.07 0.14 0.20 0.10 0.02 0.06 0.15 0.04 
Cr2O3 0.13 0.13 0.75 0.68 0.04 0.06 0.28 0.04 
MnO 0.11 2.78 0.15 - 4.58 11.6 0.09 0.06 
FeO 44.3 0.12 12.8 11.8 27.0 1.81 15.6 2.06 
NiO 0.19 - n.d  n.d  0.06 0.06 
Tot 89.3*  100.3  95.11  99.82  
         
Fo/En 37.8 4.85 59.7 33.8     
Fa/Fs 62.0 4.85 24.0 24.6     
Wo   16.3 18.2     

n.d.:	
  Not	
  Determined	
  
*	
  Low	
  total	
  due	
  to	
  contamination	
  of	
  near-­‐by	
  hydrous	
  minerals	
  and	
  inclusions	
  of	
  organic	
  
matter.	
  

	
  
Table	
  3.	
  Oxide	
  wt%	
  EDS	
  analyses	
  of	
  metal	
  oxides	
  of	
   TAM5.29.	
  Due	
   to	
   the	
   small	
  
size	
  of	
  the	
  crystals	
  (1-­‐2	
  µm)	
  analyses	
  are	
  contaminated	
  by	
  near-­‐by	
  phases	
  giving	
  
high	
  abundances	
  of	
  SiO2	
  and	
  S	
  and	
  low	
  totals	
  due	
  to	
  OH	
  and	
  C	
  contamination.	
  All	
  
analyses	
  have	
  high	
   concentrations	
  of	
   Fe	
  with	
   the	
  exception	
  of	
  Metal	
  OX_5	
   that	
  
have	
  high	
  Cr	
  instead.	
  In	
  all	
  the	
  analyses	
  are	
  also	
  present	
  minor	
  quantities	
  of	
  Mg,	
  
Al	
   and	
   in	
   Metal	
   OX_5	
   also	
   Ti.	
   Thus,	
   the	
   most	
   likely	
   phases	
   are:	
   magnetite,	
  
chromite,	
  spinel,	
  ulvospinel	
  etc.	
  	
  

 Metal OX_1 Metal OX_2 Metal OX_3 Metal OX_4 Metal OX_5 
Na2O 0.25 0.01 0.08 0.23 0.53 
MgO 2.54 5.63 5.74 3.81 11.3 
Al2O3 4.46 12.9 3.26 5.95 12.2 
SiO2 4.89 10.5 10.9 9.03 22.9 
P2O5 n.d. 0.24 0.19 n.d. 0.72 
S 0.32 2.83 1.46 1.59 7.92 
K2O n.d. 0.24 n.d. 0.21 0.89 
CaO n.d. 0.20 0.14 0.02 0.65 
TiO2 n.d. 0.34 0.42 n.d. 2.50 
Cr2O3 n.d. 0.76 0.30 0.21 24.5 
MnO n.d. 0.04 0.17 n.d. n.d. 
FeO 77.9 57.6 68.4 71.5 17.6 
NiO n.d. 0.11 0.01 0.01 n.d. 
Tot 91.4 91.4 91.1 92.5 101.7 
n.d.:	
  Not	
  Detected.	
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2.2	
  Preferred	
  orientation	
  of	
  olivine	
  
Figure	
  4	
   reports	
  EBSD	
  map	
  data	
  acquired	
  on	
  the	
  same	
  site	
  shown	
   in	
  Fig.	
  1B	
  where	
  olivine	
  crystals	
  
wrap	
   around	
   andradite-­‐diopside/jarosite	
   inclusions	
   and	
   form	
   a	
   foliation	
   texture	
   (Fig.1B).	
   To	
  
investigate	
   whether	
   the	
   olivine	
   crystals	
   show	
   a	
   crystallographic	
   preferred	
   orientation	
   (CPO),	
   a	
  
detailed	
  EBSD	
  map	
  (fig.	
  4)	
  was	
  collected.	
  In	
  Figure	
  4A,	
  a	
  phase	
  map,	
  olivine	
  (red),	
  andradite	
  (green)	
  
and	
   diopside	
   (yellow)	
   is	
   shown.	
   The	
   dark	
   part	
   of	
   the	
  map	
   is	
   material	
   that	
   was	
   not	
   indexed.	
   It	
   is	
  
unlikely	
   that	
   the	
  material	
   between	
   the	
  olivine	
   crystals	
   has	
  not	
   been	
   indexed	
  because	
  of	
   potential	
  
polishing	
  problems,	
  since	
  micro-­‐Raman,	
  SEM,	
  EMPA	
  and	
  micro-­‐XRD	
  analysis	
  shows	
  the	
  presence	
  of	
  
fine	
  grained	
  alteration	
  products	
  (see	
  below).	
  
	
  
The	
  three	
  pole	
  figures	
  (fig.	
  4B),	
   lower	
  hemisphere	
  equal	
  area	
  projections,	
  are	
  obtained	
  considering	
  
one	
  point	
  per	
  olivine	
  grain.	
  This	
  has	
  been	
  done	
  to	
  avoid	
  a	
  bias	
  of	
  the	
  data	
  distribution	
  due	
  to	
  grain	
  
size	
   effects.	
   Pole	
   figures	
   in	
   fig.	
   4B	
   show	
   the	
   pertinent	
   crystallographic	
   orientation	
   of	
   every	
   single	
  
olivine	
   crystal.	
   In	
   these	
   pole	
   figures	
   a	
   clear	
   trend	
   is	
   recognized,	
   with	
   the	
   [100]	
   axis	
   forming	
   a	
  
maximum	
   in	
   the	
  NW	
  periphery,	
   suggesting	
  a	
  NW-­‐SE	
  preferred	
  orientation	
  of	
   this	
  direction,	
  hence	
  
orthogonally	
  to	
  the	
  foliation	
  trace.	
  Conversely,	
  the	
  [010]	
  and	
  the	
  [001]	
  directions	
  are	
  dispersed	
  along	
  
girdles	
  consistent	
  with	
  the	
  overall	
   trend	
  of	
   the	
   foliation	
  trace.	
   	
  This	
   implies	
   that	
   the	
   [100]	
  axis	
   is	
  a	
  
rotation	
  axis,	
  and	
  that	
  the	
  differently	
  elongated	
  shape	
  of	
  the	
  olivine	
  crystals	
  is	
  the	
  result	
  of	
  crystals	
  
having	
  their	
  [010]	
  and	
  [001]	
  directions	
  at	
  systematically	
  changing	
  angles	
  within	
  the	
  foliation	
  plane.	
  
	
  

	
  
Fig.	
  4.	
  A)	
  EBSD	
  phase	
  map	
  of	
  the	
  same	
  area	
  in	
  fig.	
  1B	
  with	
  relative	
  pole	
  figures	
  of	
  olivine	
  (panel	
  B,	
  one	
  point	
  
per	
  grain).	
  Red=olivine,	
  green=andradite,	
  yellow=diopside	
  and	
  black-­‐grey	
  area	
  are	
  fine	
  grained	
  undetected	
  
material.	
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2.3	
  Fine-­‐grained	
  material	
  
With	
   EDS/EMPA,	
   Raman	
   and	
   EBSD	
   analyses	
   widespread	
   fine-­‐grained	
   cryptocrystalline	
   phases	
   are	
  
found	
  in	
  the	
  TAM5.29	
  dust	
  grain	
  along	
  with	
  the	
  previously	
  described	
  iddingsite.	
  The	
  EBSD	
  map	
  in	
  fig.	
  
4	
  was	
  made	
  with	
  a	
  step	
  size	
  of	
  100	
  nm	
  (see	
  methods).	
  Under	
  these	
  conditions	
  (see	
  also	
  paragraph	
  
2.2)	
  EBSD	
  wasn’t	
  able	
  to	
  detect	
  the	
  fine-­‐grained	
  cryptocrystalline	
  phases,	
  thus	
  we	
  can	
  infer	
  that	
  the	
  
fine-­‐grained	
  material	
  phases	
  are	
  less	
  than	
  100	
  nm.	
  Likewise,	
  Raman	
  analyses	
  produce	
  mixed	
  spectra	
  
suggesting	
  the	
  presence	
  of	
  sulfides,	
  probably	
  related	
  to	
  the	
  S-­‐H	
  bands	
  as	
  well	
  as	
  poorly	
  crystalline	
  
hydrated	
  phyllosilicates	
  (fig.	
  8).	
  Micro-­‐XRD	
  data	
  (fig.	
  9-­‐10)	
  are	
  in	
  agreement	
  with	
  this	
  interpretation,	
  
revealing	
   Fe-­‐Ni	
   sulfides,	
   phyllosilicates	
   and	
   possibly	
   oxides	
   and	
   hydroxides.	
   Carbonates	
   are	
   not	
  
clearly	
  detected	
  by	
  Raman	
  and	
  micro-­‐XRD,	
  but	
  their	
  presence	
  is	
  inferred	
  by	
  the	
  3.9	
  µm	
  band	
  in	
  the	
  
IR	
  spectra	
  (fig.	
  11).	
  

	
  	
  

Fig.	
  5.	
  EDX	
  map	
  of	
  TAM5.29.	
  A)	
  Entire	
  TAM5.29	
  particle.	
  FC=	
  Fusion	
  Crust.	
  B)	
  Composite	
  map	
  showing	
  Si-­‐Fe-­‐Mg	
  
abundances	
  C)	
  Composite	
  map	
  showing	
  S-­‐Ca-­‐Al	
  abundances.	
  D)	
  Map	
  of	
  K	
  concentrations.	
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Fig.	
  6.	
  D	
  and	
  G-­‐bands	
  of	
  some	
  representative	
  analyses	
  of	
  TAM5.29.	
  In	
  case	
  A	
  and	
  B	
  D-­‐band	
  is	
  higher	
  than	
  G-­‐
band	
  giving	
  a	
  Id/Ig	
  ratio	
  >1,	
  indicating	
  high	
  carbon	
  maturity	
  and	
  high	
  metamorphic	
  grade.	
  In	
  case	
  C	
  Id/Ig	
  ratio	
  is	
  
~1	
  related	
  to	
  a	
  medium	
  metamorphic	
  grade.	
  

	
  

Fig.	
  7.	
  Modified	
  from	
  Bonal	
  et	
  al.	
  (2006).	
  	
  Id/Ig	
  ratios	
  are	
  plotted	
  versus	
  FWHM	
  of	
  the	
  D-­‐band.	
  The	
  two	
  groups	
  
represent	
  more	
  metamorphosed	
  (more	
  mature)	
  and	
  less	
  metamorphosed	
  (less	
  mature)	
  CVs.	
  Red	
  dots	
  
represent	
  TAM5.29	
  spectral	
  parameters.	
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Fig.	
  8.	
  Raman	
  spectra	
  of	
  TAM5.29	
  fine-­‐grained	
  material	
  compared	
  to	
  possible	
  minerals	
  that	
  are	
  contained	
  
within	
  it.	
  	
  

	
  
Fig.	
  9.	
  µXRD	
  analysis	
  of	
  TAM5.29.	
  Sap:	
  saponite;	
  Atg:	
  antigorite;	
  FeNiS:	
  iron-­‐nickel	
  sulfides	
  (millerite	
  and	
  
mackinawite);	
  CaO2-­‐Al2O3-­‐TiO2:	
  oxides	
  from	
  CAIs	
  that	
  survived	
  alteration.	
  Sap=saponite,	
  Atg=antigorite.	
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Fig.	
  10.	
  µXRD	
  analysis	
  of	
  TAM5.29.	
  Mg:	
  magnetite;	
  Sp:	
  spinel;	
  FeNi:	
  kamacite;	
  Chr:	
  chromite;	
  Ferry:	
  
ferrihydrite.	
  Micron	
  sized	
  metal-­‐oxide	
  grains	
  in	
  TAM5.29,	
  in	
  agreement	
  with	
  EDS	
  data	
  in	
  table	
  S1,	
  are	
  mainly	
  
magnetite,	
  spinel,	
  chromite	
  and	
  hydrated	
  Fe-­‐oxides	
  such	
  as	
  ferrihydrite.	
  Minor	
  and	
  rare	
  FeNi	
  alloys	
  may	
  be	
  
also	
  present.	
  The	
  fact	
  that	
  TAM5.29	
  mainly	
  contains	
  metal-­‐oxides	
  is	
  also	
  in	
  agreement	
  with	
  µXRD	
  data	
  in	
  fig.	
  9	
  
where	
  CaO2-­‐Al2O3-­‐TiO2	
  are	
  found.	
  Furthermore	
  this	
  confirms	
  the	
  affinity	
  of	
  TAM5.29	
  with	
  the	
  CVox	
  group.	
  
Mag=magnetite,	
  Spl=spinel,	
  Ferry=ferrihydrite,	
  FeNi=metal	
  alloys.	
  	
  

	
  

	
  
Fig.	
  11.	
  IR	
  reflectance	
  spectra	
  of	
  TAM5.29.	
  To	
  be	
  noticed	
  the	
  2.8	
  µm	
  band	
  of	
  Fe	
  hydrous	
  phyllosilicates,	
  3.3-­‐3.4	
  
µm	
  band	
   given	
   by	
   organic	
  matter	
   (i.e.	
   CH	
   compounds,	
   aromatic	
   and	
   aliphatic	
   hydrocarbons),	
   a	
   broad	
   band	
  
between	
  3.6	
  and	
  3.8	
  µm	
  likely	
  related	
  to	
  SH	
  functional	
  groups	
  and	
  the	
  3.9	
  µm	
  band	
  of	
  carbonates	
  (likely	
  Fe-­‐
carbonates).	
  The	
  3.1	
  µm	
  band	
  is	
  a	
  very	
  discussed	
  band	
  and	
  attribution	
  to	
  a	
  mineral	
  phase	
  is	
  difficult,	
  its	
  nature	
  
will	
  be	
  discussed	
  in	
  chapter	
  2.	
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3.Discussion	
  
3.1	
  TAM5.29:	
  micrometeorite	
  or	
  meteorite?	
  
TAM5.29	
   has	
   a	
   discontinuous	
   melt	
   layer	
   with	
   a	
   texture	
   similar	
   to	
   the	
   fusion	
   crust	
   found	
   on	
  
meteorites	
   (Fig.5A,	
   Fig.12).	
   The	
   presence	
   of	
   such	
   a	
   prominent	
   melt	
   layer	
   is	
   unusual	
   for	
   a	
  
micrometeorite	
   exterior,	
   which	
   instead	
   have	
   a	
   thin	
   (~5-­‐50μm)	
   double-­‐layered	
   igneous	
   rim	
   and	
  
magnetite	
  rim	
  (Genge,	
  2006).	
  This	
  could	
  imply	
  that	
  TAM5.29	
  is	
  a	
  fragment	
  of	
  a	
  larger	
  meteorite.	
  	
  
Although	
  meteorite	
   fusion	
   crusts	
   are	
  highly	
   variable	
   in	
   composition,	
   texture	
  and	
   thickness	
   (Genge	
  
and	
   Grady,	
   1998)	
   they	
   are	
   commonly	
   >1000µm	
   (that	
   is	
   10x	
   thicker	
   than	
   the	
   crust	
   on	
   TAM5.29,	
  
Fig.S1).	
   In	
   addition,	
   the	
   bulk	
   composition	
   of	
   CV	
   fusion	
   crust	
   is	
   also	
  markedly	
   different	
   from	
   bulk	
  
composition	
  of	
  TAM5.29	
  (Table.1).	
  As	
  reported	
  by	
  Genge	
  and	
  Grady	
  (1998),	
  they	
  have	
  MgO=	
  25.65	
  
wt%;	
   SiO2=	
   34.5	
   wt%;	
   FeO=	
   30.46	
   wt%;	
   CaO=	
   2.39	
   wt%	
   and	
   Al2O3=	
   3.34	
   wt%.	
   On	
   the	
   contrary	
  
TAM5.29	
  has	
  major	
  elements	
  bulk	
  composition	
  (Table.1)	
  of	
  MgO=	
  12.6	
  wt%;	
  SiO2=	
  29.2	
  wt%;	
  FeO=	
  
40.1	
  wt%;	
  CaO=	
  1.41	
  wt%	
  and	
  Al2O3=	
  4.93	
  wt%.	
  Furthermore,	
  because	
  the	
  melt	
  layer	
  on	
  TAM5.29	
  is	
  
discontinuous,	
  this	
  requires	
  that	
  the	
  particle	
  fragmented	
  whilst	
  on	
  the	
  Earth’s	
  surface,	
  as	
  evidenced	
  
by	
  the	
  lack	
  of	
  fusion	
  features	
  on	
  the	
  remainder	
  of	
  the	
  particle	
  perimeter.	
  We	
  estimate	
  that	
  the	
  pre-­‐
atmospheric	
  particle	
  diameter	
  –	
  assuming	
  a	
  spherical	
  shape	
  (a	
  simplistic	
  approximation	
  given	
  fusion	
  
crusts	
  can	
  show	
  protrusions)	
  at	
  1300-­‐2000μm,	
  approaching	
  the	
  size	
   limit	
   for	
  micrometeorites.	
  The	
  
pre-­‐atmospheric	
  particle	
  diameter	
   is	
  derived	
  assuming	
   that	
   the	
  object	
  was	
  originally	
  a	
   sphere	
  and	
  
that	
   the	
  micrometeorite,	
   based	
   on	
   the	
   curved	
   fusion	
   crust,	
   sampled	
   a	
   portion	
   of	
   this	
   sphere.	
  We	
  
thus	
  analysed	
  how	
  much	
  of	
  the	
  sphere	
  could	
  be	
  represented	
  by	
  TAM5.29	
  as	
  shown	
  in	
  figure	
  13.	
  Thus	
  
TAM5.29	
  may	
   represent	
   a	
   different	
   class	
   of	
   extraterrestrial	
  material	
   intermediate	
   in	
   size	
  between	
  
micrometeorites	
  (<2000	
  μm)	
  and	
  meteorites	
  (~>1	
  cm).	
  This	
  size	
  domain	
  was	
  previously	
  described	
  by	
  
Harvey	
   and	
   Maurette	
   (1991),	
   Kurat	
   et	
   al.,	
   (1994)	
   and	
   Folco	
   and	
   Rochette	
   (2010)	
   and	
   termed	
  
“minimeteorites”.	
  	
  
	
  
The	
   hypothesis	
   that	
   TAM5.29	
   was	
   a	
   small	
   particle	
   in	
   space	
   is	
   further	
   supported	
   by	
   its	
   unique	
  
petrology	
   (chondrule-­‐free	
  nature	
  and	
  mixed	
  metamorphic	
  history).	
  Owing	
   to	
   their	
  unique	
  delivery	
  
mechanism	
  (P-­‐R	
  drag,	
  operating	
  on	
  grains	
  <1	
  cm,	
  Gonczi	
  et	
  al.,	
  1982)	
  cosmic	
  dust	
  samples	
  a	
  more	
  
diverse	
  collection	
  of	
  asteroid	
  parent	
  bodies	
  than	
  their	
  larger	
  meteorite	
  counterparts.	
  Thus,	
  because	
  
TAM5.29	
   represents	
   a	
   new	
   lithology,	
   this	
   adds	
   to	
   our	
   confidence	
   that	
   this	
   sample	
   is	
   not	
   simply	
   a	
  
fragment	
  of	
  a	
  larger	
  meteorite	
  broken	
  off	
  during	
  atmospheric	
  entry	
  but	
  instead	
  existed	
  as	
  a	
  grain	
  of	
  
dust	
  in	
  interplanetary	
  space	
  derived	
  from	
  a	
  parent	
  body	
  not	
  currently	
  delivering	
  meteorites	
  to	
  Earth	
  
and	
  otherwise	
  unsampled.	
  	
  
Finally,	
   the	
   preferential	
   fragmentation	
   of	
   a	
   heterogeneous	
   material,	
   with	
   fractures	
   following	
  
boundaries	
   of	
   chondrules	
   and	
   CAIs	
   may	
   explain	
   their	
   absence	
   in	
   this	
   minimeteorite,	
   thereby	
  
reflecting	
   the	
   unrepresentative	
   sampling	
   (of	
   coarse-­‐grained	
   features	
   within	
   parent	
   body),	
   as	
  
previously	
  argued	
  by	
  Genge	
  et	
  al.,	
  (2008).	
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Fig.12.	
  The	
  melt	
  layer	
  on	
  TAM5.29	
  developed	
  during	
  atmospheric	
  entry	
  and	
  comparison	
  against	
  fusion	
  crusts	
  
and	
  igneous	
  rims	
  on	
  micrometeorites.	
  
	
  

	
  
Fig.	
   13.	
   TAM5.29	
   pre-­‐atmospheric	
   diameter	
   estimate.	
   Green	
   circle	
   reporesent	
   the	
   minimum	
   possible	
  
dimension	
   of	
   the	
   original	
   TAM5.29.	
   Red	
   circle	
   represent	
   the	
   maximum	
   possible	
   dimension	
   of	
   the	
   original	
  
TAM5.29	
  particle.	
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3.2	
  Terrestrial	
  weathering	
  
Micrometeorites	
   from	
  the	
  Transantarctic	
  Mountains	
  often	
  show	
  moderate	
   to	
  significant	
   terrestrial	
  
weathering.	
   In	
   particular,	
   jarosite	
   is	
   a	
   common	
   product	
   of	
   formed	
   in	
   subaerial	
   Antarctic	
  
environments	
  (van	
  Ginneken	
  et	
  al.,	
  2016).	
  The	
  EDX	
  map	
  in	
  fig.	
  5C-­‐D	
  reveals	
  co-­‐occurrences	
  of	
  S	
  and	
  
K,	
   the	
   main	
   components	
   of	
   jarosite,	
   concentrated	
   along	
   the	
   particle	
   border	
   and	
   in	
   the	
   fractures	
  
within	
   TAM5.29.	
   The	
   effect	
   of	
   terrestrial	
   weathering	
   is	
   however	
   limited	
   being	
   confined	
   to	
   the	
  
fractures	
   and	
  margins.	
   The	
   EDX	
  map	
   in	
   fig.	
   5C	
   reveals	
   that	
   high	
   Ca	
   concentrations	
   correspond	
   to	
  
andradite	
  inclusions,	
  unaffected	
  by	
  replacement.	
  In	
  addition,	
  Mg	
  and	
  Fe-­‐element	
  maps	
  (fig.	
  5B)	
  are	
  
well	
   delineated,	
   suggesting	
   that	
   these	
   elements	
   have	
   not	
   been	
   leached	
   by	
   terrestrial	
   fluids.	
   It	
  
appears	
   that	
  TAM5.29	
  has	
  therefore	
  suffered	
   limited	
  weathering,	
   retaining	
  the	
  majority	
  of	
   its	
  pre-­‐
atmospheric	
  mineralogy	
  unaltered.	
  Because	
  the	
  melt	
  vein	
  displaces	
  a	
  dark	
  vein	
  of	
  diopside	
  +	
  jarosite	
  
(marked	
  in	
  Fig.	
  1D),	
  we	
  conclude	
  that	
  the	
  shock	
  event	
  post-­‐dates	
  the	
  metasomatic	
  event.	
  However,	
  
it	
  remains	
  unclear	
  whether	
  iddingsite	
  is	
  also	
  intersected	
  by	
  the	
  melt	
  vein	
  or	
  if	
  alteration	
  that	
  created	
  
the	
  iddingsite	
  overprints	
  the	
  shock	
  vein.	
  We	
  favour	
  the	
  latter	
  option	
  assuming	
  that	
  iddingsite	
  formed	
  
by	
   fluids	
   released	
   by	
   hydrous	
   minerals	
   as	
   a	
   consequence	
   of	
   the	
   pressure	
   exerted	
   by	
   the	
   impact	
  
(because	
   olivine	
   in	
   TAM	
   micrometeorites	
   typically	
   weathers	
   to	
   jarosite	
   and	
   not	
   iddingsite	
   [van	
  
Ginneken	
  et	
   al.,	
   2012]).	
   Later	
   fractures	
   instead	
   cut	
   the	
   shock	
  melt	
   vein	
   creating	
  possible	
   localized	
  
terrestrial	
  alteration	
  also	
  on	
  the	
  shock	
  melt	
  vein.	
  	
  	
  
	
  	
  	
  	
  	
  
3.3	
  Petrogenesis	
  –	
  Record	
  of	
  hydrothermal	
  environment	
  on	
  the	
  Parent	
  Body	
  
The	
   mineralogy	
   displayed	
   by	
   TAM5.29,	
   primarily	
   composed	
   of	
   fayalitic	
   olivine	
   plus	
   Ca-­‐Fe	
   rich	
  
pyroxenes,	
   andradite,	
   phyllosilicates	
   and	
   sulphides	
   as	
   well	
   as	
   the	
   close	
   matrix	
   compositions	
  
demonstrate	
   a	
   clear	
   affinity	
   to	
   the	
   CV	
   chondrite	
   group.	
   The	
  mineralogy	
   in	
   TAM5.29	
   is,	
   however,	
  
distinct	
  from	
  any	
  currently	
  reported	
  CVs	
  and	
  also	
  unique	
  among	
  reported	
  micrometeorite	
  studies.	
  	
  
TAM5.29’s	
  most	
   common	
  mineral	
   –	
   fayalite	
   is	
   associated	
  with	
   Fe-­‐alkali-­‐halogen	
  metasomatism	
   at	
  
temperatures	
  <300°C	
  (Krot	
  et	
  al.,	
  1995-­‐1998;	
  Zolotov	
  et	
  al.,	
  2006;	
  MacPhearson	
  and	
  Krot,	
  2014).	
  The	
  
preferred	
  fayalite	
  growing	
  mechanism	
  in	
  CVs	
  is	
  during	
  thermal	
  metamorphism	
  from	
  an	
  amorphous	
  
precursor	
   phase	
   in	
   the	
   presence	
   of	
   fluids	
   (Abreu	
   and	
   Brearley	
   2011)	
   and	
   Ca-­‐Fe-­‐rich	
   phases	
   are	
  
derived	
  from	
  the	
  aqueous	
  alteration	
  of	
  CAIs	
  and	
  anorthitic-­‐alibitic	
  mesostasis	
  (Krot	
  et	
  al.,	
  1995).	
  	
  
Fe-­‐rich	
  olivine	
  and	
  diopside-­‐hedenbergite	
  assemblages	
  are	
  common	
  in	
  all	
  CVs,	
  while	
  Ca-­‐rich	
  silicates	
  
(e.g.	
   andradite)	
   and	
   Fe-­‐Ni	
   sulfides	
   are	
   almost	
   absent	
   in	
   CVred,	
   which	
   instead	
   contain	
   kirschteinite	
  
(MacPhearson	
  and	
  Krot,	
  2014).	
  Nepheline	
  and	
  sodalite	
  are	
  typical	
  of	
  CVoxA	
  and	
  absent	
  in	
  CVoxB,	
  which	
  
in	
  turn	
  contain	
  phlogopite	
  and	
  saponite	
  (MacPhearson	
  and	
  Krot,	
  2014;	
  Krot	
  et	
  al.,	
  1998).	
  TAM5.29	
  is	
  
therefore	
   consistent	
   with	
   the	
   CVoxB	
   group’s	
   mineralogy,	
   having	
   several	
   andradite	
   inclusions	
   plus	
  
phyllosilicates.	
   This	
   metasomatic	
   alteration	
   is	
   similar	
   to	
   the	
   terrestrial	
   serpentinization-­‐
rodingitization	
   process	
   (Python	
   et	
   al.,	
   2007;	
   Bach	
   and	
   Klein,	
   2009).	
   During	
   serpentinization	
   at	
  
temperatures	
   <385°C	
   clinopyroxene	
   replaces	
   tremolite	
   and,	
   at	
   lower	
   temperatures,	
   below	
   275°C,	
  
clinopyroxene	
  is	
  in	
  turn	
  replaced	
  by	
  andradite	
  (Python	
  et	
  al.,	
  2007;	
  Bach	
  and	
  Klein,	
  2009).	
  	
  
In	
  summary,	
  diopside	
  and	
  andradite	
  grow	
  at	
  the	
  expense	
  of	
  serpentine	
  and,	
  at	
  lower	
  temperatures	
  
(<275°C),	
  andradite	
  also	
  replaces	
  diopside	
  (Python	
  et	
  al.,	
  2007;	
  Bach	
  and	
  Klein,	
  2009).	
  Tremolite	
  and	
  
disordered	
   biopyriboles	
   have	
   been	
   found	
   in	
   Allende	
   chondrules	
   and	
   their	
   presence	
   represents	
   a	
  
peak	
  metamorphic	
   temperature	
   below	
   340°C	
   (Brearley	
   1997).	
   In	
   TAM5.29	
   tremolite	
   is	
   not	
   found.	
  
Furthermore,	
   serpentine	
   and	
   diopside	
   are	
   small	
   anhedral	
   crystals	
   that	
   form	
   dark	
   haloes	
   around	
  
andradite	
  that	
  appear	
  to	
  consume	
  them.	
  This	
  provides	
  a	
  temperature	
  constraint	
  on	
  the	
  formation	
  of	
  
secondary	
  phases	
  in	
  TAM5.29,	
  between	
  275	
  and	
  250°C,	
  in	
  agreement	
  with	
  temperatures	
  estimated	
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by	
  Krot	
  et	
  al.	
   (1995-­‐1998).	
  Krot	
  et	
  al.	
   (1995-­‐1998)	
  based	
   the	
   temperature	
   range	
  mainly	
  on	
   the	
  CV	
  
tensile	
   strength,	
   liquid	
  water	
   can	
  exist	
   at	
  a	
  maximum	
  temperature	
  of	
  310°C.	
  This	
   limit	
  of	
  310°C	
   is	
  
also	
  supported	
  by	
  textural	
  observations	
  of	
  CVs,	
  O-­‐isotopic	
  composition	
  and	
  thermodynamic	
  analysis	
  
(Krot	
  et	
  al.,	
  1995-­‐1998).	
  	
  
	
  
The	
   bulk	
   composition	
   of	
   TAM5.29	
   supports	
   the	
   Fe-­‐alkali-­‐halogen	
   metasomatism	
   hypothesis.	
  
Significant	
   enrichment	
   of	
   Fe	
   and	
   K	
   are	
   observed	
   compared	
   to	
   average	
   CVs	
   bulk	
   composition.	
   The	
  
enrichment	
   in	
   Fe	
   is	
   indicative	
   of	
   highly	
   oxidizing	
   conditions.	
   However,	
   Fe	
   value	
   of	
   CVs	
   matrix	
   is	
  
comparable	
   with	
   the	
   concentration	
   of	
   Fe	
   in	
   TAM5.29.	
   This	
   is	
   probably	
   due	
   to	
   the	
   higher	
  
concentration	
   of	
   Fe-­‐oxides	
   (i.e.	
   magnetite	
   and	
   alloys)	
   in	
   the	
   matrix	
   of	
   CVs.	
   Instead,	
   K	
   is	
   easily	
  
leached	
   from	
  minerals	
   by	
   fluids.	
   The	
  high	
   concentration	
  of	
   K	
   is	
   explained	
  with	
   jarosite	
   formed	
  by	
  
terrestrial	
  alteration	
  (even	
  if	
  bulk	
  analyses	
  were	
  made	
  in	
  areas	
  were	
  K	
  enrichment	
  due	
  to	
  terrestrial	
  
alteration	
   was	
   as	
   low	
   as	
   possible	
   based	
   on	
   EDX	
   maps).	
   It	
   is	
   also	
   possible	
   that	
   part	
   of	
   the	
   K	
   is	
  
representative	
   of	
   hydrothermal	
   fluid	
   circulation	
   rich	
   in	
   alkali	
   elements,	
   even	
   if	
   this	
   alone	
   cannot	
  
account	
  for	
  the	
  very	
  high	
  K	
  abundance	
  in	
  TAM5.29.	
  In	
  fact,	
  localized	
  heating	
  on	
  C-­‐type	
  bodies	
  (e.g.	
  
Ceres)	
  have	
  been	
  proposed	
   to	
  be	
  due	
   to	
   leaching	
  and	
   re-­‐deposition	
  near	
   the	
  surface	
  of	
   long-­‐lived	
  
radioisotopes	
   like	
   40K,	
   which	
   decays	
   in	
   40Ar	
   (Castillo-­‐Rogez	
   et	
   al.,	
   2008).	
   The	
   Ca	
   and	
   Ti	
   depletion	
  
compared	
  to	
  CVs	
  is	
  instead	
  due	
  to	
  the	
  absence	
  of	
  refractory	
  inclusions	
  in	
  TAM5.29.	
  However	
  Ca	
  and	
  
Ti	
   concentration	
   of	
   TAM5.29	
   is	
   higher	
   than	
   that	
   in	
   the	
   CVs	
  matrix.	
   This	
   enrichment	
   is	
   due	
   to	
   the	
  
higher	
   concentration	
   of	
   Ca-­‐rich	
  minerals	
   and	
   Ti-­‐oxides	
   in	
   TAM5.29,	
   compared	
   to	
   the	
   CVs	
  matrix,	
  
formed	
   during	
  metasomatism.	
   In	
   addition,	
   Ca	
   depletion	
   relative	
   to	
   CVs	
   can	
   also	
   be	
   related	
   to	
   Ca	
  
leaching	
   that	
   formed	
   carbonate	
   veins	
   (not	
   sampled	
   by	
   TAM5.29)	
   in	
   the	
   parent	
   body,	
   a	
   feature	
  
commonly	
   found	
   in	
   terrestrial	
   serpentinization	
   processes	
   (Python	
   et	
   al.,	
   2007).	
   Mg	
   depletion	
   in	
  
TAM5.29	
   is	
   a	
   consequence	
   of	
   the	
   oxidising	
   conditions	
   and	
   Fe	
   enrichment.	
   Na	
   is	
   easily	
   depleted	
  
during	
  aqueous	
  alteration	
  and	
  TAM5.29	
  doesn’t	
  have	
  nepheline	
  and	
   sodalite,	
   the	
  main	
   carriers	
  of	
  
Na.	
  Al	
   in	
  TAM5.29	
   is	
  higher	
  than	
  CVs	
  and	
  CV	
  matrix.	
  This	
  high	
  Al	
  content	
   is	
   tricky	
  to	
  explain	
  but	
   is	
  
likely	
  given	
  by	
  Al	
  in	
  the	
  phyllosilicates	
  derived	
  from	
  leached	
  CAIs.	
  
However,	
  under	
  these	
  environmental	
  conditions	
  fayalite	
  is	
  not	
  stable	
  with	
  andradite	
  and	
  Ni-­‐sulfides	
  
(Krot	
  et	
  al.,	
  1998;	
  Zolotov	
  et	
  al.,	
  2006;	
  MacPhearson	
  and	
  Krot,	
  2014).	
  Andradite	
   is	
  stable	
  at	
  higher	
  
temperatures	
  than	
  fayalite	
  and	
  the	
  two	
  phases	
  can	
  only	
  coexist	
  at	
  equilibrium	
  at	
  T<100°C	
   (Krot	
  et	
  
al.,	
   1998;	
   MacPhearson	
   and	
   Krot,	
   2014).	
   Temperature	
   <100°C	
   have	
   also	
   been	
   proposed	
   for	
   the	
  
formation	
   of	
   iddingsite	
   in	
   the	
   Lafayette	
  meteorite	
   (Treiman	
   et	
   al.,	
   1993).	
   Raman	
   spectra	
   and	
   EDS	
  
analyses	
  of	
  TAM5.29	
  also	
  show	
  that	
  andradite	
  retain	
  a	
  certain	
  amount	
  of	
  water	
  (fig.	
  2	
  and	
  table	
  S1),	
  
thus	
  the	
  OH	
   in	
  andradite	
  could	
  represent	
  a	
   (SiO4)4-­‐ßà(O4H4)4-­‐	
   substitution	
  reaction	
  for	
  which	
   low	
  
temperature	
   formations	
   are	
   also	
   expected	
   within	
   a	
   low-­‐pressure	
   post	
   magmatic	
   environment	
  
(Amthauer	
  and	
  Rossmann,	
  1998).	
  However	
   structural	
   (O4H4)4-­‐	
   is	
   expected	
   to	
  have	
  Raman	
  peaks	
  at	
  
~3560	
  cm-­‐1	
  (Amthauer	
  and	
  Rossmann,	
  1998).	
  In	
  contrast,	
  in	
  TAM5.29	
  andradite	
  Raman	
  spectra	
  show	
  
OH	
   peaks	
   at	
   lower	
   wavelengths	
   between	
   ~2680	
   and	
   ~	
   2930	
   cm-­‐1	
   implying	
   the	
   presence	
   of	
   non-­‐
structural	
  water	
  (in	
  addition	
  to	
  S-­‐H	
  and	
  C-­‐H	
  bonds).	
  	
  
In	
   support	
  of	
   a	
   low	
   temperature	
   formation,	
   the	
  bulk	
   composition	
  of	
  TAM5.29	
   shows	
  considerable	
  
enrichment	
  in	
  Fe	
  compared	
  to	
  all	
  other	
  CCs	
  (table	
  1	
  and	
  fig.	
  3).	
  The	
  majority	
  of	
  this	
  Fe	
  is	
  held	
  within	
  
the	
  silicate	
  minerals	
  (rather	
  than	
  reduced	
  Fe-­‐Ni	
  metal	
  and)	
  suggesting	
  highly	
  oxidizing	
  conditions	
  at	
  
low	
  temperatures.	
  	
  
Serpentinization	
  may	
   also	
   occur	
   at	
   lower	
   temperatures	
   but	
   in	
   this	
   case	
   lizardite	
   is	
   also	
   expected,	
  
which	
   is	
   not	
   detected	
   in	
   TAM5.29.	
   Instead,	
   in	
   TAM5.29	
   the	
   presence	
   of	
   antigorite	
   can	
   only	
   be	
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formed	
   by	
   serpentinization	
   at	
   higher	
   temperatures,	
   in	
   particular	
   at	
   ~310°C	
   occurs	
   the	
   chrysotile	
  
breakdown	
  to	
  antigorite	
  +	
  brucite	
  at	
  low	
  pressure	
  (1	
  bar,	
  which	
  is	
  also	
  typical	
  of	
  minor	
  bodies	
  of	
  the	
  
Solar	
  System,	
  Wunder	
  et	
  al.,	
  2001).	
  However	
  in	
  TAM5.29	
  there	
  is	
  no	
  clear	
  evidence	
  of	
  the	
  presence	
  
of	
  brucite	
  probably	
  due	
  to	
  the	
  Fe-­‐rich	
  composition	
  of	
  the	
  sample.	
  In	
  contrast,	
  fayalite	
  can	
  form	
  over	
  
a	
  wide	
  range	
  of	
  temperatures	
  from	
  30°C	
  to	
  300°C	
  with	
  W/R	
  (water	
  to	
  rock	
  ratio)	
  between	
  0.06	
  and	
  
0.2	
  (Zolotov	
  et	
  al.,	
  2006)	
  and	
  thus	
  does	
  not	
  provide	
  significant	
  temperature	
  restrictions.	
  	
  
Thus,	
  the	
  alteration	
  assemblage	
  in	
  TAM5.29	
  must	
  have	
  formed	
  across	
  a	
  range	
  of	
  temperatures,	
  with	
  
two	
   distinct	
   alteration	
   periods	
  with	
   distinct	
   environmental	
   conditions.	
   An	
   initial	
   alteration	
   regime	
  
generated	
   the	
   fayalite,	
   andradite,	
   antigorite	
   and	
   diopside	
   at	
   temperatures	
   of	
   ~275-­‐250°C	
   under	
  
oxidising	
  conditions.	
  While,	
  later,	
  at	
  a	
  distinctly	
  lower	
  temperature	
  (<100°C),	
  the	
  iddingsite	
  formed.	
  
We	
  conclude	
  that	
   fayalite-­‐andradite-­‐FeS-­‐NiS	
  assemblages	
  derive	
  from	
  a	
  retrograde	
  metasomatism,	
  
inferred	
  mainly	
  by	
  the	
  andradite	
  crystals	
  consuming	
  diopside	
  and	
  serpentine,	
  at	
  ~250°C,	
  suggested	
  
by	
   the	
   mineral	
   assemblage	
   typical	
   of	
   serpentinization.	
   Conversely,	
   the	
   formation	
   of	
   iddingsite	
  
appears	
  to	
  be	
  related	
  to	
  an	
  independent	
  low-­‐T	
  event	
  that	
  will	
  be	
  discussed	
  later.	
  	
  
	
  
3.4	
  Origin	
  of	
  preferred	
  orientation	
  of	
  olivine	
  
The	
  CPOs	
  seen	
  in	
  the	
  EBSD	
  map	
  (Fig.	
  4)	
  may	
  at	
  a	
  first	
  glance	
  resemble	
  the	
  terrestrial	
  “type	
  D”	
  fabric	
  
of	
  olivines	
  	
  recognized	
  in	
  simple	
  shear	
  experiments	
  by	
  Bystricky	
  et	
  al.	
  (2000).	
  Olivine	
  “Type	
  D”	
  fabric	
  
refers	
  to	
  high	
  stress	
  and	
  water-­‐poor	
  conditions	
  (Michibayashi	
  et	
  al.,	
  2016),	
  and	
  Bystricky	
  et	
  al.	
  (2000)	
  
associated	
  this	
  fabric	
  to	
  upper	
  mantle	
  conditions,	
  for	
  example	
  in	
  regions	
  of	
  extensional	
  deformation	
  
in	
   major	
   detachment	
   zones	
   near	
   the	
   crust-­‐mantel	
   boundary,	
   or	
   in	
   subduction	
   zones	
   where	
   hot	
  
mantle	
  convects	
  past	
  the	
  upper	
  side	
  of	
  cold	
  slabs.	
  Such	
  deformation	
  regimes	
  are	
   inconsistent	
  with	
  
that	
   recorded	
   by	
   TAM5.29.	
  We	
   believe	
   that	
   pole	
   figures	
   (fig.	
   4),showing	
   a	
   clear	
  maximum	
   in	
   the	
  
[100]	
   direction,	
  while	
   the	
   [010]	
   and	
   [001]	
   directions	
   are	
   scattered	
   in	
   two	
   girdles,	
   are	
   describing	
   a	
  
kind	
  of	
  olivine	
  fibre	
  texture	
  that	
  relate	
  to	
  an	
  axially	
  symmetric	
  shortening	
  regime	
  in	
  which	
  the	
  (100)	
  
plane	
   of	
   olivine	
   orients	
   orthogonally	
   to	
   the	
   maximum	
   compression	
   direction	
   (σ1)	
   and	
   relate	
   to	
  
compaction	
  rather	
  than	
  to	
  shearing.	
  
It	
  is	
  also	
  interesting	
  to	
  note	
  that	
  the	
  elongated	
  olivine	
  in	
  TAM5.29	
  are	
  generally	
  not	
  associated	
  to	
  the	
  
elongated	
   [100]	
   direction,	
   but	
   are	
   randomly	
   associated	
   to	
   the	
   [010]	
   and	
   [001]	
   directions.	
   Further	
  
examination	
   reveals	
   that	
   the	
   longest	
   olivine	
   crystals	
   show	
   clear	
   alignment	
   around	
   andradite	
  
inclusions.	
   These	
   preferential	
   CPOs	
   concentrated	
   locally	
   around	
   coarse-­‐grained	
   inclusions	
   were	
  
previously	
   described	
   in	
   CV	
   chondrites	
   where	
   olivine	
   crystals	
   wrap	
   around	
   chondrules	
   or	
   dark	
  
inclusions	
  (Watt	
  et	
  al.,	
  2006;	
  Forman	
  et	
  al.	
  2017).	
  These	
  areas,	
  around	
  chondrules	
  in	
  CVs	
  and	
  around	
  
andradite	
   crystals	
   in	
   TAM5.29,	
  were	
  probably	
   characterised	
  by	
  a	
  higher	
  porosity	
   compared	
   to	
   the	
  
rest	
  of	
  the	
  matrix	
  and	
  thus	
  suffered	
  a	
  more	
  significant	
  compression	
  and	
  pore	
  collapse	
  during	
  impact.	
  
Such	
  a	
   scenario	
   results	
   in	
  heterogeneous	
  strain	
  distribution	
  with	
  significant	
  heat	
  production	
   (~575	
  
°C)	
   and	
   locally	
   high	
   stress	
   at	
   the	
   sites	
   or	
   pore	
   collapse	
  while	
   the	
   surrounding	
   low-­‐porosity	
  matrix	
  
retains	
  a	
  lower	
  degree	
  of	
  compaction	
  and	
  andradite	
  inclusions	
  records	
  no	
  compaction	
  at	
  all	
  (Bland	
  
et	
  al.,	
  2014).	
  The	
  matrix	
  therefore	
  remains	
  partially	
  unaffected	
  by	
  the	
  shock	
  wave	
  passage	
  (Bland	
  et	
  
al.,	
  2014;	
  Forman	
  et	
  al.,	
  2017),	
  while	
  around	
  andradite	
  inclusions	
  compaction	
  is	
  more	
  enhanced	
  with	
  
the	
  creation	
  of	
  augen-­‐like	
  structures	
  as	
  predicted	
  and	
  observed	
  in	
  Allende	
  by	
  Bland	
  et	
  al.	
  (2014).	
  This	
  
process	
   also	
   produces	
   a	
   distinct	
   heterogeneity	
   in	
   the	
   CPOs	
   (Forman	
   et	
   al.	
   2017),	
   which	
   is	
   in	
  
agreement	
  with	
  our	
  EBSD	
  data.	
  
Another	
   intriguing	
   fact	
   is	
   the	
   dislocation	
   of	
   the	
   diopside-­‐jarosite	
   vein	
   in	
   fig.	
   1D.	
   This	
   vein	
   has	
   a	
  
dextral	
   displacement.	
   This	
   kind	
   of	
   deformation	
   is	
   typically	
   non-­‐uniaxial	
   and	
   is	
   in	
   contrast	
   to	
   the	
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theoretical	
   uniaxial	
   nature	
   of	
   the	
   shock	
   compaction.	
   In	
   support	
   of	
   the	
   non-­‐uniaxial	
   deformation	
  
there’s	
  also	
  the	
  asymmetric	
  andradite-­‐diopside	
  inclusion	
  (fig.	
  1B),	
  proof	
  of	
  a	
  shear	
  stress.	
  	
  It	
  seems	
  
thus	
   that	
   the	
   preferred	
   orientation	
   of	
   olivine	
   has	
   been	
   created	
   in	
   the	
   instant	
   when	
   the	
   impact	
  
occurred	
  -­‐	
  a	
  moment	
  in	
  which	
  stress	
  is	
  uniaxial.	
  Subsequent	
  to	
  the	
  initial	
  stage	
  of	
  the	
  impact,	
  simple	
  
shear	
   deformations	
   form	
   radial	
   to	
   the	
   impact	
   area	
   (Kenkmann	
   et	
   al.,	
   2014).	
   In	
   this	
   second	
   stage,	
  
deformation	
   has	
   been	
   accommodated	
   along	
   the	
   shock	
   vein	
   melt	
   and	
   around	
   andradite,	
   the	
   two	
  
areas	
  of	
  TAM5.29	
  where	
  weakness	
  is	
  higher.	
  In	
  particular,	
  maximum	
  strain	
  occurred	
  along	
  the	
  upper	
  
part	
  of	
   the	
  shock	
  vein	
  melt	
  where	
  crystals	
  were	
   forced	
   into	
  the	
  melt	
  vein	
  creating	
  the	
  transitional	
  
upper	
  limit,	
  the	
  conjugate	
  synthetic	
  displacement	
  and	
  the	
  releasing	
  band	
  (fig.	
  1D).	
  
	
  
Alternatively,	
  non-­‐impact	
  processes	
  may	
  have	
  generated	
  the	
  preferred	
  orientation	
  of	
  olivine	
  seen	
  in	
  
TAM5.29.	
   These	
   include:	
   sintering,	
   sub-­‐grain	
   recrystallization,	
   lithification	
   and	
   gravitational	
  
compaction	
  (Forman	
  et	
  al.,	
  2016-­‐2017).	
  

Sintering	
  requires	
  heating	
  at	
  temperatures	
  higher	
  than	
  360°C	
  over	
  long	
  (>1	
  million	
  years)	
  timescales	
  
to	
   achieve	
   recrystallisation	
   alignment	
   (Gail	
   et	
   al.,	
   2015).	
   However,	
   both	
   the	
   temperature	
   and	
  
duration	
  of	
  heating	
  are	
  inconsistent	
  with	
  the	
  formation	
  conditions	
  of	
  TAM5.29,	
  which	
  require	
  lower	
  
temperatures	
  (~250°C)	
  –	
  as	
  determined	
  by	
  the	
  secondary	
  mineral	
  assemblage	
  and	
  shorter	
  durations	
  
–	
   as	
   determined	
   by	
   Raman	
   data	
   and	
   olivine	
   crystal	
   morphology.	
   	
   Likewise,	
   the	
   petrofabrics	
   in	
  
TAM5.29	
  cannot	
  have	
  been	
   formed	
  by	
  a	
  plastic	
  deformation	
  processes	
   such	
  as	
   sub-­‐grain	
   rotation,	
  
recrystallization	
  and	
  diffusion	
  creep	
  as	
   these	
  would	
   result	
   in	
   significantly	
   less	
  elongation	
  of	
  olivine	
  
crystals	
  and	
  lower	
  aspect	
  ratios	
  (Forman	
  et	
  al.	
  2017).	
  	
  

Petrofabrics	
  formed	
  by	
  compression	
  due	
  to	
  lithostatic	
  forces	
  cannot	
  be	
  ruled	
  out,	
  but	
  it’s	
  less	
  likely	
  
as	
  also	
   suggested	
  by	
  Watt	
  et	
  al.	
   (2006),	
   Format	
  et	
  al.	
   (2016;	
  2017)	
  and	
  Bland	
  et	
  al.	
   (2014).	
  This	
   is	
  
because	
   the	
   pressure	
   on	
   small	
   protoplanets	
   is	
   negligible,	
   especially	
   on	
   porous	
   water-­‐rich	
  
carbonaceous	
  chondritic	
  parent	
  bodies.	
   For	
  example,	
  at	
   the	
  centre	
  of	
  a	
  200	
  km	
  diameter	
  asteroid	
  
pressures	
   are	
   thought	
   to	
   reach	
   a	
  maximum	
   of	
   1MPa	
   (corresponding	
   to	
   a	
   depth	
   of	
   a	
   few	
   tens	
   of	
  
meters	
   on	
   Earth),	
   far	
   too	
   low	
   for	
   lithostatic	
   compaction	
   (Weidenschilling	
   and	
   Cuzzi,	
   2006).	
  
Meanwhile,	
  on	
  larger	
  Ceres-­‐like	
  bodies,	
  pressure	
  estimates	
  vary	
  between	
  <0.2	
  GPa	
  (Neumann	
  et	
  al.,	
  
2015)	
  and	
  1220	
  MPa	
  (Suttle	
  et	
  al.,	
  2017).	
  Even	
  if	
  sufficient	
  pressures	
  are	
  possible,	
   liberation	
  would	
  
require	
   an	
   impact	
   of	
   an	
   enormous	
  magnitude,	
   equivalent	
   to	
   the	
   complete	
   destruction	
   of	
   such	
   a	
  
body.	
   In	
   both	
   cases	
   we	
   would	
   expect	
   a	
   brecciated	
   texture	
   of	
   the	
   resulting	
   asteroid’s	
   chunks.	
   In	
  
TAM5.29	
  brecciated	
   texture	
   is	
   not	
   observed.	
  However	
   TAM5.29	
   is	
   a	
   small	
   fragment	
   and	
  does	
  not	
  
necessarily	
  sample	
  an	
  area	
  with	
  clasts	
  boundaries.	
  	
  For	
  this	
  reason	
  we	
  cannot	
  assume	
  that	
  TAM5.29	
  
is	
  not	
  part	
  of	
  a	
  breccia	
  and	
  we	
  cannot	
  completely	
  rule	
  out	
  the	
  possibility	
  of	
  lithostatic	
  compression.	
  

Finally,	
  a	
  gravitational	
   compaction	
  model,	
   such	
  as	
   that	
  proposed	
   for	
  Allende	
  by	
  Watt	
  et	
  al.	
   (2006)	
  
may	
   be	
   possible.	
   Here,	
   a	
  muddy	
   outer	
   layer	
   of	
   a	
   parent	
   body	
   affected	
   by	
   sedimentary	
   processes	
  
operating	
  under	
  microgravity	
  result	
  in	
  the	
  alignment	
  of	
  olivine.	
  However,	
  gravity	
  is	
  very	
  low	
  even	
  on	
  
a	
  Ceres-­‐like	
  body	
  (Ceres	
  gravity	
  is	
  ~0.28	
  m/s2,	
  around	
  1/35	
  Earth’s	
  gravity).	
  The	
  low	
  gravity	
  coupled	
  
with	
  the	
  chaotic	
  [010]	
  and	
  [001]	
  axis	
  distribution	
  of	
  olivines	
  in	
  TAM5.29	
  (fig.	
  4),	
  bring	
  us	
  to	
  prefer	
  an	
  
impact-­‐induced	
  compaction	
  (Gattacceca	
  et	
  al.,	
  2005;	
  Bland	
  et	
  al.,	
  2014;	
  Forman	
  et	
  al.,	
  2016-­‐2017).	
  
Consequently,	
  the	
  process	
  that	
  most	
  likely	
  created	
  the	
  preferred	
  orientation	
  of	
  olivines	
  in	
  TAM5.29	
  
is	
   impact	
  compaction,	
  and	
  this	
   is	
   further	
  supported	
  by	
   the	
  presence	
  of	
   the	
  shock	
  melt	
  vein	
  within	
  
the	
  micrometeorite.	
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3.5	
  Carbon	
  and	
  Poorly	
  Graphitized	
  Carbon	
  (PGC)	
  
Carbon,	
   which	
   is	
   widely	
   distributed	
   in	
   TAM5.29,	
   is	
   a	
   powerful	
   index	
   of	
   metamorphic	
   grade.	
   In	
  
particular	
   the	
  maturity	
   of	
   the	
   organic	
  matter	
   is	
   influenced	
  by	
   thermal	
  metamorphism	
  and	
   can	
   be	
  
used	
   to	
   establish	
   petrologic	
   types	
   for	
   individual	
   meteorites	
   (Bonal	
   et	
   al.,	
   2006).	
   The	
   maturation	
  
grade	
  of	
  the	
  organic	
  matter	
  can	
  be	
  determined	
  by	
  the	
  study	
  of	
  the	
  Raman	
  D-­‐band	
  (~	
  1350	
  cm-­‐1)	
  and	
  
the	
  G-­‐band	
  (~1580	
  cm-­‐1)	
  peak	
  parameters.	
  In	
  the	
  least	
  metamorphosed	
  samples,	
  the	
  intensity	
  of	
  the	
  
G-­‐band	
  IG	
   is	
  higher	
  than	
  the	
  intensity	
  of	
  the	
  D-­‐band	
  ID,	
  the	
  opposite	
  is	
  seen	
  in	
  samples	
  with	
  higher	
  
metamorphic	
  grade	
  (Bonal	
  et	
  al.,	
  2006).	
  When	
  the	
  ID/IG	
  ratio	
  of	
  the	
  CV	
  chondrites	
  is	
  compared	
  to	
  the	
  
FWHM	
  (Full	
  Width	
  at	
  Half	
  Maximum)	
  of	
   the	
  D-­‐band	
   (FWHD-­‐D)	
   two	
  distinct	
  groups	
  are	
   recognised	
  
(fig.	
  6)	
   (Bonal	
  et	
  al.,	
  2006).	
  The	
  oxidised	
  CVs	
  have	
   the	
  highest	
   ID/IG	
   ratio	
   (1.05	
   to	
  1.55)	
  and	
   lowest	
  
FWHM-­‐D	
   (~60	
   to	
  ~100	
   cm-­‐1)	
   (lower	
   right,	
   fig.	
   6),	
   they	
  are	
   known	
   to	
  have	
  experienced	
   the	
  highest	
  
metamorphic	
   grade	
   (Bonal	
   et	
   al.,	
   2006).	
   In	
   particular,	
   these	
   data	
   show	
   that	
   Allende	
   suffered	
   the	
  
highest	
   thermal	
   metamorphism	
   (Bonal	
   et	
   al.,	
   2006).	
   An	
   exception	
   to	
   this	
   is	
   the	
   meteorite	
   Kaba,	
  
which	
  is	
  a	
  CVoxB	
  that	
  lies	
  in	
  the	
  upper	
  left	
  group	
  (fig.	
  6)	
  showing	
  a	
  minor	
  metamorphic	
  grade	
  typical	
  
of	
  the	
  reduced	
  CVs	
  (Bonal	
  et	
  al.,	
  2006).	
  Analysis	
  of	
  the	
  Id	
  and	
  Ig	
  bands	
  from	
  TAM5.29	
  (Fig.	
  7)	
  shows	
  
an	
  R1	
  ratio	
   (Id/Ig)>1	
  and	
   in	
  some	
  other	
  cases	
   Id/Ig~1	
   (but	
  never	
  <1),	
   thus	
  TAM5.29	
  does	
  not	
  clearly	
  
belong	
   to	
   either	
   group.	
   Instead,	
   TAM5.29	
   values	
   tend	
   towards	
   the	
   most	
   metamorphosed	
   group	
  
(CVox)	
  although	
  several	
  values	
  also	
  lie	
  in	
  the	
  less-­‐metamorphosed	
  group	
  (fig.	
  6).	
  This	
  is	
  proof	
  of	
  the	
  
highly	
   unequilibrated	
   nature	
   of	
   this	
   micrometeorite	
   and	
   suggests	
   that	
   TAM5.29	
   is	
   transitional	
  
between	
  the	
  Kaba-­‐like	
  CVs	
  and	
  the	
  more	
  evolved	
  Allende-­‐like	
  CVs.	
  The	
  reason	
  for	
   this	
  unspecified	
  
petrologic	
  type	
  are,	
  however,	
  not	
  clear.	
   It	
   is	
  known	
  that	
  within	
  the	
  CV	
  parent	
  body	
  many	
  different	
  
environmental	
  conditions	
  existed	
   from	
  oxidising	
   fluid-­‐enriched	
   locations	
  to	
  the	
  reducing	
   fluid-­‐poor	
  
localities.	
   The	
   TAM5.29	
   metamorphic	
   grade	
   is	
   thus	
   representative	
   of	
   a	
   new	
   lithology	
   of	
   the	
   CV	
  
parent	
  body	
  that	
  experienced	
  more	
  oxidising	
  conditions	
  (resulting	
  in	
  significant	
  Fe	
  enrichment)	
  with	
  
an	
   incomplete	
   thermal	
  metamorphism	
   terminated	
  by	
   the	
   impact	
   that	
  also	
  created	
   the	
   shock	
  melt	
  
vein	
  and	
  preferred	
  orientation	
  of	
  olivine.	
  	
  	
  

3.6	
  Origin	
  of	
  the	
  fine-­‐grained	
  material	
  
Iddingsite	
  is	
  a	
  common	
  alteration	
  feature	
  that	
  affects	
  olivine	
  in	
  terrestrial	
  rocks	
  and	
  is	
  also	
  found	
  as	
  
a	
   native	
   minor	
   component	
   in	
   chondritic	
   meteorites.	
   Iddingsite	
   forms	
   as	
   a	
   weathering	
   film	
   and	
  
represents	
   a	
   complex	
   mixture	
   of	
   secondary	
   hydrated	
   silicates	
   as	
   well	
   as	
   carbonates,	
   sulphates	
  
halides	
   and	
   oxides.	
   Iddingsite	
   compositions	
   in	
   TAM5.29	
   are	
   difficult	
   to	
   interpret	
   because	
   of	
   their	
  
very	
   small	
   grain	
   size	
   (<100	
   nm)	
   and	
  mixed	
   phase	
   composition,	
  which	
   in	
   turn	
   gives	
   averaged	
   data	
  
when	
  analysed	
  with	
  Raman,	
  EDS	
  and	
  EMPA.	
  	
  
Lee	
  et	
  al.	
  (2015)	
  described	
  iddingsite	
  in	
  the	
  Lafayette	
  meteorite	
  as	
  an	
  alteration	
  sequence	
  affecting	
  
olivine	
   and	
   augite	
   concurrent	
   with	
   the	
   formation	
   of	
   hydrous	
   Fe-­‐Mg-­‐phyllosilicates.	
   These	
   newly	
  
formed	
  phyllosilicates	
  are	
  then	
  partially	
  replaced	
  by	
  siderite.	
  During	
  the	
  growth	
  of	
  siderite	
  Fe-­‐oxides	
  
also	
  begin	
  to	
  form	
  (Abreu	
  and	
  Brearley	
  2011).	
  The	
  alteration	
  sequence	
  ends	
  with	
  saponite	
  and	
  other	
  
fibrous	
   phyllosilicates	
   replacing	
   siderite.	
   Tomeoka	
   and	
   Buseck	
   (1985)	
   described	
   similar	
   alteration	
  
features	
   in	
   the	
   matrix	
   of	
   CM	
   chondrites	
   formed	
   as	
   an	
   intergrowth	
   of	
   Fe-­‐Ni-­‐S-­‐O	
   phases	
   and	
  
cronstedtite.	
   Based	
   on	
   these	
   findings	
   we	
   looked	
   for	
   possible	
   constituent	
   minerals	
   of	
   iddingsite	
  
within	
  TAM5.29.	
  	
  
	
  
Raman	
   spectra	
   of	
   the	
   fine-­‐grained	
   material	
   of	
   TAM5.29	
   (Fig.8)	
   show	
   possible	
   matches	
   to	
  
mackinawite,	
   cronstedtite,	
   and	
   chukanovite	
   (from	
  RRUFF	
  database).	
   The	
  best	
  match	
   among	
   these	
  
phases	
   is	
   the	
   hydrated	
   Fe-­‐Ni	
   sulfide	
   mackinawite	
   (the	
   two	
   peaks	
   at	
   209	
   cm-­‐1	
   and	
   279	
   cm-­‐1	
   of	
  
TAM5.29	
  are	
  also	
  well	
  matched	
  by	
  troilite),	
  although	
  this	
  lacks	
  characteristic	
  peaks	
  around	
  525	
  and	
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  cm-­‐1.	
  Mackinawite	
  is	
  a	
  poorly	
  crystalline	
  precipitate	
  formed	
  by	
  the	
  reaction	
  between	
  HS-­‐	
  and	
  Fe	
  
(Lennie	
   et	
   al.,	
   1997).	
   In	
   nature,	
   mackinawite	
   occurs	
   as	
   hydrothermal	
   alteration	
   product	
   within	
  
serpentinized	
   peridotites	
   and	
   has	
   also	
   been	
   reported	
   in	
   meteorites.	
   Conditions	
   of	
   formation	
   of	
  
mackinawite	
   are	
   in	
   agreement	
  with	
   the	
   conditions	
   of	
   formation	
  of	
   TAM5.29,	
  making	
   this	
   phase	
   a	
  
plausible	
  candidate.	
  	
  
Phyllosilicates	
  are	
  also	
  present.	
  Although	
  cronstedtite	
  can	
  be	
   ruled	
  out	
  due	
   to	
  a	
   lack	
  of	
  diagnostic	
  
within	
  the	
  Raman	
  spectra	
  the	
  µXRD	
  data	
  (fig.	
  9)	
  revealed	
  the	
  presence	
  of	
  saponite	
  and	
  antigorite	
  in	
  
TAM5.29.	
  Phlogopite	
  and	
  clay	
  minerals	
  may	
  also	
  be	
  present	
  but,	
  since	
  diffraction	
  data	
  could	
  not	
  be	
  
collected	
   below	
  16°2θ	
   and	
   clay	
  minerals	
   have	
   their	
  main	
   peaks	
   in	
   this	
   region	
   it	
   is	
   not	
   possible	
   to	
  
obtain	
  further	
  details	
  about	
  these	
  phases.	
  In	
  addition,	
  the	
  µXRD	
  data	
  also	
  suggested	
  the	
  presence	
  of	
  
Fe-­‐Ni	
  sulfides	
  (fig.	
  9)	
  (pentlandite	
  in	
  matrix	
  olivine	
  in	
  Allende	
  was	
  reported	
  by	
  Brearley	
  1999)	
  as	
  well	
  
as	
  tentative	
  evidence	
  of	
  Fe-­‐carbonates.	
  	
  
	
  
Collectively,	
   these	
   data	
   imply	
   that	
   the	
   fine-­‐grained	
   material	
   in	
   TAM5.29	
   is	
   a	
   mixture	
   of	
   fibrous	
  
phyllosilicates	
  (antigorite,	
  saponite	
  and	
  possibly	
  phlogopite-­‐cronstedtite),	
  Fe-­‐Ni	
  sulfides	
  and	
  possibly	
  
Fe-­‐oxy-­‐hydroxides	
  with	
  a	
  possibility	
  of	
  rare	
  carbonates	
  inferred	
  from	
  the	
  3.9	
  µm	
  band	
  in	
  TAM5.29	
  IR	
  
spectra	
  (fig.	
  11).	
  This	
  mineralogy	
  is	
  in	
  agreement	
  with	
  the	
  final	
  stage	
  of	
  alteration	
  described	
  by	
  Lee	
  
et	
  al.	
   (2015)	
   from	
   the	
  Lafayette	
  meteorite,	
   and	
  demonstrating	
   that	
  TAM5.29	
   records	
  a	
  protracted	
  
episode	
  of	
  intense	
  post	
  impact	
  aqueous	
  alteration.	
  Fluids	
  involved	
  in	
  the	
  formation	
  of	
  iddingsite	
  may	
  
therefore	
   derive	
   from	
   the	
   partial	
   dehydration	
   of	
   phyllosilicates	
   (previously	
   formed	
   during	
  
metasomatism)	
   liberated	
  after	
   the	
   impact	
  event.	
   In	
   this	
   scenario	
   iddingsite	
   formation	
  occurs	
  after	
  
the	
   interruption	
   of	
   metasomatism	
   at	
   lower	
   temperatures	
   and	
   in	
   agreement	
   with	
   iddingsite	
  
temperature	
  of	
  formation	
  proposed	
  by	
  Treiman	
  et	
  al.	
  (1993)	
  (<100°C).	
  	
  
	
  
However,	
   low-­‐temperature	
   aqueous	
   alteration	
   of	
   olivine	
   alone	
   cannot	
   explain	
   the	
   entire	
   fine-­‐
grained	
  mineral	
  assemblage.	
  Evidence	
  also	
  exists	
  for	
  the	
  loss	
  of	
  CAIs.	
  Greshake	
  et	
  al.	
  (1996)	
  reported	
  
within	
  four	
  CAIs,	
  several	
  crystals	
  of	
  periclase	
  (MgO),	
  rutile	
  (TiO2),	
  calcium	
  oxide	
  (CaO)	
  and	
  corundum	
  
(AI2O3)	
   inside	
   and	
   at	
   grain	
   boundaries	
   of	
   the	
   constituent	
  minerals	
   of	
   the	
   inclusions.	
   These	
   oxides	
  
have	
  dimensions	
  of	
  50-­‐200	
  nm	
  (most	
  of	
  them	
  under	
  100	
  nm),	
  a	
  grain	
  size	
  similar	
  to	
  the	
  fine-­‐grained	
  
material	
  of	
  TAM5.29.	
  Since	
  Ca-­‐rich	
  minerals	
  (andradite	
  and	
  diopside)	
  derive	
  from	
  alteration	
  of	
  CAIs	
  
and	
  PRCs	
  (Plagioclase-­‐rich	
  chondrules	
  [Krot	
  et	
  al.,	
  2002]),	
  it	
  is	
  possible	
  that	
  TAM5.29	
  preserves	
  some	
  
of	
   these	
   residual	
  oxides	
  as	
  described	
  by	
  Greshake	
  et	
   al.	
   (1996).	
  CaO,	
  Al2O3	
   and	
  TiO2	
   in	
   fact	
  match	
  
some	
  of	
  the	
  strongest	
  peaks	
  in	
  the	
  µXRD	
  pattern	
  of	
  TAM5.29	
  (fig.	
  9).	
  So,	
  in	
  addition	
  to	
  the	
  previously	
  
listed	
  minerals,	
  we	
  believe	
  that	
  residual	
  Ca-­‐Al-­‐Ti	
  oxides	
  are	
  present	
  as	
  relicts	
  of	
  the	
  primary	
  parent	
  
body	
  CAIs	
  and	
  PRCs.	
  However,	
   there	
  are	
  no	
  evidences	
  of	
   residual	
  CAIs	
   in	
  TAM5.29.	
  We	
   thus	
   infer	
  
that	
   the	
   residual	
   CAIs	
   and	
   PRCs	
  minerals	
  were	
   not	
   in	
   situ	
   alteration	
   but	
  were	
  mobilised	
   by	
   fluids	
  
circulation.	
   In	
   fact	
   hibonite	
   and	
   spinel	
   are	
   two	
   of	
   the	
  most	
   resistant	
   CAI	
   crystals	
   to	
  metasomatic	
  
alteration	
  and	
  in	
  strongly	
  altered	
  CAIs	
  Al-­‐Ti-­‐diopside	
  is	
  replaced	
  by	
  ilmenite	
  and	
  phyllosilicates	
  (Krot	
  
et	
  al.,	
  1995).	
  Al2O3	
  may	
  also	
  be	
  indicative	
  of	
  the	
  presence	
  of	
  sericite,	
  an	
  alteration	
  aggregate	
  of	
  fine-­‐
grained	
   minerals	
   such	
   as	
   illite,	
   muscovite	
   and	
   palagonite	
   (Al	
   and	
   K	
   rich	
   minerals)	
   formed	
   by	
  
hydrothermal	
   fluids	
   circulation.	
   Palagonite	
   and	
   allophane	
   on	
   Earth	
   are	
   also	
   alteration	
   products	
  
volcanic	
   glasses	
   and	
  water	
   interaction.	
   TAM5.29	
   had	
   some	
   glass	
   content	
   before	
   the	
  metasomatic	
  
event	
   (that	
   largely	
   creater	
   fayalite,	
   see	
  paragraph	
  4.3).	
   It	
   is	
   possible	
   that	
  part	
  of	
   it	
  was	
   converted	
  
into	
  palagonite-­‐allophane.	
  Allophane	
  can	
  also	
  be	
  enriched	
  in	
  Fe	
  and	
  Ti	
  (Gerard	
  et	
  al.,	
  2007).	
  The	
  Ti	
  
enrichment	
   can	
   explain	
   the	
   TiO2	
   detection	
   in	
   TAM5.29.	
   So,	
   illite	
   and	
   palagonite-­‐allophane	
   can	
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explain	
  the	
  presence	
  of	
  Al2O3	
  and	
  TiO2,	
  but	
  not	
  the	
  presence	
  of	
  MgO	
  and	
  CaO	
  oxides.	
  Furthermore	
  
these	
  minerals	
   are	
   also	
   K-­‐rich,	
  which	
   can	
   explain	
   part	
   of	
   the	
   high	
   K	
   and	
   Al	
   bulk	
   concentration	
   of	
  
TAM5.29.	
  The	
  fine-­‐grained	
  material	
  in	
  TAM5.29	
  therefore	
  requires	
  two	
  distinct	
  alteration	
  events	
  and	
  
derived	
   from	
   two	
   different	
   processes:	
   Fe-­‐Ni	
   sulfides	
   and	
   oxides	
   are	
   residues	
   of	
   the	
  metasomatic	
  
event	
   and	
   iddingsite	
   components	
   (such	
   as	
   saponite)	
   are	
   derived	
   from	
   weathering	
   at	
   lower	
  
temperature	
  (<100°C)	
  in	
  presence	
  of	
  fluids	
  released	
  from	
  hydrous	
  minerals	
  by	
  an	
  impact.	
  	
  	
  
	
  

	
  

Fig.	
   14.	
   Sketch	
   representing	
   stages	
   of	
   formation	
   of	
   TAM5.29.	
   1)	
   Accretion	
   of	
   the	
   CV	
   parent	
   body.	
   2)	
  
Differentiation	
   into	
   a	
   core,	
  mantle	
   and	
  an	
  undifferentiated	
   chondritic	
   crust.	
   The	
  outer	
   layer,	
   or	
   carapace,	
   is	
  
heterogeneous	
  in	
  composition	
  and	
  suffer	
  metasomatic	
  alteration,	
  hydrothermal	
  activity	
  and	
  impact	
  gardening.	
  	
  
Different	
  areas	
  with	
  different	
  composition	
  and	
  environment	
  cause	
  the	
  formation	
  of	
  the	
  different	
  types	
  of	
  CVs	
  
(CVox,	
  CVred	
  and	
  TAM5.29-­‐like	
  lithologies).	
  3)	
  An	
  impact	
  occurs	
  in	
  the	
  area	
  where	
  TAM5.29-­‐like	
  lithologies	
  are	
  
found	
   and	
   TAM5.29	
   is	
   expelled	
   from	
   the	
   CV	
   parent	
   body.	
   In	
   this	
   stage	
   preferred	
   orientation	
   of	
   olivine	
   is	
  
created	
  and	
  the	
  thermal	
  metamorphism	
  is	
  terminated.	
  4)	
  TAM5.29	
  is	
  already	
  separated	
  from	
  the	
  parent	
  body	
  
and	
  water	
  removed	
  from	
  hydrated	
  minerals	
  creates	
  iddingsite	
  at	
  low	
  temperature.	
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4.Conclusions	
  
We	
  document	
  an	
  unambiguous	
  and	
  unique	
  minimeteorite	
  from	
  the	
  CV	
  chondrite	
  group	
  (a	
  member	
  
of	
   the	
   CVOX	
   family),	
   thereby	
   expanding	
   our	
   collective	
   knowledge	
   of	
   micrometeorite	
   parent	
   body	
  
diversity.	
  	
  

● Primary	
  mineral	
  phases	
  of	
  TAM5.29	
  are	
  Fe-­‐rich	
  olivine,	
  andradite	
  and	
  Ca-­‐Fe-­‐rich	
  pyroxenes	
  
plus	
   carbonaceous	
  matter	
   containing	
   OH,	
   S-­‐H	
   and	
   C-­‐H	
   functional	
   groups.	
   Fayalite	
   crystals	
  
grew	
   during	
   thermal	
   metamorphism	
   potentially	
   from	
   an	
   amorphous	
   precursor	
   phase	
   in	
  
presence	
  of	
  fluids.	
  	
  

● The	
   fine-­‐grained	
   material	
   is	
   derived	
   by	
   two	
   distinct	
   alteration	
   events.	
   The	
   metasomatic	
  
process	
   created:	
   Ni-­‐Fe	
   sulfides	
   (e.g.	
   mackinawite),	
   Mg-­‐Ca-­‐Al-­‐Ti	
   oxides	
   partly	
   derived	
   by	
  
residual	
   CAIs	
   constituents	
   mobilised	
   by	
   fluids	
   and	
   partly	
   derived	
   by	
   illite-­‐palagonite-­‐
allophane	
  derived	
  by	
  aqueous	
  alteration,	
  FeO-­‐OH.	
  Low	
  temperature	
  alteration	
  created:	
  Mg-­‐
Fe-­‐phyllosilicates	
  (saponite	
  and	
  possibly	
  phlogopite)	
  and	
  possibly	
  minor	
  Fe	
  carbonates.	
  

● TAM5.29	
   mineralogy	
   lies	
   in	
   between	
   the	
   CVoxA	
   and	
   CVoxB.	
   CVoxA	
   are	
   rich	
   in	
   andradite,	
  
magnetite	
   and	
   FeNiS	
   like	
   TAM5.29	
   but	
   lacks	
   of	
   high	
   abundances	
   of	
   hydrated	
   minerals,	
  
common	
   in	
   TAM5.29.	
   Conversely	
   CVoxB	
   are	
   rich	
   in	
   hydrated	
   phyllosilicates	
   but	
   contains	
  
almost	
   pure	
   fayalite	
   not	
   found	
   in	
   TAM5.29.	
   TAM5.29	
   retains	
   a	
   mineralogical	
   assemblage	
  
that	
  might	
  be	
  a	
  link	
  between	
  the	
  CVoxA	
  and	
  CVoxB.	
  

● TAM5.29	
   retains	
   a	
   mineralogy	
   dominated	
   by	
   thermal	
   metamorphism	
   products	
   formed	
   at	
  
~275-­‐250°C	
  within	
   the	
  presence	
  of	
  Fe-­‐alkali-­‐halogens-­‐rich	
   fluids	
  and	
  under	
  highly	
  oxidizing	
  
conditions	
  resulting	
  in	
  significant	
  Fe	
  enrichment.	
  	
  

● This	
  may	
  represent	
  a	
  newly	
  described	
  alteration	
  environment	
  on	
  the	
  CV	
  parent	
  body,	
  similar	
  
to	
   the	
   conditions	
   recorded	
  by	
  Allende-­‐Axtell-­‐Mokoia-­‐Kaba	
  etc.	
  but	
  with	
  differences.	
  These	
  
differences	
   are:	
   higher	
   oxidizing	
   conditions,	
   heterogeneous	
   thermal	
   metamorphism	
   that	
  
shows	
   different	
   degrees	
   of	
   alteration	
   within	
   only	
   one	
   micrometeorite	
   and	
   a	
   different	
  
secondary	
  alteration	
  history	
  enabled	
  by	
  a	
  particular	
  impact	
  history.	
  	
  

● This	
  is	
  the	
  proof	
  of	
  an	
  even	
  more	
  heterogeneous	
  CV	
  parent	
  body(-­‐ies)	
  thus	
  adding	
  a	
  unique	
  
sample	
  to	
  the	
  known	
  CV	
  lithologies.	
  	
  

In	
  conclusion,	
  the	
  hypothesis	
  of	
  formation	
  of	
  the	
  TAM5.29	
  micrometeorite	
  may	
  be	
  divided	
  in	
  three	
  
main	
  stages:	
  	
  

● Stage	
  one:	
  metasomatism	
  at	
  ~275-­‐250°C	
  with	
  Fe-­‐alkali-­‐halogens-­‐rich	
  fluids	
  occurred	
  on	
  the	
  
parent	
  body.	
  

● Stage	
   two:	
   the	
  particle	
  was	
   involved	
   in	
  an	
   impact	
   that	
   terminated	
   the	
  metamorphic	
  event	
  
resulting	
   in	
   a	
   strongly	
   unequilibrated	
   composition	
   with	
   cryptocrystalline	
   and	
   amorphous	
  
phases	
  and	
  generating	
  a	
  preferred	
  orientation	
  olivine	
  petrofabric.	
  

● Stage	
   three:	
   characterised	
   by	
   the	
   formation	
   of	
   iddingsite	
   at	
   lower	
   temperatures,	
   possibly	
  
from	
  fluid	
  released	
  by	
  hydrated	
  minerals	
  during	
  the	
  impact.	
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Chapter	
  4	
  
	
  
Insights	
  on	
  the	
  composition	
  of	
  C-­‐type	
  asteroids	
  revealed	
  by	
  Antarctic	
  fine-­‐grained	
  
micrometeorites	
  showing	
  the	
  3	
  µm	
  band	
  	
  
	
  
Abstract	
  
Many	
  C-­‐type	
  asteroids	
  are	
  characterised	
  by	
  an	
  IR	
  reflectance	
  spectra	
  showing	
  a	
  3	
  µm	
  band	
  with	
  its	
  
centre	
  varying	
  between	
  3	
  to	
  3.15	
  µm	
  and	
  its	
  shape	
  from	
  sharp	
  to	
  rounded.	
  In	
  this	
  work	
  we	
  give	
  new	
  
insights	
   on	
   the	
   debated	
   nature	
   of	
   this	
   band	
   and	
   thus	
   on	
   the	
   composition	
   of	
   C-­‐type	
   asteroids	
   by	
  
studying	
   Fine-­‐Grained	
  micrometeorites	
   (Fg-­‐MMs)	
   showing	
   a	
   3	
   µm	
   band	
   I.e.	
   TAM5.29,	
   TAM18c.11	
  
and	
   TAM18c.13.	
   TAM5.29	
   is	
   a	
   CV-­‐like	
   minimeteorite	
   characterised	
   by	
   a	
   matrix	
   of	
   Fe-­‐rich	
   olivine	
  
largely	
  altered	
  into	
  iddingsite,	
  and	
  clasts	
  of	
  andradite	
  surrounded	
  by	
  diopside-­‐jarosite-­‐phyllosilicates	
  
assemblages.	
  TAM18c.11	
  and	
  TAM18c.13	
  are	
  very	
  similar	
   in	
  composition	
  and	
  both	
  suffered	
  a	
  very	
  
strong	
  alteration	
  in	
  Antarctica	
  that	
  replaced	
  almost	
  all	
  the	
  crystals	
  with	
  jarosite	
  (ammoniumjarosite	
  
in	
  the	
  case	
  of	
  TAM18c.11).	
  However,	
  some	
  phyllosilicates,	
  metal	
  alloys	
  and	
  tiny	
  olivine	
  crystals	
  are	
  
still	
  visible.	
  The	
  band	
  centre	
  of	
  the	
  3	
  µm	
  absorption	
  of	
  these	
  samples	
  varies	
  between	
  3.07	
  µm	
  up	
  to	
  
3.15	
  µm	
  in	
  the	
  case	
  of	
  TAM5.29.	
  The	
  3.15	
  µm	
  band	
  found	
  in	
  TAM5.29	
  is	
  always	
  associated	
  with	
  Fe-­‐
rich	
   hydrous	
   phases	
   suggesting	
   a	
   close	
   relationship	
   between	
   this	
   feature	
   and	
   Fe-­‐OH	
   bonds.	
   In	
   a	
  
single	
  spot	
   in	
  TAM5.29	
  and	
   in	
  TAM18c.11	
  the	
  3	
  µm	
  band	
   is	
   found	
  at	
  shorter	
  wavelengths,	
  around	
  
3.07	
  µm	
  band.	
  In	
  the	
  case	
  of	
  TAM5.29	
  particle	
  is	
  found	
  together	
  with	
  the	
  3.4	
  and	
  3.5	
  µm	
  absorptions	
  
of	
  aliphatic	
  hydrocarbons,	
  while	
  in	
  TAM18c.11	
  is	
  found	
  scattered	
  around	
  the	
  ammoniumjarosite-­‐rich	
  
matrix.	
  It	
  thus	
  seems	
  that	
  when	
  found	
  at	
  shorter	
  wavelengths	
  (3.07	
  µm)	
  the	
  3	
  µm	
  band	
  is	
  indicative	
  
of	
  organic	
  matter,	
  most	
  likely	
  CH	
  and	
  NH	
  functional	
  groups	
  found	
  in	
  hydrocarbons	
  or	
  sulphates	
  and	
  
salts.	
  With	
   these	
  observations	
  we	
   infer	
   that	
  Europa-­‐like	
  asteroids	
   (with	
  a	
  band	
  centre	
  at	
  3.15	
  µm)	
  
are	
  Fe-­‐rich	
  hydrous	
  worlds,	
  while	
  Ceres-­‐like	
  bodies	
  (with	
  a	
  band	
  centre	
  at	
  3.05	
  ±	
  0.01)	
  are	
  organic	
  
rich	
   worlds.	
   In	
   both	
   cases	
   we	
   bring	
   also	
   evidences	
   that	
   these	
   bodies	
   went	
   through	
   an	
   extensive	
  
period	
  of	
  hydrothermal	
  alteration	
  and	
  a	
  second	
  period	
  of	
  low-­‐temperature	
  aqueous	
  alteration.	
  	
  
	
  
1. Introduction	
  
The	
  3	
  µm	
  band	
  has	
  been	
  detected	
  on	
  many	
  minor	
  bodies	
  of	
   the	
  Solar	
  System	
  and	
   its	
  origin	
   is	
  still	
  
debated.	
  Takir	
  and	
  Emery	
  (2012)	
  reported	
  a	
  complete	
  list	
  of	
  the	
  asteroids	
  bearing	
  the	
  3µm	
  band,	
  the	
  
main	
  ones	
  are:	
  1	
  Ceres,	
  10	
  Hygiea,	
  31	
  Euphrosyne,	
  52	
  Europa,	
  76	
  Freia,	
  107	
  Camilla,	
  153	
  Hilda,	
  190	
  
Ismene,	
  324	
  Bamberga,	
  361	
  Bononia,	
  401	
  Ottilia,	
  451	
  Patientia,	
  790	
  Pretoria.	
  Not	
  all	
   these	
  bodies	
  
show	
  the	
  same	
  3	
  µm	
  band	
  characteristics.	
  On	
  the	
  contrary	
  four	
  different	
  groups	
  can	
  be	
  recognised	
  
(Takir	
   and	
   Emery,	
   2012)	
   and	
   generally	
   the	
   3	
   µm	
   is	
   interpreted	
   as	
   a	
   hydration	
   band	
   attesting	
   the	
  
presence	
   of	
   hydrated	
   phyllosilicates	
   and	
  water	
   ice	
   (Takir	
   and	
   Emery,	
   2012;	
  Hargrove	
   et	
   al.,	
   2012-­‐
2015).	
  The	
  first	
  group	
  is	
  called	
  “sharp”	
  and	
  show	
  a	
  sharp	
  3	
  µm	
  band	
  given	
  by	
  hydrated	
  phyllosilicates	
  
(Takir	
  and	
  Emery,	
  2012).	
  The	
  Second	
  group	
  is	
  the	
  “Ceres-­‐like”	
  and	
  have	
  a	
  band	
  centre	
  at	
  3.05	
  ±	
  0.01	
  
µm	
  (Takir	
  and	
  Emery,	
  2012).	
  The	
  third	
  group	
  “Europa-­‐like”	
  exhibits	
  a	
  band	
  3.15	
  ±	
  0.01	
  µm	
  also	
  due	
  
to	
  hydrated	
  phyllosilicates	
  and	
  finally	
  the	
  fourth	
  group	
  called	
  “rounded”	
  due	
  to	
  the	
  wide	
  and	
  curve	
  3	
  
µm	
  band	
  related	
  to	
  water	
   ice	
   (Takir	
  and	
  Emery,	
  2012).	
  However	
  other	
   interpretation	
  for	
  the	
  3	
  µm	
  
band	
  have	
  been	
  proposed.	
  One	
  possibility	
  is	
  that	
  the	
  3	
  µm	
  bands	
  is	
  given	
  by	
  the	
  water-­‐iron	
  bond	
  in	
  
hydrated	
  Fe-­‐rich	
  phyllosilicates	
  (e.g.	
  cronstedtite)	
  (Rivkin	
  et	
  al.,	
  2006)	
  or	
  given	
  by	
  goethite	
  (Beck	
  et	
  
al.,	
  2011).	
  Alternatively	
  another	
  carrier	
  of	
  the	
  3	
  µm	
  band	
  is	
  a	
  mixture	
  of	
  crystalline	
  water	
  ice	
  and	
  ion-­‐
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irradiated	
  organics,	
  mainly	
  asphaltite	
  (Vernazza	
  et	
  al.,	
  2005).	
  Finally,	
  King	
  et	
  al.	
  (1992)	
  suggested	
  that	
  
the	
  3	
  µm	
  band	
  on	
  Ceres	
  is	
  due	
  to	
  ammonium	
  bearing	
  minerals.	
  Lately	
  this	
  interpretation	
  received	
  a	
  
big	
  consensus	
  with	
  the	
  NASA-­‐Dawn	
  space	
  mission	
  at	
  Ceres	
  since	
  the	
  3	
  micron	
  absorption	
  revealed	
  
by	
   the	
   VIR	
   spectrometer	
   has	
   been	
   indeed	
   attributed	
   to	
   ammoniated	
   phyllosilicates,	
   in	
   particular	
  
NH4-­‐smectites	
   (NH4-­‐annite	
   and	
  NH4-­‐montmorillonite)	
   (De	
   Sanctis	
   et	
   al.,	
   2015;	
   Ferrari	
   et	
   al.,	
   2019).	
  
More	
  recently	
  a	
  2.99-­‐3	
  µm	
  band	
  was	
  seen	
  on	
  Ceres	
  spectra	
  associated	
  to	
  the	
  organics	
  3.4	
  µm	
  band	
  
(De	
  Sanctis	
  et	
  al.,	
  2019).	
  The	
  nature	
  of	
   this	
  band	
   is	
  not	
  clear,	
   it	
   is	
  probably	
  given	
  by	
  NH	
  functional	
  
groups	
  contained	
  in	
  the	
  organic	
  matter	
  (De	
  Sanctis	
  et	
  al.,	
  2019).	
  De	
  Sanctis	
  et	
  al.	
  (2015)	
  considered	
  
also	
   other	
   minerals	
   as	
   possible	
   carriers	
   of	
   the	
   3	
   µm	
   band:	
   cronstedtite,	
   in	
   agreement	
   with	
   the	
  
hypothesis	
   of	
   Rivkin	
   et	
   al.	
   (2006),	
   and	
   brucite	
   as	
   also	
   suggested	
   by	
   Milliken	
   and	
   Rivkin	
   (2009).	
  
Tochilinite	
  may	
  be	
  another	
  possibility	
  since	
  it	
  is	
  composed	
  of	
  Fe-­‐sulphide	
  interlayed	
  with	
  brucite	
  (De	
  
Sanctis	
  et	
  al.,	
   2015).	
  However	
  all	
   these	
  minerals	
  do	
  not	
   show	
  a	
  good	
   fit	
  with	
   the	
  Ceres	
   spectrum,	
  
especially	
  brucite	
  which	
  is	
  characterised	
  by	
  a	
  2.46	
  band	
  not	
  found	
  on	
  Ceres.	
  Therefore	
  brucite	
  most	
  
probably	
  is	
  not	
  a	
  major	
  component	
  of	
  C-­‐type	
  asteroids	
  with	
  3	
  µm	
  band	
  (De	
  Sanctis	
  et	
  al.,	
  2015).	
  
The	
  3	
  micron	
  band	
   is	
  a	
   feature	
  detected	
  not	
  only	
  on	
  asteroids.	
  Yang	
  et	
  al.	
   (2009)	
   found	
   the	
  3	
  µm	
  
band	
  on	
   the	
  17P/Holmes	
   comet	
  during	
  a	
  massive	
  outburst.	
   The	
  nature	
  of	
   this	
   feature	
  on	
   the	
  17P	
  
comet	
   was	
   attributed	
   to	
   the	
   presence	
   of	
   water	
   ice,	
   even	
   though	
   the	
   other	
   typical	
   absorption	
   of	
  
water	
  ice	
  at	
  1.5	
  µm	
  was	
  not	
  observed	
  (Yang	
  et	
  al.,	
  2009).	
  3	
  µm	
  band	
  was	
  either	
  found	
  in	
  the	
  centre	
  
of	
  the	
  proto-­‐planetary	
  nebula	
  IRAS	
  22272+5435	
  and	
  it	
  is	
  thought	
  to	
  be	
  given	
  by	
  acetylene	
  C2H2	
  and	
  
hydrogen	
   cyanide	
  HCN	
   (Goto	
   et	
   al.,	
   2003),	
   two	
  organics	
   also	
   found	
   in	
   some	
  meteorites	
   (Sephton,	
  
2002).	
  However,	
  among	
   the	
  meteorite	
  collections	
   it	
  has	
  been	
   found	
  only	
  one	
  sample	
  with	
  a	
  3	
  µm	
  
band,	
   the	
   reduced	
  CV	
  chondrite	
  Efremovka	
   showing	
  a	
  3.11	
  µm	
  band	
  probably	
   related	
   to	
  aqueous	
  
alteration	
  and/or	
  the	
  presence	
  of	
  metal	
  (Takir	
  et	
  al.,	
  2019).	
  Hence	
  we	
  focused	
  on	
  searching	
  among	
  
micrometeorites	
   (MMs)	
   as	
   also	
   suggested	
   by	
   Vernazza	
   et	
   al.	
   (2015)	
   who	
   studied	
   IDPs.	
  
Micrometeorites	
  are	
  sub-­‐millimetre	
  size	
  dust	
  grains	
  (Genge	
  et	
  al.,	
  2008)	
  and	
  represent	
  the	
  majority	
  
of	
   the	
   incoming	
   extraterrestrial	
  material	
   on	
   Earth,	
   approximately	
   between	
   20000	
   and	
   60000	
   tons	
  
per	
   year	
   (Love	
   and	
   Brownlee,	
   1993;	
   Zolensky	
   et	
   al.,	
   2006).	
  Micrometeorites	
   sample	
  minor	
   bodies	
  
especially	
  from	
  the	
  asteroid	
  belt	
  (Genge	
  et	
  al.,	
  2008;	
  Carrillo-­‐Sanchez	
  et	
  al.,	
  2015)	
  and	
  are	
  liberated	
  
from	
  their	
  parent	
  bodies	
  in	
  many	
  different	
  ways:	
  impacts	
  (Nesvorny	
  et	
  al.,	
  2003;	
  Flynn	
  et	
  al.,	
  2009),	
  
spontaneous	
  disruption	
   (Nesvorny	
  et	
  al.,	
  2010),	
   sublimation	
   (Schulz	
  et	
  al.,	
  2004;	
  Yang	
  et	
  al.,	
  2009)	
  
and	
   mantle	
   shedding	
   events	
   (Schulz	
   et	
   al.,	
   2015).	
   Based	
   on	
   oxygen	
   isotopic	
   composition	
   and	
  
mineralogy,	
  most	
   of	
   the	
  micrometeorites	
   (~75%)	
   have	
   an	
   affinity	
   to	
   the	
   carbonaceous	
   chondrites	
  
(Suavet	
   et	
   al.,	
   2010;	
   van	
   Ginneken	
   et	
   al.,	
   2012;	
   Taylor	
   et	
   al.,	
   2012;	
   Cordier	
   et	
   al.,	
   2018).	
   These	
  
micrometeorites	
  are	
  mainly	
  friable	
  material	
  called	
  fine-­‐grained	
  unmelted	
  micrometeorites	
  (Fg-­‐MM)	
  
(Genge	
  et	
  al.,	
  2008).	
  The	
  Fg-­‐MMs	
  are	
  then	
  divided	
  into	
  3	
  groups	
  based	
  on	
  the	
  hydration	
  degree:	
  C1	
  
particles	
  have	
  an	
  extensively	
  hydrated	
  matrix,	
  C2	
  is	
  less	
  aqueously	
  altered	
  and	
  C3	
  anhydrous	
  (Genge	
  
et	
   al.,	
   2008).	
  With	
   this	
   work	
  we	
   report	
   the	
   first	
  micrometeorites	
   showing	
   an	
   unambiguous	
   3	
   µm	
  
band.	
   The	
   samples	
   we	
   studied	
   labelled	
   TAM5.29,	
   TAM18c.11	
   and	
   TAM18c.13	
   are	
   fine-­‐grained	
  
micrometeorites	
   (between	
   C1	
   and	
   C2	
   groups)	
   collected	
   on	
   the	
   Transantarctic	
   Mountains	
   by	
   the	
  
Italian	
   expedition	
   (PNRA	
   –	
   Programma	
   Nazionale	
   delle	
   Ricerche	
   in	
   Antartide).	
   Our	
   observations	
  
suggest	
   that	
   the	
   3	
   µm	
   absorption	
   in	
   the	
   samples	
   we	
   studied	
   is	
   due	
   to	
   either	
   Fe-­‐rich	
   hydrated	
  
minerals,	
  in	
  agreement	
  with	
  what	
  found	
  in	
  Europa-­‐like	
  asteroids	
  by	
  Rivkin	
  et	
  al.	
  (2006)	
  and	
  Beck	
  et	
  
al.	
   (2011),	
  or	
  organic	
  matter,	
  as	
  already	
  suggested	
  by	
  Vernazza	
  et	
  al.	
   (2005)	
  and	
  Goto	
  et	
  al.	
   (2003)	
  
for	
  Ceres	
  and	
  the	
  planetary	
  nebula	
  IRAS	
  22272+5435	
  respectively	
  or	
  a	
  combination	
  of	
  both.	
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2.	
  Results	
  
2.1.	
  Petrography	
  and	
  mineral	
  composition	
  
TAM5.29,	
  TAM18c.11	
  and	
  TAM18c.13	
  are	
  fine-­‐grained	
  particles	
  with	
  dimensions	
  of	
  a	
  few	
  hundred	
  of	
  
micrometres	
   (fig.	
  1).	
  TAM18c.11	
  and	
  TAM18c.13	
  have	
   the	
   typical	
  magnetite	
   rim	
   that	
  distinguishes	
  
the	
  micrometeorites	
  (fig.	
  1),	
  which	
  is	
  not	
  present	
  in	
  TAM5.29.	
  In	
  fact	
  TAM5.29	
  is	
  a	
  minimeteorite,	
  a	
  
little	
   piece	
   of	
   a	
   larger	
   meteorite	
   (see	
   chapter	
   1;	
   Nava	
   et	
   al.,	
   accepted)	
   (fig.	
   1).	
   Another	
   clear	
  
difference	
  between	
  TAM5.29	
  and	
  the	
  other	
  two	
  particles	
  is	
  that	
  TAM18c.11	
  and	
  TAM18c.13	
  have	
  a	
  
very	
   high	
   porosity	
  with	
   voids	
   reaching	
   100	
   µm,	
  while	
   TAM5.29	
   is	
   characterised	
   by	
   a	
  much	
   lower	
  
porosity	
  and	
  no	
  voids	
  are	
  observed	
  (fig.	
  1).	
  Furthermore	
  TAM18c.11	
  and	
  TAM18c.13	
  suffered	
  a	
  very	
  
strong	
   alteration	
   in	
   Antarctica	
   favoured	
   by	
   the	
   interconnected	
   porosity	
   and	
   a	
   large	
   part	
   of	
   the	
  
particles	
   is	
   replaced	
  by	
   jarosite	
   (fig.	
   1-­‐2);	
   on	
   the	
   contrary	
   TAM5.29	
   shows	
  only	
  minimal	
   terrestrial	
  
alteration.	
  More	
  in	
  detail,	
  TAM5.29	
  is	
  a	
  CV-­‐like	
  minimeteorite	
  composed	
  of	
  a	
  Fe-­‐rich	
  olivine	
  matrix	
  
with	
   inclusions	
   of	
   andradite	
  with	
   diopside-­‐jarosite	
   halos	
   (fig.	
   2A-­‐B).	
   Fibrous	
   phyllosilicates,	
  mainly	
  
serpentine,	
  are	
  also	
  present	
  as	
  well	
  as	
  scattered	
  tiny	
  (less	
  than	
  1	
  µm)	
  metal	
  alloys	
  and	
  an	
  aggregated	
  
of	
   spinel	
   crystals	
   (fig.	
   2A-­‐B).	
   This	
  mineralogy	
   is	
   a	
   record	
   of	
   hydrothermal	
   process	
   at	
   ~250	
   °C	
   that	
  
created	
  TAM5.29	
  (Nava	
  et	
  al.,	
  accepted).	
  After	
  this	
  phase	
  of	
  metasomatism	
  TAM5.29	
  underwent	
  a	
  
phase	
   of	
   low	
   temperature	
   (<100	
   °C)	
   that	
   altered	
   almost	
   completely	
   the	
   olivine	
   and	
   created	
  
iddingsite	
   (<100	
  nm	
  crystals),	
  mainly	
   composed	
  of	
   Fe-­‐rich	
  hydrous	
  minerals	
   (e.g	
   clays,	
  phlogopite,	
  
annite,	
   saponite)	
   and	
   possibly	
   carbonates	
   (e.g.	
   chukanovite-­‐siderite)	
   (see	
   chapter	
   1;	
   Nava	
   et	
   al.,	
  
accepted).	
  Analyses	
  revealed	
  also	
  ubiquitous	
  presence	
  of	
  SH	
  and	
  CH	
  functional	
  groups	
  (see	
  chapter	
  
1;	
   Nava	
   et	
   al.,	
   accepted).	
   This	
   detailed	
   characterisation	
   was	
   not	
   possible	
   for	
   the	
   TAM18c.11	
   and	
  
TAM18c.13	
  samples	
  because	
  of	
  their	
  very	
  high	
  terrestrial	
  alteration,	
  that	
  obliterated	
  a	
  considerable	
  
part	
  of	
   the	
  particles,	
  and	
   their	
   fine-­‐grained	
  mineralogy,	
   resulting	
   in	
  mixed	
  analytical	
  values	
  due	
   to	
  
mineral	
   phases	
   overlapping.	
   However,	
   both	
   in	
   TAM18c.11	
   and	
   TAM18c.13	
   remnants	
   of	
   fibrous	
  
phyllosilicates	
   like	
   those	
   found	
   in	
   TAM5.29	
  are	
   recognisable	
   (fig.	
   2C-­‐E-­‐F).	
   The	
   three	
  particles	
  have	
  
also	
   in	
  common	
  the	
  presence	
  of	
  small	
  metal	
  alloys	
  crystals	
  scattered	
  in	
  the	
  matrix	
  (fig.	
  2C	
  to	
  F).	
   In	
  
TAM18c.11	
   (fig.	
   2D)	
   a	
   portion	
   of	
   the	
   matrix	
   is	
   recognisable	
   and	
   is	
   very	
   similar	
   to	
   the	
   matrix	
   of	
  
TAM5.29.	
   In	
   fact	
   it	
   is	
   composed	
   of	
   lath-­‐shaped	
   olivine	
   crystals	
  with	
   dimensions	
   of	
   1-­‐2	
   µm	
   plus	
   a	
  
mesostasis	
   in	
   between	
   the	
   olivine	
   crystals	
   and	
   tiny	
   metal-­‐alloys.	
   Furthermore,	
   Raman	
   analyses	
  
revealed	
  that	
  in	
  TAM18c.11	
  there	
  is	
  also	
  the	
  ubiquitous	
  presence	
  of	
  organic	
  matter	
  (peaks	
  at	
  1340	
  
and	
  1600	
  cm-­‐1),	
  CH	
  and	
  SH	
   functional	
  groups	
   (peaks	
  at	
  2680	
  and	
  2910	
  cm-­‐1)	
   (fig.	
  3).	
  Another	
  peak	
  
appears	
  in	
  TAM18c.11	
  at	
  around	
  3412	
  cm-­‐1	
  and	
  can	
  be	
  due	
  to	
  NH	
  functional	
  groups	
  (fig.	
  3).	
  
	
  

	
  
Fig.	
  1.	
  FE-­‐SEM	
  backscattered	
  images	
  of	
  A)	
  TAM5.29,	
  B)	
  TAM18c.11	
  and	
  C)	
  TAM18c.13.	
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Fig.	
   2.	
   FE-­‐SEM	
   backscattered	
   images	
   of	
   A-­‐B)	
   TAM5.29,	
   C-­‐D)	
   TAM18c.11	
   and	
   E-­‐F)	
   TAM18c.13.	
  
Fa=fayalite;	
   Idd=iddingsite;	
   Adr=andradite;	
   Di=diopside;	
   Ja=jarosite;	
   M=metal	
   alloys;	
   En=enstatite;	
  
Ol=olivine;	
  Fibrous	
  Phyll=fibrous	
  phyllosilicates.	
  	
  	
  
	
  

	
  
Fig.	
  3.	
  Raman	
  spectra	
  of	
  jarosite	
  in	
  TAM18c.11.	
  To	
  be	
  noticed	
  the	
  peaks	
  of	
  carbon,	
  the	
  peaks	
  of	
  CH-­‐
SH	
  functional	
  groups	
  and	
  at	
  ~3412	
  cm-­‐1	
  the	
  NH	
  peak.	
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2.2.	
  Spectroscopy	
  
In	
   figure	
   4	
   are	
   reported	
   the	
   reflectance	
   spectra	
   of	
   TAM5.29,	
   TAM18c.11	
   and	
   TAM18c.13.	
   These	
  
spectra	
  are	
  with	
  the	
  continuum	
  removed	
  with	
  origin	
  software.	
  All	
  the	
  particles	
  have	
  an	
  absorption	
  
band	
  centred	
  at	
  ~2.8	
  µm,	
  consistent	
  with	
  the	
  presence	
  of	
  Fe-­‐rich	
  hydrous	
  phyllosilicates	
  (Takir	
  et	
  al.,	
  
2013)	
   (Fig.	
   4).	
   The	
   3	
   µm	
   absorption	
   band	
   has	
   a	
   band	
   centre	
   at	
   ~3.15	
   µm	
   for	
   TAM5.29	
   and	
  
TAM18c.11	
  with	
  a	
  second	
  minor	
  absorption	
  at	
  3.18	
  µm,	
  while	
   in	
  TAM18c.13	
  the	
  band	
  centre	
   is	
  at	
  
lower	
  wavelength	
  around	
  3.07	
  µm	
  (Fig.	
  4).	
  All	
   the	
  samples	
  show	
  the	
  absorption	
  between	
  3.31	
  µm	
  
and	
   3.34	
   µm	
   given	
   by	
   organic	
   matter,	
   likely	
   aromatic	
   hydrocarbons	
   (Moroz	
   et	
   al.,	
   1998;	
   Cloutis,	
  
2003;	
  Quirico	
   et	
   al.,	
   2016;	
  De	
   Sanctis	
   et	
   al.,	
   2019),	
  while	
   the	
   band	
   at	
   3.4	
   µm	
   is	
   representative	
   of	
  
aliphatic	
  hydrocarbons	
   (De	
  Sanctis	
  et	
  al.,	
   2017-­‐2019)	
   (Fig.	
  4).	
  Another	
  broadband	
  between	
  3.5-­‐3.6	
  
µm	
  can	
  be	
   seen	
   in	
  TAM18c.13	
  most	
   likely	
   related	
   to	
  organic	
  matter	
   (CH	
  bonds)	
   (De	
  Sanctis	
  et	
  al.,	
  
2019).	
   TAM18c.11	
   and	
   TAM18c.13	
   respectively	
   show	
   absorptions	
   at	
   3.7	
   µm	
   and	
   3.8	
   µm	
   (Fig.	
   4).	
  
These	
  two	
  bands	
  are	
  indicative	
  of	
  SH	
  bonds	
  (see	
  chapter	
  1	
  and	
  5),	
  consistent	
  with	
  the	
  high	
  content	
  
of	
  jarosite	
  due	
  to	
  Antarctic	
  alteration.	
  The	
  carbonates	
  related	
  absorption	
  band	
  at	
  3.9	
  µm	
  (De	
  Sanctis	
  
et	
  al.,	
  2016;	
  Tosi	
  et	
  al.,	
  2017;	
  Carrozzo	
  et	
  al.,	
  2017)	
  is	
  evident	
  in	
  TAM18c.11	
  and	
  TAM18c.13,	
  while	
  in	
  
TAM5.29	
  the	
  band	
  depth	
  decreases	
  and	
  the	
  3.9	
  µm	
  band	
  is	
  barely	
  detected	
  (Fig.	
  4).	
  	
  
The	
   spectral	
  maps	
  made	
  at	
   the	
   IAS-­‐Orsay	
   allows	
  us	
   to	
  do	
   a	
  more	
  detailed	
   analysis	
   of	
   TAM5.29	
   in	
  
order	
   to	
   better	
   understand	
   the	
   nature	
   of	
   the	
   3	
   µm	
   band.	
   We	
   also	
   made	
   a	
   spectral	
   map	
   of	
  
TAM18c.11,	
  but	
  its	
  high	
  degree	
  of	
  alteration	
  made	
  the	
  interpretation	
  very	
  difficult.	
  The	
  same	
  would	
  
have	
   happened	
   with	
   TAM18c.13.	
   For	
   this	
   reason	
   we	
   focused	
   only	
   on	
   TAM5.29	
   and	
   TAM18c.11.	
  
Scattered	
  around	
  the	
  matrix	
  of	
  TAM5.29	
  we	
  found	
  different	
  spots	
  with	
  spectra	
  showing	
  a	
  prominent	
  
3.15	
  µm	
  band	
  associated	
   to	
   the	
  2.8	
  µm	
  and	
  3.3	
  µm	
  band	
   (fig.	
  5A).	
  Another	
   isolated	
  spot	
  of	
  a	
   few	
  
micrometres	
   of	
   TAM5.29	
   gave	
   a	
   different	
   spectra	
   characterised	
   by	
   a	
   3.04	
   µm	
   band	
   that	
   always	
  
appears	
  with	
  the	
  3.4	
  µm	
  and	
  3.5	
  µm	
  band	
  of	
  the	
  aliphatic	
  organics	
  (fig.	
  5B).	
  In	
  all	
  these	
  cases	
  the	
  2.8	
  
µm	
  band	
  was	
  not	
  detected.	
  Unfortunately,	
  we	
  haven’t	
  been	
  able	
  to	
  attribute	
  the	
  single	
  spots	
  with	
  a	
  
specific	
  mineral	
  due	
  to	
  the	
  fine-­‐grained	
  nature	
  of	
  the	
  matrix	
  of	
  TAM5.29.	
  In	
  TAM18c.11	
  the	
  3	
  µm	
  is	
  
shifted	
  towards	
  shorter	
  wavelength	
  at	
  3.05-­‐3.06	
  µm	
  (fig.	
  6).	
  In	
  this	
  case	
  the	
  band	
  is	
  associated	
  with	
  
the	
  2.8-­‐2.9	
  µm	
  band	
  and	
  a	
  broad	
  band	
  at	
  3.8	
  µm	
  (fig.	
  6).	
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Fig.	
  4.	
  Continuum	
  removed	
  IR	
  reflectance	
  spectra	
  of	
  TAM5.29,	
  TAM18c.11	
  and	
  TAM18c.13.	
  
	
  	
  

	
  
Fig.	
  5.	
  IR	
  reflectance	
  spectra	
  of	
  TAM5.29.	
  A)	
  Spectra	
  acquired	
  in	
  the	
  Fe-­‐rich	
  hydrous	
  matrix	
  showing	
  
the	
  3.15	
  µm	
  band.	
  B)	
  Spectra	
  taken	
  in	
  the	
  localized	
  spot	
  rich	
  in	
  aliphatic	
  hydrocarbons	
  (3.4	
  and	
  3.5	
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µm	
   bands)	
   with	
   the	
   3.07	
   µm	
   band.	
   A	
   minor	
   contribution	
   of	
   the	
   surrounding	
   material	
   may	
   be	
  
possible,	
  causing	
  the	
  very	
  slight	
  detection	
  of	
  the	
  3.15	
  µm	
  band	
  in	
  the	
  spectra	
  in	
  panel	
  B.	
  	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Fig.	
  6.	
  IR	
  reflectance	
  spectra	
  of	
  TAM18c.11.	
  	
  

	
  
3.	
  Discussion	
  
3.1.	
  Nature	
  of	
  the	
  3	
  µm	
  band	
  
Based	
  on	
  our	
  findings	
  the	
  3	
  µm	
  band	
  can	
  be	
  associated	
  either	
  to	
  OH,	
  in	
  particular	
  to	
  Fe-­‐OH,	
  or	
  to	
  the	
  
organic	
  matter.	
  In	
  the	
  first	
  case	
  the	
  3	
  µm	
  band	
  is	
  shifted	
  towards	
  longer	
  wavelength	
  around	
  3.15	
  µm	
  
(fig.	
   5A),	
   and	
   in	
   the	
   second	
   case	
   the	
  3	
  µm	
  band	
   centre	
   is	
   at	
   around	
  3.07	
  µm	
   (fig.	
   5B).	
   The	
   Fe-­‐OH	
  
related	
   3.15	
  µm	
  band	
   is	
   suggested	
  by	
   the	
   fact	
   that	
   in	
   the	
   spectral	
  map	
  on	
   TAM5.29	
   the	
   3.15	
  µm	
  
band	
   is	
   found	
  scattered	
   in	
  the	
  Fe-­‐rich	
  olivine	
  matrix	
   largely	
  altered	
   into	
   iddingsite,	
  which	
   is	
   in	
  part	
  
made	
   up	
   by	
   hydrated	
   Fe-­‐rich	
   clays.	
   Furthermore,	
   in	
   this	
   scenario	
   the	
   3.15	
   µm	
   band	
   is	
   always	
  
associated	
  to	
  the	
  2.8	
  µm	
  band,	
  typical	
  of	
  Fe-­‐rich	
  phyllosilicates	
  (e.g	
  cronstedtite)	
  (Takir	
  et	
  al.,	
  2013).	
  
In	
   the	
   matrix	
   of	
   TAM5.29	
   magnetite	
   is	
   also	
   found.	
   Part	
   of	
   the	
   magnetite	
   has	
   been	
   altered	
   into	
  
hematite	
   and	
   goethite	
   during	
   the	
   second	
   stage	
   of	
   low	
   temperature	
   aqueous	
   alteration	
   when	
  
iddingsite	
  formed.	
  These	
  observations	
  support	
  the	
  hypothesis	
  of	
  Rivkin	
  et	
  al.	
  (2006)	
  and	
  Beck	
  et	
  al.	
  
(2011)	
   on	
   Europa-­‐like	
   asteroids	
   who	
   respectively	
   attributed	
   the	
   3	
   µm	
   band	
   to	
   Fe-­‐rich	
   clays	
   and	
  
goethite.	
   In	
  particular	
  Cronstedtite,	
  the	
  Fe-­‐rich	
  end	
  member	
  of	
  serpentine,	
  have	
  been	
  proposed	
  to	
  
be	
  a	
  major	
  component	
  of	
  Ceres	
  surface	
  (along	
  with	
  brucite	
  and	
  Mg-­‐carbonates)	
  (Zolotov,	
  2014).	
  In	
  
the	
  second	
  case	
  shown	
  in	
  figure	
  5B,	
  the	
  spectrum	
  shows	
  a	
  prominent	
  3.07	
  µm	
  band	
  along	
  with	
  3.4	
  
and	
  3.5	
  µm	
  band	
  but	
  no	
  2.7-­‐2.8	
  µm	
  bands	
  are	
   found.	
  The	
  3.4	
  and	
  3.5	
  µm	
  bands	
  are	
  proof	
  of	
   the	
  
presence	
  of	
  aliphatic	
  hydrocarbons,	
  which	
  coupled	
  with	
  the	
  absence	
  of	
  the	
  2.7-­‐2.8	
  µm	
  band	
  related	
  
to	
  Mg-­‐OH	
  and	
  Fe-­‐OH	
  bonds,	
  suggest	
  that	
  in	
  this	
  context	
  the	
  3.07	
  µm	
  band	
  is	
  given	
  by	
  organic	
  matter	
  
as	
  also	
  suggested	
  by	
  Vernazza	
  et	
  al.	
  (2005)	
  and	
  Goto	
  et	
  al.	
  (2003).	
  A	
  similar	
  situation	
  has	
  been	
  found	
  
on	
  the	
  aliphatic	
  rich	
  material	
  around	
  the	
  Ernutet	
  crater	
  on	
  Ceres.	
  Around	
  the	
  Ernutet	
  crater	
  indeed	
  
evident	
   the	
   3.4-­‐3-­‐5	
   µm	
   aliphatic	
   bands	
   together	
   with	
   a	
   2.99-­‐3	
   mm	
   band	
   attributed	
   to	
   NH	
  
compounds	
   in	
   the	
   organic	
  matter	
   (i.e	
   amine	
   or	
   salts)	
   (De	
   Sanctis	
   et	
   al.,	
   2019).	
   In	
   our	
   analyses	
   of	
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TAM5.29	
  no	
  NH	
  has	
  been	
  detected,	
  however	
  this	
  can	
  be	
  due	
  to	
  a	
  very	
  low	
  abundance	
  of	
  NH,	
  which	
  
is	
  in	
  the	
  order	
  of	
  ppm	
  localized	
  in	
  a	
  very	
  small	
  spot.	
  	
  
It	
   is	
   worth	
   to	
   note	
   that	
   the	
   only	
   two	
   known	
   samples	
   with	
   a	
   prominent	
   3	
   µm	
   band,	
   Efremovka	
  
(showing	
  a	
  3.11	
  µm	
  band,	
  Takir	
  et	
  al.,	
  2019)	
  and	
  TAM5.29,	
  are	
  both	
  related	
  to	
  CV	
  chondrites.	
  This	
  
implies,	
  on	
  the	
  contrary	
  to	
  what	
  has	
  been	
  suggested	
  so	
  far	
  (McSween	
  et	
  al.,	
  2018),	
  that	
  aqueously	
  
altered	
  C-­‐type	
  asteroids	
  like	
  Ceres	
  might	
  not	
  only	
  be	
  parent	
  bodies	
  of	
  the	
  CM/CI	
  chondrites	
  but	
  also	
  
of	
   the	
   CV	
   ones.	
   Takir	
   et	
   al.	
   (2019)	
   also	
   suggest	
   that	
   the	
   shift	
   of	
   the	
   2.7	
   µm	
  band	
   towards	
   longer	
  
wavelengths	
  is	
  related	
  to	
  increasing	
  aqueous	
  alteration	
  on	
  the	
  parent	
  body.	
  However	
  in	
  the	
  samples	
  
we	
  studied	
  there	
  is	
  no	
  clear	
  evidence	
  of	
  this	
  effect	
  since	
  the	
  shift	
  towards	
  2.8	
  µm	
  in	
  our	
  samples	
  is	
  
more	
  likely	
  due	
  to	
  changes	
  in	
  composition	
  towards	
  increasingly	
  Fe-­‐rich	
  hydrous	
  silicates.	
  
	
  
On	
  the	
  contrary,	
  the	
  results	
  of	
  TAM18c.11	
  suggest	
  that	
  the	
  3.05-­‐3.06	
  µm	
  band	
  can	
  be	
  given	
  by	
  NH	
  
found	
  in	
  ammonium-­‐jarosite	
  indicated	
  by	
  the	
  3412	
  cm-­‐1	
  Raman	
  peaks.	
  The	
  link	
  between	
  the	
  3.05	
  µm	
  
band	
  and	
  jarosite	
   is	
  also	
  confirmed	
  by	
  the	
  broad	
  3.8	
  µm	
  band,	
  which	
   indicates	
  the	
  presence	
  of	
  SH	
  
functional	
  groups.	
  However,	
  ammonium-­‐jarosite	
   is	
  a	
  product	
  of	
   terrestrial	
  alteration	
   in	
  Antarctica.	
  
This	
  environment	
  of	
  formation	
  may	
  give	
  some	
  insights	
  on	
  the	
  parent	
  body	
  processing,	
  discussed	
  in	
  
the	
  following	
  3.2	
  section.	
  	
  	
  
	
  
3.2.	
  Parent	
  body	
  environment	
  
The	
  3.15	
  µm	
  band	
  in	
  TAM5.29	
  can	
  give	
  insights	
  on	
  the	
  parent	
  body	
  environment	
  of	
  the	
  Europa-­‐like	
  
asteroids	
  (fig.	
  7),	
  which	
  either	
  display	
  a	
  3.15	
  µm	
  band	
  (Driss	
  and	
  Emery,	
  2012).	
  As	
  discussed	
  above	
  
the	
  carriers	
  of	
   the	
  3.15	
  µm	
  band	
   in	
  TAM5.29	
  are	
  Fe-­‐rich	
  phyllosilicates.	
  These	
  phyllosilicates	
  were	
  
formed	
   during	
  metasomatism	
   in	
   presence	
   of	
   fluids	
   on	
   the	
   parent	
   body	
   at	
   a	
   temperature	
   around	
  
250°C	
  (Krot	
  et	
  al.,	
  1995-­‐1998).	
  Additional	
  Fe-­‐rich	
  clays	
  and	
  hematite-­‐goethite	
  were	
  formed	
  during	
  a	
  
second	
   phase	
   of	
   low	
   temperature	
   (well	
   below	
   100°C)	
   aqueous	
   alteration	
   (Tomeoka	
   and	
   Buseck,	
  
1985;	
  Abreu	
  and	
  Brearley,	
  2011;	
  Lee	
  et	
  al.,	
  2015).	
  Thus,	
  it	
  is	
  likely	
  that	
  the	
  Europa-­‐like	
  asteroids	
  such	
  
as	
   Europa	
   and	
   Patientia	
   underwent	
   a	
   phase	
   of	
   hydrothermal	
   alteration	
   that	
   created	
   Fe-­‐rich	
  
anhydrous	
   and	
   hydrous	
   minerals	
   that	
   have	
   been	
   subsequently	
   altered	
   by	
   low	
   temperature	
  
alteration.	
  Unfortunately	
   the	
  spectra	
  of	
  Europa	
  and	
  Patientia	
   (fig.	
  7)	
  don’t	
  have	
  any	
  data	
  acquired	
  
below	
   2.9	
   µm,	
   thus	
  we	
   can	
   not	
   associate	
   the	
   3.15	
   µm	
   band	
   that	
   we	
   infer	
   related	
   to	
   Fe-­‐OH	
   to	
   a	
  
possible	
  2.8	
  µm	
  band	
  attributed	
  to	
  the	
  Fe-­‐phyllosilicates	
  (Driss	
  et	
  al.,	
  2013).	
  
On	
  the	
  other	
  side,	
  the	
  3.07	
  µm	
  band	
  of	
  TAM5.29	
  can	
  give	
  insights	
  on	
  the	
  Ceres-­‐like	
  asteroids	
  (fig.	
  8).	
  
characterised	
  by	
  a	
  3.05	
  ±	
  0.01	
  band	
  centre	
   (Driss	
  and	
  Emery,	
  2012).	
  The	
  3.07	
  µm	
  of	
  TAM5.29	
  can	
  
represent	
   very	
   well	
   the	
   3	
   µm	
   band	
   found	
   at	
   the	
   Ernutet	
   crater	
   on	
   Ceres	
   since	
   both	
   are	
   found	
  
together	
  with	
   the	
   aliphatic	
   hydrocarbons	
   absorption.	
  However	
   it	
   fails	
   to	
   describe	
   and	
   explain	
   the	
  
entire	
  spectrum	
  of	
  Ceres	
  and	
  thus	
  the	
  Ceres-­‐like	
  bodies.	
  If	
  we	
  consider	
  a	
  bulk	
  spectroscopic	
  analyses	
  
that	
  comprises	
  the	
  spot	
  where	
  the	
  3.07	
  µm	
  band	
  is	
  found	
  in	
  TAM.59	
  and	
  the	
  surrounding	
  hydrous	
  
minerals	
   we	
   have	
   a	
   better	
   match	
   with	
   the	
   spectrum	
   of	
   Ceres	
   since	
   it	
   displays	
   a	
   2.8	
   µm	
   band.	
  
However	
  the	
  2.7-­‐2.8	
  µm	
  band	
  on	
  Ceres	
  is	
  found	
  at	
  2.7	
  µm,	
  suggesting	
  that	
  Ceres	
  is	
  less	
  iron	
  rich	
  and	
  
is	
  dominated	
  by	
  Mg-­‐phyllosilicates.	
   Even	
   if	
  we	
  consider	
   this	
   scenario	
   the	
  3.4	
  and	
  3.5	
  µm	
  bands	
   in	
  
aliphatic	
  rich	
  spot	
  on	
  TAM5.29	
  are	
  not	
  present	
  on	
  the	
  average	
  spectrum	
  of	
  Ceres	
  and	
  thus	
  difficult	
  
to	
  explain.	
   In	
   fact	
   the	
  average	
  spectrum	
  of	
  Ceres	
   (Fig.	
  8)	
  has	
  a	
  broad	
  organic	
  band	
  between	
  ~3.25	
  
µm	
  up	
  to	
  ~3.6	
  µm	
  with	
  a	
  minima	
  towards	
  at	
  ~3.3	
  µm	
  and	
  not	
  3.4-­‐3.5	
  µm.	
  However,	
  this	
  broad	
  3.25-­‐
3.6	
  µm	
  band	
  may	
  obliterate	
  possible	
  aliphatic	
  absorptions.	
  Broad	
  bands	
  between	
  3.2	
  µm	
  and	
  3.7	
  µm	
  
have	
   also	
   been	
   attributed	
   to	
   possible	
   presence	
   of	
   aromatic	
   CH	
   bonds	
   on	
   the	
   67P/Churyumov-­‐
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Gerasimenko	
   comet	
   (Quirico	
   et	
   al.,	
   2016).	
   We	
   thus	
   assume	
   a	
   predominance	
   of	
   aromatic	
  
hydrocarbons	
   over	
   aliphatic	
   chains	
   and	
   it	
   is	
   known	
   that	
   hydrothermalism	
   can	
   bring	
   to	
   an	
  
aromatization	
  of	
  the	
  aliphatic	
  hydrocarbons	
  (Elsila	
  et	
  al.	
  2005;	
  Galvin	
  et	
  al.	
  2010;	
  Burton	
  et	
  al.	
  2012).	
  
Ceres	
  went	
   indeed	
  through	
  a	
  period	
  of	
  hydrothermal	
  alteration	
  (Neveu	
  et	
  al.,	
  2014;	
  Hendrix	
  et	
  al.,	
  
2016)	
   as	
   well	
   as	
   TAM5.29,	
   which	
   also	
   shows	
   an	
   average	
   organics	
   absorption	
   at	
   3.3	
   µm	
   (Fig.	
   5A)	
  
rather	
   than	
   at	
   3.4-­‐3.5	
   µm	
   (only	
   found	
   in	
   a	
   localized	
   spot	
   Fig.	
   5B).	
   Thus,	
   hydrothermal	
   processes	
  
suffered	
   by	
   TAM5.29	
   may	
   have	
   destroyed	
   the	
   majority	
   of	
   the	
   aliphatic	
   hydrocarbons	
   (typical	
  
absorption	
  band	
  at	
  3.4-­‐3.5	
  only	
  found	
  in	
  one	
  spot)	
  in	
  favour	
  of	
  aromatic	
  hydrocarbons	
  (absorption	
  at	
  
shorter	
   wavelengths	
   around	
   3.3	
   µm).	
   This	
   process	
   on	
   Ceres	
   may	
   lead	
   to	
   a	
   liberation	
   of	
   NH	
  
compounds	
   that	
  may	
  have	
  been	
  recycled	
  by	
  aromatic	
  hydrocarbons	
  or	
  may	
  have	
  entered	
   into	
  the	
  
phyllosilicates	
  lattice	
  (i.e.	
  ammoniated	
  phyllosilicates,	
  De	
  Sanctis	
  et	
  al.,	
  2015).	
  
The	
  presence	
  of	
   localized	
  aliphatic-­‐rich	
  spots	
  on	
  Ceres	
  around	
  the	
  Ernutet	
  crater	
  may	
  be	
  explained	
  
with	
   recent	
   mobilization	
   of	
   pristine	
   material	
   or	
   by	
   sublimation	
   and	
   outbursting	
   (see	
   chapter	
   3).	
  
Regarding	
  TAM5.29	
  the	
  aliphatic	
  band	
  is	
  probably	
  related	
  to	
  a	
  remnant	
  of	
  pristine	
  material	
  since	
  the	
  
micrometeorites	
   underwent	
   an	
   incomplete	
   heterogeneous	
   metamorphism	
   and	
   still	
   retains	
   rare	
  
pristine	
  phases	
  such	
  as	
  enstatite	
  and	
  forsterite	
  crystals	
  (see	
  chapter	
  1;	
  Nava	
  et	
  al.,	
  accepted	
  under	
  
review).	
  	
  
The	
  3.07	
  µm	
  band	
  described	
  in	
  TAM18c.11	
  is	
  intimately	
  linked	
  to	
  the	
  presence	
  of	
  NH	
  in	
  the	
  jarosite	
  
(as	
  discussed	
  in	
  paragraph	
  3.1)	
  and	
  can	
  cast	
  light	
  on	
  in	
  situ	
  alteration	
  at	
  around	
  0°C	
  in	
  presence	
  of	
  
ice	
  on	
  main	
  belt	
  asteroids	
  and	
  protoplanets	
  like	
  Ceres.	
  Aqueous	
  alteration	
  or	
  cryovolcanic	
  processes	
  
can	
  lead	
  to	
  the	
  formation	
  of	
  evaporites	
  on	
  bodies	
  like	
  Ceres	
  (De	
  Sanctis	
  et	
  al.,	
  2016;	
  Nathues	
  et	
  al.,	
  
2017;	
  Bu	
  et	
  al.,	
  2018).	
  Ammonium-­‐jarosite	
  found	
  in	
  TAM18c.11	
  as	
  a	
  product	
  of	
  terrestrial	
  alteration	
  
can	
  thus	
  form	
  also	
  on	
  bodies	
  like	
  Ceres.	
  Indeed	
  ammonium-­‐jarosite	
  crystallises	
  in	
  environments	
  that	
  
are	
  rich	
  in	
  organic	
  material	
  (fine-­‐grained	
  micrometeorites	
  are	
  in	
  fact	
  enriched	
  in	
  organic	
  matter,	
  see	
  
chapter	
  3)	
  and	
  C-­‐type	
  asteroids	
  are	
  rich	
  in	
  organics	
  as	
  well	
  (Rivkin	
  and	
  Emery,	
  2010;	
  Hendrix	
  et	
  al.,	
  
2016;	
  Marchi	
  et	
  al.,	
  2019),	
  thus	
  formation	
  of	
  ammonium	
  bearing	
  sulphates	
  on	
  C-­‐type	
  asteroids,	
  like	
  
the	
  case	
  of	
  TAM18c.11,	
  is	
  plausible.	
  However,	
  ammonium-­‐jarosite	
  in	
  TAM18c.11	
  was	
  formed	
  under	
  
atmospheric	
  conditions	
  in	
  which	
  sulphates	
  are	
  stable,	
  whereas	
  the	
  stability	
  of	
  hydrated	
  sulphates	
  on	
  
airless	
  bodies	
  is	
  controversial	
  considered	
  that	
  OH	
  in	
  vacuum	
  is	
  expected	
  to	
  sublimate	
  (Nathues	
  et	
  al.,	
  
2015;	
  Bu	
  et	
  al.,	
  2018).	
   If	
  OH-­‐sulphates	
  are	
  not	
   likely	
   to	
  exist	
  on	
   the	
  surface	
  of	
  asteroids,	
   than	
  NH-­‐
sulphates	
  are	
  even	
  less	
  likely	
  given	
  that	
  NH	
  is	
  more	
  volatile	
  than	
  OH.	
  On	
  the	
  contrary	
  Bu	
  et	
  al.	
  (2018)	
  
suggest	
   that	
   minimally	
   hydrated	
   sulphates	
   may	
   be	
   still	
   be	
   present	
   on	
   low-­‐pressure	
   atmosphere	
  
bodies.	
   In	
  addition,	
   sulphates	
  have	
  been	
   reported	
   in	
  CM	
  and	
  CI	
   chondrites	
   (Velbel,	
  1988;	
  Zolotov,	
  
2009-­‐2016;	
   Zolensky	
  et	
   al.,	
   2016),	
  meteorites	
  with	
  a	
   composition	
   closely	
   related	
   to	
   that	
  of	
  C-­‐type	
  
asteroids	
   suggesting	
   the	
   presence	
   of	
   sulphates	
   on	
   CCs	
   parent	
   bodies.	
   De	
   Sanctis	
   et	
   al.	
   (2019)	
  
proposed	
  NH-­‐salts	
   as	
   possible	
   candidates	
   for	
   the	
  3.07	
  µm	
  band	
  on	
  Ceres	
   and	
  NH-­‐salts	
   have	
  been	
  
detected	
   on	
   Ceres	
   in	
   the	
   Ceralia	
   Facula	
   (De	
   Sanctis	
   et	
   al.,	
   2016;	
   Raponi	
   et	
   al.,	
   2019).	
   Thus,	
   NH-­‐
bearing	
   sulphates	
   as	
   carriers	
   of	
   the	
   3	
   µm	
   band	
  may	
   be	
   another	
   explanation	
   and	
  may	
   give	
   some	
  
contribution	
  to	
  the	
  3	
  µm	
  band,	
  especially	
   in	
   localized	
  spots	
  were	
  upwelling	
  of	
  evaporites	
  and	
  salts	
  
occurs	
  (i.e.	
  Ceralia	
  Facula,	
  De	
  Sanctis	
  et	
  al.,	
  2016,	
  Raponi	
  et	
  al.,	
  2019).	
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Fig.	
  7.	
  IR	
  reflectance	
  spectra	
  of	
  Europa	
  and	
  Patietia,	
  two	
  of	
  the	
  Europa-­‐like	
  C-­‐type	
  asteroids	
  (Takir	
  et	
  
al.,	
  2012).	
  	
  

	
  
Fig.	
  8.	
  IR	
  reflectance	
  spectra	
  of	
  Hygiea,	
  Ceres	
  and	
  Siwa,	
  three	
  of	
  the	
  Ceres-­‐like	
  C-­‐type	
  asteroids	
  (Takir	
  
et	
  al.,	
  2012).	
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3.3.	
  Anhydrous	
  pyroxene	
  presence	
  on	
  Ceres	
  and	
  C-­‐type	
  asteroids	
  
Previous	
   studies	
  on	
   IDPs	
   as	
  possible	
   analogues	
   for	
   icy	
  bodies	
   revealed	
   the	
  presence	
  of	
   anhydrous	
  
pyroxene	
  in	
  IDPs	
  (Vernazza	
  et	
  al.,	
  2017).	
  This	
  seems	
  to	
  be	
  inconsistent	
  with	
  the	
  hydrous	
  nature	
  of	
  icy	
  
bodies	
   as	
   well	
   as	
   C-­‐type	
   asteroids	
   (Vernazza	
   et	
   al.,	
   2017).	
   However,	
   a	
   minimum	
   presence	
   of	
  
anhydrous	
  pyroxene,	
  mainly	
  enstatite,	
  has	
  been	
  reported	
  on	
  Ceres	
  and	
  Eugenia	
  with	
  an	
  abundance	
  
of	
  around	
  20	
  vol%	
  mixed	
  with	
  hydrated	
  minerals	
  (Vernazza	
  et	
  al.,	
  2017).	
  The	
  best	
  explanation	
  for	
  the	
  
presence	
  of	
  enstatite	
  is	
  an	
  exogenous	
  origin,	
  in	
  particular	
  from	
  pyroxene-­‐rich	
  dust	
  (Vernazza	
  et	
  al.,	
  
2017).	
  Our	
  results	
  on	
  TAM5.29	
  give	
   important	
   insights	
  on	
  the	
  nature	
  of	
  anhydrous	
  pyroxene	
  on	
  C-­‐
type	
   asteroids.	
   Enstatite	
   as	
   a	
   relict	
   mineral,	
   not	
   affected	
   by	
   metasomatism,	
   has	
   been	
   found	
   in	
  
TAM5.29	
   (fig.	
   2A).	
   At	
   the	
   same	
   time	
   diopside	
   is	
   found	
   in	
   TAM5.29	
   (fig.	
   2A-­‐B)	
   and	
   is	
   a	
   product	
   of	
  
metasomatism.	
  As	
  discussed	
  above	
  under	
  a	
  spectroscopic	
  point	
  of	
  view	
  TAM5.29	
  may	
  be	
  a	
  possible	
  
analogue	
   of	
   C-­‐type	
   asteroids,	
   especially	
   the	
   Europa-­‐like	
   bodies.	
   TAM5.29	
   also	
   is	
   the	
   result	
   of	
  
geological	
  processes	
  like	
  hydrothermalism	
  and	
  metasomatism	
  at	
  ~250°C,	
  similar	
  to	
  those	
  proposed	
  
for	
  bodies	
   like	
  Ceres	
   (Neveu	
  et	
   al.,	
   2014;	
  Hendrix	
   et	
   al.,	
   2016).	
   Thus,	
  we	
  bring	
  evidences	
   that	
   the	
  
presence	
   of	
   anhydrous	
   pyroxene	
   can	
   be	
   an	
   original	
   feature	
   of	
   C-­‐type	
   asteroids.	
   In	
   particular	
  
enstatite	
   may	
   represent	
   remnants	
   of	
   the	
   original	
   pristine	
   material	
   from	
   which	
   C-­‐type	
   asteroids	
  
formed	
   and	
   diopside-­‐hedenbergite	
   may	
   be	
   products	
   of	
   endogenous	
   processing.	
   We	
   also	
   suggest	
  
that	
   not	
   only	
   pyroxene	
   but	
   also	
   olivine	
   can	
   be	
   actually	
   largely	
   present	
   on	
   C-­‐type	
   asteroids.	
   The	
  
majority	
   of	
   the	
   olivine	
   is	
   altered	
   into	
   iddingsite	
   by	
   low-­‐temperature	
   aqueous	
   alteration,	
   like	
   the	
  
fayalite	
  in	
  TAM5.29,	
  explaining	
  the	
  fact	
  that	
  in	
  the	
  spectra	
  of	
  C-­‐type	
  asteroids	
  olivine	
  is	
  not	
  detected.	
  	
  	
  
	
  
4.	
  Conclusions	
  
We	
  document	
  the	
  micrometeorite	
  samples	
  TAM5.29,	
  TAM18c.11	
  and	
  TAM18c.13	
  showing	
  a	
  clear	
  3	
  
µm	
   band	
   in	
   their	
   reflectance	
   spectra,	
   which	
   together	
  with	
   the	
   Efremovka	
   CV	
   chondrite	
   found	
   by	
  
Takir	
  et	
  al.	
   (2019)	
  are	
   the	
   first	
   samples	
   found	
  with	
  a	
  prominent	
  3	
  µm	
  band.	
  All	
   the	
   three	
  samples	
  
have	
  a	
  composition	
  closely	
  related	
  to	
  the	
  carbonaceous	
  chondrites.	
  TAM18c.11	
  and	
  TAM18c.13	
  are	
  
in	
   fact	
   fine-­‐grained	
  micrometeorites,	
  while	
  TAM5.29	
   is	
  a	
  CV-­‐like	
  minimeteorite.	
  The	
  high	
  Antarctic	
  
alteration	
   and	
   fine-­‐grained	
   matrix	
   of	
   TAM18c.11	
   and	
   TAM18c.13	
   put	
   some	
   limitations	
   on	
   the	
  
mineralogical	
  and	
  spectroscopic	
  study	
  of	
  these	
  samples.	
  Phyllosilicates	
  and	
  tiny	
  metal	
  alloys	
  are	
  still	
  
found	
   in	
   the	
   olivine-­‐like	
   matrix	
   of	
   TAM18c.11	
   and	
   TAM18c.13.	
   However	
   the	
   majority	
   of	
   these	
  
samples	
   is	
   replaced	
   by	
   jarosite	
   formed	
   by	
   terrestrial	
   alteration	
   in	
   Antarctica.	
   In	
   particular,	
   in	
  
TAM18c.11	
  is	
  characterised	
  by	
  the	
  presence	
  of	
  ammonium-­‐jarosite.	
  On	
  the	
  contrary	
  TAM5.29	
  has	
  a	
  
minimal	
  alteration	
  and	
  an	
  interesting	
  mineralogy	
  that	
  records	
  hydrothermal	
  alteration	
  on	
  the	
  parent	
  
body.	
   TAM5.29	
   is	
   composed	
   by	
   a	
   Fe-­‐rich	
   olivine	
   matrix	
   plus	
   andradite	
   inclusions	
   with	
   haloes	
   of	
  
diopside-­‐jarosite	
   intimately	
   mixed	
   formed	
   by	
   metasomatism	
   at	
   250°C.	
   In	
   addition	
   iddingsite	
  
replaced	
  the	
  fayalite	
  during	
  a	
  secondary	
  phase	
  of	
  low	
  temperature	
  aqueous	
  alteration.	
  Iddingsite	
  is	
  
a	
  mixture	
  of	
  nano-­‐proportion	
  Fe-­‐rich	
  hydrous	
  phyllosilicates,	
  Fe-­‐oxy-­‐hydroxes	
  like	
  hematite-­‐goethite	
  
and	
   possibly	
  minor	
   Fe-­‐carbonates	
   like	
   siderite	
   and	
   chukanovite.	
   CH	
   and	
   SH	
   functional	
   groups	
   are	
  
found	
  scattered	
  all	
  around	
  the	
  TAM5.29	
  particle.	
  The	
  bulk	
  reflectance	
  spectra	
  of	
  the	
  three	
  samples	
  
has	
   band	
   centre	
   at	
   around	
   3.15	
   µm,	
   but	
   a	
  more	
   detailed	
   spectral	
  map	
   on	
   TAM5.29	
   revealed	
   the	
  
presence	
  of	
   two	
  bands	
  with	
  minima	
   at	
   3.15	
  µm	
  and	
  3.07	
  µm.	
   The	
   3.15	
  µm	
  band	
   is	
   found	
   closely	
  
mixed	
  with	
   Fe-­‐rich	
   altered	
  matrix,	
   while	
   the	
   3.07	
   µm	
   is	
   found	
   together	
  with	
   the	
   3.4	
   and	
   3.5	
   µm	
  
bands	
  of	
   aliphatic	
  hydrocarbons.	
  Combining	
  petrographic	
   and	
   spectral	
   information	
  and	
   comparing	
  
them	
  to	
  the	
  spectra	
  of	
  C-­‐type	
  asteroids	
  we	
  conclude	
  that:	
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1. The	
  3.15	
  µm	
  band	
  is	
  given	
  by	
  Fe-­‐OH	
  bonds.	
  Thus	
  the	
  Europa-­‐like	
  asteroids,	
  characterised	
  by	
  
a	
   3.15	
   µm	
   band,	
   are	
   Fe-­‐rich	
   hydrous	
   worlds	
   characterised	
   by	
   Fe-­‐clays	
   and	
   phyllosilicates	
  
created	
  by	
  a	
  period	
  of	
  extensive	
  hydrothermal	
  alteration	
  and/or	
   low-­‐temperature	
  aqueous	
  
alteration.	
  	
  

2. The	
   3.15	
   µm	
   band	
   of	
   TAM5.29	
   coupled	
   with	
   the	
   3.11	
   µm	
   band	
   of	
   the	
   CV	
   chondrite	
  
Efremovka	
   (Takir	
   et	
   al.,	
   2019)	
   point	
   to	
   a	
   CV-­‐like	
   composition	
   of	
   the	
   Europa-­‐like	
   asteroids.	
  
Thus	
  Europa-­‐like	
  bodies	
  may	
  be	
  the	
  CV	
  chondrites	
  parent	
  bodies.	
  

3. The	
  3.07	
  µm	
  band	
   is	
   related	
   to	
  organic	
  matter,	
   in	
  particular	
  CH	
  and	
  NH	
   functional	
   groups	
  
found	
   in	
   aromatic	
   or	
   aliphatic	
   hydrocarbons	
   or	
   in	
   the	
   phyllosilicates	
   lattice.	
   This	
   suggests	
  
that	
   the	
   Ceres-­‐like	
   asteroids,	
   which	
   have	
   a	
   3.05	
   ±	
   0.01	
   µm	
   band,	
   are	
   bodies	
   enriched	
   in	
  
organic	
  matter.	
  	
  	
  

4. The	
  3.05-­‐3.06	
  µm	
  band	
  revealed	
  by	
  TAM18c.11	
  is	
  probably	
  related	
  to	
  terrestrial	
  NH-­‐jarosite.	
  
This	
  suggests	
  that	
  on	
  bodies	
  with	
  past	
  or	
  active	
  aqueous	
  alteration	
  and	
  cryovolcanism	
  (e.g.	
  
Ceres)	
  creating	
  evaporites,	
  the	
  NH	
  compounds	
  may	
  also	
  be	
  found	
  in	
  the	
  sulphates	
  and	
  salts.	
  
However,	
   the	
   high	
   instability	
   of	
   sulphates	
   on	
   low-­‐pressure	
   atmosphere	
   bodies	
  makes	
   this	
  
hypothesis	
   less	
   likely	
  or	
  at	
   least	
  the	
  contribution	
  of	
  NH-­‐sulphates	
  to	
  the	
  3	
  µm	
  band	
  is	
  only	
  
minimal	
  and	
  localized.	
  	
  

	
  
Finally,	
   our	
   observations	
   bring	
   evidence	
   that	
   anhydrous	
   pyroxene	
   (enstatite	
   and	
   diopside-­‐
hedenbergite)	
  can	
  be	
  present	
  on	
  C-­‐type	
  asteroids	
  as	
  remnants	
  of	
  the	
  pristine	
  material	
  and	
  product	
  
of	
   hydrothermal	
   alteration.	
   Olivine	
   can	
   also	
   be	
   present	
   on	
   C-­‐type	
   asteroids,	
   largely	
   replaced	
   by	
  
iddingsite.	
  Thus,	
  pyroxene	
  and	
  olivine	
  may	
  be	
  also	
  endogenous	
  materials	
  and	
  not	
  only	
  an	
  exogenous	
  
contribution	
  of	
  dust	
  and	
  meteorites.	
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Chapter	
  5	
  
	
  
Outburst	
  nature	
  of	
  hydrocarbons	
  on	
  icy	
  bodies	
  of	
  the	
  Solar	
  System	
  
	
  
Abstract	
  
Outbursts	
  can	
  be	
  generated	
  by	
  cryovolcanism	
  in	
  many	
  different	
  planetary	
  bodies	
  such	
  as	
  asteroids,	
  
satellites,	
   TransNeptunian	
   Objects	
   (TNOs)	
   and	
   by	
   irradiation	
   and	
   sublimation	
   on	
   cometary	
   nuclei.	
  
Mechanisms	
   driving	
   cryovolcanic	
   activity	
   and	
   ice-­‐rock	
   interaction	
   are	
   poorly	
   understood.	
   For	
   this	
  
reason	
  we	
  made	
  some	
  experiments	
  in	
  laboratory	
  with	
  Carbonaceous	
  Chondrites	
  (CCs)	
  and	
  ices	
  with	
  
the	
   intent	
   of	
   simulating	
   cryovolcanic	
   processes	
   and	
   eventually	
   study	
   outbursting	
   products.	
   We	
  
powdered	
   3	
   CCs	
   samples	
   and	
   individually	
  mixed	
   them	
  with	
   deionized	
   or	
   ammoniated	
  waters	
   and	
  
subsequently	
   froze	
   them	
   at	
   -­‐80°C.	
   Once	
   frozen	
   the	
  mixtures	
  were	
   put	
   in	
   a	
   vacuum	
   chamber	
   and	
  
heated	
  from	
  ~	
  -­‐195°C	
  up	
  to	
  ~	
  100°C.	
  We	
  acquired	
  reflectance	
  spectra	
   in	
  the	
  NIR	
  range	
  before	
  and	
  
after	
  the	
  experiment.	
  The	
  powders	
  started	
  sublimating	
  fine	
  particles	
  at	
  around	
  -­‐40°C	
  and	
  between	
  -­‐
20	
  °C	
  and	
  -­‐10°C	
  a	
  violent	
  outburst	
  occurred.	
  We	
  divided	
  the	
  sublimated	
  powders	
  from	
  the	
  ejected	
  
powders	
  during	
  the	
  outburst	
  and	
  compared	
  with	
  the	
  original	
  ones.	
   In	
  the	
  ejected	
  powders	
  the	
  3.4	
  
µm	
   and	
   3.5	
   µm	
   bands	
   of	
   aliphatic	
   hydrocarbons	
   appeared	
   in	
   two	
   of	
   the	
   3	
   samples,	
   while	
   in	
   the	
  
original	
  and	
  sublimated	
  powders	
  this	
  feature	
  was	
  not	
  found.	
  Gas	
  chromatography	
  analyses	
  showed	
  
that	
   in	
   the	
   sublimated	
   powders	
   two	
   new	
   n-­‐alkanes,	
   the	
   C19	
   and	
   C21,	
   formed	
   (not	
   enough	
   to	
   be	
  
detected	
  by	
  reflectance	
  spectroscopy).	
  Even	
  more	
   interestingly	
   in	
  the	
  ejected	
  powders	
  the	
  C19	
  and	
  
C21	
   were	
   found	
   in	
   higher	
   abundance	
   with	
   respect	
   to	
   the	
   sublimated	
   and	
   original	
   powders	
   and	
  
another	
   n-­‐alkane,	
   the	
   C17,	
   appeared	
   in	
   very	
   high	
   quantities.	
   Hence	
   we	
   find	
   out	
   that	
   aliphatic	
  
hydrocarbons	
   can	
   form	
   in	
   presence	
   of	
   ice	
   during	
   short-­‐duration	
   sublimation-­‐outburst	
   at	
  
temperature	
  as	
   low	
  as	
   -­‐40°C.	
  This	
   finding	
   is	
  able	
   to	
  explain	
   the	
  organic-­‐rich	
  composition	
  of	
  bodies	
  
like	
  Ceres,	
   Themis	
   and	
  most	
   importantly	
   implies	
   that	
   cometary	
  activity	
   is	
   capable	
  of	
   creating	
  new	
  
organic	
   materials	
   which	
   can	
   not	
   anymore	
   considered	
   only	
   as	
   unprocessed	
   remnant	
   of	
   the	
   Solar	
  
Nebula.	
  Our	
  results	
  can	
  also	
  explain	
  the	
  high	
  organic	
  matter	
  abundances	
  in	
  micrometeorites	
  (MMs)	
  
if	
  we	
  consider	
  sublimation-­‐outburst	
  as	
  a	
  delivery	
  mechanism	
  for	
  MMs.	
  	
  
	
  
	
  
1.	
  Introduction	
  
Outbursting	
  either	
  related	
  to	
  sublimation	
  by	
   irradiation	
  or	
  cryovolcanism	
  deeply	
  shape	
  the	
  surface	
  
of	
   a	
   variety	
   of	
   planetary	
   and	
  minor	
   bodies	
   such	
   as	
   dwarf	
   planets	
   like	
   Ceres	
   (Ruesch	
   et	
   al.,	
   2016),	
  
satellites	
   like	
   Europa	
   (Quick	
   et	
   al.,	
   2017),	
   Enceladus	
   (Postberg	
   et	
   al.,	
   2009),	
   Ganymede	
   (Kay	
   and	
  
Head,	
   1999;	
  Head	
  et	
   al.,	
   2002)	
   and	
  Charon	
   (Desch	
   and	
  neveu,	
   2017),	
   and	
   cometary	
  nuclei	
   (Miles,	
  
2016;	
  Vincent	
  et	
  al.,	
  2016).	
  Although	
  prerequisites	
  for	
  cryovolcanism	
  have	
  been	
  delineated	
  by	
  Kargel	
  
(1991)	
  and	
  Neveu	
  et	
  al.	
   (2015)	
   cryovolcanic	
  processes	
  and	
   their	
   related	
  products	
  are	
   still	
  not	
  well	
  
understood.	
  Volatiles	
  are	
  crucial	
  for	
  the	
  generation	
  of	
  outbursts,	
  in	
  particular	
  carbon	
  monoxide	
  (CO)	
  
and	
   other	
   volatiles	
   (CO2,	
   N2,	
   CH4	
   and	
   H2)	
   that	
   can	
   be	
   produced	
   by	
   other	
   mechanism	
   such	
   as	
  
hydrothermal	
   activity	
   (Neveu	
   et	
   al.,	
   2015).	
   Cracks	
   formation	
   and	
   propagation	
   is	
   another	
   crucial	
  
aspect	
   that	
  control	
   cryovolcanism	
   (Neveu	
  et	
  al.,	
  2015).	
  Cracks	
  propagation	
   is	
   in	
   turn	
  controlled	
  by	
  
the	
  internal	
  structure	
  of	
  planetesimals,	
  a	
  hydrated	
  core	
  facilitates	
  the	
  formation	
  of	
  cracks	
  while	
  in	
  an	
  
undifferentiated	
   body	
   cracks	
   are	
   less	
   likely	
   to	
   form	
   (Neveu	
   et	
   al.,	
   2015).	
   The	
   Petrogenesis	
   of	
   the	
  
brines	
  involved	
  in	
  the	
  cryovolcanic	
  processes	
  has	
  been	
  described	
  in	
  the	
  system	
  H2O-­‐MgSO4-­‐Na2SO4,	
  
where	
   the	
  main	
   solutes	
   are	
  MgSO4	
   and	
  Na2SO4	
   plus	
  minor	
   sulphates	
   of	
   K,	
  Ni,	
  Mn	
   and	
   Ca	
   (Kargel,	
  
1991).	
  Carbon-­‐nitrogen-­‐sulphur	
  species	
  as	
  well	
  as	
  hydrogen	
  are	
  also	
  very	
  important,	
  in	
  particular	
  CO,	
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CO2,	
  N2,	
  CH4	
  and	
  H2	
  exsolution	
  may	
  lead	
  to	
  a	
  gas-­‐driven	
  activity	
  resulting	
  in	
  an	
  explosive	
  cryovolcanic	
  
event	
   (Neveu	
   et	
   al.,	
   2015).	
   Surface	
   expressions	
   of	
   outbursting	
   and	
   cryovolcanism	
   are	
   multiple:	
  
conical	
  mountains	
  found	
  in	
  depressions	
  like	
  the	
  Kubrick	
  Mons	
  on	
  Charon	
  (Desch	
  and	
  Neveu,	
  2017),	
  
Domes	
  found	
  on	
  Europa	
  (Pappalardo	
  and	
  Barr,	
  2004;	
  Quick	
  et	
  al.,	
  2017),	
  Enceladus	
  (Helfenstein	
  et	
  
al.,	
  2005;	
  Spencer	
  et	
  al.,	
  2009)	
  and	
  Ceres	
  (Ruesch	
  et	
  al.,	
  2016),	
  salt	
  rich	
  water	
  fountains	
  like	
  the	
  case	
  
of	
  Occator	
  bright	
  spots	
  on	
  Ceres	
  (Ruesch	
  et	
  al.,	
  2019),	
  cryogenic	
  flow	
  features	
  on	
  Ceres	
  (Krohn	
  et	
  al.,	
  
2016)	
   and	
   on	
   comets	
   (1P/Halley,	
   9P/Tempel	
   1	
   and	
   19P/Borrelly;	
   Belton,	
   2010),	
   ejecta	
   curtain-­‐like	
  
deposits	
  on	
   the	
  9P/Tempel	
  1	
  comet	
   (Belton	
  and	
  Melosh,	
  2009),	
   low–lying	
  and	
   low-­‐albedo	
  smooth	
  
surfaces	
  on	
  Europa	
  (Fagents,	
  2003)	
  and	
  pits	
   from	
  sinkhole	
  collapse	
   in	
  several	
  comet	
  such	
  as	
  Wild2	
  
and	
  67P	
  comets	
   (Vincent	
  et	
  al.,	
   2015).	
  Outburst	
  may	
  be	
  driven	
  by	
  gas	
  exsolution,	
   in	
  particular	
  CO	
  
release	
   (Belton	
   and	
  Melosh,	
   2009),	
   by	
   post	
   impact	
   heating	
   (Krohn	
   et	
   al.,	
   2016),	
   rapid	
   change	
   of	
  
temperatures	
  due	
  to	
  solar	
  heating	
  (Jewitt,	
  2004;	
  Belton,	
  2010;	
  Vincent	
  et	
  al.,	
  2016),	
  rapid	
  release	
  of	
  
pressure	
   (e.g.	
   cliff	
   collapse)	
   (Vincent	
   et	
   al.,	
   2016;	
   Pajola	
   et	
   al.,	
   2017)	
   or	
   by	
   a	
   subsurface	
   energy	
  
source	
  given	
  by	
  the	
  phase	
  transition	
  of	
  amorphous	
  to	
  crystalline	
  ice	
  (Tancredi	
  et	
  al.,	
  1994;	
  Vincent	
  et	
  
al.,	
  2015).	
  These	
  models	
  imply	
  that	
  outbursting	
  effects	
  are	
  confined	
  to	
  the	
  surface	
  and	
  subsurface	
  of	
  
a	
  planetary	
  body.	
  However	
  outburst	
  might	
   imply	
  brines	
  and	
  volatiles	
  mobilization	
   from	
  depth.	
  On	
  
planetary	
  bodies	
  this	
  can	
  be	
  hallowed	
  by	
  endogenic	
  heating	
  due	
  to	
  long-­‐lived	
  radioisotopes	
  (McCord	
  
et	
  al.,	
  2011),	
  tidal	
  stress	
  (Neveu	
  et	
  al.,	
  2015)	
  or	
  ascent	
  of	
  liquids	
  and	
  brines	
  due	
  to	
  natural	
  buoyancy	
  
(Desch	
   and	
   Neveu,	
   2017).	
   On	
   cometary	
   bodies	
   mobilization	
   of	
   volatiles	
   is	
   rather	
   due	
   to	
   thermal	
  
stress	
  induced	
  by	
  the	
  changing	
  conditions	
  of	
  solar	
  illumination	
  (De	
  Sanctis	
  et	
  al.,	
  2015)	
  or	
  fluidization	
  
created	
  by	
   internal	
   pressure	
  of	
   super-­‐volatiles	
   (Belton,	
   2010).	
  Different	
   types	
  of	
   cometary	
   activity	
  
have	
  been	
  proposed	
  (Belton	
  and	
  Melosh,	
  2009;	
  Belton	
  et	
  al.,	
  2008;	
  Belton,	
  2010-­‐2017;	
  De	
  Sanctis	
  et	
  
al.,	
   2015),	
   all	
   of	
   them	
   involving	
  H2O,	
   CO	
  and	
  CO2	
   as	
  main	
  drivers	
   of	
   jets	
   and	
  outbursts.	
   Cometary	
  
outburst	
   may	
   be	
   either	
   a	
   low-­‐intensity	
   widespread	
   sublimation	
   process	
   or	
   localized	
   destructive	
  
episodes	
  (Belton,	
  2010;	
  Vincent	
  et	
  al.,	
  2015-­‐2016;	
  Pajola	
  et	
  al.,	
  2017).	
  The	
  general	
  consensus	
  is	
  that	
  
low-­‐intensity	
  process	
  are	
  driven	
  by	
  sunlight	
  (Belton,	
  2010;	
  De	
  Sanctis	
  et	
  al.,	
  2015)	
  and	
  involve	
  mainly	
  
water	
   sublimation,	
   while	
   violent	
   outbursts	
   are	
   due	
   to	
   super-­‐volatiles	
   release	
   induced	
   by	
   internal	
  
process	
  and	
  only	
  partially	
  stimulated	
  by	
  illumination	
  (Belton,	
  2010;	
  Vincent	
  et	
  al.	
  2015).	
  	
  
The	
  role	
  of	
  rock-­‐ice	
  interactions	
  is	
  still	
  to	
  be	
  clarified.	
  Carbonaceous	
  chondrites	
  (CCs)	
  are	
  the	
  closest	
  
icy-­‐bodies	
  analogues.	
  CCs	
  are	
  rich	
  in	
  soluble	
  salts	
  and	
  unstable	
  anhydrous	
  minerals.	
  These	
  minerals	
  
can	
  react	
  with	
  water	
  even	
  at	
   low	
  temperatures	
  modifying	
  the	
  composition	
  of	
  the	
  cryomagma,	
  and	
  
thus	
   its	
   rheology	
   giving	
   birth	
   to	
   different	
   cryogenic	
   morphologies	
   (domes	
   in	
   case	
   of	
   viscous	
  
cryomagma,	
   ejecta-­‐like	
   in	
   case	
   of	
   explosive	
   eruptions	
   in	
   case	
   of	
   viscous	
   and	
   volatile-­‐rich	
  
cryomagmas	
   or	
   flows	
   in	
   case	
   of	
   volatile-­‐poor	
   cryomagma)	
   (Kargel,	
   1991).	
   Hence	
   we	
   carried	
   out	
  
laboratory	
   experiments	
   involving	
   CCs	
   and	
   ices	
   to	
   shed	
   light	
   on	
   the	
   mechanism	
   and	
   products	
   of	
  
outburst	
   processes	
   in	
   our	
   Solar	
   System	
   showing	
   that	
   sublimation	
   of	
   fine	
   particles	
   begins	
   at	
  
temperatures	
   as	
   low	
  as	
   -­‐40°C	
  and	
  are	
   followed	
  by	
  outburst	
   at	
   temperatures	
  between	
   -­‐20°C	
  and	
   -­‐
10°C	
  depending	
  on	
  the	
  composition	
  of	
  the	
  ice.	
  Temperature	
  is	
  indeed	
  dependent	
  on	
  ice	
  composition	
  
since	
   ammoniated	
   ices	
   sublimate	
   at	
   lower	
   temperatures	
   than	
   deionized	
   water	
   ones.	
   With	
   these	
  
experiments	
   we	
   show	
   that	
   outbursting	
   is	
   a	
   main	
   mechanism	
   capable	
   of	
   creating	
   and	
   processing	
  
organic	
  matter	
  on	
   icy	
  bodies	
   in	
  our	
  Solar	
  System,	
  being	
  able	
  of	
  generating	
   long	
  chains	
  of	
  aliphatic	
  
hydrocarbons.	
  	
  
Our	
  experiments	
  shed	
  light	
  also	
  on	
  one	
  possible	
  mechanism	
  that	
  can	
  remove	
  micrometeorites	
  from	
  
their	
   parent	
   bodies.	
   Micrometeorites	
   originate	
   from	
   the	
   asteroid	
   belt	
   (Genge	
   et	
   al.,	
   2008;	
   van	
  
Ginneken	
   et	
   al.,	
   2012)	
   and	
   cometary	
   sources	
   (Noguchi	
   et	
   al.,	
   2015),	
   however	
   it	
   is	
   not	
   well	
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understood	
   the	
   way	
   they	
   are	
   delivered	
   from	
   their	
   parent	
   bodies	
   to	
   Earth.	
   The	
   majority	
   of	
   the	
  
micrometeorites	
  with	
  a	
  composition	
  similar	
  to	
  the	
  carbonaceous	
  chondrites	
  (Suavet	
  et	
  al.,	
  2010;	
  van	
  
Ginneken	
  et	
  al.,	
  2012;	
  Taylor	
  et	
  al.,	
  2012)	
  are	
  called	
  fine-­‐grained	
  unmelted	
  micrometeorites	
  (Fg-­‐MM)	
  
(Genge	
   et	
   al.,	
   2008).	
   However	
   substantial	
   differences	
   between	
   MMs	
   and	
   CCs	
   exist,	
   being	
   MMs	
  
particularly	
   enriched	
   in	
   organic	
   matter	
   (Bonal	
   et	
   al.,	
   2019).	
   Our	
   experiments	
   can	
   reconcile	
   this	
  
compositional	
  difference	
   if	
  we	
  assume	
  that	
   the	
  majority	
  of	
   the	
  micrometeorites	
  are	
  expelled	
   from	
  
their	
  parent	
  bodies	
  via	
  sublimation	
  and	
  outbursts,	
  a	
  process	
  that	
  we	
  have	
  demonstrated	
   is	
  able	
  to	
  
enrich	
  the	
  ejected	
  material	
  in	
  the	
  specific	
  organic	
  matter	
  underling	
  the	
  difference	
  between	
  CCs	
  and	
  
the	
  analysed	
  Antarctica	
  Fg-­‐MMs.	
  	
  
	
  
2.	
  Experimental	
  details	
  
For	
   the	
   experiments	
   we	
   used	
   5	
   CCs:	
   FRO99040,	
   FRO90006,	
   FRO95002,	
   DaG521	
   and	
   MCY14001.	
  
FRO99040,	
  FRO95002	
  and	
  FRO90006	
  are	
  CO3	
  chondrites	
  while	
  MCY14001	
  is	
  a	
  CM2	
  and	
  DaG521	
  is	
  a	
  
CV3	
   (Fig.	
   1)	
   (described	
   also	
   in	
   chapter	
   4	
   and	
   in	
   Frattin	
   et	
   al.,	
   2019	
   in	
   the	
   appendix).	
   The	
   CO3	
  
chondrites	
  have	
  a	
  similar	
  mineralogy	
  and	
  abundant	
  chondrules	
  (~45	
  vol%)	
  with	
  a	
  mean	
  diameter	
  of	
  
0.2	
   mm.	
   They	
   are	
   mainly	
   composed	
   of	
   olivine	
   and	
   pyroxene	
   with	
   compositions	
   Fa1-­‐59	
   and	
   Fs1-­‐7	
  
(enstatitic	
   low-­‐Ca	
  pyroxenes	
  only)	
   respectively.	
   Fe-­‐Ni	
   alloys	
   and	
   troilite	
   are	
  abundant	
   (~5	
   vol%)	
   as	
  
well	
   as	
   CAIs	
   (~10	
   vol%)	
   containing	
   fassaite,	
   garnets,	
   spinel	
   and	
  melilite.	
   FRO90006	
   was	
   originally	
  
misclassified	
  as	
  a	
  L/LL3.	
  Lately	
  FRO90006	
  has	
  been	
  reclassified	
  as	
  a	
  CO3	
  (Folco	
  and	
  Rastelli,	
  2002),	
  
this	
  sample	
  has	
  indeed	
  a	
  magnetic	
  susceptibility	
  of	
  4.64	
  compatible	
  with	
  a	
  fresh	
  CO3	
  sample	
  (Prof.	
  L.	
  
Folco	
  personal	
  communication).	
  MCY14001	
  has	
  a	
  higher	
  content	
  of	
  matrix	
   than	
  chondrules,	
  which	
  
are	
  only	
  ~20	
  vol%	
  with	
  a	
  mean	
  diameter	
  of	
  0.2	
  mm.	
  Olivines	
  have	
  fayalite	
  content	
  of	
  Fa0.3-­‐57	
  and	
  low-­‐
Ca	
  pyroxenes	
  and	
  a	
  ferrosilite	
  content	
  of	
  Fs0.6-­‐5.	
  Phyllosilicates	
  are	
  widespread	
  replacing	
  chondrules	
  
mesostasis	
   and	
   in	
   the	
   matrix,	
   minor	
   calcite	
   crystals	
   often	
   associated	
   to	
   troilite,	
   FeNi	
   alloys	
   are	
  
generally	
  rare.	
  CAIs	
  builds	
  up	
  ~7	
  vol%	
  of	
  the	
  MCY	
  14001	
  meteorite.	
  All	
  the	
  samples	
  show	
  low	
  shock	
  
stage	
  (S1-­‐S2)	
  and	
  very	
  low	
  to	
  totally	
  absent	
  terrestrial	
  alteration.	
  DaG521	
  is	
  a	
  CV3	
  chondrite	
  and	
  is	
  
the	
   only	
   meteorite	
   of	
   our	
   set	
   with	
   reddish	
   colour,	
   probably	
   due	
   to	
   iron	
   oxide	
   generated	
   by	
  
weathering	
   in	
   the	
   Lybian	
   desert.	
   For	
   the	
   experiments	
   we	
   powdered	
   the	
   sample	
   and	
   mixed	
  
FRO99040,	
   FRO95002	
   and	
   DaG521	
   with	
   deionized	
   water	
   and	
   FRO90006	
   and	
   MCY14001	
   with	
  
ammoniated	
  water	
   (mixtures	
  were	
  around	
  20-­‐30%	
  water	
  and	
  80-­‐70%	
   rock)	
   to	
   simulate	
   icy	
  bodies	
  
conditions	
   as	
  well	
   as	
   composition	
   since	
   carbonaceous	
   chondrites	
   are	
   the	
   closest	
   analogue	
   of	
   icy-­‐
primitive	
   bodies.	
   We	
   put	
   the	
   mixtures	
   in	
   the	
   dryer	
   for	
   ~	
   30	
   minutes	
   to	
   avoid	
   the	
   formation	
   of	
  
atmospheric	
  frost	
  and	
  then	
  we	
  froze	
  them	
  at	
  -­‐80°C.	
  Once	
  frozen	
  the	
  mixtures	
  were	
  put	
  in	
  a	
  cup	
  with	
  
liquid	
  nitrogen	
  to	
  preserve	
  the	
  temperature	
  and	
  then	
  transferred	
  into	
  the	
  emissivity	
  chamber	
  of	
  the	
  
PSL-­‐DLR	
  and	
  heated	
   in	
  vacuum	
  using	
   the	
   induction	
  system.	
  Samples	
  were	
  heated	
   from	
  around	
  ~	
   -­‐
195°C	
   (due	
   to	
   liquid	
   nitrogen)	
   up	
   to	
   100°C,	
   a	
   temperature	
   range	
   which	
   encompass	
   icy	
   bodies	
  
environments	
  (e.g.	
  Ceres	
  surface	
  temperature	
  varies	
  between	
  ~-­‐170°C	
  and	
  ~-­‐70°C	
  (Formisano	
  et	
  al.,	
  
2015);	
  67P/Churyumov-­‐Gerasimenko	
  comet	
  surface	
  temperature	
  ranges	
  between	
  a	
  minimum	
  of	
  ~-­‐
170°C	
  to	
  a	
  maximum	
  of	
  ~70°C	
  (Keller	
  et	
  al.,	
  2015;	
  Pajola	
  et	
  al.,	
  2017).	
  The	
  duration	
  of	
   the	
  heating	
  
process	
   for	
   each	
   mixture	
   was	
   about	
   30	
   minutes.	
   During	
   the	
   experiments,	
   the	
   samples	
   were	
  
monitored	
  using	
  a	
  webcam	
  installed	
  in	
  the	
  chamber	
  and	
  a	
  temperature	
  sensor	
  located	
  at	
  the	
  base	
  of	
  
the	
  sample	
  holder.	
  	
  Once	
  the	
  experiments	
  finished,	
  we	
  acquired	
  reflectance	
  spectra	
  in	
  the	
  NIR	
  range	
  
and	
  compared	
  them	
  with	
  spectra	
  of	
  the	
  original	
  samples	
  acquired	
  before	
  the	
  experiment.	
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Fig.	
   1.	
   SEM	
   backscattered	
   images	
   of	
   A-­‐B)	
   FRO99040;	
   C-­‐D)	
   FRO90006	
   and	
   E-­‐F)	
   MCY14001.	
   Ol=Olivine;	
  
Opx=orthopyroxene	
   (Low-­‐Ca	
   pyroxene);	
   Cpx=clinopyroxene;	
   FeNi=metal	
   alloys	
   (kamacite-­‐taenite);	
  
CAI=Calcium-­‐Auminium	
  inclusions;	
  Cal=calcite;	
  Phyllo=phyllosilicates;	
  FeS=troilite;	
  Sp=spinel.	
  

3.	
  Results	
  
3.1.	
  Experiment	
  results	
  
During	
   the	
   heating	
   process	
   the	
   samples	
   started	
   sublimating	
   fine	
   particles	
   at	
   T~	
   -­‐40°C.	
   Between	
  
around	
  -­‐20°C	
  and	
  -­‐10°C	
  MCY14001,	
  FRO99040	
  and	
  FRO95002	
  also	
  experienced	
  a	
  violent	
  episode	
  of	
  
outburst,	
  after	
  which	
  sublimation	
  of	
  fine	
  particles	
  ceased.	
  In	
  particular	
  FRO99040	
  showed	
  a	
  localized	
  
outburst	
  in	
  a	
  circular	
  area	
  of	
  the	
  sample	
  (Fig.	
  2),	
  leaving	
  a	
  crater-­‐like	
  morphology,	
  while	
  MCY14001	
  
and	
  FRO95002	
  experienced	
  a	
  more	
  catastrophic	
  outburst	
  that	
  affected	
  the	
  entire	
  samples	
  and	
  didn’t	
  
left	
   any	
   particular	
   structure.	
   A	
   violent	
   outburst	
   was	
   not	
   observed	
   during	
   FRO90006	
   and	
   DaG521	
  
heating,	
  which	
  only	
  ejected	
  fine	
  particles.	
  The	
  sublimation	
  gradually	
  decreased	
  and	
  stopped	
  once	
  ice	
  
was	
  completely	
  exhausted.	
  The	
  ejected	
  outgassed	
  powders	
  of	
  FRO90006,	
  FRO99040,	
  FRO95002	
  and	
  
DaG521	
   always	
   show	
   absorption	
   bands	
   at	
   3.4	
   µm	
   and	
   3.5	
   µm	
   while	
   in	
   the	
   original	
   unprocessed	
  
powders	
  and	
  on	
  the	
  powders	
  that	
  remained	
  in	
  the	
  sample	
  holder	
  (sublimated	
  powders)	
  this	
  feature	
  
is	
   not	
   found	
   (Fig.	
   3).	
   FRO95002	
   and	
   DaG521	
   show	
   absorption	
   bands	
   at	
   3.4	
   and	
   3.5	
   µm	
   after	
   the	
  
experiments	
  in	
  the	
  ejected	
  powders	
  like	
  in	
  the	
  case	
  of	
  FRO99040	
  and	
  FRO90006	
  (Fig.	
  4).	
  In	
  addition	
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in	
   FRO95002	
   the	
   3.4-­‐3.5	
   µm	
   features	
   appear	
   also	
   in	
   the	
   sublimated	
   powders	
   (Fig.	
   4).	
   Ejected	
  
powders	
  of	
  MCY14001	
  still	
  show	
  the	
  absorption	
  at	
  3.4	
  µm	
  and	
  3.5	
  µm,	
  but	
  much	
  less	
  prominently	
  
than	
  on	
  the	
  other	
   four	
  samples	
   (Fig.	
  3).	
  As	
  already	
  known	
  from	
   literature,	
   these	
  absorption	
  bands	
  
can	
   be	
   ascribed	
   to	
   the	
   symmetric	
   and	
   antisymmetric	
   stretching	
   frequencies	
   of	
  methyl	
   (-­‐CH3)	
   and	
  
methylene	
   (-­‐CH2-­‐)	
   functional	
   groups,	
   characteristic	
   of	
   hydrogenated	
   sp3	
   carbon	
   (Orthus-­‐Daunay	
  et	
  
al.,	
   2013;	
   De	
   Sanctis	
   et	
   al.,	
   2017).	
   Therefore,	
   GC/MS	
   analyses	
   were	
   conducted	
   on	
   FRO99040,	
  
FRO95002	
   and	
   DaG521	
   to	
   identify	
   and	
   quantify	
   the	
   possible	
   presence	
   of	
   saturated	
   aliphatic	
  
hydrocarbons	
   (i.e.	
  n-­‐alkanes).	
   Such	
  analyses	
   showed	
   that	
   there	
  are	
   some	
  differences	
  between	
   the	
  
ejected	
  powders	
  (hereafter	
  _EJ),	
  hence	
  more	
  closely	
  related	
  to	
  the	
  outgassing	
  event,	
  and	
  the	
  non-­‐
ejected	
   lag	
   part,	
   which	
   experienced	
   sublimation	
   (here	
   after	
   _SB).	
   In	
   particular,	
   in	
   FRO99040_EJ	
  
appears	
   a	
   new	
   aliphatic	
   hydrocarbon	
   at	
   a	
   relatively	
   high	
   concentration	
   (4510	
   ng	
   g-­‐1):	
   the	
  
heptadecane	
   (C17H36),	
  which	
   is	
   not	
  present	
   in	
   FRO99040_SB	
  and	
   in	
   the	
  pristine	
  original	
   FRO99040	
  
(Fig.	
   5).	
   In	
   addition,	
   in	
   FRO9940_EJ	
   other	
   two	
   aliphatic	
   hydrocarbons,	
   nonadecane	
   (C19H40)	
   and	
  
henicosane	
  (C21H44),	
  were	
  found	
  in	
  quantities	
  one	
  order	
  of	
  magnitude	
  higher	
  than	
  in	
  FRO99040_SB,	
  
(i.e.	
   221	
   and	
   31	
   ng	
   g-­‐1	
   vs	
   1386	
   and	
   183,1	
   ng	
   g-­‐1	
   respectively)	
   (Fig.	
   5),	
   whereas	
   in	
   the	
   original	
  
FRO99040	
  the	
  same	
  n-­‐alkanes	
  are	
  absent	
  or	
  eventually	
  lower	
  than	
  the	
  instrumental	
  detection	
  limits	
  
(thus	
  excluding	
  any	
  biological	
  or	
  terrestrial	
  contamination).	
   In	
  FRO95002	
  and	
  DaG521,	
  as	
  expected	
  
from	
  the	
  spectral	
   features	
  acquired	
  after	
   the	
  experiment	
  showing	
  3.4	
  and	
  3.5	
  µm	
  bands	
   in	
  all	
   the	
  
powders,	
   the	
   three	
   compounds	
  heptadecane,	
   nonadecane	
   and	
  henicosane	
  have	
  been	
  detected	
   in	
  
both	
   the	
   ejected	
   and	
   sublimated	
   powders,	
   whereas	
   they	
   were	
   absent	
   in	
   the	
   pristine	
   ones.	
   As	
  
previously	
  observed,	
  in	
  FRO95002	
  the	
  n-­‐alkanes	
  found	
  in	
  the	
  sublimated	
  powders	
  clearly	
  increase	
  in	
  
FRO95002_EJ,	
  doubling	
  their	
  concentrations,	
  while	
  112.5	
  and	
  267.2	
  ng	
  g-­‐1	
  of	
  docosane	
  (C22H46)	
  were	
  
found	
  in	
  FRO95002_SB	
  and	
  FRO95002_EJ	
  powders	
  respectively.	
  Lastly,	
  in	
  both	
  experiments	
  traces	
  of	
  
undecane	
  (C11H24)	
  and	
  pentadecane	
  (C15H32)	
  were	
  detected	
  in	
  the	
  original	
  CC	
  powders.	
  Irrespective	
  
of	
   their	
   origin,	
   that	
   can	
   be	
   ascribed	
   to	
   terrestrial	
   or	
   handling	
   contamination	
   as	
   well	
   as	
   to	
   an	
  
endogenous	
   origin,	
   their	
   behavior	
   follow	
   the	
   same	
   trend	
   of	
   the	
   other	
   compounds	
   and	
   strongly	
  
increase	
  in	
  the	
  sublimated	
  and	
  (for	
  FRO95002)	
  ejected	
  powders	
  (Fig.	
  5).	
  
Another	
   aspect	
   to	
   take	
   into	
   account	
   is	
   the	
   change	
   in	
   the	
   reflectance	
   of	
   the	
   different	
   sample	
  
powders.	
   MCY14001	
   reflectance	
   doesn’t	
   change	
   in	
   the	
   3	
   powders.	
   FRO90006	
   reflectance	
  
substantially	
   decreases	
   in	
   the	
   ejected	
   powders	
   while	
   on	
   the	
   contrary	
   FRO99040	
   and	
   FRO95002	
  
reflectance	
   increases	
   in	
   the	
   sublimated	
   and	
   ejected	
   powders.	
   The	
   reasons	
   for	
   these	
   changes	
   are	
  
likely	
  related	
  to	
  either	
  grain	
  size	
  or	
  to	
  the	
  fact	
  that	
  sublimated-­‐ejected	
  powders	
  are	
  less	
  mixed	
  with	
  
the	
   original	
   dark	
   matrix	
   (these	
   powders	
   have	
   been	
   physically	
   separated	
   from	
   the	
   lag	
   powders).	
  
However	
   the	
   reflectance	
   changes	
   do	
   not	
   follow	
   a	
   common	
   path,	
   the	
   reason	
   for	
   this	
   different	
  
behavior	
  remains	
  unsolved	
  and	
  needs	
  to	
  be	
  investigated	
  with	
  further	
  analyses.	
  
	
  
3.2.	
  CCs	
  and	
  Fg-­‐MMs	
  spectroscopy	
  results	
  
CCs	
   and	
   Fg-­‐MMs	
   show	
   substantial	
   differences	
   in	
   their	
   spectra	
   (fig.	
   7).	
   As	
   shown	
   in	
   figure	
   7	
   CCs	
  
spectra	
  have	
  a	
  deep	
   (0.1-­‐0.5	
  band	
  depth)	
  and	
  wide	
  2.7-­‐2.8	
  µm	
  band	
  related	
   to	
  Mg-­‐OH	
  bonds	
  and	
  
between	
  2.9	
  and	
  4	
  µm	
  are	
  almost	
  featureless	
  with	
  only	
  shallow	
  3.4-­‐3.5	
  µm	
  organic	
  matter	
  bands	
  (<	
  
0.01	
  band	
  depth).	
  On	
  the	
  contrary	
  Fg-­‐MMs	
  show	
  systematically	
  bands	
  at	
  3.4	
  µm	
  ranging	
  from	
  ~3.35	
  
µm	
  and	
  ~3.42	
  µm	
  and	
   at	
   3.5	
  µm	
   that	
   shifts	
   between	
  ~3.47	
   and	
   ~3.5	
  µm.	
  Only	
  MCY14001	
  has	
   an	
  
absorption	
   at	
   2.9	
   µm,	
   probably	
   also	
   related	
   to	
   hydrated	
   minerals,	
   and	
   around	
   3.9	
   µm	
   due	
   to	
  
carbonates.	
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Fig.	
  2.	
  Localized	
  outburst	
  with	
  the	
  creation	
  of	
  a	
  crater-­‐like	
  rounded	
  morphology	
  (indicated	
  by	
  the	
  red	
  
arrow).	
  A)	
  Before	
   the	
  outburst;	
  B)	
  after	
   the	
  outburst.	
  Close	
   to	
   the	
  border	
  of	
   the	
   transparent	
   cups	
  
sublimated	
  and	
  outbursted	
  powders	
  can	
  be	
  seen.	
  	
  
	
  

	
  
Fig.	
  3.	
  IR	
  reflectance	
  spectra	
  of	
  A)	
  unprocessed	
  samples;	
  B)	
  sublimated	
  powders	
  (SB)	
  and	
  C)	
  ejected	
  powders	
  
(EJ).	
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Fig.	
  4.	
   IR	
   reflectance	
  spectra	
  of	
  FRO95002	
  used	
  to	
   replicate	
   the	
  experiments	
   for	
  confirmation	
  of	
   the	
  results.	
  
FRO95002	
  are	
  the	
  non-­‐processed	
  original	
  powders,	
  SB	
  sublimated	
  powders	
  and	
  EJ	
  ejected	
  powders.	
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Fig.	
   5.	
   GC/MS	
   data	
   showing	
   abundance	
   of	
   undecane	
   -­‐	
   C11H24,	
   pendadecane	
   -­‐	
   C15H32,	
   heptadecane	
   -­‐	
   C17H36,	
  
nonadecane	
  -­‐	
  C19H40,	
  henicosane	
  -­‐	
  C21H44	
  and	
  docosane	
  –	
  C22H46	
  in	
  powders	
  of	
  pristine	
  original	
  meteorites:	
  A)	
  
FRO99040;	
  B)	
  FRO95002;	
  C)	
  DaG521,	
   their	
   sublimated	
  powders	
   (_SB)	
  and	
  ejected	
  ones	
   (_EJ).	
  Finally	
   total	
  n-­‐
alkanes	
  concentration	
  for	
  the	
  original,	
  sublimated	
  and	
  ejected	
  chondrite	
  powders	
  are	
  reported.	
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4.	
  Discussion	
  
4.1.	
  Formation	
  of	
  aliphatic	
  hydrocarbons	
  via	
  sublimation	
  and	
  outburst	
  
The	
  analytical	
  results	
  exclude	
  by	
  themselves	
  any	
  kind	
  of	
  contamination.	
  The	
  organic	
  species	
  ratios	
  in	
  
figure	
   6	
   strongly	
   support	
   their	
   petrogenic	
   origin,	
   it	
   is	
   thus	
   reasonable	
   to	
   think	
   that	
   organics	
   are	
  
derived	
   from	
   meteorites	
   only.	
   In	
   addition	
   other	
   evidences	
   suggest	
   that	
   no	
   contamination:	
   1)	
  
sublimated	
  and	
  ejected	
  powders	
  were	
   treated	
  exactly	
   in	
   the	
  same	
  way,	
   if	
   contamination	
  occurred	
  
we	
  would	
  expect	
   to	
   find	
   it	
   in	
  both	
   samples,	
  which	
   is	
  not	
   found;	
  2)	
  ejected	
  powders	
  of	
  MCY14001	
  
barely	
  show	
  3.4	
  µm	
  and	
  3.5	
  µm	
  bands	
  contrary	
  to	
  the	
  prominent	
  ones	
  on	
  the	
  other	
  four	
  samples,	
  
again	
   if	
   contamination	
  occurred	
  we	
  would	
  expect	
   it	
   to	
  be	
  equal	
   in	
  all	
   samples;	
  3)	
  n-­‐alkanes	
   ratios	
  
indicate	
  a	
  petrogenic	
  source	
  as	
  shown	
  in	
  figure	
  6,	
  thus	
  coming	
  from	
  the	
  meteorites	
  only.	
  	
  
Hence	
  with	
   our	
   experiments	
  we	
   have	
   found	
   a	
   process	
   capable	
   of	
   creating	
   aliphatic	
   hydrocarbons	
  
through	
   outbursting,	
   which	
   on	
   planetary	
   and	
   minor	
   bodies	
   is	
   induced	
   by	
   cryovolcanism	
   and	
  
sublimation	
   induced	
   by	
   solar	
   irradiation.	
   Organic	
  Material	
   (OM)	
  with	
   related	
   absorption	
   bands	
   at	
  
~3.4	
   µm	
   has	
   been	
   indeed	
   found	
   in	
   different	
   Solar	
   System	
   bodies:	
   67P/Churyumov-­‐Gerasimenko,	
  
Ceres,	
  24	
  Themis,	
  65	
  Cybele,	
  Phoebe,	
  Iapetus	
  and	
  Enceladus	
  (De	
  Sanctis	
  et	
  al.,	
  2017	
  and	
  references	
  
therein).	
  OM	
  is	
  also	
  found	
  in	
  CCs	
  (Sephton	
  et	
  al.,	
  2002),	
  in	
  particular	
  presence	
  of	
  n-­‐alkanes	
  in	
  the	
  C15-­‐
C27	
   range	
   has	
   been	
   reported	
   by	
   Kissin	
   (2003)	
   (however	
   this	
   is	
   not	
   the	
   case	
   of	
   the	
   chondrites	
   we	
  
studied,	
  which	
  do	
  not	
  originally	
  contain	
  such	
  alkanes).	
  The	
  origin	
  of	
  the	
  OM	
  is	
  not	
  clear,	
  but	
  it	
  is	
  now	
  
widely	
   accepted	
   that	
   modifications	
   of	
   OM	
   in	
   icy	
   bodies	
   is	
   related	
   to	
   internal	
   processes,	
   such	
   as	
  
hydrothermal	
   activity	
   or	
   relative	
   low-­‐temperature	
   aqueous	
   alteration	
   (Schulte	
   and	
   Shock,	
   2004	
  
report	
   a	
   temperature	
   range	
   between	
   2-­‐250°C,	
  while	
   Vinogradoff	
   et	
   al.,	
   2017	
   infer	
   a	
   temperature	
  
lower	
  than	
  100°C).	
  In	
  high-­‐temperature	
  environments	
  (~250°C)	
  both	
  short-­‐duration	
  (10	
  s;	
  Yabuta	
  et	
  
al.,	
   2010)	
   and	
   long-­‐duration	
   (week-­‐long	
   and	
  more;	
  Wang	
   and	
   Lipschutz,	
   2010)	
   heating	
   have	
   been	
  
invoked	
  for	
  the	
  formation	
  of	
  organics	
  (Orthus-­‐Daunay	
  et	
  al.,	
  2013).	
  At	
  low-­‐temperature	
  (20-­‐50°C),	
  a	
  
short-­‐duration	
   shock	
   heating	
   producing	
   minimal	
   alteration,	
   local	
   melting	
   of	
   cometary	
   ice	
   and	
  
organics	
   dissolution	
   was	
   proposed	
   for	
   the	
   formation	
   of	
   UltraCarbonaceous	
   Antarctic	
  
Micrometeorites	
   (UCAMM)	
   (Yabuta	
   et	
   al.,	
   2017).	
   Another	
   post-­‐accretional	
   process	
   affecting	
  
organics,	
  proposed	
  for	
  the	
  67P/Churyumov-­‐Gerasimenko	
  comet,	
  is	
  the	
  solar	
  irradiation	
  of	
  ices	
  or	
  the	
  
polymerization	
  of	
  mixtures	
  of	
   ices	
   (water	
   ice,	
  methane	
   ice	
  and	
  nitrogen	
   ices)	
  at	
   low	
  temperatures	
  
(which	
  vary	
  in	
  relation	
  to	
  the	
  ice	
  composition)	
  (De	
  Bergh	
  et	
  al.,	
  2008).	
  Our	
  experiments	
  favour	
  a	
  low-­‐
temperature	
  of	
   formation	
  of	
  OM	
  and	
  a	
  short-­‐duration	
  heating	
  event,	
   created	
  by	
  cryovolcanism	
  or	
  
solar	
   irradiation,	
   inducing	
   sublimation	
   and	
   outbursting	
   of	
   fine	
   particles.	
   Indeed,	
   outgassing	
   of	
  
particles	
  started	
  at	
  T	
  ~	
   -­‐40°C	
  with	
  an	
  explosive	
  event	
   in	
  a	
   temperature	
  range	
  between	
  -­‐20°C	
  and	
  -­‐
10°C.	
  Considering	
  that	
  on	
  icy-­‐bodies	
  brines	
  and	
  salts	
  capable	
  of	
  lowering	
  the	
  melting	
  point	
  of	
  a	
  liquid	
  
are	
  also	
  involved	
  in	
  cryovolcanism	
  (Kargel	
  et	
  al.,	
  1991;	
  Neveu	
  et	
  al.,	
  2015),	
  these	
  temperatures	
  may	
  
be	
  even	
  lower.	
  For	
  example	
  on	
  the	
  67P	
  comet	
  the	
  most	
  active	
  areas	
  have	
  a	
  temperature	
  of	
  ~-­‐63°C	
  
(Keller	
  et	
  al.,	
  2015;	
  De	
  Sanctis	
  et	
  al.,	
  2015).	
  In	
  fact	
  the	
  MCY14001	
  sample,	
  mixed	
  with	
  ammoniated	
  
water	
   ice,	
   experienced	
   the	
   outburst	
   at	
   a	
   temperature	
   10°C	
   lower	
   than	
   FRO99040,	
   FRO95002	
   and	
  
DaG521	
  mixed	
  with	
  deionized	
  water	
  ice.	
  We	
  discard	
  high	
  temperature	
  formation	
  even	
  though	
  in	
  our	
  
experiment	
  we	
  raised	
  the	
  temperature	
  up	
  to	
  100°C.	
   In	
  fact,	
  sublimated	
  and	
  ejected	
  powders	
  were	
  
processed	
   under	
   the	
   same	
   conditions	
   and	
   only	
   ejected	
   powders	
   have	
   very	
   high	
   concentration	
   of	
  
aliphatic	
   hydrocarbons,	
   thus,	
   formation	
   of	
   aliphatic	
   hydrocarbons	
  must	
   be	
   related	
   to	
   sublimation	
  
and	
   outburst	
   that	
   took	
   place	
   between	
   -­‐40°C	
   and	
   -­‐10°C.	
   Furthermore	
   the	
   shallow	
   3.4	
   and	
   3.5	
   µm	
  
band	
  in	
  the	
  MCY14001	
  sample	
  compared	
  to	
  the	
  prominent	
  ones	
  in	
  FRO99040,	
  FRO90006,	
  FRO95001	
  
and	
   DaG521	
   suggest	
   that	
   the	
   primary	
   mineralogies	
   play	
   an	
   important	
   role	
   on	
   the	
   formation	
   of	
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organics,	
  while	
   the	
  composition	
  of	
   the	
   fluid	
   (deionized	
  water	
  versus	
  ammoniated	
  water)	
  does	
  not	
  
seem	
  to	
  strongly	
  affect	
  the	
  formation	
  of	
  aliphatic	
  hydrocarbons.	
  Pressure	
  also	
  has	
  a	
  crucial	
  role.	
  We	
  
worked	
   in	
   vacuum	
   (10-­‐4	
   bar)	
   to	
   reproduce	
   the	
   surface	
   conditions	
   of	
   minor	
   bodies	
   of	
   the	
   Solar	
  
System.	
   In	
   vacuum	
   ice	
   sublimates	
   and	
  melts	
   at	
   lower	
   temperatures.	
   For	
   this	
   reason	
  we	
   infer	
   that	
  
outbursts	
  and	
  formation	
  of	
  aliphatic	
  hydrocarbons	
  via	
  outbursting	
  at	
  temperatures	
  below	
  zero	
  can	
  
only	
   happen	
   on	
   planetary	
   bodies	
   with	
   weak	
   atmosphere,	
   thus	
   low	
   pressure,	
   if	
   not	
   any.	
   Higher	
  
pressure	
   would	
   however	
   facilitate	
   the	
   formation	
   of	
   hydrocarbons,	
   but	
   at	
   the	
   same	
   time	
   would	
  
inhibit	
  sublimation	
  at	
  temperatures	
  below	
  0°C.	
  	
  
	
  

	
  
Fig.	
  6.	
  Origin	
  and	
  sources	
  of	
  n-­‐alkanes	
  .	
  Distribution	
  of	
  CPI/NAR	
  ratio	
  for	
  powders	
  of	
  carbonaceous	
  chondrites.	
  
CPI	
  =	
  Carbon	
  Preference	
  Index);	
  NAR	
  =	
  Natural	
  n-­‐Alkane	
  Ratio.	
  	
  
	
  
4.2.	
  Mechanism	
  of	
  formation	
  and	
  enrichment	
  of	
  hydrocarbons	
  
Although	
   further	
   studies	
   are	
   needed	
   to	
   fully	
   understand	
   the	
   reaction	
   mechanism,	
   there	
   are	
   the	
  
thermodynamic	
  conditions	
  for	
  the	
  hydrocarbon	
  formation	
  to	
  take	
  place.	
  The	
  basic	
  reagents	
  can	
  be	
  
supplied	
   from	
   the	
   rocky	
   substrate	
  of	
   the	
  CCs	
   (carbon)	
   and	
   from	
   the	
   ice	
   (hydrogen),	
  which	
   can	
  be	
  
joined	
   in	
   reducing	
   atmosphere	
   such	
   as	
   that	
   present	
   inside	
   our	
   reactor.	
   Furthermore,	
   given	
   the	
  
presence	
  of	
  CAIs	
  and	
  Fe-­‐Ni	
  alloys	
  providing	
  elements	
  such	
  Fe-­‐Ni-­‐Al,	
  we	
  cannot	
  exclude	
  the	
  possibility	
  
that	
   such	
   components	
   work	
   as	
   catalysts	
   in	
   the	
   syntheses	
   of	
   organic	
   species	
   like	
   n-­‐alkanes.	
   By	
  
increasing	
   the	
   temperature,	
   some	
   alkanes	
   might	
   have	
   formed	
   (i.e.	
   nonadecane	
   and	
   henicosane),	
  
probably	
   in	
   concentrations	
   that	
   are	
   too	
   low	
   to	
   be	
   visible	
   in	
   the	
  NIR	
   spectra.	
   Forcing	
   the	
   reaction	
  
conditions	
   until	
   reaching	
   the	
   sublimation	
   and	
   outburst,	
   the	
   concentrations	
   of	
   C19H40	
   and	
   C21H44	
  
increased	
  considerably	
  and	
  the	
  thermodynamic	
  conditions	
  that	
  allow	
  the	
  formation	
  of	
  heptadecane	
  
are	
   reached.	
   The	
   reaction	
   mechanism	
   appears	
   to	
   be	
   well-­‐ordered	
   and	
   strongly	
   directed	
   to	
   the	
  
formation	
   of	
   odd-­‐chain	
   compounds,	
   thus	
   in	
   contrast	
   with	
   a	
   Fischer-­‐Tropsch-­‐like	
   process,	
   often	
  
suggested	
   in	
   literature	
   as	
   the	
   possible	
   formation	
   process	
   of	
   aliphatic	
   hydrocarbons	
   (Hayatsu	
   and	
  
Anders,	
   1981).	
   Indeed,	
   the	
   Fischer-­‐Tropsch	
   reaction	
   mechanism	
   would	
   lead	
   to	
   the	
   formation	
   of	
  
even-­‐	
   and	
  odd-­‐carbon	
   chains	
  with	
   the	
   same	
  degree	
  of	
   probability	
   and,	
   therefore,	
   to	
   a	
  mixture	
   of	
  
them.	
   The	
   reaction	
   also	
   seems	
   to	
   show	
   a	
   certain	
   shape-­‐selectivity,	
   given	
   the	
   formation	
   of	
   only	
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alkanes	
  at	
  17,	
  19	
  and	
  21	
  carbon	
  atoms,	
  perhaps	
  related	
  to	
  the	
  crystalline	
  structure	
  of	
  the	
  meteorite	
  
and/or	
  the	
  high	
  porosity	
  of	
  CCs.	
  Indeed,	
  the	
  dimension	
  of	
  the	
  unit	
  cells	
  can	
  act	
  selectively	
  as	
  a	
  trap	
  
for	
  molecules	
  of	
  a	
  certain	
  lengths,	
  whereas	
  short-­‐chain	
  alkanes	
  are	
  more	
  volatile	
  can	
  disperse	
  within	
  
the	
   reaction	
   system.	
   Determining	
   the	
   dimension	
   of	
   long	
   chain	
   aliphatic	
   hydrocarbons	
   is	
   not	
  
straightforward	
  since	
  they	
  tend	
  to	
  bend	
  and	
  roll.	
  However,	
  the	
  heptadecane	
  has	
  a	
  theoretical	
  linear	
  
dimension	
  around	
  24.64	
  Å,	
  nonadecane	
  around	
  27.72	
  Å	
  and	
  henicosane	
  around	
  30.80	
  Å.	
  Among	
  the	
  
most	
  common	
  minerals	
  in	
  the	
  CCs,	
  antigorite	
  has	
  the	
  a	
  dimension	
  of	
  the	
  unit	
  cell	
  that	
  can	
  reach	
  40	
  Å	
  
and	
  clay	
  minerals	
  like	
  vermiculite	
  has	
  the	
  c	
  direction	
  of	
  29	
  Å.	
  Kamacite	
  also	
  has	
  a	
  quite	
  big	
  unit	
  cell	
  
with	
   a	
   b	
   direction	
   that	
   can	
   be	
   as	
   big	
   as	
   54	
   Å.	
   These	
  minerals	
   can	
   accommodate	
   and	
   trap	
   the	
  n-­‐
alkanes,	
   in	
   particular	
   vermiculite	
   and	
   kamacite	
   also	
   provide	
   high	
   quantities	
   of	
   Fe	
   and	
   Al,	
   good	
  
catalysts	
   of	
   the	
   reaction.	
   Experimental	
   evidences	
   from	
   FRO95002	
   and	
   DaG521	
   lead	
   to	
   the	
   same	
  
hypothesis	
   formulated	
   for	
   FRO99040	
  experiment	
  with	
   the	
   exception	
   for	
   the	
   even-­‐carbon	
   chain	
  of	
  
the	
  docosane	
  detected	
  in	
  the	
  FRO95002	
  powders,	
  which	
  in	
  any	
  case	
  have	
  dimensions	
  comparable	
  to	
  
that	
   of	
   the	
   other	
   odd-­‐carbon	
   chains.	
   Nevertheless,	
   many	
   important	
   questions	
   still	
   remain	
  
unanswered,	
  especially	
  considering	
  that	
  in	
  literature	
  bacteria,	
  algae	
  and	
  fungi	
  are	
  listed	
  as	
  the	
  main	
  
producer	
  of	
  n-­‐alkanes	
  in	
  the	
  range	
  C14-­‐C22	
  and	
  in	
  particular,	
  heptadecane	
  is	
  generally	
  considered	
  to	
  
be	
  a	
  biomarker	
   indicator	
  for	
  algae	
  and	
  photosynthetic	
  bacteria	
  (Han	
  and	
  Calvin,	
  1969;	
  Grimalt	
  and	
  
Albaiges,	
   1987;	
   Ficken	
   et	
   al.,	
   1998;	
  Aichner	
   et	
   al.,	
   2010).	
   Thus	
   the	
  detection	
  of	
   such	
  n-­‐alkanes	
   on	
  
planetary	
  hydrous	
  bodies	
  can	
  be	
  used	
  as	
  a	
  very	
  important	
  biomarker	
  and	
  can	
  provide	
  considerable	
  
advantages	
  in	
  the	
  astrobiology	
  research.	
  	
  	
  
	
  
4.3.	
  Implications	
  for	
  planetary	
  and	
  minor	
  bodies	
  
Our	
   findings	
   on	
   the	
   relationship	
   between	
   cryovolcanism-­‐sublimation-­‐outbursting	
   and	
  organics	
   can	
  
be	
   applied	
   on	
   many	
   bodies	
   of	
   the	
   Solar	
   System.	
   Indeed	
   outbursts	
   by	
   sublimation	
   were	
   seen	
   on	
  
different	
  cometary	
  nuclei	
  (i.e.	
  29P/Schwassman-­‐Wachmann	
  (Miles,	
  2016),	
  9P/Tempel-­‐1	
  (Belton	
  and	
  
Melosh,	
  2009)	
  and	
  67P/Churyumov-­‐Gerasimenko	
   (Vincent	
  et	
  al.,	
  2016))	
  where	
  organics	
  have	
  been	
  
detected	
  (Soderblom	
  et	
  al.,	
  2002;	
  A’Hearn	
  et	
  al.,	
  2011;	
  Capaccioni	
  et	
  al.,	
  2015;	
  Fray	
  et	
  al.,	
  2016).	
  The	
  
only	
  analogue	
  materials	
  suggested	
  for	
  Cometary	
  organics	
  have	
  been	
  coals,	
  bitumens	
  and	
  aliphatich-­‐
rich	
   tholins	
   (Filacchione	
   et	
   al.,	
   2019),	
   but	
   our	
   findings	
   imply	
   that	
   specific	
   aliphatic	
   C17,	
   C19	
   and	
  C21	
  
alkanes	
   species	
   are	
   very	
   likely	
   present	
   (in	
   addition	
   to	
   other	
   oganics)	
   on	
   cometary	
   nuclei	
   because	
  
derived	
  by	
  volatile	
  driven	
  outburst	
  and	
  sublimation	
  triggered	
  by	
  either	
  sunlight	
  or	
  endogenous	
  heat.	
  
Comets	
   have	
   always	
   been	
   considered	
   as	
   unaltered	
   bodies	
   with	
   remnants	
   of	
   pre-­‐solar	
   materials	
  
(Mumma	
   and	
   Charnley,	
   2011;	
   de	
   Niem	
   et	
   al.,	
   2018).	
   As	
   a	
   consequence,	
   organics	
   on	
   comets	
   are	
  
thought	
  to	
  derive	
  directly	
  from	
  the	
  Solar	
  Nebula	
  with	
  no	
  post-­‐accretional	
  processing	
  (Mumma	
  and	
  
Charnley,	
  2011).	
  On	
  the	
  contrary,	
  our	
  findings	
  provide	
  evidences	
  that	
  not	
  all	
  the	
  organics	
  on	
  comets	
  
are	
   pristine	
  materials	
   inherited	
   from	
   the	
   Solar	
   Nebula	
   since	
   cometary	
   activity	
   can	
   produce	
   newly	
  
formed	
  organics	
  even	
  at	
  low	
  temperatures	
  and	
  without	
  significant	
  heating	
  and	
  metasomatism.	
  	
  
On	
   dwarf	
   planets	
   and	
   asteroids	
   cryovolcanism	
   and	
   organics	
   are	
   closely	
   related.	
   For	
   example	
   high	
  
concentration	
   of	
   organics	
   on	
   Ceres	
   were	
   found	
   on	
   a	
   restricted	
   area	
   near	
   the	
   Ernutet	
   crater	
   (De	
  
Sanctis	
   et	
   al.,	
   2017-­‐2019).	
   These	
   organic	
   compounds	
   are	
   randomly	
   scattered	
   around	
   the	
   crater	
  
without	
  a	
  clear	
  association	
  to	
  morphology,	
  however	
  these	
  molecules	
  are	
  thought	
  to	
  derive	
  from	
  a	
  
not	
  well	
  understood	
  endogenous	
  activity	
   (De	
  Sanctis	
  et	
  al.,	
  2017-­‐2019).	
  Our	
   results	
  perfectly	
   fit	
   in	
  
this	
  scenario.	
  Aliphatic-­‐rich	
  material	
  on	
  Ceres	
  might	
  indeed	
  derive	
  from	
  an	
  outburst	
  due	
  to	
  a	
  pocket	
  
of	
  mixed	
   ice-­‐fine	
  particles	
  below	
  the	
  Ernutet	
  crater.	
   In	
  addition,	
  the	
  whole	
  composition	
  of	
  Ceres	
   is	
  
rich	
   in	
   organics	
   (less	
   than	
   the	
   aliphatic-­‐rich	
   area	
   of	
   Ernutet,	
   but	
   higher	
   than	
   the	
   average	
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concentration	
  of	
  organics	
  in	
  meteorites)	
  (De	
  Sanctis	
  et	
  al.,	
  2019;	
  Marchi	
  et	
  al.,	
  2019).	
  Water	
  vapour	
  
has	
  been	
  found	
  around	
  Ceres,	
  probably	
  derived	
  by	
  a	
  comet-­‐like	
  sublimation	
  (Küppers	
  et	
  al.,	
  2014).	
  
Such	
  sublimation	
  could	
  be	
  the	
  main	
  process	
  that	
  created	
  the	
  high	
  amount	
  of	
  organics,	
  as	
  suggested	
  
by	
  our	
  experiments.	
  It	
  is	
  interesting	
  to	
  notice	
  that	
  this	
  sublimation	
  on	
  Ceres	
  is	
  confined	
  at	
  the	
  mid-­‐
latitudes	
   and	
   the	
  majority	
   of	
   the	
   heat	
   is	
   probably	
   due	
   to	
   insulation	
   (Küppers	
   et	
   al.,	
   2014).	
   These	
  
areas	
   and	
   the	
   equatorial	
   ones	
   are	
   the	
   smoothest	
   on	
   Ceres.	
   This	
   suggests	
   that	
   the	
   equatorial	
   and	
  
mid-­‐latitudes	
  areas	
  were	
  resurfaced	
  by	
  sublimation	
  and	
  at	
  the	
  equatorial	
  area,	
  where	
  temperatures	
  
are	
   higher,	
   surface-­‐subsurface	
   ice	
   available	
   for	
   sublimation	
   is	
   already	
   exhausted.	
   We	
   thus	
   also	
  
expect	
   an	
   enrichment	
   of	
   organics	
   towards	
   the	
   equator	
   and	
   depletion	
   at	
   the	
   poles,	
   where	
  
sublimation	
   is	
   minimal	
   or	
   absent.	
   The	
   case	
   of	
   Ernutet	
   also	
   suggests	
   that	
   ice	
   pockets	
   have	
   a	
  
heterogeneous	
  distribution.	
  	
  
Our	
   results	
   do	
   not	
   only	
   apply	
   to	
   Ceres.	
   For	
   example	
   on	
   the	
   C-­‐type	
   asteroid	
   24	
   Themis	
   ice	
   and	
  
organics	
  have	
  been	
  found	
  and	
  steady-­‐state	
  outgassing	
  have	
  also	
  been	
  proposed,	
  even	
  though	
  clear	
  
evidence	
  of	
   outgassing	
  were	
  not	
   found	
   (Rivkin	
   and	
   Emery,	
   2010).	
   Indeed	
  24	
   Themis	
   has	
   the	
   right	
  
ingredients	
   (carbonaceous	
   composition	
   and	
   presence	
   of	
   ice)	
   to	
   create	
   the	
   detected	
   organics	
   via	
  
sublimation.	
  We	
   can	
   thus	
   extend	
   the	
   organic	
   genesis	
   from	
   comet-­‐like	
   sublimation	
   even	
   to	
  minor	
  
bodies	
  of	
  the	
  Solar	
  System,	
  contributing	
  to	
  blurry	
  the	
  line	
  between	
  asteroids	
  and	
  comets.	
  	
  
However	
  on	
  planetary	
  bodies	
  expressions	
  of	
  cryovolcanism	
  are	
  not	
  often	
  clear.	
  For	
  example	
  on	
  1P,	
  
9P	
  and	
  19P	
   there	
   are	
  no	
   clear	
   association	
  between	
  outbursts	
   and	
   topography	
   (Belton,	
   2010).	
   The	
  
same	
  is	
  true	
  for	
  the	
  case	
  of	
  Ceres	
  (De	
  Sanctis	
  et	
  al.,	
  2017).	
  In	
  these	
  cases	
  our	
  results	
  can	
  be	
  used	
  the	
  
way	
   round.	
   In	
   fact	
   high	
   abundances	
   of	
   organics	
   may	
   be	
   tracers	
   of	
   cryovolcanic-­‐sublimation	
  
processes.	
  
	
  
4.4.	
  Sublimation:	
  a	
  mechanism	
  for	
  micrometeorites	
  delivery	
  
As	
   described	
   in	
   paragraph	
   3.2,	
  MMs	
   have	
   3.4-­‐3.5	
   µm	
  bands	
  much	
   deeper	
   than	
   those	
   of	
   the	
   CCs,	
  
indicating	
   strong	
   organic	
  matter	
   enrichment.	
   Up	
   to	
   the	
   50%	
   of	
   the	
   incoming	
  micrometeorite	
   flux	
  
have	
   oxygen	
   isotopic	
   compositions	
   related	
   to	
   the	
   CO/CV/CK	
   anhydrous	
   supergroup	
   (Suavet	
   et	
   al.,	
  
2010)	
  and	
  the	
  majority	
  of	
  the	
  micrometeorites	
  income	
  flux	
  has	
  a	
  mineral	
  composition	
  related	
  to	
  the	
  
carbonaceous	
   chondrites	
   (van	
   Ginneken	
   et	
   al.,	
   2012;	
   Taylor	
   et	
   al.,	
   2012).	
   However,	
   substantial	
  
differences	
   between	
   CCs	
   and	
   Fg-­‐MMs	
   exist.	
   Differences	
   regard	
   hydration	
   state,	
   mineralogy	
   and	
  
especially	
   the	
   organic	
   matter	
   abundances	
   and	
   composition	
   (Bonal	
   et	
   al.,	
   2019).	
   In	
   particular,	
   Fg-­‐
MMs	
  are	
   enriched	
   in	
   organic	
  matter	
   (Bonal	
   et	
   al.,	
   2019).	
   Bonal	
   et	
   al.	
   (2019)	
   showed	
   that	
   heating	
  
during	
   atmospheric	
   entry	
   can	
   lower	
   the	
   organics	
   concentration	
   and	
   can	
   dehydrate	
   the	
  
micrometeorites.	
  The	
  Fg-­‐MMs	
  we	
  studied	
  record	
  very	
  low	
  atmospheric	
  entry	
  modification,	
  deduced	
  
especially	
   by	
   the	
   prominent	
   2.7-­‐2.8	
   µm	
   bands	
   (fig.	
   7).	
   These	
   are	
   hydration	
   bands	
   that	
   tend	
   to	
  
disappear	
   if	
   thermal	
  modifications	
  happened.	
   Fg-­‐MMs	
  have	
  much	
  deeper	
  absorption	
  bands	
   (0.03-­‐
0.05	
  band	
  depth)	
  around	
  3.3-­‐3.4	
  and	
  3.5	
  µm	
  compared	
  to	
  the	
  ones	
  of	
  CCs	
  (<0.01	
  band	
  depth).	
  Some	
  
CCs	
  spectra	
  don’t	
  have	
  organics	
  absorption	
  bands	
  at	
  all.	
  Band	
  centres	
  varies	
  between	
  ~3.35	
  µm	
  and	
  
~3.42	
  µm	
  and	
  between	
  ~3.47	
  and	
  ~3.5	
  µm.	
  This	
  attests	
  to	
  compositional	
  differences	
  of	
  the	
  parent	
  
bodies	
  as	
  also	
  suggested	
  by	
  Bonal	
  et	
  al.	
  (2019).	
  Our	
  experiments	
  also	
  suggest	
  that	
  different	
  starting	
  
compositions	
  result	
   in	
  different	
  organics	
  compositions	
  and	
  abundances.	
   In	
  particular	
  this	
   is	
  proven	
  
by	
   the	
   MCY14001	
   sample,	
   which	
   have	
   very	
   shallow	
   3.4-­‐3.5	
   µm	
   bands	
   compared	
   to	
   the	
   ones	
   of	
  
FRO99040,	
  FRO90006,	
  FRO95002	
  and	
  DaG521.	
  Concluding,	
  our	
  findings	
  can	
  also	
  explain	
  the	
  organic	
  
matter	
   enrichment	
   and	
   composition	
   of	
   Fg-­‐MMs.	
   In	
   fact,	
   sublimation	
   and	
   outburst	
   are	
   possible	
  
mechanism	
   capable	
   of	
   expelling	
   micrometeorites	
   from	
   their	
   parent	
   bodies	
   and	
   deliver	
   them	
   to	
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Earth.	
  At	
  the	
  same	
  time	
  this	
  process	
  creates	
  organic	
  matter,	
  explaining	
  the	
  OM-­‐rich	
  composition	
  of	
  
Fg-­‐MMs.	
  	
  
	
  

	
  
Fig.	
   7.	
   Continuum	
   removed	
   IR	
   reflectance	
   spectra	
   of	
   carbonaceous	
   chondrites	
   and	
   fine-­‐grained	
  
micrometeorites.	
   A)	
   IR	
   spectra	
   of	
   CCs.	
   3.4-­‐3.5	
   µm	
   band	
   of	
   organics	
   are	
   almost	
   absent.	
   2.8	
   µm	
  
hydration	
  bands	
  are	
  in	
  turn	
  very	
  prominent.	
  B)	
  IR	
  spectra	
  of	
  Fg-­‐MMs.	
  3.3-­‐3.4	
  µm	
  and	
  3.5	
  µm	
  bands	
  
related	
   to	
   organic	
  matter	
   are	
   always	
   present.	
   These	
   absorptions	
   have	
   a	
   band	
  depth	
   higher	
   (0.03-­‐
0.05)	
   than	
  that	
  of	
  CCs	
   (<0.01	
  when	
  present).	
  2.8	
  µm	
  hydration	
  band	
   is	
  also	
  present.	
  C)	
  Zoomed	
   in	
  
spectra	
  of	
  Fg-­‐MMs	
  in	
  the	
  3.1-­‐3.6	
  µm	
  region.	
  	
  
	
  
5.	
  Conclusions	
  	
  
With	
   this	
   work	
   we	
   demonstrate	
   hydrocarbons	
   formation	
   during	
   post-­‐accretional	
   processing.	
  
Aliphatic	
   hydrocarbons	
   may	
   form	
   during	
   very	
   short	
   duration	
   sublimation-­‐outburst	
   processes.	
  
Temperatures	
  of	
  formation	
  can	
  be	
  as	
  low	
  as	
  -­‐40°C.	
  A	
  precise	
  mechanism	
  of	
  formation	
  is	
  difficult	
  to	
  
describe	
  with	
  the	
  current	
  knowledge.	
  The	
  carbon	
  is	
  provided	
  by	
  the	
  CCs,	
  hydrogen	
  by	
  the	
  ice	
  and	
  a	
  
reducing	
  environment,	
  consistent	
  to	
  that	
  of	
  airless	
  minor	
  bodies,	
  is	
  required.	
  It	
  is	
  likely	
  that	
  there	
  is	
  
a	
   relation	
   between	
   n-­‐alkanes	
   and	
   the	
   mineral	
   structure	
   dimensions	
   of	
   mineral	
   such	
   antigorite,	
  
vermiculite	
  and	
  probably	
  also	
  FeNi	
  alloys,	
  which	
  can	
  act	
  as	
  a	
  trap	
  for	
  the	
  organic	
  molecules	
  and	
  also	
  
provide	
   catalyst	
   elements	
   (Fe-­‐Ni-­‐Al).	
   These	
   findings	
   are	
   very	
   important	
   for	
   the	
   understanding	
   of	
  
Cometary	
  composition	
  as	
  well	
  as	
  that	
  of	
  C-­‐type	
  asteroids,	
  dwarf	
  planets	
  and	
  icy	
  bodies	
  of	
  the	
  Solar	
  
System.	
  A	
   very	
   important	
   advance	
  we	
  bring	
   is	
   the	
   evidence	
   that	
   on	
   comets	
  organics	
   are	
  not	
   only	
  
remnants	
  of	
  the	
  Solar	
  Nebula,	
  but	
  cometary	
  activity	
  can	
  itself	
  create	
  new	
  organic	
  species.	
  On	
  bodies	
  
like	
   Ceres	
   and	
   Themis	
   sublimation-­‐outburst	
   can	
   explain	
   the	
   organic-­‐rich	
   composition	
   without	
  
involving	
  exogenous	
  carbonaceous-­‐like	
  material.	
  Furthermore	
  organics	
  detection	
  is	
  a	
  useful	
  way	
  to	
  
find	
  possible	
  cryovolcanic	
  activity	
  on	
  those	
  bodies	
  or	
  areas	
  where	
  cryovolcanic	
  surface	
  expressions	
  
are	
  absent.	
  Presence	
  of	
  cryovolcanism	
  is	
   in	
  turn	
  evidence	
  of	
  the	
  presence	
  of	
  water	
  on	
  a	
  variety	
  of	
  
Solar	
   System	
   bodies	
   such	
   as	
   asteroids,	
   dwarf	
   planets	
   satellites	
   and	
   comets.	
   Presence	
   of	
   water	
  
coupled	
   with	
   the	
   fact	
   that	
   n-­‐alkanes	
   in	
   the	
   C14-­‐C22	
   range	
   are	
   used	
   as	
   tracers	
   of	
   photosynthetic	
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bacteria	
   makes	
   the	
   long	
   chain	
   aliphatic	
   hydrocarbons	
   produced	
   by	
   sublimation-­‐outburst	
   possible	
  
biomarkers,	
  which	
  can	
  be	
  useful	
  for	
  astrobiology	
  researches.	
  Finally,	
  sublimation-­‐outburst	
  processes	
  
are	
   a	
   possible	
   mechanism	
   for	
   fine	
   grained	
   micrometeorites	
   expulsion	
   from	
   the	
   parent	
   body,	
  
explaining	
  at	
  the	
  same	
  time	
  the	
  high	
  organic	
  matter	
  concentration	
  in	
  Fg-­‐MMs	
  compared	
  to	
  the	
  CCs.	
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Chapter	
  6	
  
	
  
Hydrothermal	
  experiments	
  on	
  the	
  MCY14001	
  CM2	
  and	
  FRO95002	
  CO3	
  chondrites	
  
with	
  H2O	
  and	
  ammoniated-­‐H2O	
  	
  -­‐	
  close	
  affinities	
  with	
  Ceres-­‐like	
  asteroids	
  	
  
	
  
Abstract	
  
We	
   investigate	
   the	
   hydrothermal	
   alteration	
   of	
   minor	
   bodies	
   of	
   the	
   Solar	
   System	
   carrying	
   out	
  
experiments	
   on	
   two	
   carbonaceous	
   chondrites	
   (CCs):	
   CO3	
   FRO95002	
   and	
   CM2	
   MCY14001.	
   After	
  
being	
  powdered	
  the	
  two	
  CCs	
  were	
  put	
  in	
  two	
  distinct	
  autoclaves	
  with	
  different	
  water	
  to	
  rock	
  ratios	
  
(W/R)	
   and	
   different	
   fluid	
   compositions	
   to	
   simulate	
   two	
   distinct	
   scenarios.	
   In	
   particular	
   FRO95002	
  
was	
  mixed	
  with	
  deionized	
  water	
  with	
  W/R=0.1	
  and	
  MCY14001	
  with	
  ammoniated	
  water	
  with	
  W/R=1.	
  
Both	
   the	
   samples	
   were	
   heated	
   at	
   240°C	
   for	
   two	
  months.	
  Mineralogical	
   changes	
   were	
   studied	
   by	
  
taking	
   IR	
   reflectance	
   spectra	
   and	
   carrying	
   out	
   XRD	
   analyses	
   before	
   and	
   after	
   the	
   experiments.	
  
FRO95002	
  altered	
  powders	
  did	
  not	
  show	
  major	
  changes	
  except	
  a	
  dehydration	
  revealed	
  by	
  the	
  loss	
  of	
  
the	
  2.7	
  µm	
  hydration	
  band	
  and	
  of	
  hydrotalcite.	
  On	
  the	
  contrary	
  MCY14001	
  IR	
  spectrum	
  reveals	
  a	
  2.9	
  
and	
   3.03	
   µm	
   bands	
   in	
   the	
   altered	
   powders,	
   indicative	
   of	
   an	
   ammoniation	
   process,	
   mainly	
   of	
  
serpentine	
   (the	
   only	
   phyllosilicate	
   present	
   in	
   the	
   sample)	
   and	
   of	
   the	
   newly	
   formed	
   analcime-­‐
natrolite	
  crystals.	
  MCY14001	
  went	
   indeed	
  through	
  substantial	
  mineralogical	
  changes	
   reflecting	
   the	
  
changing	
  environment	
  conditions	
  during	
  the	
  experiment	
  from	
  oxidizing	
  to	
  reducing.	
  We	
  report	
  the	
  
formation	
   of	
   magnetite	
   during	
   an	
   initial	
   oxidising	
   phase.	
   As	
   the	
   oxygen	
   was	
   consumed	
   a	
   second	
  
reducing	
   alteration	
   phase	
   followed,	
   characterized	
   by	
   the	
   formation	
   of	
   sulfides	
   (pentlandite	
   and	
  
pyrrhotite).	
   Na-­‐carbonates	
   and	
   hydrotalcite	
   were	
   completely	
   leached	
   releasing	
   Na	
   and	
   Al	
   that	
  
contribute	
  to	
  the	
  formation	
  of	
  ammoniated	
  analcime-­‐natrolite.	
  The	
  carbon	
  released	
  by	
  leached	
  Na-­‐
carbonates	
  forms	
  calcite	
  and	
  magnesite	
  during	
  the	
  oxidising	
  phase	
  and	
  aromatic	
  hydrocarbons	
  when	
  
the	
   environment	
   became	
   reducing.	
   Finally	
   we	
   report	
   the	
   formation	
   of	
   Fe-­‐enstatite	
   and	
   diopside,	
  
suggesting	
   that	
   silicates	
  are	
  enriched	
   in	
  Ca	
  and	
  Fe	
  during	
   fluid	
  assisted	
   thermal	
  metamorphism	
  at	
  
temperatures	
  around	
  250°C.	
  These	
  results	
  give	
  important	
  insights	
  in	
  the	
  composition	
  of	
  Ceres-­‐like	
  C-­‐
type	
  asteroids,	
  suggesting	
  that	
  these	
  bodies	
  went	
  through	
  a	
  period	
  of	
  strong	
  hydrothermalism	
  with	
  
the	
  ammoniation	
  of	
  serpentine	
  and	
  creation	
  of	
  other	
  ammoniated	
  phases	
  like	
  analcime-­‐natrolite	
  at	
  
the	
  expanses	
  of	
  Na-­‐rich	
  phases	
  such	
  as	
  Na-­‐carbonates	
  that	
  we’re	
  detected	
  in	
  several	
  bright	
  spots	
  on	
  
Ceres	
  (e.g.	
  of	
  Occator	
  and	
  Haulani	
  craters).	
  	
  	
  	
  
	
  
	
  
1. Introduction	
  
The	
  composition	
  of	
  C-­‐type	
  Ceres-­‐like	
  asteroids	
  is	
  still	
  a	
  debated	
  topic.	
  One	
  of	
  the	
  main	
  difficulties	
  is	
  
due	
  to	
  the	
  lack	
  of	
  analogue	
  samples	
  among	
  the	
  meteorites	
  collections.	
  C-­‐type	
  asteroid	
  composition	
  
is	
   similar	
   to	
   that	
   of	
   carbonaceous	
   chondrites	
   (CCs)	
   (McCord	
   and	
   Gaffey,	
   1974),	
   however	
   these	
  
pristine	
  materials	
  went	
   through	
  different	
   secondary	
  processes	
  on	
   the	
  parent	
  body,	
   the	
  major	
  one	
  
being	
  hydrothermal	
  alteration	
   (Grimm	
  and	
  McSween,	
  1989;	
  Krot	
  et	
  al.,	
   1998-­‐2005).	
  Hydrothermal	
  
activity	
  on	
  CCs	
  parent	
  bodies	
  is	
  generated	
  by	
  impact	
  and	
  mostly	
  by	
  decay	
  of	
  26Al	
  and	
  40K	
  that	
  heat	
  a	
  
pristine	
   homogeneous	
  mixture	
   of	
   ice	
   and	
   rock	
   (Grimm	
   and	
  McSween,	
   1989;	
   Castillo-­‐Rogez	
   et	
   al.,	
  
2008).	
  Evidences	
  of	
  hydrothermal	
  alteration	
  is	
  widely	
  recognised	
  in	
  CV	
  chondrites,	
  where	
  secondary	
  
mineral	
   assemblages	
   like	
   fayalite-­‐andradite/grossular-­‐diopside/hedenbergite-­‐magnetite	
   has	
   been	
  
detected	
  (Krot	
  et	
  al.,	
  1998).	
  Hydrothermal	
  experiments	
  on	
  CCs	
  to	
  investigate	
  mineral	
  changes	
  have	
  



	
   67	
  

been	
  already	
  done	
  by	
  Nomura	
  and	
  Miyamoto	
  1998;	
  Jones	
  and	
  Brearley,	
  2006;	
  Palmer	
  and	
  Lauretta,	
  
2011.	
  Nomura	
  and	
  Miyamoto	
  (1998)	
  made	
  experiments	
  on	
  typical	
  CAIs	
  minerals	
  such	
  as	
  gehlenite,	
  
spinel	
   and	
   diopside	
   discovering	
   that	
   most	
   of	
   the	
   secondary	
   minerals	
   in	
   CAIs	
   are	
   produced	
   by	
  
alteration	
  of	
  gehlenite.	
   In	
  particular,	
   gehlenite	
   releases	
  Ca-­‐Al-­‐Si	
   (Nomura	
  and	
  Miyamoto	
  1998),	
  Ca	
  
reacts	
  with	
  CO3	
  in	
  the	
  fluids	
  to	
  produce	
  calcite	
  and	
  Na	
  (mainly	
  from	
  the	
  mesostasis),	
  Al	
  and	
  Si	
  (from	
  
both	
   gehlenite	
   and	
  mesostasis)	
   react	
   to	
   crystallize	
   hydrated	
  nepheline	
   and	
   sodalite,	
   and	
   analcime	
  
(Nomura	
   and	
  Miyamoto	
   1998).	
   If	
   CO3

2-­‐	
   is	
   absent	
   also	
   hydrogrossular	
   can	
   crystallize	
   (Nomura	
   and	
  
Miyamoto	
  1998).	
  Jones	
  and	
  Brearley	
  (2006)	
  made	
  experiments	
  on	
  the	
  CV3	
  Allende	
  at	
  100-­‐150-­‐200°C	
  
with	
   water/rock	
   (W/R)	
   ratios	
   between	
   1:1	
   and	
   9:1	
   showing	
   that	
   Ca-­‐Mg	
   salts	
   are	
   the	
   first	
   phases	
  
affected	
   by	
   alteration.	
   With	
   increasing	
   alteration	
   Fe-­‐olivines	
   are	
   replaced	
   with	
   interlayered	
  
serpentine-­‐saponite	
  and	
  Fe-­‐oxy-­‐hydroxides	
  assemblages	
  (Jones	
  and	
  Brearley,	
  2006).	
  The	
  FeNi	
  alloys	
  
(i.e.	
  kamacite-­‐taenite),	
  one	
  of	
  the	
  main	
  constituents	
  of	
  CCs,	
  follow	
  an	
  alteration	
  path	
  in	
  presence	
  of	
  
fluids	
   based	
   on	
   the	
   S	
   and	
   Si	
   activity	
   (Palmer	
   and	
   Lauretta,	
   2011).	
   In	
   case	
   of	
   a	
   high	
   activity	
   of	
   S	
  
kamacite	
  alters	
   into	
   tochilinite,	
  P-­‐sulfides,	
  eskolaite	
  and	
  schreibersite	
   (Palmer	
  and	
  Lauretta,	
  2011),	
  
whereas	
  with	
  high	
  Si	
  activity	
  kamacite	
  turns	
  into	
  sulfide-­‐bearing	
  cronstedtite.	
  In	
  case	
  of	
  low	
  S	
  and	
  Si	
  
activity	
  altered	
  kamacite	
  crystallizes	
  magnetite	
  (Palmer	
  and	
  Lauretta,	
  2011).	
  	
  	
  
It	
  is	
  also	
  widely	
  accepted	
  that	
  the	
  dwarf	
  planet	
  Ceres	
  experienced	
  a	
  long	
  period	
  geothermal	
  aqueous	
  
alteration	
  (Neveu	
  et	
  al.,	
  2015;	
  Hendrix	
  et	
  al.,	
  2016),	
  which	
  caused	
  the	
  ammoniation	
  of	
  some	
  mineral	
  
phases,	
  in	
  particular	
  phyllosilicates	
  (De	
  Sanctis	
  et	
  al.,	
  2015).	
  On	
  Earth	
  ammoniated	
  minerals	
  occur	
  in	
  
proximity	
  of	
  hydrothermal	
  or	
  metamorphic	
  zones	
  within	
  organic-­‐rich	
  host	
  rocks	
  (Krohn	
  et	
  al.,	
  1993;	
  
Beran	
   et	
   al.,	
   1992;	
   Sucha	
   et	
   al.,	
   1998;	
   Nieto,	
   2002;	
   Ruiz	
   Cruz	
   and	
   Sanz	
   de	
   Galdeano,	
   2008)	
   and	
  
ammonia	
  is	
  found	
  mainly	
  in	
  the	
  phyllosilicate	
  lattice,	
  in	
  the	
  interlayer	
  site	
  or	
  adsorbed	
  (Ehlmann	
  et	
  
al.,	
  2018).	
  In	
  meteorite	
  samples	
  ammoniation	
  has	
  never	
  been	
  found	
  as	
  a	
  natural	
  product,	
  making	
  the	
  
study	
   of	
   this	
   process	
   particularly	
   difficult.	
   Some	
   ammoniation	
   experiments	
   runned	
   at	
   room	
  
temperature	
   and	
   for	
   the	
   very	
   short	
   time	
  of	
   72	
   hours	
   showed	
   that	
   the	
  main	
  minerals	
   that	
   can	
   be	
  
ammoniated	
   are	
   smectites,	
   in	
   particular	
  Mg-­‐saponite	
   (Ehlmann	
   et	
   al.,	
   2018;	
   Ferrari	
   et	
   al.,	
   2019).	
  
These	
   experiments	
   however	
   failed	
   to	
   recreate	
   ammoniation	
   of	
   serpentine,	
   which	
   is	
   the	
   main	
  
phyllosilicate	
  in	
  CCs	
  and	
  thus	
  on	
  C-­‐type	
  asteroids.	
  However,	
  ammoniated	
  micas	
  are	
  known	
  to	
  exist	
  in	
  
nature	
   (Nieto,	
   2002;	
   Ruiz	
   Cruz	
   and	
   Sanz	
   de	
   Galdeano,	
   2008)	
   and	
   probably	
   ammoniation	
   of	
   other	
  
phyllosilicates	
   is	
   possible	
   with	
   higher	
   temperatures	
   or	
   pressures	
   or	
   for	
   longer	
   exposure	
   to	
  
hydrothermal	
   alteration	
   (Ferrari	
   et	
   al.	
   2019).	
   For	
   these	
   reasons	
   we	
   performed	
   hydrothermal	
  
experiments	
   on	
   two	
   CCs	
   (the	
   CO3	
   FRO95002	
   and	
   the	
   CM2	
  MCY14001)	
   at	
   240°C	
   and	
   the	
   samples	
  
were	
   left	
   to	
   react	
   into	
   two	
   distinct	
   autoclaves	
   for	
   two	
  months.	
  We	
   also	
   used	
   two	
   distinct	
   fluids	
  
composition	
   (deionized	
  water	
  and	
  ammoniated	
  water)	
  and	
  two	
  different	
  W/R	
  ratios	
   to	
   investigate	
  
the	
  role	
  of	
  different	
  fluids.	
  We	
  show	
  that	
  serpentine	
  ammoniation	
  is	
  possible	
  at	
  higher	
  temperature	
  
and	
   long	
   lasting	
   experiments.	
   We	
   also	
   give	
   further	
   insights	
   on	
   hydrothermal	
   processes	
   with	
   the	
  
evidence	
   of	
   alteration	
   of	
   Na-­‐carbonates	
   into	
   Na-­‐ammoniated	
   phases	
   like	
   analcime-­‐natrolite,	
   and	
  
discuss	
  the	
  implications	
  of	
  our	
  findings	
  for	
  minor	
  bodies	
  like	
  Ceres.	
  	
  	
  
	
  
2.	
  Experimental	
  setup	
  
For	
   the	
   experiments	
   we	
   powdered	
   the	
   FRO95002	
   and	
   MCY14001	
   meteorites.	
   The	
   powders	
   of	
  
FRO95002	
  were	
  mixed	
  with	
  deionized	
  water	
  into	
  an	
  autoclave.	
  The	
  water	
  to	
  rock	
  ratio	
  (W/R)	
  of	
  this	
  
mixture	
  was	
   0.1.	
   The	
  MCY14001	
   samples	
  was	
   also	
   powdered	
   and	
  mixed	
  with	
   ammoniated	
  water	
  
with	
  W/R=1	
  and	
  put	
  in	
  a	
  distinct	
  autoclave.	
  We	
  put	
  the	
  two	
  mixtures	
  in	
  an	
  oven	
  and	
  heated	
  at	
  240°C	
  
for	
  nearly	
  two	
  months.	
  The	
  initial	
  oxygen	
  fugacity	
  was	
  the	
  same	
  of	
  that	
  of	
  the	
  Earth	
  atmosphere	
  (i.e.	
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at	
  the	
  beginning	
  of	
  the	
  experiment	
  the	
  environment	
  was	
  oxidising)	
  and	
  during	
  the	
  alteration	
  process	
  
we	
  had	
  no	
  control	
  on	
  the	
  oxygen	
  fugacity	
  and	
  on	
  the	
  pH.	
  We	
  decided	
  to	
  use	
  two	
  very	
  different	
  W/R	
  
ratios	
   as	
   well	
   as	
   fluid	
   composition	
   to	
   have	
   two	
   end	
   members	
   as	
   different	
   as	
   possible.	
   The	
  
temperature	
   choice	
   is	
   based	
   on	
   the	
   average	
   temperature	
   inferred	
   for	
   fluid	
   assisted	
   thermal	
  
metamorphism	
   on	
   minor	
   bodies	
   (Krot	
   et	
   al.,	
   1998;	
   Keil	
   2000;	
   Travis	
   and	
   Schubert,	
   2005).	
   In	
  
particular	
  250°C	
  was	
  the	
  autoclaves	
  safe	
  temperature	
   indicated	
  by	
  the	
  manufacturer,	
  so	
  for	
  safety	
  
reasons	
  we	
  decided	
  not	
  to	
  excessively	
  approach	
  that	
  temperature.	
  	
  	
  	
  
	
  

3.	
  Results	
  
3.1.	
  Petrography	
  and	
  mineral	
  composition	
  
The	
  FRO95002	
   (fig.	
   1A-­‐B)	
   chondrite	
   is	
   a	
  CO3.	
   It	
   has	
   abundant	
   chondrules	
   (~45	
   vol%)	
  with	
   a	
  mean	
  
diameter	
  of	
  0.2	
  mm.	
  The	
  two	
  major	
  phases	
  are	
  olivine,	
  with	
  composition	
  Fa1-­‐59,	
  and	
  pyroxene	
  with	
  
composition	
   Fs1-­‐7	
   (enstatitic	
   low-­‐Ca	
   pyroxenes	
   only).	
   Fe-­‐Ni	
   alloys	
   and	
   sulfides,	
   like	
   troilite	
   and	
  
pyrrhotite,	
   are	
   abundant	
   (~5	
   vol%)	
   and	
   also	
   CAIs	
   (~10	
   vol%).	
   The	
   main	
   constituents	
   of	
   CAIs	
   are	
  
fassaite,	
  garnets,	
  spinel	
  and	
  melilite.	
   In	
  addition,	
  XRD	
  analyses	
  indicate	
  that	
  in	
  FRO95002	
  there	
  are	
  
also	
  minor	
  quantities	
  of	
  nepheline	
  and	
  sodalite	
  (fig.	
  2).	
  Nepheline	
  and	
  sodalite	
  are	
  record	
  of	
  minor	
  
mild	
   temperature	
   aqueous	
   alteration	
   (Krot	
   et	
   al.,	
   1998;	
  Nomura	
   and	
  Miyamoto,	
   1998;	
   Krot	
   et	
   al.,	
  
2005),	
  but	
  no	
  phyllosilicates	
  have	
  been	
  detected.	
  MCY14001	
  is	
  a	
  CM2	
  chondrite	
  (fig.	
  1C	
  to	
  F)	
  and	
  has	
  
a	
  higher	
  content	
  of	
  matrix	
   than	
  chondrules,	
  which	
  are	
  only	
  ~20	
  vol%	
  with	
  a	
  mean	
  diameter	
  of	
  0.2	
  
mm.	
  The	
  content	
  of	
  fayalite	
  in	
  olivines	
  is	
  Fa0.3-­‐57	
  and	
  ferrosilite	
  in	
  low-­‐Ca	
  pyroxenes	
  Fs0.6-­‐5.	
  MCY14001	
  
has	
   a	
   composition	
  more	
   heterogeneous	
   than	
   FRO95002,	
   being	
   clinoenstatite	
   and	
   Fe-­‐olivines	
   also	
  
present	
  (fig.	
  1C-­‐D).	
  Phyllosilicates	
  are	
  widespread	
  replacing	
  chondrules	
  mesostasis	
  and	
  in	
  the	
  matrix	
  
(fig.	
  1F).	
  XRD	
  revealed	
  that	
  the	
  phyllosilicates	
  are	
  mainly	
  serpentine	
  (fig.	
  3).	
  Calcite	
  crystals	
  are	
  also	
  
found	
  and	
  are	
  often	
  associated	
  to	
  troilite	
  (fig.	
  1E).	
  Calcite	
  crystals	
  are	
  not	
  the	
  only	
  carbonates	
  found	
  
since	
  XRD	
  shows	
  that	
  Na-­‐carbonates	
  (i.e.	
  natron)	
  are	
  also	
  present	
   in	
  MCY14001	
  (Fig.3).	
  FeNi	
  alloys	
  
are	
   generally	
   rare.	
   CAIs	
   constitute	
   around	
   the	
   7	
   vol%	
   of	
   the	
   MCY14001	
   meteorite.	
   Finally,	
  
hydrotalcite	
   has	
   been	
   detected	
  with	
   XRD	
   as	
   an	
   additional	
   hydrated	
   phase	
   in	
   both	
   FRO95002	
   and	
  
MCY14001.	
  All	
   the	
  samples	
  are	
  pristine	
  since	
  secondary	
  processing	
   like	
  shock	
  stage	
  and	
  terrestrial	
  
alteration	
  are	
  very	
  low,	
  more	
  precisely	
  the	
  shock	
  stage	
  recorded	
  is	
  S1-­‐S2.	
  
After	
   the	
   experiments	
   bulk	
   XRD	
   analyses	
   shows	
   different	
   alteration	
   histories	
   of	
   FRO95002	
   and	
  
MCY14001.	
  During	
  FRO95002	
  alteration	
  no	
  substantial	
  changes	
  were	
  seen	
  being	
  the	
  main	
  one	
  a	
  loss	
  
of	
   hydrotalcite	
   (fig.	
   2).	
  On	
   the	
   other	
   side,	
   in	
   the	
   alteration	
   process	
   of	
  MCY14001	
   several	
   changes	
  
have	
   been	
   highlighted	
   by	
   the	
   XRD	
   analyses.	
   Magnetite,	
   pyrrhotite	
   and	
   pentlandite	
   form	
   as	
   new	
  
phases	
   (fig.	
   4A).	
   Furthermore	
   in	
   the	
   altered	
  MCY14001	
  Na-­‐carbonates	
   and	
   hydrotalcite	
   disappear	
  
and	
  are	
   replaced	
  by	
  Na-­‐phases,	
   likely	
  analcime-­‐natrolite	
   (fig.	
  4B).	
   Finally	
  Fe-­‐enstatite	
  and	
  diopside	
  
also	
  crystallize	
  during	
  the	
  alteration	
  process	
  (fig.	
  4C).	
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Fig.	
  1.	
  SEM	
  backscattered	
  images	
  of	
  A-­‐B)	
  FRO95002;	
  C	
  to	
  F)	
  MCY14001.	
  Ol=Olivine;	
  Opx=orthopyroxene	
  (Low-­‐
Ca	
  pyroxene);	
  Cpx=clinopyroxene;	
  Px=pyroxene;	
  FeNi=metal	
  alloys	
  (kamacite-­‐taenite);	
  CAI=Calcium-­‐Auminium	
  
inclusions;	
  Cal=calcite;	
  Phyllo=phyllosilicates;	
  FeS=troilite;	
  Sp=spinel;	
  Plg=plagioclase.	
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Fig.	
  2.	
  XRD	
  pattern	
  of	
  FRO95002	
  original	
  powders	
  (FRO95002_Or)	
  compared	
  to	
  the	
  XRD	
  pattern	
  of	
  
the	
  altered	
  ones	
  (FRO95002_Alt).	
  Fo=forsterite;	
  Px=pyroxene;	
  Nph=nepheline;	
  Sdl=sodalite.	
  

	
  
Fig.	
  3.	
  XRD	
  pattern	
  of	
  MCY14001	
  original	
  powders	
  (MCY14001_Or)	
  compared	
  to	
  the	
  XRD	
  pattern	
  of	
  
the	
   altered	
   ones	
   (MCY14001_Alt).	
   Fo=forsterite;	
   Cpx=clinopyroxene;	
   Srp=serpentine;	
   En=enstatite;	
  
Cal=calcite;	
  Na2CO3=natron.	
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Fig.	
  4.	
  Selected	
  regions	
  of	
  the	
  XRD	
  patterns	
  of	
  the	
  MCY14001	
  pristine	
  powders	
  (MCY14001_Or)	
  and	
  
MCY14001	
   altered	
   powders	
   (MCY14001_Alt).	
   Fo=forsterite;	
   Srp=serpentine;	
   Fe-­‐En=iron	
   enstatite;	
  
Di=diopside;	
  Mgs=magnesite;	
  Mag=magnetite;	
  Po=pyrrhotite;	
  Cal=calcite;	
  Na2CO3=natron.	
  
	
  
3.2.	
  Spectroscopy	
  
The	
   IR	
   reflectance	
   spectra	
   of	
   the	
   original	
   samples	
   FRO95002_Or	
   and	
   MCY14001_Or	
   are	
   typical	
  
spectra	
  of	
  carbonaceous	
  chondrites	
  (fig.	
  5A-­‐B).	
  The	
  Spectra	
  of	
  FRO95002_Or	
  is	
  indeed	
  characterised	
  
by	
  a	
  very	
  broad	
  band	
  from	
  2.7	
  µm	
  up	
  to	
  around	
  3.7	
  µm,	
  which	
  obliterates	
  any	
  other	
  possible	
  feature	
  
(fig.	
   5A).	
   The	
   same	
   for	
   MCY14001_Or	
   spectrum	
   where	
   the	
   broad	
   band	
   between	
   2.7	
   and	
   3	
   µm	
  
extends	
   up	
   to	
   around	
   3.6-­‐3.7	
   µm	
   (fig.	
   5B).	
   The	
   altered	
   powders	
   of	
   FRO95002	
   (hereafter	
  
FRO95502_Alt)	
   show	
   a	
   very	
   noisy	
   spectrum	
   (fig.	
   5C)	
   probably	
   due	
   to	
   poorly	
   crystalline	
   and	
  
disordered	
  phases,	
  making	
  the	
  interpretation	
  tricky.	
  The	
  major	
  difference	
  from	
  the	
  original	
  sample	
  
spectra	
  is	
  the	
  loss	
  of	
  the	
  hydration	
  band	
  between	
  2.7	
  and	
  3.7	
  µm.	
  Replacing	
  this	
  broad	
  band	
  we	
  see	
  
three	
  band	
  at	
  2.8	
  µm,	
  2.87	
  µm	
  and	
  2.93	
  µm.	
  In	
  the	
  3	
  µm	
  region	
  there	
  is	
  an	
  absorption	
  at	
  3.03	
  µm	
  
and	
   at	
   longer	
   wavelengths	
   there	
   is	
   a	
   band	
   at	
   3.8	
   µm.	
   To	
   verify	
   whether	
   these	
   bands	
   are	
  
representative	
  of	
  minerals	
  phase	
  and	
  what	
  kind	
  of	
  minerals	
  further	
  SEM-­‐EDS	
  analyses	
  will	
  be	
  carried	
  
out,	
  at	
  the	
  moment	
  XRD	
  data	
  do	
  not	
  indicate	
  new	
  mineral	
  species	
  formed	
  after	
  the	
  experiment.	
  The	
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spectra	
  of	
  the	
  alterated	
  MCY14001	
  (MCY14001_Alt)	
  show	
  a	
  sharp	
  2.7	
  µm	
  band	
  and	
  other	
  two	
  bands	
  
at	
  2.95	
  and	
  3.03-­‐3.04	
  µm	
  appear	
  (fig.	
  5D).	
  The	
  spectrum	
  between	
  3.3	
  and	
  4	
  µm	
  is	
  noisy,	
  but	
  slightly	
  
enhanced	
  3.5	
  µm,	
  3.75-­‐3.8	
  µm	
  and	
  3.9	
  µm	
  bands	
  can	
  be	
  seen.	
  Furthermore,	
  MCY14001	
  reflectance	
  
slightly	
  increases	
  from	
  the	
  original	
  to	
  the	
  altered	
  powders	
  (Fig.	
  5B-­‐D)	
  reflecting	
  a	
  smaller	
  grain	
  sizes	
  
and/or	
  the	
  production	
  of	
  bright	
  carbonates.	
  	
  
	
  

	
  
Fig.	
   5.	
   IR	
   reflectance	
   spectra	
   of	
   A-­‐B)	
   FRO95002	
   and	
   MCY14001	
   original	
   unaltered	
   powders	
  
respectively;	
   C-­‐D)	
   spectra	
   of	
   FRO95002	
   and	
  MCY14001	
   after	
   the	
   alteration	
   processes.	
  MCY14001	
  
reflectance	
   is	
   higher	
   in	
   the	
   altered	
   powders.	
   This	
   is	
   probably	
   due	
   to	
   slightly	
   different	
   grain	
   sizes,	
  
likely	
   being	
   the	
   ejecta	
   material	
   of	
   smaller	
   grain	
   sizes.	
   Compositional	
   differences	
   might	
   also	
   be	
  
involved	
  with	
  a	
  production	
  of	
  brighter	
  carbonates	
  in	
  the	
  altered	
  powders	
  (see	
  paragraph	
  4.1).	
  
	
  
4.	
  Discussion	
  
4.1.	
  Mineralogical	
  changes	
  
The	
  lack	
  of	
  any	
  substantial	
  change	
  in	
  mineralogy	
  of	
  FRO95002_Alt	
  is	
  most	
  likely	
  due	
  to	
  the	
  low	
  W/R	
  
ratio.	
  Low	
  abundance	
  of	
  water	
  coupled	
  with	
  high	
  temperatures	
  brought	
  the	
  sample	
  to	
  dehydration,	
  
suggested	
   by	
   the	
   disappearing	
   of	
   hydrotalcite	
   and	
   by	
   the	
   loss	
   of	
   the	
   broad	
   2.7-­‐3.7	
   µm	
   hydration	
  
band.	
   In	
   addition,	
   FRO95002	
  was	
   originally	
   already	
   nearly	
   anhydrous	
   indicated	
   by	
   the	
   absence	
   of	
  
evident	
   phyllosilicates	
   as	
   they	
   were	
   not	
   clearly	
   detected	
   by	
   XRD	
   analyses.	
   In	
   FRO95002	
  
phyllosilicates	
   are	
   thus	
   a	
  minor	
   phase	
   and	
   the	
   broad	
   2.7	
   µm	
  hydration	
   band	
   in	
   figure	
   5A	
   is	
  most	
  
likely	
   due	
   to	
   the	
   presence	
   of	
   other	
   hydrated	
   phases	
   (i.e.	
   hydrotalcite)	
   whilephyllosilicates	
   have	
   a	
  
minor	
   contribution.	
   Probably	
   the	
   major	
   effect	
   of	
   heating	
   FRO95002	
   with	
   low	
   W/R	
   besides	
  
dehydration	
   is	
   an	
   increased	
   textural	
   and	
   chemical	
   equilibrium.	
   This	
   is	
   similar	
   to	
   the	
   thermal	
  
metamorphism	
   suffered	
   by	
   chondrites	
   and	
   is	
   defined	
   by	
   the	
   petrologic	
   type	
   (see	
   introduction,	
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chapter	
   1)	
   (Brearley	
   and	
   Jones,	
   1998).	
   Chodnrites	
   with	
   high	
   petrologic	
   types	
   have	
   homogeneous	
  
composition	
   of	
   olivine	
   and	
   pyroxene,	
   pyroxene	
   changes	
   from	
  monoclinic	
   to	
   orthorhombic,	
  matrix	
  
and	
   glass	
   recrystallize	
   and	
   chondrules	
   become	
   porly	
   defined	
   (Brearley	
   and	
   Jones,	
   1998).	
   Further	
  
compositional	
  analyses	
  (SEM-­‐EDS	
  and	
  EMPA	
  analyses)	
  will	
  be	
  planned	
  to	
  investigate	
  whether	
  there	
  
has	
   been	
   any	
   compositional	
   change	
   like	
   an	
   enrichment	
   of	
   Fe	
   in	
   the	
   olivines,	
   chemical	
  
homogeinization	
  of	
  silicates	
  and	
  recrystallization	
  of	
  matrix	
  and	
  glass.	
   	
   Indeed,	
  Zolotov	
  et	
  al.	
   (2006)	
  
suggested	
   that	
   fayalite	
  may	
   form	
  with	
   a	
  W/R	
   ratio	
   of	
   0.1	
   in	
   a	
  wide	
   range	
   of	
   temperatures	
   below	
  
350°C,	
  although	
  the	
  pressure	
  needed	
  to	
  crystallize	
  fayalite	
  at	
  240°C	
  is	
  almost	
  100	
  bar	
  (Zolotov	
  et	
  al.,	
  
2006).	
  We	
  did	
  not	
  have	
  control	
  on	
  the	
  pressure	
  inside	
  the	
  hydrothermal	
  autoclaves,	
  however	
  they	
  
are	
  designed	
  to	
  support	
  a	
  maximum	
  of	
  30	
  Bar,	
  it	
  is	
  thus	
  very	
  unlikely	
  that	
  we	
  reached	
  100	
  Bar.	
  For	
  
this	
  reason	
  we	
  speculate	
  that	
  pure	
  fayalite	
  couldn’t	
  form,	
  but	
  an	
  enrichment	
  in	
  Fe	
  is	
  possible	
  derived	
  
by	
  reduction	
  of	
  magnetite	
  (Zolotov	
  et	
  al.,	
  2006)	
  or	
  by	
  growth	
  from	
  an	
  amorphous	
  precursor	
  phase	
  
(Abreu	
  and	
  Brearley	
  2011),	
  dehydration	
  of	
  serpentine	
  is	
  instead	
  ruled	
  out	
  being	
  absent	
  in	
  FRO95002.	
  
	
  
MCY14001	
   gave	
   more	
   interesting	
   results.	
   In	
   the	
   altered	
   samples	
   magnetite	
   and	
   sulfides	
   like	
  
pentlandite	
  and	
  pyrrhotite	
  were	
  produced.	
  This	
   indicates	
  a	
   changing	
   in	
   the	
  oxidizing	
  and	
   reducing	
  
conditions.	
  The	
  autoclaves	
  were	
  sealed	
  under	
  room	
  conditions,	
   thus	
  the	
  starting	
  environment	
  was	
  
oxidising.	
   Once	
   the	
   alteration	
   begun	
   started	
   to	
   form	
   magnetite.	
   After	
   the	
   oxygen	
   has	
   been	
  
exhausted	
  by	
  the	
  formation	
  of	
  magnetite,	
  the	
  environment	
  conditions	
  changed	
  in	
  reducing	
  ones	
  and	
  
pentlandite	
   and	
   pyrrhotite	
   formed.	
   The	
   iron	
   was	
   probably	
   leached	
   from	
   FeNi	
   alloys	
   in	
   an	
  
environment	
  where	
  activity	
  of	
  Si	
  and	
  S	
  was	
  low	
  (Palmer	
  and	
  Lauretta,	
  2011).	
  Other	
  sources	
  of	
  Fe	
  can	
  
be	
   Fe-­‐rich	
   olivine	
   or	
   the	
   Fe	
   in	
   mesostasis.	
   However	
   Fe	
   from	
   these	
   sources	
   tends	
   to	
   create	
  
cronstedtite	
   instead	
   of	
  magnetite	
   (Palmer	
   and	
   Lauretta,	
   2011).	
   Unfortunately	
   XRD	
   analyses	
   don’t	
  
allow	
  an	
  accurate	
  discrimination	
  between	
  antigorite,	
   lizardite	
  and	
  cronstedtite.	
  However	
  XRD	
  data	
  
point	
  to	
  enrichment	
  in	
  Fe	
  in	
  the	
  silicates.	
  The	
  53.4	
  XRD	
  peak	
  in	
  MCY14001_Alt	
  suggests	
  that	
  part	
  of	
  
the	
   Fe	
   brought	
   to	
   the	
   formation	
   of	
   Fe-­‐enstatite	
   (fig.	
   4C).	
   This	
   new	
   peak	
   is	
   found	
   together	
   with	
  
another	
  new	
  one	
  at	
  53.3	
  indicative	
  of	
  diopside	
  (fig.	
  4C).	
  The	
  crystallization	
  of	
  diopside	
  is	
  allowed	
  by	
  
the	
   presence	
   of	
   Ca	
   leached	
   from	
   CAIs,	
  mesostasis	
   and	
   hydrotalcite.	
   This	
   Fe-­‐rich	
   composition	
   and	
  
formation	
  of	
  diopside	
  recall	
  the	
  observation	
  made	
  on	
  the	
  TAM5.29	
  minimeteorite	
  in	
  chapter	
  1	
  (Nava	
  
et	
   al.,	
   accepted	
   under	
   review).	
   We	
   thus	
   bring	
   more	
   evidences	
   that	
   fluid	
   assisted	
   thermal	
  
metamorphism	
  at	
  around	
  250°C	
  can	
  bring	
  to	
  the	
  formation	
  of	
  Ca	
  and	
  Fe-­‐rich	
  silicates.	
  	
  
Another	
  very	
  interesting	
  result	
  is	
  the	
  disappearing	
  of	
  the	
  natron	
  and	
  the	
  minor	
  phase	
  hydrotalcite	
  in	
  
the	
   processed	
  MCY14001	
  meteorite.	
   Na-­‐carbonates	
   are	
   known	
   to	
   be	
   stable	
   at	
   low	
   temperatures	
  
(Marion,	
  2000).	
  Eutectic	
  temperatures	
  for	
  NaCO3	
  can	
  be	
  as	
  low	
  as	
  -­‐21.6°C	
  (Marion,	
  2000),	
  in	
  fact	
  it	
  is	
  
detected	
  on	
  icy	
  bodies	
  like	
  Europa	
  and	
  Ceres	
  (McCord	
  et	
  al.,	
  2001;	
  De	
  Sanctis	
  et	
  al.,	
  2016).	
  The	
  Na	
  
released	
  by	
  the	
  dissolved	
  natron	
  is	
  than	
  recycled	
  by	
  Na-­‐phases	
  like	
  analcime	
  and	
  natrolite	
  that	
  forms	
  
as	
   indicated	
   by	
   the	
   XRD	
   peaks	
   at	
   around	
   17°2θ (fig.	
   4B). Aluminium	
   needed to	
   form	
   analcime-­‐
natrolite	
  is	
  probably	
  leached	
  from	
  the	
  mesostasis,	
  from	
  CAIs	
  minerals	
  as	
  suggested	
  by	
  Nomura	
  and	
  
Miyamoto	
  (1998)	
  and	
  from	
  the	
  alteration	
  of	
  hydrotalcite	
  that	
  liberates	
  Mg	
  and	
  Al.	
  Furthermore	
  the	
  
XRD	
  peak	
  at	
  around	
  14°2θ (fig.	
  4B)	
  can	
  receive	
  some	
  contribution	
  from	
  NH4-­‐natrolite.	
  Ammoniated	
  
natrolite	
  has	
  indeed	
  the	
  major	
  XRD	
  peak	
  at	
  14.5°2θ,	
  which	
  is	
  absent	
  in	
  normal	
  natrolite.	
  From	
  these	
  
experiments	
   is	
   thus	
   clear	
   that	
   also	
   zeolites	
   like	
   analcime-­‐natrolite	
   can	
   be	
  NH-­‐bearing	
   phases	
   that	
  
contributing	
  to	
  the	
  2.9	
  -­‐	
  3	
  µm	
  band,.	
  	
  Since	
  at	
  the	
  same	
  time	
  no	
  clays	
  were	
  found	
  in	
  the	
  original	
  and	
  
altered	
  MCY14001	
  powders,	
  we	
  conclude	
  that	
  the	
  only	
  other	
  mineral	
  phase	
  that	
  can	
  be	
  ammoniated	
  
is	
  serpentine.	
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4.2.	
  Fate	
  of	
  CO3	
  
The	
  fate	
  of	
  CO3	
  derived	
  from	
  leaching	
  of	
  natron	
  and	
  hydrotalcite	
   is	
  not	
  clear.	
  During	
  the	
  oxidising	
  
phase	
   of	
   the	
   alteration	
   CO3	
   can	
   contribute	
   to	
   the	
   formation	
   of	
   carbonates.	
   In	
   fact,	
   carbonates	
   in	
  
terrestrial	
   hydrothermal	
   and	
   serpentinization	
   processes	
   are	
   known	
   to	
   co-­‐crystallize	
   with	
   high	
  
temperature	
  phases	
  like	
  diopside	
  and	
  tremolite	
  (Python	
  et	
  al.,	
  2007)	
  and	
  diopside	
  is	
  indeed	
  found	
  as	
  
a	
  new	
  phase	
   in	
  MCY14001_Alt.	
  The	
  presence	
  of	
  carbonates	
   is	
   further	
  constrained	
  by	
   the	
   fact	
   that	
  
the	
  3.9	
  µm	
  band	
   (typical	
  of	
   carbonates)	
   in	
   the	
  altered	
  MCY14001	
   spectrum	
   is	
   still	
   found	
   (fig.	
   5D).	
  
XRD	
   data	
   also	
   bring	
   evidences	
   of	
   the	
   presence	
   of	
   carbonates	
   (Fig.	
   3	
   and	
   4C).	
   Dehydration	
   of	
  
hydrotalcite	
   coupled	
  with	
   the	
   Al	
   leaching	
   can	
   turn	
   hydrotalcite	
   into	
  magnesite,	
   inferred	
   from	
   the	
  
newly	
  formed	
  54.7°2θ	
  XRD	
  peak	
  in	
  the	
  altered	
  MCY14001	
  powders	
  (fig.	
  4C).	
  It	
  thus	
  appears	
  that	
  Ca-­‐
Mg-­‐carbonates	
   are	
   stable	
   during	
   hydrothermal	
   alteration	
   and	
   new	
   crystals	
   are	
   also	
   created,	
   in	
  
agreement	
  with	
  observations	
  of	
  Python	
  et	
  al.	
  (2007).	
  On	
  the	
  contrary	
  Na-­‐carbonates	
  are	
  lost	
  during	
  
hydrothermalism	
  and	
  are	
  instead	
  stable	
  at	
  lower	
  temperatures	
  as	
  predicted	
  by	
  Marion	
  (2000).	
  
When	
  the	
  conditions	
  change	
  from	
  oxidising	
  to	
  reducing	
  the	
  carbon	
  left	
  is	
  then	
  free	
  to	
  combine	
  with	
  
H	
   and	
   NH.	
   This	
   leads	
   to	
   the	
   formation	
   of	
   aromatic	
   hydrocarbons,	
   the	
   preferred	
   organic	
   species	
  
created	
  during	
  hydrothermal	
  alteration	
  (Elsila	
  et	
  al.	
  2005;	
  Galvin	
  et	
  al.	
  2010;	
  Burton	
  et	
  al.	
  2012).	
  The	
  
aromatic	
  hydrocarbons	
  formation	
  is	
  indeed	
  attested	
  by	
  the	
  slight	
  deepening	
  of	
  the	
  broad	
  3.3-­‐3.5	
  µm	
  
band	
   in	
  the	
  MCY14001_Alt	
  spectrum	
  (Fig.	
  5D).	
  Giving	
  the	
  presence	
  of	
  nitrogen	
   it	
   is	
  also	
   likely	
   that	
  
amino	
   acids	
   formed	
   during	
   the	
   reducing	
   phase	
   of	
   alteration,	
   we	
   will	
   verify	
   the	
   presence	
   of	
   such	
  
compounds	
  with	
  gas	
  chromatography	
  analyses.	
  	
  
	
  
4.3.	
  Comparison	
  of	
  MCY14001	
  with	
  Ceres	
  
Ammoniation	
  experiments	
  to	
  match	
  the	
  composition	
  of	
  Ceres	
  and	
  all	
  the	
  Ceres-­‐like	
  asteroids	
  have	
  
already	
   been	
   done	
   on	
   carbonaceous	
   chondrites,	
   clays	
   and	
   phyllosilicates	
   (Ehlmann	
   et	
   al.,	
   2018;	
  
Ferrari	
  et	
  al.,	
  2019).	
  However	
  these	
  experiments	
  failed	
  to	
  recreate	
  ammoniation	
  of	
  serpentine,	
  the	
  
most	
  common	
  phyllosilicate	
  in	
  CCs	
  and	
  thus	
  on	
  C-­‐type	
  asteroids.	
  This	
  is	
  probably	
  due	
  to	
  the	
  fact	
  that	
  
previous	
  experiments	
  have	
  been	
  done	
  at	
   room	
  temperature	
   (25°C)	
  and	
   lasted	
   for	
  no	
  more	
   than	
  a	
  
few	
  days.	
  In	
  addition,	
  no	
  other	
  minerals	
  were	
  considered	
  in	
  the	
  experiments	
  of	
  Ehlmann	
  et	
  al.	
  (2018)	
  
and	
  Ferrari	
  et	
  al.	
  (2019).	
  
In	
  figure	
  6	
  we	
  compare	
  the	
  spectra	
  of	
  MCY14001_Alt	
  with	
  the	
  average	
  spectra	
  of	
  Ceres	
  acquired	
  by	
  
the	
   Dawn	
   spacecraft.	
   In	
   the	
   2.7-­‐2.8	
   µm	
   region	
   Ceres	
   show	
   a	
   band	
   centre	
   at	
   2.72	
   µm,	
   while	
  
MCY14001_Alt	
   has	
   a	
   band	
   centre	
   at	
   2.77	
   µm.	
   Longer	
   wavelengths	
   are	
   related	
   to	
   Fe-­‐rich	
  
phyllosilicates	
  and	
  shorter	
  wavelengths	
  to	
  Mg-­‐rich	
  phyllosilicates	
  (Takir	
  et	
  al.,	
  2013),	
  MCY14001_alt	
  
is	
   thus	
   more	
   enriched	
   in	
   Fe	
   than	
   Ceres.	
   However	
   it	
   is	
   known	
   that	
   with	
   increasing	
   hydrothermal	
  
alteration	
   cronstedtite,	
   the	
  most	
   common	
   Fe-­‐serpentine	
   in	
   CM	
   chondrites,	
   reacts	
  with	
  Mg	
   and	
   Si	
  
and	
   becomes	
  more	
   enriched	
   in	
  Mg	
   (Tomeoka	
   and	
   Buseck,	
   1985;	
   Lauretta	
   et	
   al.,	
   2000;	
   Zega	
   and	
  
Buseck,	
  2003;	
  Palmer	
  and	
  Lauretta,	
  2011).	
  We	
  think	
  that	
  with	
  longer	
  experiments	
  the	
  2.77	
  µm	
  band	
  
of	
  MCY14001_Alt	
  can	
  reach	
  lower	
  wavelengths.	
  	
  	
  
The	
  2.94	
  µm	
  band	
  in	
  MCY14001_Alt	
   is	
  very	
  similar	
  to	
  that	
  of	
  Ceres	
  centred	
  at	
  2.96µm.	
  On	
  Ceres	
  a	
  
more	
   evident	
   2.9	
   µm	
   band,	
   centred	
   at	
   2.99	
   µm,	
   was	
   detected	
   by	
   De	
   Sanctis	
   et	
   al.	
   (2019)	
   in	
   the	
  
organic-­‐rich	
   area	
  of	
   the	
   Ernutet	
   crater.	
   The	
  nature	
  of	
   this	
   band	
   is	
   related	
   to	
   ammoniated	
   salts	
   or	
  
organics	
   (De	
   Sanctis	
   et	
   al.,	
   2019).	
   According	
   to	
   our	
   experiments,	
  we	
   suggest	
   that	
   possible	
   phases	
  
responsible	
   for	
   the	
  2.9	
  µm	
  are	
   instead	
  ammoniated	
  natrolite-­‐analcime.	
  As	
  our	
  experiments	
   show,	
  
the	
  formation	
  of	
  natrolite-­‐analcime	
  occurs	
  with	
  the	
  alteration	
  of	
  Na-­‐carbonates.	
  Ceres	
  is	
  dominated	
  
by	
   Ca-­‐Mg-­‐carbonates	
   (Carrozzo	
   et	
   al.,	
   2017)	
   with	
   localized	
   spots	
   enriched	
   in	
   Na-­‐carbonates	
   (e.g.	
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Occator	
  bright	
  spots,	
  Haulani	
  crater	
  –	
  De	
  Sanctis	
  et	
  al.,	
  2016;	
  Tosi	
  et	
  al.,	
  2017;	
  Carrozzo	
  et	
  al.,	
  2017).	
  
We	
   suggest	
   that	
   Na-­‐carbonates	
   were	
   probably	
   in	
   higher	
   concentrations	
   on	
   Ceres	
   before	
   the	
  
occurrence	
  of	
   the	
  period	
  of	
   extensive	
   hydrothermal	
   alteration	
   (Neveu	
  et	
   al.,	
   2015;	
  Hendrix	
   et	
   al.,	
  
2016),	
  which	
   turned	
   the	
  majority	
  of	
  Na-­‐phases	
   in	
  ammoniated	
  natrolite.	
  The	
  3	
  µm	
  band	
  on	
  Ceres	
  
was	
  attributed	
  to	
  ammoniated	
  phyllosilicates	
  (De	
  Sanctis	
  et	
  al.,	
  2015)	
  and	
  has	
  a	
  band	
  centre	
  at	
  3.05	
  
±	
  0.01	
  (Takir	
  and	
  Emery,	
  2012),	
  close	
  to	
  the	
  band	
  centre	
  displayed	
  by	
  MCY14001_Alt	
  (3.03	
  µm).	
  As	
  
discussed	
   in	
   section	
   4.1,	
   in	
   MCY14001_Alt	
   there	
   are	
   no	
   clays	
   and	
   no	
   phyllosilicates	
   other	
   than	
  
serpentine.	
  Thus,	
   the	
  only	
  carriers	
  of	
  ammonia	
  are	
  serpentine	
  crystals,	
  which	
  must	
  have	
  taken	
  NH	
  
functional	
  groups	
  in	
  their	
  structures	
  in	
  relatively	
  high	
  temperature	
  environments	
  (240°C	
  in	
  the	
  case	
  
of	
  our	
  experiments).	
  	
  
In	
  the	
  region	
  of	
  organic	
  material	
  (3.3-­‐3.5	
  µm)	
  no	
  evident	
  bands	
  are	
  seen	
  in	
  MCY14001_Alt,	
  there	
  is	
  
only	
  one	
  weak	
  3.5	
  µm	
  band	
  that	
  can	
  attest	
  the	
  presence	
  of	
  CH	
  compounds.	
  However,	
  as	
  pointed	
  out	
  
in	
   paragraph	
   4.2	
   it	
   is	
   likely	
   that	
   aromatic	
   hydrocarbons	
   formed.	
   Leaving	
   the	
   powders	
   in	
   the	
  
autoclaves	
  for	
  a	
   longer	
  period	
  of	
  time	
  would	
  probably	
  resolve	
  the	
   lack	
  of	
  the	
  expected	
  3.3-­‐3.5	
  µm	
  
bands	
  in	
  MCY14001_Alt.	
  	
  
In	
  the	
  3.9-­‐4	
  µm	
  region	
  characteristic	
  of	
  carbonates,	
  we	
  found	
  absorption	
  bands	
  both	
  in	
  Ceres	
  and	
  in	
  
MCY14001_Alt.	
   We	
   report	
   the	
   presence	
   of	
   carbonates,	
   mainly	
   calcite,	
   in	
   the	
   pristine	
   MCY14001	
  
sample.	
   XRD	
   than	
   revealed	
   also	
   the	
   presence	
   of	
   natron.	
   In	
   the	
   altered	
  MCY14001	
   powders	
   other	
  
carbonates	
  form	
  (likely	
  calcite	
  and	
  magnesite)	
  and	
  natron,	
  as	
  widely	
  discussed,	
  disappears.	
   	
  This	
   is	
  
largely	
   consistent	
   with	
   the	
   overall	
   composition	
   of	
   Ceres,	
   inferred	
   to	
   be	
   enriched	
   in	
   Ca-­‐Mg-­‐
carbonates	
  (Carrozzo	
  et	
  al.,	
  2017).	
  	
  
	
  
	
  

	
  



	
   76	
  

Fig.	
  6.	
   IR	
  reflectance	
  spectra	
  of	
  altered	
  powders	
  of	
  MCY14001	
  (MCY14001_Alt)	
  compared	
  with	
  the	
  
spectra	
  of	
  the	
  average	
  spectrum	
  of	
  Ceres	
  acquired	
  by	
  the	
  Dawn	
  spacecraft.	
  	
  
	
  
5.	
  Conclusions	
  
With	
   this	
   work	
   we	
   report	
   new	
   insights	
   for	
   hydrothermal	
   alteration	
   on	
  minor	
   bodies	
   of	
   the	
   Solar	
  
System,	
  with	
  a	
  special	
  attention	
  to	
  C-­‐type	
  Ceres-­‐like	
  asteroids.	
  In	
  particular:	
  
	
  

1. The	
  Experiment	
  with	
  Low	
  W/R	
  ratios	
   (~0.1)	
  brings	
  to	
  a	
  dehydration	
  of	
  the	
  sample	
  as	
  a	
  
major	
  change.	
  

2. The	
   Experiment	
  with	
  High	
  W/R	
   ratios	
   (~1),	
   ammonia-­‐rich	
   fluids	
   and	
  CM	
  chondrite-­‐like	
  
composition	
  is	
  more	
  consistent	
  with	
  the	
  composition	
  of	
  C-­‐type	
  Ceres-­‐like	
  asteroids.	
  

3. During	
  the	
  experiment	
  on	
  the	
  CM-­‐MCY14001	
  chondrite	
  a	
  change	
  in	
  oxidising	
  to	
  reducing	
  
conditions	
  was	
  recorded	
  by	
  the	
  formation	
  of	
  magnetite	
  and	
  sulfides	
  respectively.	
  

4. We	
   add	
   new	
   evidences	
   that	
   in	
   fluid	
   assisted	
   metamorphism	
   at	
   ~250°C	
   there	
   is	
   an	
  
enrichment	
  in	
  Ca	
  and	
  Fe	
  of	
  the	
  silicates,	
  with	
  the	
  formation	
  of	
  Fe-­‐enstatite	
  and	
  diopside	
  
mainly.	
  

5. During	
   hydrothermal	
   alteration	
   of	
   MCY14001	
   CM	
   chondrite	
   at	
   240°C	
   Na-­‐carbonates	
  
become	
   unstable	
   and	
   are	
   turned	
   into	
   Na-­‐rich	
   phases	
   like	
   analcime-­‐natrolite.	
  
Furthermore	
   ammoniated-­‐natrolite	
   has	
   been	
   detected,	
   suggesting	
   that	
   these	
   mineral	
  
phases	
   can	
   be	
   present	
   on	
   Ceres-­‐like	
   asteroids	
   and	
   accounts	
   for	
   their	
   2.9-­‐3	
   µm	
  
absorption	
  band.	
  	
  

6. CO3	
  resulting	
  from	
  the	
  dissolution	
  of	
  Na-­‐carbonates	
  form	
  new	
  carbonates	
  stable	
  at	
  high	
  
temperature	
   like	
   calcite	
   and	
   magnesite	
   during	
   the	
   oxidising	
   phase.	
   This	
   process	
   can	
  
explain	
  the	
  rarity	
  of	
  Na-­‐carbonates	
  as	
  well	
  as	
  the	
  high	
  abundance	
  of	
  Ca-­‐Mg-­‐carbonates	
  
on	
  Ceres	
  surface.	
   In	
  addition	
  during	
  the	
  reducing	
  phase	
  the	
   liberated	
  carbon	
  combines	
  
with	
  H	
  to	
  likely	
  form	
  aromatic	
  hydrocarbons	
  detected	
  on	
  Ceres.	
  

7. We	
   report	
   indirect	
   evidence	
   for	
   ammoniation	
   of	
   serpentine,	
   the	
   only	
   phyllosilicate	
  
detected	
  in	
  the	
  MCY14001	
  chondrite.	
  This	
  was	
  never	
  achieved	
  before	
  and	
  we	
  infer	
  that	
  
this	
   process	
   can	
   take	
   place	
   at	
   relative	
   high	
   temperatures	
   (240°C)	
   in	
   long	
   lasting	
  
experiments	
   and	
   thus	
   also	
   on	
   Ceres-­‐like	
   asteroids,	
   which	
   went	
   through	
   extensive	
  
hydrothermal	
  alteration	
  during	
  their	
  evolution.	
  Thus	
  ammoniated-­‐serpentine	
  is	
  another	
  
phase	
  that	
  can	
  explain	
  the	
  3	
  µm	
  band	
  on	
  Ceres-­‐like	
  asteroids	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
   77	
  

Chapter	
  7	
  
	
  
An	
  aqueously	
  altered,	
  thermally	
  metasomatized	
  CO	
  chondritic	
  
micrometeorite	
  –	
  a	
  new	
  intermediate	
  member	
  covering	
  the	
  CO-­‐CM	
  gap	
  	
  
	
  
Abstract	
  
The	
  CO	
  and	
  CM	
  chondrites	
  form	
  a	
  meteorite	
  clan,	
  representing	
  two	
  closely	
  related	
  groups.	
  However,	
  
the	
   petrography	
   and	
   isotopic	
   differences	
   between	
   these	
   classes	
   are	
   increasingly	
   blurred	
   by	
   the	
  
discovery	
   of	
   new	
   intermediate	
  members,	
   which	
   share	
   affinities	
   to	
   both	
   groups	
   and	
   are	
   currently	
  
classed	
  as	
  ungrouped	
  C2	
  representatives.	
  We	
  describe	
  a	
  new	
  enigmatic	
  member	
  of	
  this	
  population,	
  
found	
   amongst	
   the	
   TAM	
   micrometeorite	
   collection.	
   We	
   use	
   Raman	
   spectroscopy,	
   mid-­‐IR	
  
spectroscopy,	
  mineral	
  chemistry	
  and	
  particle	
  textures	
  to	
  establish	
  a	
  strong	
  parent	
  body	
  link	
  and	
  to	
  
trace	
  the	
  geological	
  history	
  of	
  this	
  micrometeorite.	
  This	
  sample	
  (TAM5-­‐30)	
  is	
  a	
  “wet”	
  CO	
  chondrite,	
  
containing	
  abundant	
  hydrated	
  phases,	
  partially	
  replaced	
  chondrules	
  and	
  a	
  high	
  phyllosilicate	
  fraction	
  
(~0.4)	
   –	
   equivalent	
   to	
   the	
   hydrated	
   CR	
   chondrites	
   and	
   less	
   altered	
   than	
   most	
   CM	
   chondrites.	
   In	
  
addition,	
  TAM5-­‐30	
  records	
  a	
  two-­‐part	
  processing	
  history	
  characterised	
  by	
  an	
  initial	
  episode	
  of	
  low-­‐
temperature	
  CM-­‐like	
  aqueous	
  alteration	
  leading	
  to	
  the	
  formation	
  of	
  Fe-­‐phyllosilicate,	
  Cr-­‐spinel	
  and	
  
Fe-­‐oxides,	
  which	
   later	
   transitioned	
   into	
  higher	
   temperature	
   (~300°C)	
  CV-­‐like	
   thermal	
  metasomatic	
  
alteration,	
  resulting	
  in	
  the	
  formation	
  of	
  abundant	
  fayalite,	
  apatite,	
  diffusion	
  profiles	
  in	
  mafic	
  silicates	
  
and	
  “cooked”	
  organic	
  matter.	
  This	
  sample	
  therefore	
  reflects	
  a	
  dual	
  petrologic	
  subtype	
  ranging	
  from	
  
C2.2	
  to	
  C3.6	
  –	
  as	
  based	
  two	
  independent	
  petrographic	
  metrics	
  and	
  demonstrates	
  how	
  the	
  complex	
  
asteroidal	
  histories	
  of	
  chondrites	
  defy	
  simple	
  petrologic	
  subtypes.	
  	
   	
  
We	
  speculate	
   that	
  meteorites	
   intermediate	
  between	
  the	
  CO	
  and	
  CM	
  groups	
  potentially	
   formed	
  as	
  
small	
   asteroids	
   in-­‐between	
   the	
  main	
   growth	
   stages	
   of	
   larger	
   CO	
   and	
  CM	
  planetesimals.	
   Thus,	
   the	
  
COs,	
   intermediate	
   members	
   and	
   CMs	
   represent	
   a	
   progressive	
   continuum	
   of	
   petrographic	
   and	
  
isotopic	
   characteristics	
   reflecting	
   a	
   chronological	
   sequence	
   of	
   planetesimal	
   formation	
   from	
   an	
  
evolving	
  and	
  increasingly	
  hydrated	
  region	
  of	
  the	
  nebula.	
  	
  

1.	
  Introduction	
  	
  
The	
  asteroid	
  belt,	
  situated	
  at	
  ~	
  2.06	
  and	
  3.27	
  AU	
  between	
  the	
  orbits	
  of	
  Mars	
  and	
  Jupiter,	
  contains	
  
approximately	
   128,000	
   members	
   with	
   diameters	
   >1km	
   (JPL,	
   SSD	
   –	
   Nasa,	
   2019).	
   This	
   region	
   is	
  
composed	
   of	
   early	
   solar	
   system	
   remnants,	
   including	
   disintegrated	
   planetesimals,	
   early	
   generation	
  
protoplanets	
  and	
  primitive	
  nebula	
  accretion	
  products.	
  The	
  asteroid	
  belt’s	
  diversity	
   is	
  progressively	
  
resolved	
  through	
  a	
  combination	
  of	
  spectroscopy	
  (DeMeo	
  and	
  Carry,	
  2014),	
  space	
  missions	
  (Barucci	
  
et	
   al.,	
   2011)	
   and	
   meteoritics	
   and	
   this	
   in-­‐turn	
   informs	
   our	
   understanding	
   of	
   the	
   solar	
   system’s	
  
formation	
  and	
  evolution.	
  	
  

Within	
   the	
   field	
   of	
   meteoritics,	
   extraterrestrial	
   samples	
   are	
   studied	
   primarily	
   by	
   microanalytical	
  
methods	
  and	
  the	
  resulting	
  information	
  is	
  used	
  to	
  classify	
  samples	
  into	
  geochemically	
  and	
  isotopically	
  
distinct	
   classes.	
   Meteorite	
   classification	
   is	
   hierarchical,	
   with	
   divisions	
   tracing	
   shared	
   formation	
  
histories.	
   For	
   example,	
   the	
   classification	
   of	
   C,	
   O,	
   E	
   and	
   R	
   chondrites	
   are	
   generally	
   considered	
   a	
  
reflection	
   of	
   the	
   different	
   large-­‐scale	
   formation	
   regions	
   within	
   the	
   solar	
   nebula,	
   while	
   chondrite	
  
groups	
  are	
  assumed	
  to	
  trace	
  different	
  parent	
  bodies	
  with	
  subgroups	
  cataloguing	
  the	
  style	
  and	
  extent	
  
of	
  parent	
  body	
  processing	
  via	
  mechanisms	
  such	
  as	
  aqueous	
  alteration,	
  thermal	
  metamorphism	
  and	
  
igneous	
  differentiation	
  (Weisberg	
  et	
  al.,	
  2006).	
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Meteorite	
   classification	
   is	
   also	
   an	
   evolving	
   field,	
   dependent	
   upon	
   the	
   discovery	
   of	
   new	
  
extraterrestrial	
   samples.	
   Anomalous	
  meteorites	
   (and	
  more	
   recently	
  micrometeorites	
   [Gounelle	
   et	
  
al.,	
   2009;	
   Cordier	
   et	
   al.,	
   2018])	
   with	
   transitional	
   properties	
   or	
   unique	
  mineralogies	
   are	
   therefore	
  
potentially	
  members	
  of	
  new	
  and	
  otherwise	
  unknown	
  parent	
  bodies	
   (Krot	
  et	
  al.,	
  2000;	
  Choe	
  et	
  al.,	
  
2010;	
   Jacquet	
   et	
   al.,	
   2016).	
   Alternatively,	
   anomalous	
   samples	
   could	
   represent	
   outliers	
   closely	
  
associated	
  with	
  an	
  established	
  group	
  and	
  whose	
  discovery	
   forces	
  us	
   to	
  expand	
   the	
  definition	
  of	
  a	
  
given	
  chondrite	
  group	
  to	
  reflect	
  an	
  enhanced	
  understanding	
  of	
  the	
  diversity	
  and	
  variability	
  within	
  a	
  
single	
  body	
  (Choe	
  et	
  al.,	
  2010).	
  This	
  later	
  scenario	
  remains	
  problematic	
  since	
  it	
  is	
  unclear	
  how	
  much	
  
variability	
   is	
   possible	
   within	
   a	
   single	
   asteroid.	
   As	
   such	
   the	
   question	
   of	
   whether	
   a	
   carbonaceous	
  
chondrite	
   group	
   represents	
   a	
   single	
   parent	
   body	
   or	
   multiple	
   parent	
   bodies	
   is	
   a	
   pertinent	
   and	
  
unresolved	
  question.	
  This	
  is	
  particularly	
  true	
  for	
  the	
  CO-­‐CM	
  chondrite	
  clan,	
  which	
  represents	
  one	
  of	
  
the	
   largest	
   and	
   most	
   studied	
   carbonaceous	
   chondrite	
   groups	
   and	
   whose	
   component	
   meteorites	
  
exhibit	
  a	
  wide	
  range	
  of	
  properties	
  (Krot	
  et	
  al.,	
  2000;	
  Schrader	
  and	
  Davidson,	
  2017;	
  Alexander	
  et	
  al.,	
  
2018).	
  

In	
   this	
   study,	
   we	
   examine	
   a	
   new	
   and	
   anomalous	
   giant	
   micrometeorite,	
   whose	
   petrographic	
  
properties	
   suggest	
   a	
   close	
   affinity	
   to	
   the	
   CO	
   chondrites	
   but	
   with	
   an	
   otherwise	
   anomalously	
   high	
  
abundance	
  of	
  phyllosilicate	
  and	
  fayalite,	
  and	
  therefore	
  a	
  partially	
  hydrated	
  mineralogy,	
  recording	
  a	
  
significant	
   episode	
   of	
   parent	
   body	
   aqueous	
   alteration	
   and	
   subsequent	
   thermal	
   metasomatism,	
  
inconsistent	
  with	
  the	
  known	
  geological	
  history	
  of	
  the	
  CO	
  or	
  CM	
  chondrite	
  groups.	
  The	
  discovery	
  of	
  
this	
  micrometeorite,	
  along	
  with	
  an	
  increasing	
  number	
  of	
  anomalous	
  ungrouped	
  C2	
  representatives	
  
with	
  similarly	
  moderate	
  degrees	
  of	
  hydration	
  appear	
   transitional	
  between	
  the	
  CO	
  and	
  CM	
  groups,	
  
suggesting	
  a	
  continuum	
  in	
  petrographic	
  properties	
  and	
  a	
  diverse	
  range	
  of	
  processing	
  histories.	
  This	
  
has	
   implications	
   for	
   the	
  number	
  of	
  parent	
  bodies	
   formed	
   from	
  a	
   single	
   source	
   region	
  of	
   the	
   solar	
  
nebula	
  as	
  well	
  as	
  for	
  the	
  general	
  parent	
  body	
  processing	
  pathways	
  for	
  chondritic	
  samples.	
  	
  	
  

2.	
  Results	
  	
  
2.1	
  TAM5-­‐30:	
  This	
  is	
  a	
  large	
  composite	
  Antarctic	
  micrometeorite	
  (Fig.1A),	
  containing	
  no	
  igneous	
  rim	
  
and	
  a	
  discontinuous	
  magnetite	
  rim	
  –	
  which	
  is	
  observable	
  across	
  the	
  exterior	
  of	
  the	
  particle	
  (Fig.	
  1A,	
  
1C)	
  and	
  whose	
  partial	
  covering	
  is	
  attributed	
  to	
  terrestrial	
  weathering	
  and	
  attrition.	
  This	
  particle	
  has	
  a	
  
rounded	
   subspherical	
   shape	
   and	
   average	
   diameter	
   of	
   780μm	
   (Fig.1C).	
   The	
   exposed	
   cross-­‐section	
  
studied	
  here	
  measures:	
  680x590μm	
  (approximate	
  maximum	
  dimensions)	
  with	
  a	
  total	
  surface	
  area	
  of	
  
~0.315mm2	
  (as	
  measured	
  using	
  the	
  ImageJ	
  software).	
  

2.2.	
   Bulk	
   composition:	
   Terrestrial	
   alteration	
   is	
   localised,	
   primarily	
   affecting	
   the	
   particle	
   perimeter	
  
and	
  regions	
  of	
  the	
  matrix	
  within	
  100μm	
  of	
  the	
  particle	
  edge	
  (Fig.1B),	
  as	
  determined	
  by	
  EDX	
  mapping,	
  
which	
   shows	
   locally	
   enriched	
   concentrations	
   of	
   K,	
   S	
   and	
   Na	
   (Fig.2).	
   These	
   are	
   in	
   fact	
   known	
   to	
  
indicate	
   of	
   the	
   occurrence	
   of	
   weathering	
   products	
   of	
   the	
   Jarosite-­‐Alunite	
   series	
   in	
   Antarctic	
  
micrometeorites	
   (van	
   Ginneken	
   et	
   al.	
   2016).	
   We	
   therefore	
   discarded	
   matrix	
   analyses	
   with	
   clear	
  
evidence	
   of	
   terrestrial	
   alteration	
   collected	
   from	
   these	
   zones.	
   The	
   resulting	
   weathering-­‐corrected	
  
bulk	
   composition	
   for	
   TAM5-­‐30	
   (Fig.3A)	
   is	
   chondritic	
  within	
   1	
   order	
   of	
  magnitude	
  of	
   CI	
   values	
   and	
  
produce	
   a	
   close	
  match	
   to	
   oxidised	
   anhydrous	
   chondrites	
   such	
   CO	
   Kainsaz	
   and	
   CV	
   Allende,	
   whilst	
  
being	
  distinct	
  from	
  the	
  hydrated	
  CM	
  group	
  and	
  the	
  reduced	
  CV	
  chondrites.	
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Fig.1.	
   TAM5-­‐30,	
   a	
   giant	
   chondritic	
   composite	
  micrometeorite	
   (A-­‐C),	
   containing	
   seven	
   chondrules	
   embedded	
  
within	
   a	
   fine-­‐grained	
   matrix.	
   Chondrules	
   are	
   small	
   (<350μm)	
   and	
   are	
   affected	
   by	
   significant	
   parent	
   body	
  
aqueous	
   alteration	
   and	
   partial	
   replacement.	
   A	
   Schematic	
   sketch	
   aids	
   the	
   readers	
   interpretation,	
   illustrating	
  
zones	
  of	
  localized	
  terrestrial	
  weathering,	
  as	
  well	
  as	
  numbering	
  of	
  chondrules.	
  	
  
	
  

	
  
Fig.2.	
  EDX	
  maps	
  of	
  TAM5-­‐30	
  highlighting	
  localised	
  zones	
  of	
  terrestrial	
  weathering	
  at	
  the	
  particle’s	
  margins,	
  as	
  
traced	
   by	
   the	
   co-­‐occurrence	
   of	
   K	
   (blue)	
   and	
   S	
   (yellow),	
   indicating	
   the	
   presence	
   of	
   Jarosite	
   a	
   diagnostic	
  
weathering	
  mineral	
  formed	
  in	
  TAM	
  micrometeorites	
  during	
  terrestrial	
  alteration.	
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Fig.3.	
  Geochemical	
  panel,	
  displaying	
  bulk	
  matrix	
  and	
  chondrule	
  silicate	
  minor	
  element	
  compositions	
  

2.3.	
  Chondrules:	
  The	
  particle	
  interior	
  contains	
  clearly	
  defined	
  chondrules	
  (Fig.1B-­‐I),	
  which	
  lack	
  fine-­‐
grained	
  rims	
  and	
  compose	
  ~53%	
  of	
  the	
  particle	
  (by	
  area).	
  There	
  are	
  seven	
  chondrules	
  in	
  total	
  which	
  
range	
   in	
   size	
  between	
  60μm	
  and	
  245μm	
  and	
   include	
  porphyritic	
   (PP	
  and	
  POP),	
   radiating	
  pyroxene	
  
(RP),	
   cryptocrystalline	
   (CC)	
   and	
   glassy	
   subtypes.	
   Chondrules	
   in	
   this	
   micrometeorite	
   are	
   therefore	
  
small,	
  with	
  an	
  average	
  size	
  of	
  just	
  150μm	
  –	
  while	
  the	
  smallest	
  of	
  these	
  extend	
  towards	
  the	
  field	
  of	
  
microchondrules	
  (previously	
  defined	
  as	
  <40μm,	
  Krot	
  et	
  al.,	
  1997).	
  Chondrules	
  are	
  dominated	
  by	
  low-­‐
Ca	
  pyroxene	
  (En>93	
  for	
  88%	
  of	
  analyses),	
  however,	
   if	
  Type	
  I	
  chondrules	
  are	
  characterised	
  by	
  mafic	
  
silicates	
  with	
  Mg#>90%,	
  regardless	
  of	
  texture	
  –	
  TAM5-­‐30	
  is	
  found	
  to	
  contain	
  three	
  type	
  I	
  chondrules	
  
and	
  4	
   type	
   II	
   chondrules	
  –	
  and	
  which	
  do	
  not	
  correlate	
  with	
   the	
  presence	
  of	
   reduced	
  metal	
  beads.	
  
They	
  have	
  minor	
   element	
   contents	
   (MnO	
  and	
  Cr2O3)	
   consistent	
  with	
   a	
  CM	
  chondrite	
  parent	
  body	
  
(Fig.3C	
   and	
  D).	
  Olivine	
   and	
  high-­‐Ca	
  pyroxene	
   are	
   likewise	
  present	
   but	
   relatively	
   rare	
   components.	
  
Olivine	
   displays	
   near-­‐identical	
   compositions	
   to	
   the	
   low-­‐Ca	
   pyroxene	
   (Fo72-­‐95,	
   MnO<0.54	
   and	
  
Cr2O3<0.56)	
   while	
   the	
   high-­‐Ca	
   pyroxene	
   (En50-­‐57,	
   Fs1-­‐7,	
   Wo40-­‐42)	
   has	
   correlated	
   MnO-­‐Cr2O3	
  
contents	
   (0-­‐1wt%),	
   potentially	
   formed	
   by	
   condensation	
   growth	
   from	
   a	
   solar	
   nebula	
   gas	
   phase	
   at	
  
moderately	
  refractory	
  conditions.	
  Minor	
  chondrule	
  phases	
   include	
  metal,	
  Fe-­‐oxides	
  and	
  Fe-­‐sulfides	
  
(~1.9%	
  [area])	
  and	
  a	
  single	
  grain	
  of	
  apatite.	
  	
  	
  	
  

	
  2.4.	
  Matrix	
  and	
  aqueous	
  alteration:	
  The	
  particle’s	
  fine-­‐grained	
  matrix	
  is	
  a	
  complex	
  mix	
  olivine	
  and	
  
phyllosilicate,	
  with	
  minor	
  low-­‐Ca	
  pyroxene	
  as	
  determined	
  by	
  mid-­‐IR	
  spectroscopy,	
  stochiometry	
  and	
  
high-­‐resolution	
   BSE	
   imaging.	
   Although	
   some	
   of	
   the	
   phyllosilicate	
   has	
   experienced	
   incomplete	
  
thermal	
   decomposition	
   (possibly)	
   during	
   atmospheric	
   entry,	
   resulting	
   in	
   dehydroxylated	
  
phyllosilicates,	
   diagnostic	
   phase	
   textures	
   (Fig.4)	
   and	
   spectroscopic	
   signatures	
   remain	
   (Fig.5).	
   The	
  
matrix	
  modal	
  matrix	
  mineralogy	
  was	
  estimated	
  from	
  randomly	
  spaced	
  EDS	
  analyses	
  (Fig.4B)	
  as	
  well	
  
by	
   use	
   of	
   a	
  mid-­‐IR	
   linear	
  mixing	
  model	
   (Fig.5A)	
   and	
   revealed	
   approximately	
   equal	
   proportions	
   of	
  
olivine	
   and	
   phyllosilicate	
   (~40-­‐50%)	
   as	
   well	
   as	
   minor	
   ~10%	
   low-­‐Ca	
   pyroxene.	
   This	
   suggests	
   a	
  
phyllosilicate	
   fraction	
   (phyllosilicate/total	
   silicate	
   [anhydrous,	
   hydrous	
   &	
   amorphous])	
   of	
   ~40%	
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(Fig.6B)	
  which	
  plots	
  on	
  the	
  aqueous	
  alteration	
  petrologic	
  subtype	
  scheme	
  of	
  Howard	
  et	
  al.,	
   (2015)	
  
with	
  a	
  grade	
  of	
  C2.2.	
  	
  

The	
   near-­‐IR	
   spectrum	
   for	
   TAM5-­‐30	
   (Fig.5A)	
   reveals	
   a	
   complex,	
   hydrated	
  mineralogy,	
  with	
   several	
  
distinct	
  absorption	
  bands.	
  These	
  include	
  a	
  1.7	
  μm	
  band	
  produced	
  by	
  the	
  Mg-­‐OH	
  functional	
  group	
  –	
  
indicating	
  the	
  presence	
  of	
  brucite.	
  Meanwhile,	
  the	
  2.7	
  μm	
  band	
  in	
  TAM5-­‐30	
  is	
  deep,	
  narrow	
  and	
  “U-­‐
shaped”	
  with	
  a	
  band	
  centre	
  located	
  at	
  2.8μm.	
  This	
  feature	
  is	
  distinct	
  from	
  the	
  2.7	
  μm	
  bands	
  typically	
  
observed	
  in	
  carbonaceous	
  chondrites,	
  which	
  are	
  otherwise	
  broad	
  and	
  asymmetric	
  with	
  a	
  steep	
  low-­‐
wavelength	
   side	
   and	
   a	
   shallow	
   long-­‐wavelength	
   shoulder	
   (Fig.5A	
   and	
   Takir	
   et	
   al.,	
   2013)	
   and	
  band	
  
centres	
   between	
   2.7-­‐2.9	
   μm.	
   This	
   2.8	
   µm	
   band	
   is	
   due	
   to	
   phyllosilicates	
   with	
   relative	
   Fe-­‐rich	
  
compositions,	
  likely	
  minerals	
  of	
  the	
  serpentine	
  group	
  (i.e.	
  antigorite	
  or	
  lizardite).	
  TAM5-­‐30	
  also	
  has	
  a	
  
prominent	
  doublet	
   peak	
   at	
   3.3	
  µm	
  3.4-­‐3.5	
  μm	
  and	
  3.9-­‐4.0	
  μm	
  associated	
  with	
  organics	
   (aromatic	
  
and	
  aliphatic	
  hydrocarbons	
  in	
  particular)	
  and	
  carbonates	
  respectively.	
  These	
  features	
  are	
  commonly	
  
also	
   observed	
   in	
  most	
   carbonaceous	
   chondrites,	
   as	
   demonstrated	
   in	
   Takir	
   et	
   al.,	
   (2013)	
   although	
  
curiously	
  were	
  not	
  detected	
  in	
  our	
  reference	
  chips	
  of	
  CM,	
  CO,	
  CR	
  and	
  CV	
  chondrites	
  (Fig.5A).	
  Finally,	
  
TAM5.30	
  also	
  shows	
  a	
  band	
  at	
  3.8	
  µm,	
  not	
  found	
  in	
  the	
  spectra	
  of	
  the	
  other	
  CCs.	
  This	
  feature	
  can	
  be	
  
related	
  to	
  either	
  carbonates	
  or	
  the	
  S-­‐H	
  functional	
  group.	
  	
  

Matrix	
  silicates	
  are	
  Fe-­‐enriched	
  (Mg#:3-­‐62)	
  in	
  comparison	
  to	
  chondrule	
  silicates	
  (Mg#:72-­‐99).	
  Grains	
  
have	
   rectangular	
   euhedral	
   morphologies	
   and	
   sizes	
   <4μm.	
   In	
   contrast,	
   the	
   phyllosilicates	
   have	
  
characteristic	
   fibrous	
   morphologies	
   and	
   form	
   short,	
   mis-­‐orientated	
   stacks	
   (Fig.4D-­‐F).	
   They	
   form	
  
locally	
   abundant	
   clusters	
  which	
   co-­‐occur	
  with	
  micron-­‐sized	
   Fe-­‐oxide	
   grains	
   but	
   are	
   also	
   dispersed	
  
throughout	
  the	
  matrix	
  at	
  lower	
  concentrations.	
  This	
  results	
  in	
  a	
  highly	
  variable	
  matrix	
  texture,	
  with	
  
significant	
  variations	
  in	
  porosity,	
  grain	
  size	
  and	
  composition.	
  	
  

In	
  addition	
  to	
  the	
  matrix	
  phyllosilicates,	
  the	
  chondrules	
  and	
   isolated	
  anhydrous	
  silicates	
  within	
  the	
  
matrix	
   have	
   experienced	
   hydration	
   and	
   partial	
   replacement	
   by	
   phyllosilicate.	
   Alteration	
   veins	
  
penetrate	
  the	
  chondrules	
  following	
  crystallographic	
  and	
  microstructural	
  anisotropies	
  within	
  the	
  host	
  
crystals,	
  resulting	
  in	
  significant	
  localised	
  replacement	
  by	
  serpentine	
  (Fig.1)	
  as	
  previously	
  described	
  by	
  
Lee	
  and	
  Lindgren	
  (2016).	
  Chondrules	
  within	
  this	
  micrometeorite	
  therefore	
  preserve	
  variable	
  degrees	
  
of	
  alteration,	
  with	
  chondrules	
  2,	
  5	
  and	
  7	
  displaying	
  the	
  most	
  severe	
  parent	
  body	
  aqueous	
  alteration.	
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Fig.4.	
   High	
   magnification	
   BSE	
   images	
   illustrating	
   the	
   diversity	
   of	
   grain	
   textures	
   and	
   morphologies	
   present	
  
within	
  TAM5-­‐30.	
  The	
  matrix	
  of	
  this	
  micrometeorite	
  is	
  dominated	
  by	
  fayalite	
  and	
  Fe-­‐rich	
  phyllosilicates.	
  
	
  

	
  
Fig.5.	
   Infrared	
   reflectance	
   spectroscopic	
   data	
   for	
   TAM5-­‐30.	
   Including	
   an	
  estimate	
  of	
  modal	
  mineralogy	
  over	
  
mid-­‐IR	
  wavelengths	
  and	
  comparison	
  against	
  reflectance	
  spectra	
  of	
  carbonaceous	
  chondrites	
  over	
  the	
  near-­‐IR	
  3	
  
μm-­‐region.	
  Comparison	
  meteorites	
  are	
  PNRA/ANSMET	
  samples	
  loaned	
  for	
  this	
  study	
  and	
  mineral	
  spectra	
  from	
  
the	
  RRUFF	
  database,	
   from	
  Che	
  and	
  Glotch	
   (2012)	
  and	
  Hallenback	
   (1998).	
  Reflectance	
   is	
  arbitrary	
   in	
  order	
   to	
  
make	
  the	
  comparison	
  between	
  samples	
  easier,	
  for	
  this	
  reason	
  units	
  are	
  not	
  shown.	
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2.5.	
  Carbonaceous	
  and	
  organic	
  phases:	
  Raman	
  spectra	
  collected	
   from	
  TAM5-­‐30	
  are	
  dominated	
  by	
  
signals	
  from	
  disordered	
  carbonaceous	
  matter,	
  containing	
  prominent	
  G	
  and	
  D	
  bands	
  (Fig.7).	
  Average	
  
peak	
   parameters	
   from	
   six	
   high-­‐quality	
   spectra	
   yielded	
   values	
   of	
   R1	
   –	
   ID/IG	
   (band	
   height)	
   of	
   1.22	
  
(±0.16)	
  and	
  an	
  average	
  FWHM-­‐D	
  of	
  111cm-­‐1	
  (±20).	
  These	
  values	
  plots	
  close	
  to	
  the	
  CO	
  metamorphic	
  
trendline	
  previously	
  established	
  by	
  Bonal	
  et	
  al.,	
  (2007)	
  using	
  data	
  from	
  eight	
  CO	
  chondrites	
  (Fig.6A)	
  
and	
  imply	
  that	
  the	
  metamorphic	
  grade	
  or	
  petrologic	
  subtype	
  for	
  TAM5-­‐30	
  is	
  ~C3.6.	
  	
  	
  

	
  
Fig.6.	
  Parent	
  body	
  alteration	
   recorded	
   in	
  TAM5-­‐30,	
  petrologic	
   subtype	
  estimated	
  using	
  Raman	
  spectroscopy	
  
(A)	
   and	
  modal	
  mineralogy	
   (B).	
  Metrics	
   and	
  model	
   data	
   after	
   Bonal	
   et	
   al.,	
   (2007)	
   and	
  Howard	
   et	
   al.,	
   (2015)	
  
respectively.	
  We	
  also	
  display	
  additional	
  modal	
  mineralogy	
  data	
  from	
  Alexander	
  et	
  al.,	
  (2018)	
  [CO	
  chondrites]	
  
and	
  Suttle	
  et	
  al.,	
  (2019a)	
  [giant	
  fine-­‐grained	
  hydrated	
  micrometeorites].	
  	
  
	
  

	
  
Fig.7.	
  An	
  example	
  Raman	
  spectrum	
  from	
  TAM5-­‐30,	
  demonstrating	
  the	
  peak	
  fitting	
  model	
  (Lorentz-­‐Voigt)	
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3.	
  Discussion	
  
3.1.	
   Identification,	
   entry	
   heating	
   and	
   terrestrial	
   modification:	
   The	
   presence	
   of	
   a	
   magnetite	
   rim	
  
confirms	
   that	
   TAM5-­‐30	
   is	
   a	
   micrometeorite	
   rather	
   than	
   a	
   fragment	
   of	
   a	
   larger	
   meteorite.	
   This	
  
particle	
  was	
  therefore	
  liberated	
  from	
  its	
  parent	
  body	
  as	
  a	
  small	
  grain	
  and	
  resided	
  in	
  space	
  as	
  cosmic	
  
dust	
  before	
  being	
  captured	
  by	
  Earth’s	
  gravity	
  and	
  surviving	
  atmospheric	
  entry	
  (Genge	
  et	
  al.,	
  2008).	
  	
  

The	
   lack	
  of	
   an	
   igneous	
   rim,	
   as	
  well	
   as	
  disordered	
   carbonaceous	
  matter	
  preserved	
  within	
   the	
   fine-­‐
grained	
  matrix	
  and	
  hydrated	
  phyllosilicate	
   (some	
  of	
  which	
  may	
  be	
  partially	
  altered	
  dehydroxylate)	
  
demonstrate	
   that	
   atmospheric	
   entry	
   heating	
  was	
  minimal,	
   temperature	
   gradients	
  were	
   steep	
   and	
  
that	
   sustained	
   peak	
   temperatures	
   were	
   most	
   likely	
   between	
   300-­‐400°C	
   and	
   certainly	
   <<800°C	
  
(Nozaki	
   et	
   al.,	
   2006;	
   Suttle	
   et	
   al.,	
   2017).	
   This	
   is	
   highly	
   unusual	
   for	
   large	
   micrometeorites,	
   which	
  
typically	
   suffer	
   significantly	
   higher	
   peak	
   temperatures	
   (Love	
   and	
   Brownlee,	
   1994).	
   Currently	
   no	
  
studies	
   have	
   attempted	
   to	
  model	
   the	
   heating	
   profiles	
   of	
  micrometeorites	
   larger	
   than	
   ~100μm,	
   as	
  
such	
   the	
   entry	
   dynamics	
   of	
   giant	
   (>400μm)	
   micrometeorites	
   –	
   found	
   among	
   the	
   TAM	
   collection	
  
(Rochette	
  et	
  al.,	
  2008)	
  –	
  are	
  unknown.	
  However,	
  given	
  the	
  strong	
  control	
  particle	
  size	
  plays	
  on	
  peak	
  
temperature	
   and	
   duration	
   of	
   heating,	
   logically	
   one	
   would	
   expect	
   giant	
  micrometeorites	
   to	
   rarely	
  
survive	
  atmospheric	
   entry.	
   This	
   indeed	
  appears	
   to	
  be	
   the	
   true,	
  because	
  unmelted	
  micrometeorite	
  
abundance	
   decreases	
   as	
   particle	
   size	
   increases	
   (Taylor	
   et	
   al.,	
   2007).	
   Thus,	
   particles	
   like	
   TAM5-­‐30,	
  
which	
  are	
  only	
  minimally	
  affected	
  by	
   flash	
  heating	
  must	
  have	
  experienced	
  highly	
   favourable	
  entry	
  
conditions.	
  	
  

Finally,	
   TAM5-­‐30	
   was	
   affected	
   by	
   terrestrial	
   weathering	
   while	
   in	
   Antarctica.	
   The	
   environmental	
  
conditions	
   at	
   Miller	
   Butte	
   result	
   in	
   the	
   progressive	
   replacement	
   of	
   extraterrestrial	
   material	
   with	
  
weathering	
   phases,	
   notably	
   jarosite	
   (KFe3+3(OH)6(SO4)2),	
   calcite,	
   palagonite	
   and	
   ferrihydrite	
   (van	
  
Ginneken	
  et	
  al.,	
  2016).	
  In	
  TAM5-­‐30	
  jarosite	
  is	
  clearly	
  present,	
  traced	
  by	
  the	
  co-­‐occurrence	
  of	
  K	
  and	
  S	
  
in	
  EDX	
  maps,	
  however,	
  its	
  extent	
  is	
  limited	
  and	
  localised	
  to	
  the	
  particle	
  perimeter	
  (Fig.1B	
  and	
  Fig.2).	
  	
  

TAM5-­‐30	
   is	
   therefore	
   an	
   exceptionally	
   rare	
   find	
   being	
   unmelted,	
   essentially	
   unheated	
   and	
  mildly	
  
affected	
  by	
  later	
  terrestrial	
  weathering,	
  this	
  permits	
  a	
  thorough	
  investigation	
  of	
  the	
  particle’s	
  parent	
  
body	
  affinities	
  and	
  geological	
  history.	
  	
  	
  

3.2.	
  Parent	
  body	
  affinities	
  of	
  TAM5-­‐30	
  and	
  the	
  CO-­‐CM	
  gap:	
  
TAM5-­‐30	
   shares	
   many	
   petrographic	
   similarities	
   with	
   the	
   CO	
   chondrites	
   (Table.1).	
   This	
   includes	
  
average	
   chondrule	
   size	
   (150μm),	
   chondrule	
   size	
   range	
   (60-­‐245μm),	
   chondrule	
   abundance	
   (~53%),	
  
metal	
   abundance	
   (<1.9%	
   [area]),	
   bulk	
   matrix	
   composition	
   (Fig.3A),	
   relict	
   chondrule	
   silicate	
  
compositions	
  (Fig.3C	
  &	
  3D)	
  and	
  matrix	
  mineralogy.	
  Based	
  on	
  these	
  features	
  TAM5-­‐30	
  thus	
  appears	
  
to	
   be	
   an	
   unambiguous	
   member	
   of	
   the	
   CO	
   group.	
   However,	
   the	
   relatively	
   high	
   abundance	
   of	
  
phyllosilicate	
   (~40%)	
   in	
  TAM5-­‐30,	
  which	
   is	
  primarily	
   concentrated	
  within	
   the	
  matrix	
   as	
  well	
   as	
   the	
  
presence	
  of	
   carbonates	
   are	
   inconsistent	
  with	
   a	
   CO	
   chondrite.	
  Most	
   CO	
   chondrites	
   are	
   anhydrous,	
  
containing	
   variable	
   proportions	
   of	
   crystalline	
   and	
   amorphous	
   silicate	
   within	
   their	
   matrix	
   and	
   no	
  
hydrated	
  silicates	
  (Fig.5B	
  and	
  Alexander	
  et	
  al.,	
  2018).	
  In	
  contrast,	
  in	
  CO	
  chondrites	
  which	
  do	
  contain	
  
phyllosilicates	
   these	
   appear	
   at	
   very	
   low	
   concentrations,	
   as	
   Fe-­‐rich	
   serpentine	
   varieties	
   with	
   low-­‐
degrees	
   of	
   crystallinity	
   and	
   in	
   close	
   association	
   with	
   oxidised	
   Fe3+-­‐bearing	
   Fe-­‐oxides	
   (Keller	
   and	
  
Buseck,	
   1990).	
   Modal	
   mineralogy	
   by	
   PSD-­‐XRD	
   (position	
   sensitive	
   X-­‐ray	
   diffraction)	
   conclude	
   that	
  
most	
   CO	
   chondrites	
   contain	
   close	
   to	
   0vol%	
   phyllosilicate	
   and	
   certainly	
   <5vol%	
   (Alexander	
   et	
   al.,	
  
2018).	
  Thus,	
  although	
  phyllosilicate	
  species	
  are	
  present	
  in	
  CO	
  chondrites,	
  they	
  are	
  significantly	
  lower	
  
than	
  those	
  observed	
  in	
  TAM5-­‐30.	
  	
  

The	
   CO	
   chondrites	
   share	
   a	
   close	
   petrographic	
   relationship	
   with	
   the	
   CM	
   chondrites	
   forming	
   a	
  
chondrite	
   clan	
   united	
   by	
   similar	
   chondrule	
   properties,	
   isotopic	
   signatures	
   and	
   volatile	
   element	
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abundances	
   (Kallemeyn	
  and	
  Wasson,	
   1981;	
   Schrader	
   and	
  Davidson,	
   2017;	
  Alexander	
   et	
   al.,	
   2018).	
  
Their	
  O-­‐isotopic	
  signatures	
  define	
  a	
  single	
  trendline	
  (ranging	
  between	
  values	
  𝛿18O=-­‐5‰,	
  𝛿17O=-­‐10‰	
  
and	
  𝛿18O=10‰,	
  𝛿17O=4‰)	
  with	
  a	
  slope	
  of	
  0.7	
  (and	
  a	
  𝛿17O	
  intercept	
  of	
  -­‐4.23‰,	
  Clayton	
  and	
  Mayeda,	
  
1999;	
  Greenwood	
  et	
   al.,	
   2019).	
  However,	
   CO	
  and	
  CM	
  chondrites	
   plot	
   as	
   end-­‐members	
   leaving	
   an	
  
isotopic	
   “gap”	
   in-­‐between.	
   Similar	
   well-­‐defined	
   isotopic	
   lines	
   with	
   various	
   linear	
   slope	
   functions	
  
characterize	
   all	
   of	
   the	
   carbonaceous	
   chondrite	
   groups	
   (but	
   not	
   the	
   non-­‐carbonaceous	
   chondrites,	
  
Alexander,	
   2019).	
   For	
   example,	
   the	
  CRs	
   also	
  plot	
   along	
   a	
   parallel	
   slope	
  0.7	
  mixing	
   line,	
   but	
   this	
   is	
  
offset	
   from	
  the	
  CO-­‐CM	
  line,	
  with	
  a	
  𝛿17O	
   intercept	
  of	
   -­‐2.25‰	
  (Schrader	
  et	
  al.,	
  2011).	
  Each	
  of	
   these	
  
trendlines	
  records	
  mixing	
  between	
  an	
  inner	
  solar	
  system	
  16O-­‐rich	
  and	
  an	
  outer	
  solar	
  system	
  16O-­‐poor	
  
component.	
   This	
   relationship	
   was	
   interpreted	
   by	
   Clayton	
   and	
   Mayeda	
   (1999)	
   as	
   a	
   dust	
   and	
   gas	
  
component	
   respectively	
   while	
   others	
   (Chaumard	
   et	
   al.,	
   2018;	
   Marrocchi	
   et	
   al.,	
   2018;	
   Alexander,	
  
2019)	
  favor	
  mixing	
  of	
  16O-­‐rich	
  anhydrous	
  silicates	
  and	
  16O-­‐poor	
  water-­‐ice.	
  	
  

The	
  CO-­‐CM	
  clan	
  most	
  likely	
  grew	
  from	
  the	
  same	
  initial	
  geochemical	
  reservoir	
  and	
  formation	
  region.	
  
Recently,	
  Chaumard	
  et	
  al.,	
  (2018)	
  suggested	
  that	
  the	
  CO	
  chondrite	
  parent	
  body	
  may	
  have	
  accreted	
  
first	
  with	
  the	
  CM	
  parent	
  body	
  (or	
  bodies)	
  forming	
  later.	
  In	
  between	
  these	
  events	
  the	
  solar	
  system’s	
  
snowline	
   appears	
   to	
   have	
  migrated	
   inwards	
   crossing	
   their	
   common	
   formation	
   region	
   and	
   thereby	
  
explaining	
  the	
  significant	
  increase	
  in	
  water	
  content	
  among	
  the	
  CM	
  chondrites	
  as	
  a	
  product	
  of	
  water-­‐
ice	
  condensation,	
  partitioning	
  into	
  the	
  volatile-­‐bearing	
  matrix.	
  This	
  suggestion	
  has	
  the	
  advantage	
  of	
  
explaining	
   the	
   distinct	
   difference	
   in	
   hydration	
   and	
   water-­‐to-­‐rock	
   ratios	
   of	
   two	
   groups	
   while	
  
maintaining	
   their	
   close	
   isotopic	
   and	
   petrographic	
   relationships,	
   including	
   near-­‐identical	
   chondrule	
  
chemistries.	
  If	
  the	
  CMs	
  formed	
  later,	
  then	
  their	
  consistent	
  chondrules	
  could	
  have	
  experienced	
  longer	
  
growth	
   times	
   in	
   the	
   solar	
   nebula,	
   and	
   assuming	
   growth	
   time	
   correlates	
   with	
   chondrule	
   size	
   (for	
  
example	
  by	
  mechanisms	
  such	
  as	
  sticking	
  of	
  molten	
  droplets	
  [Jacquet,	
  2014]	
  or	
  by	
  periodic	
  accretion	
  
of	
  dust	
  layers	
  and	
  subsequent	
  melting	
  cycles	
  [Ruzicka,	
  2012])	
  this	
  would	
  potentially	
  explaining	
  their	
  
larger	
  average	
  sizes,	
  in	
  comparison	
  to	
  COs.	
  	
  

The	
   dichotomy	
   between	
   the	
   CO	
   and	
   CM	
   end-­‐members	
   is	
   however,	
   increasingly	
   blurred	
   by	
   the	
  
discovery	
  of	
  new	
  intermediate	
  members	
  with	
  transitional	
  petrographic	
  (Choe	
  et	
  al.,	
  2010;	
  Alexander	
  
et	
  al.,	
  2018)	
  and	
  isotopic	
  properties	
  (Clayton	
  and	
  Mayeda	
  1999;	
  Greenwood	
  et	
  al.,	
  2019).	
  They	
  are	
  
primarily	
   a	
   product	
   of	
   new	
   Antarctic	
   and	
   hot	
   desert	
   finds.	
   Most	
   new	
   intermediate	
   members	
  
(Table.2)	
  are	
  categorized	
  as	
  C2-­‐ungrouped,	
  anomalous	
  CM	
  or	
  CM-­‐like	
  chondrites	
  and	
  have	
  relatively	
  
dry	
  mineralogy	
  with	
  phyllosilicate	
  contents	
  <60vol%	
  –	
  that	
  are	
  otherwise	
  typical	
   for	
  the	
  CM	
  family	
  
(Howard	
  et	
  al.,	
  2009;	
  2015).	
  Likewise,	
  they	
  have	
  small	
  chondrules,	
  commonly	
  in-­‐between	
  the	
  CO	
  and	
  
CM	
  average	
  size.	
  Notable	
  examples	
  include:	
  NWA	
  5958	
  (Jacquet	
  et	
  al.,	
  2016),	
  which	
  is	
  similar	
  to	
  the	
  
least	
  altered	
  CMs,	
   containing	
  modest	
  quantities	
  of	
   coarse	
  phyllosilicate,	
   a	
   larger	
  volume	
  of	
  matrix	
  
but	
   greater	
   volatile	
   depletion	
   than	
   the	
   CM	
   group;	
   Acfer	
   094	
   with	
   a	
   uniquely	
   pristine	
   petrology	
  
potentially	
  similar	
  the	
  precursor	
  unaltered	
  CM	
  lithology	
  (Newton	
  et	
  al.,	
  1995;	
  Choe	
  et	
  al.,	
  2010);	
  and	
  
LEW	
   85311	
   (Choe	
   et	
   al.,	
   2010).	
   TAM5-­‐30	
   shares	
   many	
   similarities	
   to	
   this	
   intermediate	
   chondrite	
  
population	
  being	
  both	
  CO	
  and	
  CM	
  like,	
  with	
  similar	
  chondrule	
  sizes	
  and	
  alteration	
  degrees.	
  However,	
  
this	
   micrometeorite	
   is	
   perhaps	
   most	
   similar	
   to	
   the	
   C2-­‐ungrouped	
   meteorite	
   MAC	
   88107,	
   as	
   the	
  
matrix	
   in	
   both	
   samples	
   contains	
   Fe/Mg-­‐phyllosilicates	
   and	
   fayalitic	
   olivine,	
   representing	
   a	
   distinct	
  
alteration	
  history	
   to	
   that	
   found	
   in	
  CM	
  chondrites	
  and	
   instead	
  more	
   similar	
   to	
   the	
  CVs	
   (Krot	
  et	
  al.,	
  
2000).	
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3.3.	
  Reconstructing	
  the	
  parent	
  body	
  environment:	
   In	
   terrestrial	
  metamorphic	
  petrology,	
  prograde	
  
and	
  retrograde	
  paths	
  are	
  reconstructed	
  using	
  diagnostic	
  index	
  minerals	
  to	
  resolve	
  the	
  approximate	
  
metamorphic	
   conditions	
   experienced	
   by	
   a	
   rock	
   sample	
   or	
   rock	
   suite.	
   Similarly,	
  meteorites	
   can	
   be	
  
analysed	
  by	
  an	
  equivalent	
  approach.	
  Chondritic	
  matrix	
  mineralogy	
  serves	
  as	
  a	
  sensitive	
  record	
  of	
  the	
  
parent	
  body	
  processing	
  and	
  can	
  thus	
  be	
  used	
  to	
  constrain	
  the	
  environmental	
  evolution	
  of	
  its	
  parent	
  
body	
  –	
  or	
  at	
  least	
  the	
  local	
  conditions	
  of	
  formation	
  for	
  a	
  specific	
  meteorite.	
  	
  

The	
  unaltered	
  starting	
  material	
  from	
  which	
  TAM5-­‐30	
  evolved	
  can	
  be	
  inferred,	
  assuming	
  that	
  the	
  low	
  
petrologic	
  subtype	
  CO3.0s	
  represent	
  the	
  original	
  precursor	
  mineralogy	
  or	
  “protolith”	
  for	
  this	
  sample.	
  
We	
   deem	
   this	
   a	
   reasonable	
   assumption	
   given	
   their	
   close	
   petrographic	
   relationship	
   (Sect.4.2).	
   The	
  
CO3.0s	
   are	
   dominated	
  by	
   amorphous	
   Fe-­‐rich	
   silica	
   (Keller	
   and	
  Buseck,	
   1990;	
  Howard	
   et	
   al.,	
   2015;	
  
Alexander	
  et	
  al.,	
  2018),	
  which	
  is	
  metastable	
  and	
  easily	
  altered	
  to	
  secondary	
  phases.	
  In	
  contrast,	
  the	
  
matrix	
  of	
  TAM5-­‐30	
  contains	
   fayalite	
  and	
  Fe-­‐phyllosilicates,	
  most	
   likely	
  Fe-­‐serpentine	
   (cronstedtite)	
  
coexisting	
   with	
   accessory	
   low-­‐Ca,	
   Fe-­‐rich	
   pyroxene	
   (hedenbergite)	
   and	
   dark	
   phyllosilicates	
   (Al,Si-­‐
rich),	
   while	
   minor	
   phases	
   include	
   Fe-­‐sulfides,	
   Cr-­‐spinel	
   and	
   apatite.	
   TAM5-­‐30	
   therefore	
  
demonstrates	
  evidence	
  of	
  both	
  aqueous	
  alteration	
  (phyllosilicates	
  replacing	
  anhydrous	
  silicates)	
  and	
  
thermal	
   metasomatism	
   (development	
   of	
   fayalitic	
   olivine	
   matrix	
   groundmass,	
   cation	
   diffusion	
  
removing	
  the	
  compositional	
  zoning	
  of	
  mafic	
  anhydrous	
  silicates	
  found	
  within	
  the	
  matrix	
  [Fig.4H]	
  and	
  
maturiation	
  of	
  organic	
  matter).	
  Given	
  this	
  sample’s	
  close	
  affinities	
  to	
  both	
  the	
  CM	
  and	
  CO	
  chondrites	
  
a	
  dual	
  processing	
  history	
  is	
  not	
  necessarily	
  surprising	
  and	
  potentially	
  reflects	
  a	
  two-­‐stage	
  alteration	
  
environment.	
  	
   	
  
Below	
  we	
  explore	
  how	
  each	
  matrix	
  mineral	
  provides	
  clues	
  to	
  the	
  processing	
  history	
  of	
  this	
  sample:	
  

3.3.1.	
  Fayalite:	
  Fayalite	
  is	
  a	
  major	
  secondary	
  mineral	
  found	
  within	
  the	
  matrix	
  of	
  both	
  the	
  CV	
  and	
  CK	
  
chondrites,	
   and	
   its	
   formation	
   is	
   evidence	
   of	
   oxidising	
   conditions	
   linked	
   to	
   both	
   fluid-­‐assisted	
  
metamorphism	
   and	
   low-­‐temperature	
   aqueous	
   alteration	
   (Krot	
   et	
   al.,	
   2000;	
   2004).	
   Zolotov	
   et	
   al.,	
  
(2006)	
  demonstrated	
  using	
  thermodynamic	
  modelling	
  that	
  fayalite	
  growth	
  occurs	
  between	
  30-­‐350°C	
  
within	
  a	
  narrow	
  range	
  of	
  W/R	
  (water-­‐to-­‐rock)	
  ratios	
  (between	
  0.07-­‐0.11)	
  and	
  at	
  pressures	
  typically	
  
>10	
   Bar	
   –	
   this	
   corresponds	
   to	
   the	
   transition	
   between	
   low-­‐temperature	
   aqueous	
   alteration	
   and	
  
thermal	
  metamorphism.	
  Furthermore,	
   lower	
  pressures,	
   lower	
  W/R	
  ratios	
  and	
  higher	
   temperatures	
  
progressively	
   increase	
   the	
   Mg	
   content	
   of	
   fayalite.	
   Average	
   fayalite	
   contents	
   in	
   TAM5-­‐30	
   range	
  
between	
  Fa47-­‐63,	
  which	
  is	
  Mg-­‐enriched	
  in	
  comparison	
  to	
  CV	
  chondrites	
  (Fa>80,	
  Zolotov	
  et	
  al.,	
  2006)	
  
and	
  suggests	
  that	
  alteration	
  occurred	
  at	
  either	
  lower	
  W/R	
  ratios	
  or	
  higher	
  temperatures	
  than	
  the	
  CV	
  
chondrites.	
   Furthermore,	
  modelling	
   calculations	
   suggest	
   that	
   fayalite	
   develops	
   in	
   equilibrium	
  with	
  
Cr-­‐spinel,	
  both	
  Fe-­‐metal	
  and	
  Fe-­‐oxides,	
  Fe-­‐rich	
  pyroxenes	
  and	
  Fe-­‐phyllosilicates,	
  which	
  is	
  consistent	
  
with	
  the	
  observed	
  mineralogy	
  of	
  TAM5-­‐30.	
  	
  	
  	
  

3.3.2.	
  Fe/Mg-­‐phyllosilicates:	
  In	
  chondrites,	
  phyllosilicates	
  form	
  over	
  a	
  wide	
  range	
  of	
  environmental	
  
conditions.	
  Initially	
  Fe-­‐rich	
  serpentine	
  develops	
  within	
  the	
  matrix	
  by	
  the	
  alteration	
  of	
  primitive	
  GEMS	
  
(glass	
   with	
   embedded	
  metal	
   sulphides)	
   or	
   other	
   amorphous	
   silica-­‐rich	
   and	
   phases	
   (Leroux	
   et	
   al.,	
  
2015).	
   This	
   can	
   occur	
   rapidly	
   (<24hrs)	
   even	
   at	
   low	
   temperatures	
   (25-­‐160°C)	
   once	
   liquid	
   water	
   is	
  
liberated	
   and	
   alkaline	
   conditions	
   (pH>7)	
   prevail	
   (Nakamura-­‐messenger	
   et	
   al.,	
   2011).	
   However,	
  
progressive	
   increases	
   in	
   the	
  Mg	
   content	
   of	
   phyllosilicate	
   occur	
   as	
  Mg	
   from	
   anhydrous	
   silicates	
   is	
  
mobilized.	
  Thus,	
  Mg-­‐rich	
  phyllosilicate	
  reflect	
  the	
  replacement	
  of	
  chondrule	
  silicates	
  (Howard	
  et	
  al.,	
  
2009;	
  Velbel	
  and	
  Palmer,	
  2011).	
  In	
  TAM5-­‐30	
  matrix	
  phyllosilicates	
  are	
  Fe-­‐rich	
  (Mg#3-­‐20).	
  However,	
  
we	
   also	
   observe	
   significant	
   secondary	
   replacement	
   of	
   chondrule	
   silicates	
   (Fig.1D-­‐I)	
   whose	
  
phyllosilicates	
  have	
  nearly	
  pure	
  Mg-­‐serpentine	
  compositions	
  (Mg#~98)	
  –	
  as	
  supported	
  by	
  the	
  near-­‐IR	
  
observations	
   of	
   Mg-­‐phyllosilicates	
   (potentially	
   antigorite	
   and	
   lizardite	
   species),	
   indicating	
   more	
  



	
   89	
  

advanced	
   alteration,	
   consistent	
   with	
   higher	
   temperatures,	
   higher	
   W/R	
   ratios	
   and	
   increasingly	
  
alkaline	
  conditions.	
  

Temperature	
  estimates	
  for	
  aqueous	
  alteration	
  in	
  CM	
  chondrites	
  typically	
  range	
  from	
  -­‐20°C	
  to	
  125°C,	
  
with	
   a	
   narrower	
   range	
   of	
   0-­‐35°C	
   favoured	
   by	
   most	
   studies	
   (Velbel	
   et	
   al.,	
   2012	
   and	
   references	
  
therein).	
  In	
  addition,	
  the	
  W/R	
  ratios	
  estimated	
  for	
  CM	
  chondrites	
  are	
  higher	
  than	
  those	
  for	
  CR,	
  CV	
  or	
  
CO	
   chondrites	
   at	
   approximately	
   0.3-­‐0.4,	
   as	
   inferred	
   from	
   O-­‐isotopic	
   mixing	
   between	
   reservoir	
  
endmembers	
  (Sect.4.2.	
  and	
  Marrocchi	
  et	
  al.,	
  2018).	
  Given	
  that	
  TAM5-­‐30	
  is	
  both	
  less-­‐altered	
  than	
  CM	
  
chondrites	
   and	
   contains	
   phyllosilicate	
   fractions	
   equivalent	
   to	
   most	
   CR	
   chondrites	
   (Sect.4.2),	
   this	
  
micrometeorite	
   likely	
   accreted	
   a	
   similar	
   initial	
   W/R	
   ratio	
   to	
   the	
   CR	
   chondrites,	
   between	
   0.1-­‐0.4	
  
(Marrocchi	
  et	
  al.,	
  2018).	
  	
  

3.3.3.	
  Aqueously	
   generated	
  Cr-­‐spinel:	
   Chromite	
   and	
  Cr-­‐spinel	
   are	
   known	
   to	
   form	
  during	
   aqueous	
  
alteration,	
   precipitating	
   from	
   fluids,	
   as	
   reported	
   by	
   Tomeoka	
   and	
   Buseck	
   (1985)	
   within	
   CM	
  
chondrites.	
   Likewise,	
   fluid-­‐generated	
   Cr-­‐spinel	
   was	
   reported	
   in	
   micrometeorites	
   by	
   Suttle	
   et	
   al.,	
  
(2019)	
  and	
  van	
  Ginneken	
  et	
  al.,	
  (2012)	
  within	
  fine-­‐grained	
  hydrated	
  particles.	
  In	
  TAM5-­‐30,	
  Cr-­‐spinel	
  
is	
  found	
  within	
  the	
  matrix	
  as	
  dispersed	
  grains	
  (<3μm	
  in	
  size)	
  with	
  rounded	
  morphologies	
  and	
  in	
  close	
  
association	
  with	
  a	
   coarse	
  phyllosilicate	
  cluster,	
   suggesting	
  both	
  phases	
  may	
  have	
   formed	
   together	
  
during	
  the	
  replacement	
  of	
  a	
  primary	
  Cr-­‐alloy	
  or	
  chromite	
  grain.	
  If	
  alteration	
  occurred	
  together	
  with	
  
phyllosilicate	
  precipitation,	
  their	
  environmental	
  conditions	
  would	
  be	
  identical.	
  Modelling	
  by	
  Zolotov	
  
et	
  al.,	
  (2006)	
  suggests	
  that	
  chromite	
  can	
  form	
  either	
  at	
  low	
  temperature	
  (<40°C)	
  and	
  low	
  W/R	
  ratios	
  
(<0.03)	
  or	
  at	
  higher	
  temperatures	
  (>280°C)	
  and	
  higher	
  W/R	
  ratios	
  (~0.1)	
  and	
  thus	
  Cr-­‐spinel	
  remains	
  
stable	
  during	
  both	
  the	
  formation	
  windows	
  of	
  fayalite	
  and	
  Fe-­‐phyllosilicate.	
  Given	
  the	
  constraints	
  of	
  
combined	
  low	
  W/R	
  ratios	
  and	
  low	
  temperatures,	
  Cr-­‐spinel	
  in	
  TAM5-­‐30	
  most	
  probably	
  formed	
  as	
  an	
  
early	
  secondary	
  phase	
  concurrent	
  with	
  the	
  onset	
  of	
  water-­‐ice	
  melting.	
  	
  

3.3.4.	
  Apatite:	
  TAM5-­‐30	
  also	
  contains	
   isolated	
  grains	
  of	
  Cl,	
  F-­‐bearing	
  apatite	
   (Table.1).	
  Apatite	
   is	
  a	
  
secondary	
  mineral,	
  whose	
  high	
  volatile	
  contents	
  are	
  associated	
  with	
  fluid	
  metasomatism	
  (Zhang	
  et	
  
al.,	
  2016).	
   In	
  chondrites,	
  mild	
  parent	
  body	
  alteration	
  converts	
  P-­‐bearing	
  Fe/Ni-­‐metal	
   into	
  merrillite	
  
[Ca9NaMg(PO4)7].	
  However,	
  with	
  progressive	
  alteration,	
  increasing	
  temperature	
  and	
  water-­‐poor,	
  Cl-­‐
rich	
   fluids	
   merrillite	
   reprecipitates	
   as	
   apatite	
   (Jones	
   et	
   al.,	
   2014;	
   Zhang	
   et	
   al.,	
   2016).	
   Apatite	
   is	
  
therefore	
   a	
   late-­‐stage	
   secondary	
   mineral.	
   In	
   TAM5-­‐30,	
   the	
   matrix-­‐hosted	
   apatite	
   grain	
   (Fig.4I)	
   is	
  
anhedral	
   and	
   appears	
   to	
   be	
   growing	
   within	
   a	
   void,	
   potentially	
   reflecting	
   the	
   pseudomorphic	
  
replacement	
  of	
  merrillite,	
  itself	
  a	
  replacement	
  of	
  a	
  former	
  isolated	
  Fe-­‐Ni(P)-­‐metal	
  grain.	
  Jones	
  et	
  al.,	
  
(2014)	
   estimate	
   that	
   apatite	
   formation	
   in	
   LL3-­‐4	
   chondrites	
   occurs	
   at	
   temperatures	
   >300°C	
  
concurrent	
   with	
   dehydration	
   and	
   breakdown	
   of	
   phyllosilicates	
   and	
   within	
   a	
   Cl-­‐rich	
   system.	
   We	
  
therefore	
  expect	
  apatite	
  generation	
  in	
  TAM5-­‐30	
  to	
  represent	
  the	
  last	
  secondary	
  mineral	
  formed.	
  	
  	
  

3.3.5	
  Carbonaceous	
  matter,	
  sulphides	
  and	
  carbonates:	
  Raman	
  spectroscopy	
  revealed	
  the	
  presence	
  
of	
  organic	
  matter	
  containing	
  disordered	
  but	
  heated	
  carbon	
  (Fig.7).	
  They	
  act	
  as	
  a	
  record	
  of	
  thermal	
  
processing	
  on	
  the	
  parent	
  body	
  (Bonal	
  et	
  al,	
  2006).	
  The	
  D	
  and	
  G	
  Raman	
  bands	
  from	
  TAM5.30	
  have	
  
nearly	
   the	
   equal	
   intensity	
   (height),	
   although	
   the	
   D-­‐band	
   is	
   slightly	
   taller	
   than	
   the	
   G-­‐band.	
   Highly	
  
mature	
  organic	
  matter	
  has	
  D-­‐bands	
  significantly	
  higher	
  than	
  the	
  G-­‐bands,	
  while	
  the	
  opposite	
  is	
  true	
  
for	
   immature	
   organic	
  matter	
   (Bonal	
   et	
   al.,	
   2006).	
   TAM5.30	
   therefore	
   represents	
   an	
   intermediate	
  
situation,	
   which	
   attest	
   for	
   a	
   moderate	
   thermal	
   metamorphism.	
   There	
   is	
   no	
   clear	
   dominance	
   of	
  
aromatic	
  over	
  aliphatic	
  hydrocarbons	
  or	
  vice	
   versa	
   in	
  TAM5-­‐30	
  also	
   confirmed	
  by	
   the	
  presence	
  of	
  
both	
   3.3	
   µm	
   and	
   3.4	
   µm	
   IR	
   bands.	
   Aromatic	
   hydrocarbons	
   are	
   commonly	
   derived	
   from	
   aliphatic	
  
hydrocarbons	
   during	
   hydrothermal	
   alteration.	
   Thus	
   the	
   presence	
   of	
   both	
   hydrocarbons	
   attests	
   to	
  
mild-­‐temperature	
   hydrothermal	
   activity	
   and	
   again	
   reflects	
   the	
   intermediate	
   moderate	
  
metamorphism	
  (Alexander	
  et	
  al.,	
  2017).	
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In	
  addition,	
   the	
  3.8	
  and	
  3.9-­‐4.0µm	
  bands	
  correspond	
   to	
   the	
  presence	
  of	
  SH	
   functional	
  groups	
  and	
  
carbonates	
   respectively.	
  The	
  presence	
  of	
   sulfur	
   is	
   confirmed	
  however	
  by	
  EDS	
  spot	
  analyses	
  within	
  
the	
  matrix	
  that	
  reveal	
  relatively	
  high	
  S	
  concentration	
  in	
  association	
  with	
  phyllosilicate	
  (Table.1)	
  and	
  
implies	
  hydrothermal	
  alteration	
  resulting	
  in	
  the	
  reaction	
  of	
  HS-­‐	
  anions	
  with	
  Fe	
  to	
  form	
  minerals	
  such	
  
as	
  Mackinawite	
   ([Fe,Ni]1+0-­‐0.11S,	
   Lennie	
   et	
   al.,	
   1997).	
   This	
   is	
   similar	
   to	
   the	
   formation	
  of	
   pentlandite	
  
found	
  within	
  matrix	
  olivines	
   in	
  the	
  CV	
  chondrite	
  Allende	
  (Brearley	
  1999).	
  Metal	
  and	
  sulfides	
  are	
   in	
  
fact	
  the	
  first	
  components	
  to	
  alter	
  during	
  fluid	
  interaction	
  with	
  the	
  subsequent	
  creation	
  of	
  H2	
  and	
  H2S	
  
(Alexander	
  et	
  al.,	
  2017)	
  Thus,	
  presence	
  of	
  SH	
  functional	
  groups	
  and	
  possibly	
  sulphides	
  also	
  supports	
  
the	
  hypothesis	
  of	
  moderate	
  thermal	
  metamorphism.	
  	
   	
  
Finally,	
  carbonates	
  may	
  be	
  present	
  in	
  TAM5-­‐30	
  as	
  a	
  minor	
  component,	
  they	
  are	
  inferred	
  from	
  the	
  IR	
  
data	
   but	
   were	
   not	
   confirmed	
   as	
   present	
   under	
   SEM.	
   Carbonate	
   formation	
   is	
   common	
   during	
  
aqueous	
   alteration,	
   forming	
   at	
   both	
   low	
   temperature	
   and	
   relatively	
   high	
   temperatures.	
   In	
   the	
  
iddingsite	
   formation	
  process	
  described	
  by	
   Lee	
  et	
   al.	
   (2015),	
   siderite	
   forms	
   in	
  olivine	
   fractures	
   and	
  
also	
  begins	
  to	
  replace	
  phyllosilicates	
  –	
  this	
  is	
  a	
  low-­‐temperature	
  route.	
  In	
  contrast,	
  high	
  temperature	
  
carbonates	
   (primarily	
   calcite)	
   are	
   formed	
   during	
   serpentinization	
   reactions	
   (Python	
   et	
   al.,	
   2007).	
  
Both	
  carbonate	
  species	
  are	
  common	
  but	
  minor	
  components	
  with	
  the	
  CM	
  lithology.	
  

3.3.6.	
  Summary	
  of	
  parent	
  body	
  processing	
  inferred	
  from	
  matrix	
  mineralogy	
  (Fig.8):	
  	
  
Using	
   the	
   combined	
  matrix	
  mineralogy	
  observed	
   in	
  TAM5-­‐30	
  we	
   infer	
   the	
  parent	
  body	
  processing	
  
history	
  of	
  this	
  sample.	
  TAM5-­‐30	
  initially	
  accreted	
  with	
  a	
  moderate	
  W/R	
  ratio,	
  intermediate	
  between	
  
the	
  CO	
  and	
  CM	
  chondrites	
  and	
  equivalent	
  to	
  the	
  CRs,	
  this	
  was	
  approximately	
  10-­‐40%.	
  The	
  onset	
  of	
  
heating	
   resulted	
   in	
   the	
   formation	
   of	
   Fe-­‐phyllosilicate,	
   Cr-­‐spinel,	
   and	
   Fe-­‐oxides	
   (possibly	
   also	
  
carbonates	
  as	
  well)	
  during	
  an	
  episode	
  of	
  low-­‐temperature	
  (<125°C)	
  aqueous	
  alteration	
  similar	
  to	
  the	
  
histories	
  of	
  CM	
  chondrites.	
  However,	
  progressively	
  higher	
  temperatures	
  combined	
  with	
  the	
   loss	
  of	
  
water,	
   consumed	
   in	
   alteration	
   reactions	
   and/or	
   lost	
   by	
   de-­‐gassing	
   resulted	
   in	
   the	
   transition	
   to	
  
thermal	
  metasomatic	
  conditions	
  more	
  similar	
  to	
  those	
  found	
  in	
  CV	
  and	
  CK	
  chondrites.	
  In	
  this	
  second	
  
episode,	
   significantly	
   lower	
   W/R	
   ratios	
   (<0.1)	
   combined	
   with	
   temperatures	
   between	
   100-­‐300°C	
  
resulted	
   in	
   the	
   formation	
  of	
  Mg-­‐phyllosilicates	
   and	
   fayalite,	
   potentially	
   converting	
  pre-­‐existing	
   Fe-­‐
phyllosilicate	
   to	
   olivine	
   as	
   well	
   as	
   converting	
   any	
   remaining	
   amorphous	
   silica.	
   Finally,	
   at	
   around	
  
300°C,	
  phyllosilicate	
  may	
  have	
  begun	
  to	
  dehydrate	
  as	
  apatite	
  recrystalized	
  after	
  merrillite.	
  	
  	
  	
  

3.4.	
  Assigning	
  a	
  petrologic	
  subtype	
  to	
  TAM5-­‐30,	
  aqueous	
  alteration	
  and	
  thermal	
  metasomatism:	
  In	
  
the	
  current	
  system	
  of	
  meteorite	
  taxonomy	
  samples	
  are	
  classified	
  by	
  parent	
  body	
  group	
  followed	
  by	
  
a	
  numerical	
  designation	
  (referred	
  to	
  as	
  a	
  petrologic	
  subtype)	
  which	
  indicates	
  the	
  type	
  and	
  degree	
  of	
  
parent	
  body	
  alteration.	
  In	
  principal,	
  meteorites	
  which	
  record	
  only	
  nebulae	
  processes,	
  and	
  following	
  
their	
  accretion	
  entirely	
  avoided	
  further	
  parent	
  body	
  processing	
  are	
  classified	
  as	
  3.0	
  (e.g.	
  Acfer	
  094,	
  
Choe	
  et	
  al.,	
  2010).	
  Conversely,	
  hydrated	
  and	
  aqueous	
  altered	
  samples	
  are	
  given	
  lower	
  petrographic	
  
subtypes	
   (e.g.	
  CM’s	
  between	
  2.0-­‐2.6	
   [Rubin	
  et	
  al.,	
  2007])	
  while	
   those	
  that	
  are	
  affected	
  by	
  thermal	
  
metamorphism	
   receive	
   progressively	
   higher	
   petrolographic	
   subtypes	
   (e.g.	
   CO’s	
   between	
   3.0-­‐3.7	
  
[Rubin,	
   1998]).	
   A	
   stark	
   contrast	
   is	
   therefore	
   drawn	
   between	
   the	
   CO	
   population	
   which	
   record	
  
moderate	
  degrees	
  of	
  thermal	
  metamorphism	
  (Greenwood	
  and	
  Franchi,	
  2004;	
  Bonal	
  et	
  al.,	
  2007)	
  and	
  
the	
  CM	
  chondrites	
  which	
  are	
  heavily	
  affected	
  by	
  aqueous	
  alteration	
  (Rubin	
  et	
  al.,	
  2007;	
  Howard	
  et	
  
al.,	
  2015).	
  	
  

Petrologic	
   subtypes	
   therefore	
   offer	
   an	
   alternative	
   method	
   for	
   characterising	
   the	
   parent	
   body	
  
processing	
  history	
  of	
   TAM5-­‐30.	
  We	
  employed	
   two	
   independent	
   and	
  well-­‐established	
  petrographic	
  
metrics	
  –	
   (1)	
   the	
  phyllosilicate	
   fraction	
  as	
  a	
  proxy	
   for	
   the	
  degree	
  of	
  aqueous	
  alteration,	
  previously	
  
developed	
  by	
  Howard	
  et	
  al.,	
   (2015)	
  and	
  shown	
   in	
  Fig.5A,	
  and	
  (2)	
  characterisation	
  of	
  carbonaceous	
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Raman	
   G/D	
   band	
   peak	
   parameters	
   –	
   using	
   organic	
   matter	
   as	
   a	
   sensitive	
   tracer	
   of	
   metamorphic	
  
grade,	
  as	
  established	
  for	
  CO	
  chondites	
  by	
  Bonal	
  et	
  al.,	
  (2007)	
  and	
  shown	
  in	
  Fig.5B.	
  	
  

These	
  metrics	
  demonstrated	
  that	
  aqueous	
  alteration	
  in	
  TAM5-­‐30	
  is	
  relatively	
  advanced	
  (C2.2)	
  while	
  
the	
   degree	
   of	
   thermal	
  metamorphism	
   is	
   also	
   relatively	
   high	
   (C3.6)	
   but	
   similar	
   to	
  many	
   other	
   CO	
  
chondrites	
   (e.g.	
   Kainsaz,	
   Felix	
   and	
   Lance).	
   Bonal	
   et	
   al.,	
   (2007)	
   estimated	
   that	
   petrologic	
   subtypes	
  
<C3.7	
   correspond	
   to	
   peak	
   metamorphic	
   temperatures	
   below	
   330°C	
   –	
   this	
   is	
   approximately	
   the	
  
temperature	
  threshold	
  above	
  which	
  phyllosilicates	
  begin	
  to	
  dehydrate	
  and	
  breakdown.	
  As	
  such,	
  the	
  
metamorphic	
  temperature	
  estimated	
  here	
  from	
  Raman	
  data	
  is	
  essentially	
  identical	
  to	
  the	
  estimated	
  
peak	
  temperature	
  conditions	
  required	
  to	
  generate	
  the	
  fayalitic	
  groundmass	
  (Sect.4.3).	
  Furthermore,	
  
the	
  later	
  thermal	
  metasomatism	
  conditions	
  are	
  sufficiently	
  low	
  temperature	
  that	
  they	
  allow	
  for	
  the	
  
co-­‐existence	
   of	
   early-­‐formed	
   phyllosilicate	
   and	
   thus	
   prevent	
   significant	
   overprinting	
   of	
   the	
   initial	
  
aqueous	
  alteration	
  processing	
  history.	
  The	
  perspective	
  from	
  petrologic	
  subtypes	
  therefore	
  supports	
  
our	
   processing	
   history	
   inferred	
   from	
   matrix	
   mineralogy	
   and	
   results	
   in	
   a	
   high	
   confidence	
  
reconstruction	
  of	
  this	
  micrometeorite’s	
  asteroidal	
  history.	
  	
  

	
  

	
  
Fig.8.	
   Reconstructed	
   parent	
   body	
   processing	
   history	
   for	
   TAM5-­‐30,	
   estimated	
   using	
   constraints	
   from	
   the	
  
particle’s	
  mineralogy	
  and	
  textures.	
  Initially	
  W/R	
  ratios	
  rise	
  as	
  water-­‐ice	
  melts	
  and	
  the	
  parent	
  body	
  warms	
  (due	
  
to	
  radiogenic	
  or	
  impact	
  heating),	
  up	
  to	
  a	
  maximum	
  value	
  of	
  the	
  total	
  accreted	
  water.	
  However,	
  progressively	
  
water	
   is	
   consumed	
   in	
   alteration	
   reactions	
   primarily	
   as	
   Fe-­‐phyllosilicates	
   (and	
   also	
   oxides)	
   are	
   formed	
   (in	
  
addition	
   water	
   loss	
   may	
   be	
   driven	
   by	
   de-­‐gassing).	
   Rising	
   temperatures	
   combined	
   with	
   lower	
   W/R	
   ratios	
  
transition	
  the	
  alteration	
  environment	
  into	
  a	
  thermal	
  metasomatic	
  regime,	
  more	
  similar	
  to	
  the	
  alteration	
  in	
  CV	
  
chondrites	
  and	
  thereby	
  resulting	
  in	
  the	
  formation	
  of	
  fayalite	
  and	
  finally	
  apatite.	
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4.	
  Implications	
  
The	
  existence	
  of	
  intermediate	
  chondritic	
  samples	
  such	
  as	
  TAM5-­‐30	
  and	
  other	
  anomalous	
  meteorites	
  
(e.g.	
  MAC	
  88107),	
  whose	
  petrographic	
  and	
   isotopic	
  properties	
  are	
  essentially	
   transitional	
  between	
  
the	
   CO	
   and	
   CM	
   end-­‐members,	
   suggests	
   the	
   formation	
   of	
   a	
   series	
   of	
   related	
   but	
   separate	
   parent	
  
bodies	
   from	
   a	
   single	
   geochemically	
   and	
   isotopically	
   distinct	
   region	
   of	
   the	
   solar	
   nebula.	
   A	
   region	
  
which	
  itself	
  was	
  evolving	
  as	
  each	
  parent	
  body	
  accreted,	
  in	
  a	
  batch	
  formation	
  scenario.	
  Logically,	
  then	
  
the	
   anhydrous	
   CO	
   chondrites	
  with	
   low	
   volatile	
   contents	
   and	
  minimal	
   aqueous	
   alteration	
   (a	
   direct	
  
consequence	
  of	
  minimal	
   accreted	
  water)	
   should	
   represent	
   the	
  earliest	
   formed	
  asteroids	
   from	
   this	
  
region.	
   Likewise,	
   the	
   intermediate	
   members	
   and	
   subsequently	
   the	
   CMs	
   represent	
   later-­‐formed	
  
parent	
  bodies	
  which	
  inherited	
  progressively	
  higher	
  volatile	
  contents.	
  	
  

Building	
   upon	
   the	
   idea	
   of	
   a	
   single	
   CO-­‐CM	
   formation	
   region	
   affected	
   by	
   progressively	
   increased	
  
addition	
   of	
   volatile	
  𝛿18O-­‐rich	
  water-­‐ice	
   (Chaumard	
   et	
   al.,	
   2018;	
  Marrocchi	
   et	
   al.,	
   2018;	
   Alexander,	
  
2019),	
  here	
  we	
  propose	
  that	
  the	
  anomalous	
  intermediate	
  meteorites	
  most	
  likely	
  represent	
  asteroids	
  
formed	
   during	
   the	
   critical	
   period,	
   after	
   the	
   COs	
   and	
   prior	
   to	
   the	
   CMs.	
   Parent	
   bodies	
   like	
   those	
  
sampled	
  by	
  MAC	
  88107	
  and	
  TAM5-­‐30	
  therefore	
  accreted	
  sufficient	
  water	
  to	
  experience	
  pronounced	
  
aqueous	
   alteration	
   and	
   phyllosilicate	
   replacement,	
   meanwhile	
   their	
   relatively	
   early	
   formation	
  
windows	
   ensured	
   that	
   the	
   energy	
   released	
   from	
   accreted	
   short-­‐lived	
   radioisotopes	
   provided	
  
sufficient	
   heat	
   to	
   drive	
   thermal	
   metasomatic	
   alteration,	
   resulting	
   in	
   higher	
   temperature	
   CV-­‐like	
  
alteration	
  histories.	
  This	
  would	
  be	
  in	
  contrast	
  to	
  the	
  CMs,	
  whose	
  later	
  formation	
  windows	
  correlate	
  
with	
   in	
   higher	
  water	
   contents	
   and	
   less	
   significant	
   heating	
   by	
   radioactive	
   decay.	
   Instead	
   then,	
   the	
  
heat	
  driving	
   their	
   aqueous	
  alteration	
  appears	
   to	
  be	
   impact-­‐driven	
   (Lindgren	
  et	
   al.,	
   2015).	
  We	
  also	
  
note	
   that	
   progressively	
   later	
   accretion	
   ages	
   could	
   explain	
   the	
   general	
   trend	
   of	
   larger	
   average	
  
chondrule	
  diameters	
  (Table.2)	
  among	
  the	
  intermediate	
  CO/CM-­‐like	
  members	
  and	
  CM	
  chondrites	
  (as	
  
compared	
   to	
   the	
   COs),	
   as	
   a	
   direct	
   consequence	
   of	
   longer	
   chondrule	
   growth	
   periods	
   prior	
   to	
  
accretion.	
   Such	
   ideas	
   can	
   be	
   tested	
   by	
   future	
   geochronology	
   tests	
   using	
   extinct	
   short-­‐lived	
  
radioisotope	
  studies	
  to	
  constrain	
  the	
  timing	
  of	
  formation	
  and	
  	
  alteration	
  among	
  different	
  chondrite	
  
groups	
  and	
  anomalous	
  meteorites.	
  	
  

5.	
  Conclusions	
  
The	
  micrometeorite	
  studied	
  here	
  (TAM5-­‐30)	
  is	
  an	
  anomalous	
  hydrated	
  carbonaceous	
  chondrite	
  with	
  
close	
   petrographic	
   and	
   geochemical	
   similarities	
   to	
   the	
   CO	
   and	
   CM	
   chondrites.	
   This	
   sample	
   also	
  
records	
   an	
   unusual	
   two-­‐part	
   post-­‐accretion	
   alteration	
   history	
   whose	
   initial	
   stages	
   are	
   CM-­‐like,	
  
dominated	
  by	
  phyllosilicate	
  formation	
  and	
  the	
  replacement	
  of	
  chondrule	
  silicates,	
  occurring	
  at	
  high	
  
W/R	
   ratios	
   (~0.2)	
   and	
   low	
   temperatures	
   (<100°C).	
   Later	
   alteration	
   forming	
   fayalitic	
   olivine,	
  
dehydrating	
  phyllosilicate,	
  precipitating	
  apatite	
  and	
  “cooking”	
  organic	
  matter	
  appears	
  distinctly	
  CV-­‐
like	
  and	
  corresponds	
   to	
   lower	
  W/R	
   ratios	
   (<0.1)	
  and	
  higher	
   temperatures	
   (100-­‐350°C).	
  We	
  explain	
  
both	
  the	
  petrographic	
  and	
  alteration	
  features	
  as	
  a	
  product	
  of	
  a	
  unique	
  accretion	
  window,	
  occurring	
  
in-­‐between	
   the	
   formation	
  of	
   the	
  CO	
  and	
  CM	
  chondrites	
   and	
   therefore	
  acquiring	
   characteristics	
  of	
  
both	
  bodies.	
  The	
  relationship	
  to	
  CV	
  chondrites	
   is	
  also	
  noteworthy	
  and	
  reflects	
  how	
  a	
  single	
  parent	
  
body’s	
  alteration	
  environment	
  can	
  evolve	
  with	
  time,	
  overprinting	
  the	
  initial	
  history.	
  

Accreted	
  water	
  may	
  be	
   the	
  most	
   important	
   factor	
  controlling	
   the	
  alteration	
  environment	
  of	
  early-­‐
formed	
  asteroid	
  planetesimals.	
  Furthermore,	
   their	
  evolution	
  may	
  change	
  significant	
  and	
  meteorite	
  
classification	
  systems	
  should	
  be	
  modified	
  to	
  accommodate	
  their	
  complex	
  and	
  multi-­‐stage	
  alteration	
  
histories.	
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Chapter	
  8	
  

Discussion	
  and	
  conclusions	
  
The	
  open	
  questions	
  and	
  objectives	
  we	
  had	
  at	
  the	
  beginning	
  of	
  the	
  project	
  were	
  the	
  attribution	
  of	
  the	
  
different	
  3	
  µm	
  band	
  of	
  C-­‐type	
  asteroid	
  to	
  specific	
  mineral	
  phases	
  and	
  the	
  post	
  accretion	
  processing	
  
of	
  organic	
  matter	
  for	
  what	
  concerns	
  the	
  compositional	
  aspect.	
  We	
  also	
  wanted	
  to	
  shed	
  light	
  on	
  the	
  
main	
   geological	
   processes	
   involving	
   minor	
   bodies	
   of	
   the	
   Solar	
   System,	
   which	
   are	
   hydrothermal	
  
alteration	
   and	
   cryovolcanic	
   processes	
   and	
   sublimation-­‐outburst.	
   Results	
   on	
   micrometeorites	
  
TAM5.29,	
  TAM18c.11	
  and	
  TAM18c.13	
  and	
  MCY14001	
  chondrite	
  gave	
  very	
  important	
  advances	
  in	
  the	
  
understanding	
   of	
   the	
   3	
   µm	
   band.	
   TAM5.29	
   and	
   TAM5.30	
   also	
   provide	
   interesting	
   insights	
   in	
   the	
  
hydrothermal	
  and	
  aqueous	
  alteration	
  of	
  the	
  CCs	
  parent	
  bodies	
  giving	
  evidences	
  of	
  different	
  and	
  new	
  
processes	
  found	
  in	
  between	
  the	
  already	
  known	
  fluid	
  assisted	
  alteration	
  mechanisms.	
  Hydrothermal	
  
experiments	
  on	
  MCY14001	
  also	
  bring	
  new	
  perspectives	
  in	
  the	
  hydrothermal	
  alteration	
  as	
  well	
  as	
  on	
  
the	
  3	
  µm	
  band	
  nature.	
   It	
  thus	
  seems	
  that	
  hydrothermalism	
  and	
  the	
  3	
  µm	
  band	
  are	
  closely	
  related.	
  
Finally	
  we	
  discover	
   that	
   cryovolcanism	
  and	
   sublimation-­‐outburst	
   are	
   able	
   to	
   affect	
  organic	
  matter	
  
synthesis.	
  
	
  
3	
  µm	
  band	
  nature	
  
The	
   TAM5.29,	
   TAM18c.11	
   and	
   TAM18c.13	
   are	
   the	
   first	
   reported	
   samples	
   in	
   the	
   meteorite	
   and	
  
micrometeorite	
  collections	
  showing	
  a	
  clear	
  3	
  µm	
  band	
  in	
  their	
  reflectance	
  spectra.	
  TAM18c.11	
  and	
  
TAM18c.13	
   are	
   fine-­‐grained	
   micrometeorites	
   with	
   compositional	
   affinities	
   with	
   the	
   CCs,	
   while	
  
TAM5.29	
  is	
  a	
  CV-­‐like	
  minimeteorite.	
  TAM5.29	
  is	
  composed	
  by	
  a	
  Fe-­‐rich	
  olivine	
  matrix	
  plus	
  andradite	
  
inclusions	
  with	
   haloes	
   of	
   diopside-­‐jarosite	
   formed	
   by	
   Fe-­‐alkali-­‐halogen	
  metasomatism	
   at	
   250°C.	
   A	
  
secondary	
  phase	
  of	
  low	
  temperature	
  aqueous	
  alteration	
  replaced	
  fayalite	
  with	
  iddingsite,	
  which	
  is	
  a	
  
pseudomorph	
   composed	
   by	
   a	
   mixture	
   of	
   Fe-­‐rich	
   hydrous	
   phyllosilicates,	
   Fe-­‐oxy-­‐hydroxes	
   like	
  
hematite-­‐goethite	
   and	
   possibly	
   minor	
   Fe-­‐carbonates	
   like	
   siderite	
   and	
   chukanovite.	
   CH	
   and	
   SH	
  
functional	
   groups	
   are	
   found	
   scattered	
   all	
   around	
   the	
   TAM5.29	
   particles.	
   TAM5.29	
   revealed	
   the	
  
presence	
  of	
  two	
  bands,	
  one	
  with	
  a	
  centre	
  at	
  3.15	
  µm	
  and	
  one	
  centred	
  at	
  3.07	
  µm.	
  The	
  3.15	
  µm	
  band	
  
is	
  found	
  closely	
  mixed	
  with	
  Fe-­‐rich	
  altered	
  matrix.	
   It	
  thus	
  seems	
  that	
  the	
  3.15	
  µm	
  band	
  is	
  given	
  by	
  
Fe-­‐OH	
  bonds.	
  For	
  this	
  reason	
  we	
  suggest	
  that	
  the	
  Europa-­‐like	
  asteroids,	
  characterised	
  by	
  a	
  3.15	
  µm	
  
band,	
  are	
  Fe-­‐rich	
  hydrous	
  bodies	
  characterised	
  by	
  Fe-­‐clays	
  and	
  phyllosilicates	
  created	
  by	
  a	
  period	
  of	
  
extensive	
  hydrothermal	
  alteration	
  and/or	
  low-­‐temperature	
  aqueous	
  alteration.	
  	
  
The	
   high	
   Antarctic	
   alteration	
   and	
   fine-­‐grained	
   matrix	
   of	
   TAM18c.11	
   and	
   TAM18c.13	
   made	
   the	
  
mineralogical	
   and	
   spectroscopic	
   study	
   of	
   these	
   samples	
   quite	
   difficult.	
   Some	
   of	
   the	
   original	
  
mineralogies	
  are	
  still	
   recognisable	
   (i.e.	
  phyllosilicates	
  and	
  tiny	
  metal	
  alloys	
   immersed	
   in	
  an	
  olivine-­‐
like	
  matrix).	
  The	
  majority	
  of	
  these	
  samples	
  is	
  replaced	
  by	
  jarosite	
  formed	
  by	
  terrestrial	
  alteration	
  in	
  
Antarctica.	
   In	
   particular,	
   in	
   TAM18c.11	
   is	
   characterised	
   by	
   the	
   presence	
   of	
   ammonium-­‐jarosite.	
  
TAM18c.11	
   is	
   characterised	
   by	
   a	
   band	
   centre	
   at	
   3.07	
   µm,	
   which,	
   contrary	
   to	
   what	
   observed	
   in	
  
TAM5.29,	
  is	
  not	
  found	
  together	
  with	
  the	
  3.4	
  and	
  3.5	
  µm	
  bands	
  of	
  aliphatic	
  hydrocarbons.	
  Thus	
  the	
  
nature	
  of	
   the	
  3.07	
  µm	
  band	
   in	
  TAM18c.11	
   is	
   linked	
   to	
   the	
  presence	
  of	
   the	
   terrestrial	
   ammonium-­‐
jarosite,	
  the	
  only	
  possible	
  mineral	
  phase	
  that	
  can	
  create	
  this	
  feature	
  (and	
  the	
  major	
  phase	
  found	
  in	
  
TAM18c.11).	
  This	
  suggests	
  that	
  on	
  bodies	
  with	
  past	
  or	
  active	
  aqueous	
  alteration	
  and	
  cryovolcanism	
  
(e.g.	
   Ceres)	
   with	
   consequent	
   production	
   of	
   evaporites,	
   the	
   NH	
   compounds	
  may	
   also	
   be	
   found	
   in	
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sulphates	
  and	
  salts.	
  However,	
   the	
  high	
   instability	
  of	
  sulphates	
  on	
   low-­‐pressure	
  atmosphere	
  bodies	
  
makes	
   this	
   hypothesis	
   less	
   likely	
  or	
   at	
   least	
   the	
   contribution	
  of	
  NH-­‐sulphates	
   to	
   the	
  3	
  µm	
  band	
   is	
  
most	
  probably	
  minimal	
  and	
  localized.	
  In	
  any	
  case	
  these	
  observations	
  suggest	
  that	
  the	
  3.07	
  µm	
  band	
  
is	
   likely	
   related	
   to	
  organic	
  matter,	
   in	
  particular	
  CH	
  and	
  NH	
   functional	
  groups	
   found	
   in	
  aromatic	
  or	
  
aliphatic	
  hydrocarbons,	
  in	
  the	
  phyllosilicates	
  lattice	
  or	
  in	
  salts	
  and	
  sulphates,	
  meaning	
  that	
  Ceres-­‐like	
  
asteroids	
  (which	
  have	
  a	
  3.05	
  ±	
  0.01	
  µm	
  band)	
  are	
  bodies	
  enriched	
  in	
  organic	
  matter.	
  	
  	
  
	
  
Hydrothermal	
  experiments	
  on	
  the	
  MCY14001	
  CM2	
  chondrites	
  also	
  contribute	
  to	
  the	
  understanding	
  
of	
   the	
   3	
   µm	
   band.	
   The	
   altered	
   powders	
   of	
  MCY14001	
  were	
   treated	
  with	
   ammoniated	
  water	
   and	
  
their	
   spectra	
   show	
   two	
   bands	
   at	
   2.9	
   and	
   3.04	
   µm.	
   During	
   hydrothermal	
   alteration	
   at	
   240°C	
   Na-­‐
carbonates	
  were	
   leached	
   from	
  MCY14001	
   and	
   turned	
   into	
   Na-­‐rich	
   phases	
   like	
   analcime-­‐natrolite.	
  
Ammoniated	
  natrolite	
  has	
  the	
  major	
  XRD	
  peak	
  at	
  14.5°2θ,	
  one	
  of	
  the	
  main	
  peaks	
  in	
  the	
  MCY14001	
  
XRD	
  pattern,	
  absent	
  in	
  normal	
  natrolite.	
  This	
  result	
  suggests	
  that	
  these	
  new	
  mineral	
  phases	
  may	
  be	
  
present	
  on	
  Ceres-­‐like	
  asteroids	
  as	
  ammoniated	
  phases	
  in	
  addition	
  to	
  phyllosilicates,	
  organic	
  matter	
  
and	
  salts-­‐sulphates	
  and	
  that	
  can	
  be	
  related	
  to	
  the	
  2.9-­‐3	
  µm	
  band.	
  	
  
Another	
   remarkable	
   result	
   of	
   the	
   hydrothermal	
   experiments	
   is	
   the	
   possible	
   ammoniation	
   of	
  
serpentine,	
   the	
   only	
   phyllosilicate	
   detected	
   in	
   the	
  MCY14001	
   chondrite.	
   This	
   was	
   never	
   achieved	
  
before	
  and	
  we	
   infer	
   that	
   this	
  process	
   can	
   take	
  place	
  at	
   relative	
  high	
   temperatures	
   (240°C)	
   in	
   long	
  
lasting	
  alteration	
  processes,	
  comparable	
  to	
  those	
  that	
  affected	
  Ceres.	
  	
  
	
  
Summarizing,	
  the	
  nature	
  of	
  the	
  3.15	
  µm	
  band	
  is	
  clearly	
  related	
  to	
  Fe-­‐OH	
  compounds.	
  The	
  origin	
  of	
  
the	
   shorter	
   wavelength	
   3.04-­‐3.07	
   µm	
   band	
   has	
   been	
   addressed	
   to	
   a	
   series	
   of	
   materials	
   like	
  
hydrocarbons,	
  sulphates	
  and	
  salts,	
  zeolite	
  and	
  phyllosilicates.	
  It	
  is	
  difficult	
  to	
  conclude	
  which	
  one	
  of	
  
these	
  is	
  actually	
  found	
  on	
  C-­‐type	
  asteroids,	
  but	
  what	
  is	
  definitely	
  clear	
  is	
  that	
  organic	
  compounds	
  (in	
  
particular	
  NH	
  functional	
  groups)	
  are	
  the	
  main	
  carries	
  of	
  this	
  band,	
  no	
  matter	
   in	
  which	
  phases	
  they	
  
are	
  found.	
  	
  
	
  
Cryovolcanism	
  and	
  organics	
  processing	
  
Cryovolcanism	
  and	
  sublimation-­‐outburst	
  understanding	
  and	
  the	
  questions	
  regarding	
  organic	
  matter	
  
post-­‐accretional	
   processing	
   were	
   initially	
   approached	
   separately.	
   During	
   the	
   cryovolcanism	
  
experiments	
   turned	
   out	
   that	
   actually	
   these	
   two	
   aspects	
   are	
   closely	
   related.	
   We	
   demonstrated	
  
aliphatic	
   hydrocarbons	
   formation	
   during	
   very	
   short	
   duration	
   sublimation-­‐outburst	
   processes.	
  
Temperatures	
  of	
  formation	
  can	
  be	
  as	
  low	
  as	
  -­‐40°C	
  and	
  can	
  be	
  even	
  lower	
  considering	
  the	
  presence	
  
of	
  anti-­‐freezing	
  compounds	
  on	
   icy	
  bodies	
   (e.g.	
   salts,	
  ammonia,	
   chlorides).	
  A	
  precise	
  mechanism	
  of	
  
formation	
   of	
   aliphatic	
   hydrocarbons	
   in	
   this	
   context	
   is	
   still	
   difficult	
   to	
   describe	
   with	
   the	
   current	
  
knowledge.	
   However	
   it	
   is	
   plausible	
   and	
   there	
   are	
   the	
   basic	
   environmental	
   conditions	
   for	
   the	
  
synthesis.	
  We	
  are	
  giving	
  energy	
  to	
  the	
  system	
  (heating	
  the	
  samples),	
  we	
  are	
  in	
  reducing	
  conditions	
  
(experiments	
   were	
   done	
   in	
   vacuum)	
   consistent	
   to	
   that	
   of	
   airless	
   minor	
   bodies	
   as	
   well	
   as	
  
temperatures	
  ranges	
  (e.g.	
  Ceres	
  surface	
  temperature	
  varies	
  between	
  ~-­‐170°C	
  and	
  ~-­‐38°C	
  (Formisano	
  
et	
  al.,	
  2015);	
  67P/Churyumov-­‐Gerasimenko	
  comet	
  surface	
  temperature	
  ranges	
  between	
  a	
  minimum	
  
of	
  ~-­‐170°C	
  to	
  a	
  maximum	
  of	
  ~70°C	
  (Keller	
  et	
  al.,	
  2015;	
  Pajola	
  et	
  al.,	
  2017).	
  The	
  carbon	
  is	
  provided	
  by	
  
the	
  CCs,	
  hydrogen	
  by	
  the	
  ice	
  and	
  metal	
  alloys,	
  oxides	
  and	
  CAIs	
  provide	
  high	
  amount	
  of	
  Fe,	
  Ni	
  and	
  Al,	
  
which	
   are	
   very	
   good	
   catalyst	
   of	
   the	
   reaction.	
   The	
   hydrocarbons	
   formed	
   in	
   our	
   experiments	
   are	
  
predominantly	
   long	
   chain	
   and	
   odd	
   chain	
   aliphatic	
   hydrocarbons,	
   suggesting	
   a	
   shape	
   selectivity	
  
probably	
  exerted	
  by	
  mineral	
  structures	
  or	
  porosity.	
  It	
  is	
  very	
  likely	
  that	
  there	
  is	
  a	
  relation	
  between	
  n-­‐



	
   95	
  

alkanes	
  and	
  the	
  mineral	
   structure	
  dimensions	
  of	
  antigorite,	
  vermiculite	
  and	
  FeNi	
  alloys,	
  which	
  can	
  
either	
  act	
  as	
  a	
  trap	
  for	
  the	
  organic	
  molecules	
  or	
  provide	
  catalyst	
  elements	
  (Fe-­‐Ni-­‐Al).	
  These	
  findings	
  
are	
   very	
   important	
   for	
   the	
   understanding	
   of	
   Cometary	
   composition	
   as	
   well	
   as	
   that	
   of	
   C-­‐type	
  
asteroids,	
  dwarf	
  planets	
  and	
  icy	
  bodies	
  of	
  the	
  Solar	
  System	
  and	
  other	
  materials	
  like	
  micrometeorites	
  
since	
  provide	
  the	
  following	
  implications:	
  
	
  

• Organic	
  matter	
  on	
   comets	
   is	
  not	
  only	
  a	
  direct	
   remnant	
  of	
   the	
  Solar	
  Nebula,	
  but	
   cometary	
  
activity	
  can	
  itself	
  create	
  new	
  organic	
  species.	
  	
  

• On	
   primitive	
   minor	
   bodies	
   like	
   Ceres	
   and	
   Themis	
   sublimation-­‐outburst	
   can	
   explain	
   the	
  
organic-­‐rich	
  composition	
  without	
  involving	
  exogenous	
  carbonaceous-­‐like	
  material.	
  	
  

• Organics	
  detection	
   is	
  a	
  useful	
  way	
   to	
   find	
  possible	
  past	
  or	
  present	
  cryovolcanic	
  activity	
  on	
  
those	
  bodies	
  or	
  areas	
  where	
  cryovolcanic	
  surface	
  expressions	
  are	
  absent	
  or	
  dubious.	
  	
  

• Presence	
  of	
  cryovolcanism	
  is	
  in	
  turn	
  evidence	
  of	
  the	
  presence	
  of	
  water	
  on	
  a	
  variety	
  of	
  Solar	
  
System	
   bodies	
   such	
   as	
   asteroids,	
   dwarf	
   planets	
   satellites	
   and	
   comets.	
   Presence	
   of	
   water	
  
coupled	
   with	
   the	
   fact	
   that	
   n-­‐alkanes	
   in	
   the	
   C14-­‐C22	
   range	
   are	
   used	
   as	
   tracers	
   of	
  
photosynthetic	
   bacteria	
   makes	
   the	
   long	
   chain	
   aliphatic	
   hydrocarbons	
   produced	
   by	
  
sublimation-­‐outburst	
  possible	
  biomarkers,	
  which	
  can	
  be	
  useful	
  for	
  astrobiology	
  researches.	
  	
  

• Finally,	
   sublimation-­‐outburst	
   processes	
   are	
   a	
   possible	
   mechanism	
   for	
   fine	
   grained	
  
micrometeorites	
   expulsion	
   from	
   the	
   parent	
   body,	
   explaining	
   at	
   the	
   same	
   time	
   the	
   high	
  
organic	
  matter	
  concentration	
  in	
  Fg-­‐MMs	
  compared	
  to	
  the	
  CCs.	
  

	
  
Organic	
  matter	
  can	
  also	
  be	
  processed	
  by	
  hydrothermal	
  alteration.	
  Hydrothermal	
  experiments	
  on	
  the	
  
MCY14001	
  chondrites	
  showed	
  that	
  CO3	
  resulting	
  from	
  the	
  dissolution	
  of	
  Na-­‐carbonates	
  follows	
  two	
  
different	
  paths	
  depending	
  on	
  the	
  oxidising	
  or	
  reducing	
  conditions.	
  Released	
  CO3	
  form	
  new	
  
carbonates	
  stable	
  at	
  high	
  temperature	
  like	
  calcite	
  and	
  magnesite	
  during	
  the	
  oxidising	
  phase.	
  This	
  
process	
  can	
  explain	
  the	
  overall	
  absence	
  of	
  Na-­‐carbonates	
  on	
  Ceres	
  as	
  well	
  as	
  the	
  high	
  abundance	
  of	
  
Ca-­‐Mg-­‐carbonates	
  on	
  its	
  surface.	
  During	
  the	
  reducing	
  phase	
  the	
  liberated	
  carbon	
  combines	
  with	
  H	
  to	
  
form	
  aromatic	
  hydrocarbons.	
  
	
  
Hydrothermal	
  and	
  aqueous	
  alteration	
  
Very	
   new	
   insights	
   in	
   the	
   CCs	
   parent	
   bodies	
   are	
   inferred	
   from	
   the	
   TAM5.29	
   and	
   TAM5.30	
  
micrometeorites	
  for	
  the	
  CV	
  and	
  the	
  CO-­‐CM	
  parent	
  body	
  respectively.	
  	
  
TAM5.29	
   is	
  an	
  unambiguous	
  and	
  unique	
  minimeteorite	
   from	
  the	
  CV	
  chondrite	
  group,	
  belonging	
  to	
  
the	
  CVOX	
  family.	
  This	
  samples	
  record	
  three	
  different	
  stages:	
  metasomatism,	
  impact	
  compaction	
  and	
  
low-­‐temperature	
  aqueous	
  alteration.	
   It	
  retains	
  a	
  mineralogy	
  dominated	
  by	
  thermal	
  metamorphism	
  
products	
   formed	
   at	
   ~275-­‐250°C	
   within	
   the	
   presence	
   of	
   Fe-­‐alkali-­‐halogens-­‐rich	
   fluids	
   and	
   under	
  
highly	
  oxidizing	
  conditions	
  resulting	
  in	
  significant	
  Fe	
  enrichment.	
  Primary	
  mineral	
  phases	
  of	
  TAM5.29	
  
are	
  Fe-­‐rich	
  olivine,	
  andradite	
  and	
  Ca-­‐Fe-­‐rich	
  pyroxenes	
  plus	
  carbonaceous	
  matter	
  containing	
  OH,	
  SH	
  
and	
  CH	
  functional	
  groups.	
  Fayalite	
  crystals	
  grew	
  during	
  thermal	
  metamorphism	
  potentially	
  from	
  an	
  
amorphous	
  precursor	
  phase	
  in	
  presence	
  of	
  fluids.	
  	
  
The	
   fine-­‐grained	
   material	
   is	
   derived	
   by	
   two	
   distinct	
   alteration	
   events.	
   The	
   metasomatic	
   process	
  
created	
   Ni-­‐Fe	
   sulfides	
   (e.g.	
   tochilinite	
   and	
   mackinawite),	
   Mg-­‐Ca-­‐Al-­‐Ti	
   oxides	
   and,	
   FeO-­‐OH	
  
compounds.	
  	
  
Low	
  temperature	
  alteration	
  is	
  instead	
  responsible	
  for	
  the	
  formation	
  of	
  Mg-­‐Fe-­‐phyllosilicates,	
  mainly	
  
saponite	
  and	
  possibly	
  phlogopite,	
  and	
  minor	
  Fe	
  carbonates	
  (e.g.	
  chukanovite-­‐siderite).	
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TAM5.29	
  mineralogy	
   is	
   unique	
   among	
   the	
  micrometeorites	
   and	
  minimeteorites	
   and	
   is	
   also	
   partly	
  
different	
  from	
  the	
  known	
  CV	
  chondrites.	
  TAM5.29	
  lies	
  in	
  between	
  the	
  CVoxA	
  and	
  CVoxB.	
  CVoxA	
  are	
  rich	
  
in	
  andradite,	
  magnetite	
  and	
  FeNiS	
  like	
  TAM5.29	
  but	
  lacks	
  of	
  high	
  abundances	
  of	
  hydrated	
  minerals,	
  
common	
  in	
  TAM5.29.	
  Conversely	
  CVoxB	
  are	
  rich	
  in	
  hydrated	
  phyllosilicates	
  but	
  contains	
  almost	
  pure	
  
fayalite	
  not	
  found	
  in	
  TAM5.29.	
  TAM5.29	
  retains	
  a	
  mineralogical	
  assemblage,	
  which	
  is	
  the	
  up	
  to	
  date	
  
missing	
  link	
  between	
  the	
  CVoxA	
  and	
  CVoxB.	
  
This	
  intermediate	
  mineralogy	
  may	
  represent	
  a	
  new	
  alteration	
  environment	
  on	
  the	
  CV	
  parent	
  body,	
  
similar	
   to	
   the	
  conditions	
  recorded	
  by	
  other	
  CVs	
  but	
  with	
  differences	
  consisting	
   in:	
  higher	
  oxidizing	
  
conditions,	
  heterogeneous	
  thermal	
  metamorphism	
  that	
  shows	
  different	
  degrees	
  of	
  alteration	
  even	
  
within	
  one	
  single	
  small	
  micrometeorite	
  and	
  a	
  different	
  secondary	
  alteration	
  history	
  enabled	
  by	
  the	
  
following	
  impact	
  history.	
  	
  
This	
   is	
   the	
  proof	
  of	
  more	
  heterogeneous	
  CV	
  parent	
  body(-­‐ies)	
   thus	
  adding	
  a	
  unique	
  sample	
   to	
   the	
  
known	
  CV	
  lithologies.	
  	
  
	
  
The	
  three	
  main	
  stages	
  that	
  created	
  TAM5.29	
  can	
  be	
  schematized	
  as	
  follows:	
  
	
  

● Stage	
  one:	
  metasomatism	
  at	
  ~275-­‐250°C	
  with	
  Fe-­‐alkali-­‐halogens-­‐rich	
  fluids	
  occurred	
  on	
  the	
  
parent	
  body.	
  

● Stage	
   two:	
   the	
  particle	
  was	
   involved	
   in	
  an	
   impact	
   that	
   terminated	
   the	
  metamorphic	
  event	
  
resulting	
   in	
   a	
   strongly	
   unequilibrated	
   composition	
   with	
   cryptocrystalline	
   and	
   amorphous	
  
phases	
  and	
  generating	
  a	
  preferred	
  orientation	
  in	
  the	
  olivine	
  petrofabric.	
  

● Stage	
  three:	
  formation	
  of	
   iddingsite	
  at	
   lower	
  temperatures,	
  possibly	
  from	
  fluid	
  released	
  by	
  
hydrated	
  minerals	
  during	
  the	
  impact.	
  	
  

	
  
Further	
  information	
  on	
  the	
  combined	
  hydrothermal	
  and	
  low-­‐temperature	
  aqueous	
  alteration	
  on	
  the	
  
CCs	
   parent	
   bodies	
   and	
   relative	
   heterogeneities	
   were	
   studied	
   on	
   the	
   TAM5-­‐30	
   micrometeorite.	
  
TAM5.30	
   is	
   an	
   anomalous	
   hydrated	
   carbonaceous	
   micrometeorite	
   with	
   close	
   petrographic	
   and	
  
geochemical	
   similarities	
   to	
   the	
   CO	
   and	
   CM	
   chondrites.	
   This	
   sample	
   also	
   records	
   an	
   unusual	
   post-­‐
accretion	
   alteration	
   history	
   divided	
   into	
   two	
   parts.	
   The	
   initial	
   stage	
   is	
   similar	
   to	
   the	
   alteration	
  
displayed	
   by	
   CM	
   chondrites,	
   dominated	
   by	
   phyllosilicate	
   formation	
   and	
   the	
   replacement	
   of	
  
chondrule	
   silicates,	
   occurring	
   at	
   high	
  W/R	
   ratios	
   (~0.2)	
   and	
   low	
   temperatures	
   (<100°C).	
   A	
   second	
  
later	
   stage	
   of	
   alteration	
   recalls	
   distinctly	
   a	
   CV-­‐like	
   process	
   forming	
   fayalitic	
   olivine,	
   dehydrating	
  
phyllosilicate,	
   precipitating	
   apatite	
   and	
   “cooking”	
   organic	
   matter	
   and	
   corresponds	
   to	
   lower	
   W/R	
  
ratios	
  (<0.1)	
  and	
  higher	
  temperatures	
  (100-­‐350°C).	
  We	
  explain	
  both	
  the	
  petrographic	
  and	
  alteration	
  
features	
  as	
  a	
  product	
  of	
  a	
  unique	
  accretion	
  window,	
  occurring	
  in-­‐between	
  the	
  formation	
  of	
  the	
  CO	
  
and	
   CM	
   chondrites	
   and	
   therefore	
   acquiring	
   characteristics	
   of	
   both	
   bodies.	
   The	
   relationship	
   to	
   CV	
  
chondrites	
   is	
   also	
  noteworthy	
   and	
   reflects	
  how	
  a	
   single	
  parent	
  body’s	
   alteration	
  environment	
   can	
  
evolve	
  with	
   time,	
   overprinting	
   the	
   initial	
   history	
  with	
  multi-­‐stage	
   alterations	
   recorded	
   by	
   an	
   high	
  
heterogeneity.	
  
	
  
The	
  hydrothermal	
  experiments	
  on	
  CCs	
  point	
  to	
  a	
  CM-­‐like	
  composition	
  of	
  Ceres-­‐like	
  asteroids	
  rather	
  
than	
   a	
   CO	
   chondrites	
   composition.	
   High	
  W/R	
   ratios	
   (~1)	
   and	
   ammonia-­‐rich	
   fluids	
   appeared	
   to	
   be	
  
necessary	
   for	
   a	
   hydrothermal	
   alteration	
   consistent	
  with	
   that	
   of	
   C-­‐type	
  Ceres-­‐like	
   asteroids.	
   In	
   the	
  
MCY14001	
  chondrite	
  experiment	
  there	
  has	
  been	
  a	
  change	
  in	
  oxidising	
  to	
  reducing	
  conditions,	
  with	
  
formation	
  of	
  magnetite	
  and	
   sulfides	
   respectively.	
   This	
   suggests	
   that	
   changing	
   conditions	
  may	
   take	
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place	
  in	
  one	
  single	
  body,	
  giving	
  rise	
  to	
  the	
  observed	
  heterogeneities	
  also	
  reported	
  by	
  TAM5.29	
  and	
  
TAM5.30.	
  Another	
   common	
  observation	
  between	
  TAM5.29	
  and	
   the	
  hydrothermal	
   experiments	
  on	
  
MCY14001	
  is	
  that	
  fluid	
  assisted	
  metamorphism	
  at	
  ~250°C	
  is	
  responsible	
  for	
  the	
  enrichment	
  in	
  Ca	
  and	
  
Fe	
  of	
   the	
  silicates,	
  with	
   the	
   formation	
  of	
  Fe-­‐enstatite	
  and	
  diopside.	
  Carbonates	
  are	
  another	
  active	
  
component	
   in	
   the	
  hydrothermal	
  alteration	
  process.	
  During	
  hydrothermal	
  alteration	
  Na-­‐carbonates	
  
become	
   unstable	
   and	
   are	
   replaced	
   by	
   Na-­‐rich	
   phases	
   like	
   analcime-­‐natrolite.	
   This	
   process	
   can	
  
explain	
   the	
  overall	
   absence	
  of	
  Na-­‐carbonates	
  on	
  Ceres	
  and	
   instead	
   the	
  high	
  abundance	
  of	
  Ca-­‐Mg-­‐
carbonates	
  whose	
  formation	
  is	
  favoured	
  by	
  hydrothermal	
  alteration.	
  	
  
	
  
Conclusions	
  
With	
  this	
  study	
  we	
  describe	
  a	
  very	
  complex	
  geology	
  of	
  primitive	
  icy	
  bodies	
  of	
  the	
  Solar	
  System.	
  The	
  
micrometeorites	
   studied	
  show	
  new	
   intermediate	
  compositions	
  between	
  CV,	
  CM	
  and	
  CO	
  chondrite	
  
groups.	
   This	
   assumption	
   implies	
   that	
   meteorite	
   classification	
   systems	
   should	
   be	
   modified	
   to	
  
accommodate	
  their	
  complex	
  and	
  multi-­‐stage	
  alteration	
  histories.	
  	
  
	
  
Hydrothermal	
   alteration	
   and	
   aqueous	
   alteration	
   create	
   Fe-­‐rich	
   hydrous	
   phases,	
   carriers	
   of	
   longer	
  
wavelengths	
   3	
   µm	
   bands	
   (3.15	
   µm),	
   as	
   well	
   as	
   other	
   phases	
   that	
   can	
   be	
   ammoniated	
   via	
  
hydrothermalism	
  like	
  phyllosilicates	
  and	
  zeolites	
  that	
  are	
  related	
  to	
  shorter	
  wavelengths	
  3	
  µm	
  bands	
  
(3.05	
  ±	
  0.01).	
  Cryovolcanism,	
  sublimation	
  and	
  outbursts	
  are	
  the	
  main	
  mechanism	
  creating	
  aliphatic	
  
hydrocarbons	
   that	
   can	
   be	
   processed	
   during	
   metasomatism	
   to	
   produce	
   aromatic	
   hydrocarbons,	
  
which	
  can	
  be	
  in	
  turn	
  ammoniated	
  in	
  a	
  NH-­‐rich	
  fluids	
  reducing	
  environment.	
  
	
  	
  
This	
  work	
  adds	
  new	
  important	
  perspectives	
  on	
  the	
  primitive	
  icy	
  bodies	
  of	
  the	
  Solar	
  System,	
  but	
  can	
  
also	
   give	
   new	
   ideas	
   for	
   further	
   projects	
   of	
   investigations,	
   especially	
   regarding	
   organic	
   matter.	
   In	
  
particular	
   further	
   knowledge	
   can	
   be	
   achieved	
   by	
   irradiation	
   experiments	
   on	
   organic-­‐rich	
   samples	
  
made	
  in	
  laboratory	
  to	
  assess	
  the	
  post-­‐formation	
  fate	
  of	
  organics	
  when	
  exposed	
  to	
  solar	
  radiation	
  on	
  
airless	
   planetary	
   bodies.	
   Organics-­‐minerals	
   relations	
   can	
   be	
   investigated	
   as	
   well	
   as	
   changing	
   in	
  
starting	
   composition	
   of	
   meteorites	
   and	
   fluid	
   during	
   cryovolcanism	
   and	
   hydrothermalism	
  
experiments.	
   Finally	
   direct	
   observations	
   on	
   icy	
   bodies	
   surfaces	
   to	
   detect	
   hydrothermal	
   and	
  
cryovolcanic	
   features	
   as	
  well	
   as	
   sublimation	
   sites	
  will	
   be	
  pivotal	
   for	
   looking	
   for	
   organic	
  matter	
   on	
  
different	
  environments	
  assessing	
  their	
  formation	
  process	
  and	
  age.	
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ABSTRACT
We present experimental phase function and degree of linear polarization curves for seven
samples of cometary dust analogues namely: ground pieces of Allende, DaG521, FRO95002,
and FRO99040 meteorites, Mg-rich olivine and pyroxene, and a sample of organic tholins. The
experimental curves have been obtained at the IAA Cosmic Dust Laboratory at a wavelength
of 520 nm covering a phase angle range from 3◦ to 175◦. We also provide values of the
backscattering enhancement for our cometary analogue samples. The final goal of this work is
to compare our experimental curves with observational data of comets and asteroids to better
constrain the nature of cometary and asteroidal dust grains. All measured phase functions
present the typical behaviour for μm-sized cosmic dust grains. Direct comparison with data
provided by the OSIRIS/Rosetta camera for comet 67P/Churyumov–Gerasimenko reveals
significant differences and supports the idea of a coma dominated by big chunks, larger than
one micrometer. The polarization curves are qualitatively similar to ground-based observations
of comets and asteroids. The position of the inversion polarization angle seems to be dependent
on the composition of the grains. We find opposite dependence of the maximum of the
polarization curve for grains sizes in the Rayleigh-resonance and geometric optics domains,
respectively.

Key words: scattering.

1 IN T RO D U C T I O N

Dust is a fundamental constituent of planetary systems in all their
stages of development. For example, the origin of planetary systems
involves a phase of aggregation of submicron-sized dust grains by
streaming instability into protoplanetary discs (Johansen & Youdin
2007; Blum & Wurm 2008; Blum et al. 2014). In our mature Solar
system, dust can be found in the interplanetary medium orbiting

� E-mail: elisa.frattin@gmail.com

around the Sun as a product of the disintegration of comets and
asteroidal collisional cascading (the Zodiacal Cloud), as well as in
the rings of the giant planets. In addition, dust is present in the
regolith surfaces of planets, asteroids and comets, and in dense
atmospheres (e.g. Venus, the Earth, Mars, Titan) in the form of
aerosol. Because of the ubiquity of dust and its involvement in
countless physical phenomena, from atmospheric radiative transfer
to cometary activity through the tracing of Solar system primitive
materials, it is important to study its nature and properties.

Comets are the most appropriate targets to study the early Solar
system, since they are among the most pristine objects orbiting

C© 2019 The Author(s)
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the Sun. Because of their low velocity, gentle accretion process,
some of their most primitive constituents (the grains) have remained
intact, i.e. as they were when the comets formed (Fulle et al.
2016). During their passage at perihelion, these objects release
refractory materials driven by the sublimation of trapped ices,
generating a bright dust coma dominated by μm-sized particles
composed of silicate minerals and organics. Comets unveil the
composition of the primordial material from which they accreted,
namely material located in the outer regions of the Solar system, and
put some constraints to the processes involved in its origin. The flyby
missions that first revealed the nature of cometary dust with in situ
measurements were the Giotto (Reinhard 1986) and Vega (Sagdeev
et al. 1986) missions to 1P/Halley in 1986. The ‘Halley Armada’ was
followed up by the Deep Space 1 mission to comet 19P/Borrelly in
2001 (Soderblom et al. 2002). A major breakthrough came with the
Stardust mission flyby of comet 81P/Wild in 2004 (Hörz et al. 2006),
and subsequent return to Earth of samples of dust collected directly
from the coma of the comet. Later, missions to comet 9P/Temple
in 2005 (Deep Impact 2005; A’Hearn et al. 2005) and to comet
103P/Hartley in 2010 (EPOXI) (A’Hearn et al. 2011) provided new
insights of these two objects. More recently, the Rosetta mission
has been able, for the first time, to follow the trajectory of the
cometary nucleus and observe its evolution during its trajectory
before and after perihelion. The coma of comet 67P/Churyumov–
Gerasimenko (hereafter 67P) was observed during two entire years
(2014–2016) from the very inside, reaching distances of few km
from the nucleus. The astonishing images obtained by the OSIRIS
instrument onboard the spacecraft have shed new light into the
properties of cometary dust (Sierks et al. 2015) . There is now
evidence that 67P was formed by gentle accretion of pebbles smaller
than 1 cm at velocities of the order of 1 m s−1 (Fulle & Blum
2017). Moreover, photometric analysis of the overall coma and
single grains reveal that the majority of the material has similar
spectral properties to those of nucleus surface (Frattin et al. 2017),
which enables using the dust coma as a proxy indicator of nucleus
properties.

The sunlight incident on a cometary dust envelope is partly
absorbed and partly scattered by the particle cloud. Spacecraft
and ground-based observations of scattered light show charac-
teristics strictly dependent on the nature and physical properties
(composition, size distribution, shape, roughness, etc.) of the mate-
rial composing the coma. Since each material has characteristic
scattering signatures, scattering theory can be used to interpret
observations and retrieve from them some of the properties of the
dust. Experimental data of the angular distribution of the scattered
intensity and degree of linear polarization of clouds of cosmic dust
analogues assist in the interpretation of in situ and remote sensing
observations. Since these quantities are intimately related to the
nature of the particles, laboratory data are used as a reference for
comparison and interpretation, allowing a correct analysis of the
observational data (Muñoz et al. 2000; Volten et al. 2006; Muñoz
et al. 2017). Modelling of the interaction between electromagnetic
radiation and particles in turn, supports the experiments, helping to
discriminate unambiguously dust features corresponding to specific
observables (Liu, Yang & Muinonen 2015; Zubko 2015; Escobar-
Cerezo et al. 2017). All these different approaches (observations,
laboratory experiments, and theoretical simulations) provide es-
sential contributions to the investigation of the behaviour of dust
particles as radiation scatterers.

In this work we present experimental phase function and degree
of linear polarization curves as functions of the observational phase
angle of a selected set of cometary dust analogues: four meteoritic

samples, two minerals (Mg-rich olivine and pyroxene), and a sample
of organic particles (tholins). Light scattering measurement has been
performed at the Cosmic Dust Laboratory (CODULAB; Muñoz
et al. 2011) at the Instituto de Astrofı́sica de Andalucı́a (IAA),
spanning a phase angle range from 3◦ to 175◦ at a wavelength
of 520 nm. We combine the new measurements presented in this
work with the scattering matrices at 442 and 633 nm of a sample
of the Allende meteorite and of size-segregated Mg-rich olivine
samples that have been previously presented by Muñoz et al. (2000).
Finally, we compare the experimental data with observations of
asteroids and cometary dust envelops, with special emphasis on the
observations of 67P by Rosetta, in order to put constraints on the
nature of cometary dust.

2 L I G H T S C AT T E R I N G T H E O RY

A beam of quasi-monochromatic light is physically defined by
the Stokes vector I= {I, Q, U, V}, where I is proportional to
the total flux of the light beam and Q is related to the linear
polarization of the light beam, representing the difference between
the two components of the flux along the x-axis and the y-axis.
U is defined by the difference of the two components of the flux
along the directions rotated by 45◦ from the x- and y-axis. V is
related to the circular polarization, defined as the difference between
the left-handed and the right-handed polarized components of the
flux.

The interaction between a light beam and a cloud of particles
results in scattering of the incident light. The Stokes vector of the
scattered beamIsc is related to the one of the incident beam Iin by the
so-called scattering matrix F, through the following expression:⎛
⎜⎜⎝

Isc

Qsc

Usc

Vsc

⎞
⎟⎟⎠ = λ2

4π2D2

⎛
⎜⎜⎝

F11 F12 F13 F14

F21 F22 F23 F24

F31 F32 F33 F34

F41 F42 F43 F44

⎞
⎟⎟⎠

⎛
⎜⎜⎝

Iin

Qin

Uin

Vin

⎞
⎟⎟⎠ , (1)

where λ is the wavelength of the incident beam and D is the
distance of the detector from the particles. The 16 dimensionless
elements of the matrix depend on physical characteristics of the
particles such as their number, shape, dimension (through the size
parameter x = 2πr/λ) and refractive index, as well as on geometrical
parameters such as their orientation in the space and scattering
direction.

When the particles are randomly oriented all scattering planes are
equivalent. Therefore, the scattering direction is fully described by
the scattering angle, θ , defined by the angle between the directions
of propagation of the incident and scattered beams. To facilitate
direct comparison with astronomical observations of comets and
asteroids we use the phase angle, α = 180◦ − θ , throughout the
text. Furthermore, when the particles present mirror symmetries,
and are randomly oriented, the scattering matrix has six parameters
(van de Hulst 1957):

F =

⎛
⎜⎜⎝

F11 F12 0 0
F12 F22 0 0
0 0 F33 F34

0 0 −F34 F44

⎞
⎟⎟⎠ . (2)

3 EXPERI MENTA L A PPARATUS

The CODULAB facility is dedicated to measuring the elements of
the scattering matrix (equation 1 and 2) as a function of the scattering
angle of clouds of randomly oriented cosmic dust analogues. This is
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achieved by means of a gonio-nephelometer that has been described
in detail previously by Muñoz et al. (2010). In the experiments
carried out for this work we employed an Argon–Krypton laser
tuned to 520 nm as our light source. The laser beam passes through
a polarizer and an electro-optic modulator before encountering a
jet stream of randomly oriented particles produced by an aerosol
generator (Muñoz et al. 2011). The powder under analysis is
contained in a cylindrical reservoir, and is pushed by a piston in
a controlled manner towards a rotating brush, which disperses the
particles into a flow of air which carries them through a nozzle
to the scattering volume. The particle density in the scattering
volume, which is controlled by the speed of the piston, must be high
enough to produce a detectable scattering signal, but low enough to
avoid multiple scattering. In this way it better approximates the
low-density cometary coma. The scattered light passes through
optional optics before being detected by a photomultiplier, the
detector, which is mounted on a 1 m ring rail centred at the
aerosol jet. In the measurements presented in this paper we have
covered the phase angle range from 3◦ to 175◦ in steps of 5◦ within
the 10◦–20◦ and 40◦–175◦ ranges, and in steps of 1◦ within the
3◦–10◦ and 25◦–40◦ ranges. Sinusoidal electro-optic modulation
combined with lock-in detection allows determining all elements
of the scattering matrix from eight different configurations of the
optical components (equation 1) and the assumption of reciprocity
of the sample (see further details in Muñoz et al. 2010). In order
to keep the scattered intensity within the linearity range of the
detector, a wheel of neutral density filters is placed between the laser
head and the polarizer, which allows adapting the beam intensity
to the scattering behaviour of the aerosol sample at each particular
angle. A second photomultiplier placed at a fixed angle, the monitor,
corrects for fluctuations in the aerosol beam. For each position of
the detector, 1000 measurements are conducted in about 2 s. The
final value at each phase angle is obtained from the average of
such measurements, with an associated error given by the standard
deviation. Three measurement runs are carried out for each optical
configuration in order to achieve further noise reduction. Due to
the limited amount of material, we did not measure the complete
scattering matrix but only the elements F11 and F12. For unpolarized
incident light the F11 is proportional to the scattered flux. The
measured values of the F11 are arbitrarily normalized so that they
are equal to 1 at α = 150◦. The F11 normalized in this way is called
the phase function. The −F12/F11 ratio (where the value of F11 is
not normalized) is equal to the degree of linear polarization, P, for
unpolarized incident light, expressed in terms of Stokes parameters
as P = −Qsc/Isc.

4 MATER IALS

We have selected four Carbonaceous Chondrites (CCs), two silicate
minerals, and one organic powder as sources of cometary dust
analogues. Bulk samples of the meteorites DaG521, FRO95002,
and FRO99040 were provided by the Museo dell’Antartide Felice
Ippolito, Siena especially for this work. Batches of particulate
tholins were synthesized at the Laboratoire Inter-Universitaire des
Systemes Atmospheriques (LISA), Paris. The Allende, olivine,
and pyroxene samples belong to the IAA-CODULAB collection
and have been used in a previous work (Muñoz et al. 2000).
Below we describe the bulk properties of these materials, the
methods employed to obtain particulate samples suitable for our
light scattering experiments, and the physical properties of the
particles (optical constants, size distribution, and morphology).

Table 1. Mean composition of CV and CO chondrites and of the Allende
meteorite in per cent wt, taken from the meteorite data base METDB (Nittler
et al. 2004).

CO CV Allende

Si 15.8 16.0 16.0
Ti 0.08 0.15 0.10
Al 1.58 2.19 1.79
Cr 0.36 0.35 0.37
Fe 24.3 23.1 23.9
Mn 0.18 0.15 0.15
Mg 14.4 14.4 15.0
Ca 1.62 2.5 1.89
K 0.05 0.03 0.03
S 1.94 1.63 1.77
P 0.11 0.13 0.10
Na 0.35 0.35 0.33
Ni 1.31 1.11 1.23
O 37.9 37.9 37.2

4.1 Bulk materials description

4.1.1 Meteorites

CCs meteorites are among the oldest and most primitive materials in
the Solar system. Age determination techniques indicate that they
formed around 4.5 Gyr ago (Chen & Wasserburg 1981; Mahnes,
Göpel & Allégre 1987). Since they are very old, these rocks suffered
different primary processes, which record pre-accretionary histories
in the solar nebula, and secondary processes like aqueous alteration,
thermal metamorphism, and shock metamorphism (Brearley &
Jones 1998).

CCs are divided in several classes based on composition: CI,
CH, CO, CV, CK, CR. Most of them are fragments of primitive
asteroids. They come from the NEO population, which includes
about 10 per cent of extinct comets, in addition to former asteroids
(DeMeo & Binzel 2008).

The bulk composition of the Carbonaceous Ivuna (CI) group of
chondrites is very close to the composition of the solar photosphere.
Furthermore, interstellar grains that predate the Solar system forma-
tion are found in the matrix of these primitive chondrites (Brearley
& Jones 1998). CCs are characterized by chondrule sizes ranging
from 1 mm in the CV group down to around 0.15 mm and 0.02 mm
in the CO and CH groups, respectively. The CV and CO chondrites
have the highest abundances of refractory inclusions, while CR
and, above all, CH chondrites have the highest content of metals
(Brearley & Jones 1998; Weisberg, McCoy & Krot 2006). In Table 1
we report the mean composition of CO and CV chondrites and of
the Allende meteorite (Nittler et al. 2004).

DaG521 and AllendeThe meteorites DaG521 (Dar al Gani 521,
found in Lybia in 1997; Grossman 1999) and Allende (fallen near
Parral, Chihuahua, Mexico, in 1969) are classified as CV3. CVs
chondrites are characterized by large mm-sized chondrules, large
refractory inclusions, and abundant matrix (40 per centvol). They
are divided into oxidized CVOX and reduced CVRED subgroups
based on abundances of metal, magnetite, and Ni content (McSween
1977). The main component of CV matrices is Fe-rich olivine
(fayalite Fa ∼ 30–60 and in some cases Fa > 90), but there are
substantial differences among the subgroups due to different late
stage metasomatism and aqueous alteration (Krot, Scott & Zolensky
1995; Krot et al. 1998). Other mineral constituents are Ca-Fe-
pyroxene, andradite, Fe-Ni sulfides, and magnetite. Some chemical
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and textural features of the CV chondrites evidence a phase in
which the parent body experienced temperatures <300◦C (Krot
et al. 1998).

DaG521 is the only meteorite of our set with reddish colour,
probably due to iron oxide generated by weathering in the Lybian
desert.

Allende is classified as CVOX. This group displays Calcium-
Aluminum-rich Inclusions (CAIs) and ameboid olivine refractory
elements and this suggests they have been formed at high temper-
ature during the early stages of Solar system formation. A recent
discovery of a class of asteroids (the so-called Barbarians) seems to
have a composition unusually enriched in CAI minerals, like spinel
(Cellino et al. 2014). Allende differs from other CVOX meteorites
in its lower matrix-chondrule ratio and in having chondrules with
more opaque minerals (Brearley & Jones 1998).

FRO95002 and FRO99040These two meteorites were found in
Antarctica, in the region of the Frontier Mountain in 1995 and
1999, respectively. Both belong to the CO3 class, which presents
similar characteristic of CV3 regarding chondrules and matrix
abundance, but differ in the chondrule dimensions, which in the
CO3 case are μm sized. The CO chondrites are all of petrologic
type 3, showing slightly different metamorphic stages, ranging from
3.0 to 3.7 (McSween 1977). CO chondrites usually have low Fe
compositions with olivine with Fa < 1 (Brearley & Jones 1998).
Also Fe-pyroxenes are rare, only a few pyroxenes with Fs ∼ 10 are
reported (Brearley & Jones 1998).

4.1.2 Minerals

The first hint of the presence of silicates in the cometary dust
dates back to the observation of the emission feature at 10 μm
in comet Bennett and its consequent laboratory modelling (Maas,
Ney & Woolf 1970). The measurements of 1P/Halley mineralogical
composition revealed Mg-rich olivine (forsterite) and pyroxene
(enstatite) as dominant compounds from in situ mass spectra of
particles provided by Giotto and Vega Spacecraft (Schulze, Kissel
& Jessberger 1997). Crystalline forsterite and enstatite have been
detected also on comet Hale–Bopp (Crovisier et al. 1997) and
9P/Tempel from space-based infrared spectra (Lisse et al. 2007)
and on 81P/Wild2 from direct measurement of particles collected by
Stardust mission (Zolensky et al. 2006). These silicates are predicted
by thermodynamic models to condense in a hot gas at 1200–1400 K,
while the reaction with Fe occurs only at lower temperature. Thus,
the preponderance of Mg-rich silicates in cometary dust can be
explained by direct condensation in the inner primordial nebula
(Hanner & Bradley 2004). The olivine and pyroxene samples used
in this work have, respectively, the composition Mg1.85Fe0.14SiO4

and Mg0.85Fe0.08Si0.99O3, and are therefore close to the Mg-rich
endmembers, i.e. forsterite and enstatite. Thus, in the following
we will refer to the olivine and pyroxene samples as forsterite and
enstatite. The forsterite sample is the one identified as ‘Olivine S’
in Muñoz et al. (2000).

4.1.3 Organics

Tholins are organic compounds generated by irradiation (solar UV,
high energy particles, electrons) of mixtures of common compounds
of carbon, oxygen, and nitrogen, e.g. CO2, CH4, and HCN (Sagan &
Khare 1979). They are thought to be present on the surfaces and/or
in the atmospheres of several Solar system bodies. For example,

they are likely responsible for the reddish colour of many objects
such as Pluto (Gladstone 2016) and Ceres (Combe et al. 2017), and
are believed to be responsible for Titan’s atmospheric haze (Brassé
et al. 2015).

Analysis of 1P/Halley dust mass spectra indicated for the first
time the existence of CHON particles in comets (Kissel & Krueger
1987). The complex nature and variety of organics in cometary
dust was revealed by analysis of samples returned from 81P/Wild,
obtained by Stardust (Sandford et al. 2006; Matrajt et al. 2008;
Clemett et al. 2010). More recently, the in situ analysis of 67P coma
dust by COSIMA/Rosetta mass spectrometer has confirmed the
presence of abundant high-molecular weight organic matter, nearly
50 per cent in mass (Bardyn et al. 2017; Fray et al. 2017). Thus,
the abundance of CHON compounds in cometary dust suggests
that tholins are likely to form in this environment as well. Tholins
have been previously used in laboratory studies as cometary dust
simulants, often mixed with other components, typically silicates
and ices (Poch et al. 2016a,b; Jost et al. 2017).

The tholins sample used in this work was synthesized using the
PLASMA experimental set-up described previously by Brassé et al.
(2017). It allows the production and sampling of tholins from N2–
CH4 electron irradiation in a glove box without contamination by
the air of the laboratory. The elemental composition of these tholins
has been determined (Brassé 2014). They are carbon rich (C/N =
2.2 to 2.4) with a C/H of 0.7 to 0.8. Several grams of tholins were
prepared to perform the CODULAB measurements.

4.2 Sample preparation

In order to obtain particulate samples with different size distribu-
tions within the typical size range of cosmic dust particles, the
DaG521, FRO95002, and FRO99040 samples were milled and dry
sieved at the Department of Geoscience of the University of Padua.
After milling, the three samples were first size segregated using
a 71 μm sieve. The fraction of sample that passed through the
sieve was subsequently sieved using a 53 μm sieve. This procedure
generated three subsamples designated as DaG521M, FRO99040M,
and FRO95002M with diameters, d, in the range 53 μm < d <

71 μm. The fractions of DaG521M and FRO99040M that passed
through the 53 μm sieve were subsequently sieved through a 45 μm
sieve producing subsamples DaG521S and FRO99040S (45μm < d
< 53 μm). Not enough material of FRO99040M was left to produce
a further sample. A similar sieving procedure was used to produce
the olivine samples described by Muñoz et al. (2000).

As far as the organic sample is concerned, after their synthesis,
the tholins were kept in gas proof vials under dry N2 atmosphere,
to avoid their chemical evolution. Just before measurements with
CODULAB the tholins were first homogenized with a mortar to
break the agglomerates and sieved to obtain an homogeneous
powder. Then, these tholins were introduced into the cylindrical
stainless steel tank of the aerosol generator.

4.3 Sample characterization

4.3.1 Refractive index

The refractive index of a medium is defined as

m = c
√

εμ = n + ik (3)

where ε is the electric permittivity, μ is the magnetic permeability,
and c the speed of light in vacuum. The optical constants n and k
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Table 2. Refractive index of each sample and their relative appearance.

Sample Refractive Index Appearance

DaG521 1.65 + i10−3 reddish
FRO99040 1.65 + i10−3 dark grey
FRO95002 1.65 + i10−3 dark grey
Allende 1.65 + i10−3 dark grey
Forsterite 1.62 + i10−5 white
Enstatite 1.58 + i10−5 white
Tholins 1.35 + i2.3 · 10−2 dark

represent, respectively, the phase velocity of the wave in the medium
and the absorption coefficient of the material.

Estimates of the refractive indices of our samples are compiled in
Table 2. The refractive indices of forsterite and enstatite (Dorschner
et al. 1995) have been obtained from the Jena-St. Petersburg Data
base of Optical Constants (http://www.astro.uni-jena.de/Laborato
ry/Database/jpdoc/index.html). The refractive index of tholins at
532 nm has been reported by Hasenkopf et al. (2010); for a detailed
analysis of the tholins optical properties see Brassé et al. (2015).

The refractive indexes of the Allende, DaG521, FRO99040, and
FRO95002 meteorite samples are unknown. Therefore, we have as-
sumed estimates based on literature values of the main constituents.
The imaginary part of the refractive index of the terrestrial samples
is significantly smaller than that of the meteorites and tholins, which
indicates a smaller absorbance of these materials, consistent with
their light colour. By contrast, the meteorite powders are darker as
a result of the higher bulk Fe content and organic components.

It should be kept in mind that the refractive index generally
depends on the wavelength of the incident light. While the Mg-
rich forsterite and enstatite present a flat wavelength dependence
in the visible, the Fe content of the meteorite samples is expected
to produce an effect on the refractive index at different visible
wavelengths. This fact has been recently taken into account by
Devogèle et al. (2018) to interpret the observed wavelength de-
pendence of the inversion angle of polarization of asteroid (234)
Barbara as a consequence of the imaginary refractive index, in turn
a consequence of the presence of nano-iron phase particles.

4.3.2 Size distribution

The size distributions of our samples have been estimated using a
low angle laser light scattering (LALLS) particle sizer (Malvern
Mastersizer 2000; Rawle 1993). The LALLS method relies on the
measurement of the phase function of samples dispersed in a carrier
fluid at 633 nm within a range of low scattering angles (0.02◦–30◦).
The volume distribution of equivalent spherical particles that best
reproduces the observed phase function is obtained by inverting a
light scattering model based on Mie theory, which requires knowing
the complex refractive index of the samples (equation 3). Since
the refractive indexes of our meteorite samples are unknown, we
have carried out a sensitivity study of the impact on the retrieved
size distributions of varying n and k within wide ranges. In these
sensitivity tests we have used as reference value the estimated
refractive index for the Allende meteorite (m = 1.65, k = i0.001;
Muñoz et al. 2000). First, the imaginary part of the refractive index,
k, was fixed to the reference value (k = 0.001). The value of real
part, n, was then varied between 1.5 and 1.7 in steps of 0.05. Second,
the real part was fixed to the reference value (n = 1.65), and the
imaginary part, k, was varied from 10−5 to 10−1 in factor of 10 steps.

Figure 1. Size distribution of samples of Allende meteorite, Forsterite, and
Enstatite.

Figure 2. Size distribution of two different samples of DaG521, FRO95002,
and FRO99040.

Artefacts are found in the retrieved size distributions in the small
size range (r < 1 μm) when low values of the real part (n = 1.5;
n = 1.55) or extreme values of the imaginary part (k = 10−5; k =
10−2; k = 10−1) are assumed. Therefore, we consider the reference
value n = 1.65 + i0.001 as a reasonable estimate of the refractive
index of our meteorite samples.

In spite of the sieving procedure described in Section 4.2,
the meteorite samples show broad size distributions with volume
equivalent radii ranging from 0.3 to ∼ 100 μm. Figs 1 and 2 show
the S(logr) size distributions of the samples. Here, S(logr) is the
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projected surface area for a volume equivalent sphere with radius
r. Size distributions are commonly characterized by the effective
radius reff and effective variance veff as defined by Hansen & Travis
(1974). These parameters have a straightforward interpretation for
mono-modal distributions, while for multimodal distributions, the
reff and veff are only first-order indicators of the particles size.
For example, the DaG521M and FRO99040M samples show bi-
modal size distributions with secondary peaks at ∼30 and ∼20 μm,
respectively.

Due to the limited amount of the tholins sample, we could not
measure its size distribution. Based on the Field Emission Scanning
Electron Microscope (FESEM) images (Figs 3k and 3l) we can
estimate a broad size distribution with sizes ranging from submicron
up to hundred of microns.

4.3.3 Morphology

Fig. 3 shows Field Emission Scanning Electron Microscope
(FESEM) images of our samples. It can be seen that in all cases the
particles present a wide variety of irregular shapes. Figs 3(a)–(d)
show that the enstatite, forsterite, and Allende meteorite particles
present sharp edges and relatively clean flat surfaces compared
with the other samples. The DaG521, FRO95002, and FRO99040
particles (Figs 3e–j) present more rounded shapes with rough
surfaces covered by a layer of small particles. These morphological
differences could be partially caused by the powder preparation
method. The dry-sieving procedure could not remove small
particles that remained stuck on the surface of the large particles
by electrostatic forces. By contrast, the enstatite, forsterite, and
Allende meteorite samples underwent wet sieving, which removed
a large fraction of the finest particles from the original sample. For
this reason the grain surfaces appear generally smoother than for the
other samples. Tholins show peculiar structures due to the synthesis
process that produced very elongated particles of the order of
10 μm with layered substructure and sub-μm surface roughness
(Figs 3k–l).

5 R ESU LTS AND DISCUSSION

5.1 Measurements

In this section we present the measured phase functions F11(α)
(Fig. 4) and degree of linear polarization for unpolarized incident
light P(α) = −F12(α)/F11(α) (Fig. 5) for all samples studied in this
work. The measurements were performed at a wavelength of 520 nm
covering the phase angle range from 3◦ to 175◦. As mentioned, the
measured phase functions are normalized to unity at α = 150◦.
The experimental phase function and polarization curves are freely
available in the Amsterdam–Granada Light Scattering Data base
(http://www.iaa.es/scattering) under request of citation of this paper
and Muñoz et al. (2012).

The light scattering behaviour of the samples considered in this
work is qualitatively similar to that of other types of irregular
mineral dust investigated in the laboratory (see Muñoz et al. 2012
and references therein). The measured phase functions show a
strong peak at large phase angles, a plateau with almost no structure
at intermediate angles, and a moderate increase at small phase
angles. Fig. 4 does not reveal large differences between samples.

The measured P curves display the typical bell shape with a small
negative branch starting at an inversion angle, α0 and reaching a
minimum at αmin (Fig. 5). The wide positive branch has a maximum

Pmax at αmax = 75◦–90◦. These polarization curves are also similar
to those observed by remote sensing for a variety of Solar system
objects such as comets and asteroids. In contrast to the phase
functions, the polarization curves of our samples do show significant
variability. Table 3 summarizes the main parameters of the degree
of linear polarization curve in the region of minimum polarization
(Pmin, αmin), inversion angle (α0), and maximum polarization (Pmax,
αmax).

Among our samples, tholins show the highest maximum values
of linear polarization (Pmax = 19 per cent) and the deepest negative
branch (Pmin = −6.7 per cent). Note that the empirical relationship
known as Umov’s effect indicates an inverse relationship between
the maximum value of polarization and the geometric albedo
(Zubko et al. 2011), and tholins are indeed the darkest material
considered in this study. However, for a cloud of irregular particles
in single scattering conditions the interrelation between Pmax and
the geometric albedo is dependent on the size distribution of the
particle cloud (Zubko et al. 2017, 2018). Thus, the Allende meteorite
sample, which has the smallest effective radii, also presents the
lowest maximum of the degree of linear polarization in spite of
its dark colour. Interestingly, the polarization curve of the Allende
sample has a distinct feature compared to the pure silicate samples,
showing a shoulder near α = 150◦ at all wavelengths (see Fig. 6).
The measured values of α0 range from 26◦ for enstatite to 36◦ for
the Allende sample. We do not find a clear relation between size
distribution and position of the inversion angle. By contrast, for the
range of sizes of our samples, the location of the inversion angle
seems to be dependent on the composition. Terrestrial materials
consisting of pure non-absorbing minerals show lower inversion
angles than the meteorites and tholins, which present iron and
organic material in different proportions.

A fully satisfactory explanation of the negative branch of the
linear polarization curve is still missing. Numerous Solar system
objects such as cometary comae or asteroids and satellites, which
are covered by a thick regolith layer, show this feature. Even quite
small asteroids, for which we might assume that the surface regolith
layer is thinner, generally exhibit the same general polarimetric
behaviour as larger asteroids.

In principle, each powdered material should produce negative
values of polarization at low phase angles, when coherent backscat-
tering by small particles is considered. This physical effect results
from the interference of wavelets scattered by the particulate
medium. At zero phase angle the wavelets are in phase and they
combined positively enhancing the intensity. The linear polarization
reflects this effect as well, inverting the plane of wave polarization
and favouring the parallel component of electromagnetic wave to
be scattered, rather than the perpendicular one. The role of coherent
backscattering in the development of a negative polarization branch
and a backscattering enhancement (BSE) in the phase function has
been discussed by Muinonen et al. (2012) using the exact method
known as the superposition T-Matrix (Mackowski & Mishchenko
1996).

The origin of the negative branch of clouds of particles in single
scattering conditions and corresponding particulate surfaces has
also been investigated in several laboratory studies (e.g. Shkuratov
et al. 2006, 2007; Escobar-Cerezo et al. 2018). In a recent work,
Escobar-Cerezo et al. (2018) compare the scattering behaviour
of two samples of the same lunar simulant with different size
distributions. The effect of removing particles smaller than ∼1 μm
from the pristine sample on the polarization curve is noticeable. The
maximum of the linear polarization increases by a factor of 1.5.
Apparently the small particle fraction of the pristine sample was
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2204 E. Frattin et al.

Figure 3. FESEM micro-photographs of enstatite (plates a and b), forsterite (plate c), Allende (plate d), DaG521 (plates e and f), FRO95002 (plates g and h),
FRO99040 (plates i and j), and tholins (plates k and l).

limiting the maximum of the degree of linear polarization. Further,
the negative polarization branch (absolute values) is decreased from
2.4 per cent to 0.8 per cent after removing particles smaller than
1 μm. This result seems to indicate that submicron scale features

might be responsible for the negative branch of the degree of linear
polarization.

In summary, it is quite difficult to disentangle all the effects
responsible for the polarization curve shape, we can only highlight
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Figure 3 – Continued

some empiric relations, but it is essential to further investigate the
subject. In sections 5.2 and 5.3 the differences observed in the phase
function and degree of linear polarization are discussed in terms of
different physical properties (size, colour, shape), in order to inves-
tigate their influence on the scattering behaviour of the samples.

5.2 Backscattering enhancement

In order to give an estimation of the trend of the phase function
in the backward region for all studied samples, we compute the
BSE, defined as the ratio of measured phase function values at
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Figure 4. Phase functions of all samples at 520 nm. The inset shows a
zoom-in of the backscattering region.

Figure 5. Polarization curve of all samples at 520 nm. The inset shows a
zoom-in of the inversion angle region.

α = 0◦ and α = 30◦ (Bertini, Thomas & Barbieri 2007). Since
our laboratory measurements do not cover the whole phase angle
range we extrapolated a synthetic phase function, F

syn
11 , from our

measurements that range from 3◦ to 175◦. The synthetic phase
function is defined in the full angle range from 0◦ to 180◦ and is
normalized according to

1

2

∫ π

0
dαsinαF

syn
11 (α) = 1. (4)

The extrapolation of the measured phase function in the forward
direction is based on the assumption that the forward scattering

peak for randomly oriented particles with moderate aspect ratios
is mainly dependent on the size and refractive indices of the
particles, but not on their shapes (Liu et al. 2003). Between 175◦

and 180◦, we produce Mie calculations for projected surface area
equivalent spheres. For the Mie computations we use the measured
size distribution of the corresponding sample and the value of
the refractive indices presented in Table 2. For the backward
direction, we first generate a value for the phase function at 0◦ by
a quadratic function generated by least squares with the measured
data points from 3◦ to 30◦. Then all values between 3◦ and 30◦ are
produced by a cubic splines interpolation considering an additional
condition that must be fulfilled in all cases: the first derivative
of the phase function at 0◦ must be zero (Hovenier & Guirado
2014). At this stage, both the forward peak (175◦–180◦) and the
rest of the phase function (0◦–175◦) are defined, but they are
normalized in a different way: the forward peak belongs to a function
normalized according to equation (4) and the normalization of
the rest of the function is arbitrary. The function defined by the
measured (3◦–175◦) plus the extrapolated (0◦–3◦) data points is
then vertically shifted until the computed F

syn
11 (175◦) matches the

measured F11(175◦). The normalization condition (equation 4) is
then checked. If it is not satisfied within a 0.1 per cent accuracy, the
value of the measurement at 175◦ is increased or decreased (within
the experimental error bars) until the normalization condition is
fulfilled. The BSE for all our samples lays in the range [1.94–2.27]
(see Table 4).

5.3 The effect of size and colour on polarization

The degree of linear polarization of the DaG521S and DaG521M,
and the FRO99040S and FRO99040M samples are plotted in Figs 7
and 8, respectively. Since each figure refers to the same material,
the differences observed are only attributable to the different size
distributions of the S and M samples. The salient feature of this
comparison is an increase of the maximum polarization with size.
In fact, it can be seen in Fig. 2 that the size distributions of the
samples with a higher Pmax (DaG521M and FRO99040M) present
a secondary maximum at larger sizes. Thus, the contribution of
particles with large size parameters (xeff = 2πreff/λ) is most likely
responsible for the measured increase in Pmax.

The direct relationship between Pmax and reff (or xeff) apparent
in Figs 7 and 8 suggests an inverse relationship between Pmax and
wavelength, since the size parameter is inversely proportional to
wavelength.

The polarization curves for the forsterite sample at three different
wavelengths (442, 520, and 633 nm) are plotted in Fig. 9. The
measurements at 442 and 633 nm have been published previously
(Muñoz et al. 2000). It can be seen that Pmax increases as the
size parameter of the particles decreases (λ increases for a fixed
reff). In this case the differences in the measured degree of linear
polarization are also likely related to the size parameter of the grains,
since the refractive index of forsterite presents a flat dependence on
wavelength in the studied region.

The apparent contradiction between Figs 7 and 8 on one side and
Fig. 9 on the other can be explained by the broad size range of our
samples. The scattering properties of dust grains are described by
three regimes: Rayleigh, resonance, and geometric optics. When
particles are smaller than the wavelength (Rayleigh regime), Pmax

tends to decrease as the size parameter increases. In that case, Pmax

increases with wavelength if the refractive index is constant, i.e.
Pmax ∝ 1/x ∝ λ. By contrast, in the geometric optics regime (xeff

� λ), Pmax tends to increase as the size parameter becomes larger,
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Table 3. Polarimetric parameters of the samples. reff and veff are the effective radius and effective variance. Pmin is the minimum of polarization and αmin the
relative phase angle. Pmax is the maximum of polarization at phase angle αmax and α0 is the inversion angle. h(per cent/deg) is the slope of the polarization
curves computed between αmax and α0. Tholins measurements were taken in the red domain, at λ = 632 nm.

Sample reff (μm) veff Pmin (per cent) αmin (deg) α0 (deg) Pmax (per cent) αmax (deg) h (per cent/deg)

DaG521S 3.58 1.96 −3.3 ± 0.7 15 ± 5 32 ± 1 11.3 ± 0.91 80 ± 5 0.24
DaG521M 8.69 2.43 −4.9 ± 1.6 20 ± 5 34 ± 1 12.6 ± 1.4 75 ± 5 0.31
FRO95002M 3.92 2.72 −3.9 ± 0.1 20 ± 5 35 ± 1 10.0 ± 0.3 85 ± 5 0.20
FRO99040S 3.68 1.72 −3.3 ± 0.3 20 ± 5 33 ± 1 10.1 ± 0.3 80 ± 5 0.21
FRO99040M 5.90 3.10 −3.5 ± 0.6 20 ± 5 34 ± 1 10.7 ± 0.1 90 ± 5 0.19
Forsterite 3.06 1.04 −3.1 ± 0.3 15 ± 5 30 ± 1 9.9 ± 0.2 75 ± 5 0.22
Enstatite 3.70 3.13 −2.1 ± 0.3 15 ± 5 26 ± 1 11.3 ± 0.2 85 ± 5 0.19
Allende 2.44 3.42 −3.3 ± 0.3 22 ± 1 36 ± 1 7.5 ± 0.2 85 ± 5 0.15
Tholins - - −6.7 ± 1.5 15 ± 5 35 ± 1 19.1 ± 3.3 90 ± 5 0.35

Figure 6. Measured degree of linear polarization curves for Allende meteorite (circles), forsterite (triangles), and enstatite (stars) at three different wavelengths
442 (left-hand panel), 520 (centre panel), and 633 (right-hand panel).

Table 4. Parameters related to the BSE computed for the samples at different wavelengths. BSE = F11(0◦)/F11(30◦).

Sample reff (μm) veff xeff F
syn
11 (0◦) F

syn
11 (30◦) BSE (520 nm)

DaG521S 3.58 1.96 43.3 0.384 0.191 2.01
DaG521M 8.69 2.43 105.0 0.419 0.214 1.96
FRO95002M 3.92 2.72 47.4 0.390 0.201 1.94
FRO99040S 3.68 1.72 44.5 0.612 0.270 2.27
FRO99040M 5.90 3.10 71.3 0.427 0.203 2.10
Forsterite 3.06 1.04 37.0 0.384 0.197 1.95
Enstatite 3.70 3.13 44.7 0.369 0.188 1.96
Allende 2.44 3.42 29.5 0.519 0.266 1.95

i.e. Pmax ∝ x ∝ 1/λ. These trends are well illustrated by computed
polarization data for Gaussian random shapes from the Rayleigh
to the geometric optics regimes reported by Liu et al. (2015). As
shown in Fig. 2, the contribution of grains in the geometric optics
domain for samples DaG521M and FRO95002M is relatively large.
Therefore, the Pmax tends to increase as xeff increases (Figs 7 and 8).
The majority of the grains in the forsterite sample belong to the
Rayleigh and resonance (xeff ≈ λ) domains where the dependence
of Pmax with size is nearly opposite, i.e. it increases as xeff decreases
(Fig. 9).

The degree of linear polarization curves for the Allende meteorite
sample at three wavelengths (442, 520, and 633 nm) are plotted in
Fig. 10. As shown in Fig. 1, the Allende sample mainly consists
of particles in the Rayleigh and resonance regimes. In this case
there is no clear trend of Pmax with wavelength. The higher Fe

content of the Allende meteorite compared to forsterite indicates a
higher imaginary part of the refractive index at shorter wavelengths,
implying a higher reflectance at red wavelengths. According to the
Umov effect, the larger reflectance, the lower the maximum of
the degree of linear polarization. Thus, the increase of Pmax with
wavelength seems to be balanced by a lower albedo at shorter
wavelengths. Therefore, the maximum of the degree of linear
polarization is dependent not only on the size of the grains but also
on their refractive index. A study of tholins generated in plasma with
different size distributions by Hadamcik et al. (2009) is in line with
our results, showing that in Rayleigh regime Pmax decreases when
the particle size increases, while in optical regime Pmax increases
with the particle size.

It is worth noting that in the case of the forsterite sample (Fig. 9),
the inversion angle α0 does not change with wavelength. However,
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Figure 7. Measured degree of linear polarization curves for the DaG521S
(blue symbols) and DaG521M (magenta symbols) samples at 520 nm.

Figure 8. Measured degree of linear polarization curves for the FRO99040S
(blue symbols) and FRO99040M (magenta symbols) at 520 nm.

some wavelength dependence of the negative branch minimum can
be distinguished at 633 nm. In the case of the Allende sample, both
the minimum of the negative branch and the inversion angle vary
with wavelength. The apparent dependence of the negative branch
parameters on composition (i.e. refractive index) seems to be in
agreement with the simulations of Zubko et al. (2009) and Zubko,
Videen & Shkuratov (2015), which demonstrate that the negative
polarization parameters strongly depend not only on size parameter
but also on the material absorption properties.

Figure 9. Measured degree of linear polarization curves for the forsterite
sample at three different wavelengths.

Figure 10. Measured degree of linear polarization curves for the Allende
sample at three different wavelengths.

5.4 Comparison with asteroids and comets

Ground-based observations of the intensity of light scattered by
cometary dust grains are usually limited to certain observational
geometries. Moreover, time variations of the brightness of the
coma as observed from Earth do not only depend on the phase
angle but also on changes of the dust production rate as the comet
moves in its orbit around the Sun (see e.g. Kolokolova et al. 2004).
The OSIRIS camera onboard the Rosetta spacecraft revealed the
behaviour of comet 67P phase functions from inside the coma
(Bertini et al. 2017). They were obtained in a short time period
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(about 2.5 h) covering an unprecedented broad phase angle range
(from ∼10◦ to ∼155◦). The measured phase functions show a
peculiar u-shape with a minimum at a phase angle around 100◦. That
phase function is not reproduced by any of the μm-sized randomly
oriented particles studied in this work or previously presented in
the Amsterdam–Granada Light Scattering Data base (Muñoz et al.
2012). However, laboratory measurements of the phase function of
mm-sized particles (Muñoz et al. 2017) show a distinct behaviour
compared to μm-sized particle clouds, with a minimum placed at
much larger phase angles more in line with the 67P phase curve.
Further, recent analysis of the OSIRIS phase functions at low phase
angles provides a range of BSE values broader [1.7–3.6] (Bertini
et al. 2018) than that based on ground-based observations [1.7–2.7]
(Ishiguro et al. 2013). As shown in Table 4, the BSE values obtained
for our μm-sized cometary dust analogues are within the range
obtained from ground-based observations. The highest BSE value
obtained from the OSIRIS data (3.6) seem to be produced by a cloud
of decimetric chunks orbiting 67P nucleus at distances smaller than
100 km (Bertini et al. 2018). All in all our experimental data suggest
that 67P phase function is not dominated by randomly oriented
μm-sized particles in line with the conclusions of multiinstrument
analysis onboard Rosetta (Guettler, in preparation).

Polarization is a powerful tool to investigate the nature of particles
populating cometary comae and asteroidal regoliths. The value of
the minimum of the degree of linear polarization together with
the slope of polarization curve is generally used to determine
the albedo of asteroids. Moreover, polarimetric criteria are used
to classify and refine the asteroid taxonomy (Belskaya et al.
2017). A caveat to direct comparisons between observations and
laboratory results is that the assumption of single scattering is no
longer valid for such bodies, since they are covered by a layer of
regolith. Single scattering is considered to be more adequate to
explain the behaviour of low-albedo objects, for which multiple
scattering is less important. As a result of multiple scattering the
minimum polarization value approaches zero, and the inversion
angle α0 decreases. Further, the positive polarization maximum
decreases by multiple scattering effects and therefore its slope
(Shkuratov et al. 2004, 2006, 2007). We refer to Kolokolova,
Hough & Levasseur-Regourd (2015, chapters 5 and 8) for recent
reviews on photometric and polarimetric laboratory measurements
of particulate surfaces and individual particles. Taking into account
the mentioned multiple scattering effects, we can still retrieve
information on the physical properties that determines the observed
polarimetric features of asteroidal regolith particles by direct com-
parison with our experimental data. For instance, in the case of
(the still few) Near-Earth Asteroids (NEA) observed so far, the
maximum of positive polarization can reach, for low-albedo objects
like (3200) Phaethon and (101955) Bennu, much higher values
of linear polarization (up to 40 per cent), well above the limits
reached by the samples analysed in this work. The covered interval
of angles did not include αmax but the observed data indicate that
Pmax could occur around 130◦. Taking into account the decrease
of Pmax due to multiple scattering effects on the regolith layer, we
can expect an even larger Pmax for the single particles forming
the regolith. According to previous experimental (Escobar-Cerezo
et al. 2018) and computational (Liu et al. 2015) results, a high
value of Pmax shifted towards large phase angles, suggests a surface
covered by particles significantly larger than those studied in this
work.

Further, spectropolarimetric data of asteroids show that the
gradient of linear polarization for increasing wavelength depends

on the taxonomic class and upon the phase angle. In the positive
polarization branch, the polarization tends to decrease for increasing
wavelength for S-class objects (moderate albedo). Similar depen-
dence of Pmax with λ has been found for single particles that present
a significantly higher imaginary part of the refractive index, k, at
short (488 nm) than at large (647 nm) wavelengths (Dabrowska et al.
2015). Low-albedo objects do just the opposite as is the case of dust
samples with a flat (Fig. 9) or moderate dependence of k with the
wavelength (10). Note also that, for any given object of any class,
the polarimetric gradient changes sign if the object is observed in
the negative or in the positive polarization branch (Bagnulo, Cellino
& Sterzik 2015) as is the case of the forsterite and Allende samples
studied in this work (Figs 9 and 10).

On the other hand, the angle of inversion of polarization of
asteroids is usually around 20◦. A few objects exhibit an inversion
angle at lower phase angles (15◦–17◦). Only a few rare objects,
the so-called Barbarians, show high values of inversion angles,
up to 28◦ (Cellino et al. 2006; Devogèle et al. 2018). As shown in
Section 5.1, for the size range of the samples presented in this work,
the position of the inversion angle depends on sample composition.
This is also found by Devogèle et al. (2018) in their analysis of
Barbarian asteroids. Other observed polarimetric evidence (Pmin

versus inversion angle plot) suggests that these objects should have
a very fine surface regolith. This is also in agreement with some
estimate of a low thermal inertia for (21) Lutetia, which has also
a large inversion angle, not much smaller than that of Barbarians
(Cellino et al. 2016). Only S-class NEAs objects have Pmax values
(7 per cent and 10 per cent) compatible with our measurements.
As opposite, there are no asteroids reaching negative polarization
deeper than −2,−3 per cent.

The condition of single scattering holds for cometary comae.
Observational data show the existence of two classes of comets,
based on the degree of linear polarization (Levasseur-Regourd
et al. 1996; Shestopalov & Golubeva 2017). The high polarization
comets, which are considered dust rich, and the low polarization
comets, which have a higher gas component (Table 5). The
measurements of the samples presented in this work seems to be
of the order of the low polarization group. Generally, cometary
comae behave qualitatively in a similar manner to our analogue
particle clouds: they show a negative polarization branch at small
phase angles, and a bell-shaped curve at side and backscattering
angles, with a maximum of polarization at a phase angle near 90◦.
However, the exact parameters defining the cometary polarization
phase curve (see Table 5 for comet 67P in particular), are different
from our laboratory measurements. The 67P polarization phase
curve might be shaped by particles larger than the wavelength,
but with wavelength-scale surface features that could produce a
polarization roughly similar that of a cloud of isolated scatterers.
Moreover, the h slope observed for 67P seems to indicate that it
belongs to the family of ‘high polarization’ comets (Rosenbush
et al. 2017). This might be in agreement with the depletion of small
particles (<1 μm) observed with Rosetta.

Our laboratory data support the interpretation of the decreasing
polarization outward the nucleus of 67P, according to which this
results from larger particles near the nucleus and smaller particles
moving away from it (Rosenbush et al. 2017). In order to enable
a more consistent comparison between astronomical observations
and laboratory data, future studies need to consider more appropriate
mixtures of components such as silicates, organics, and ices, with
improved control on other characteristics such as size, shape, and
surface roughness.
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Table 5. Polarimetric parameters of two classes of comets from Levasseur-Regourd, Hadamcik & Renard (1996). Values for 67P correspond to post-perihelion
period and are taken from Hadamcik et al. (2016). ∗The h value for 67P is the slope at the inversion angle, since no value for Pmax are available.

Comet λ (nm) Pmin (per cent) αmin (◦) α0 (◦) Pmax (per cent) αmax (◦) h (per cent/deg)

High Pmax 515 −1.5 ± 0.5 9 ± 2 22.2 ± 0.5 26 ± 2 103 ± 10 0.22 ± 0.02
670 −1.5 ± 0.5 11 ± 2 22.6 ± 0.5 28 ± 3 95 ± 10 0.25 ± 0.03

Low Pmax 515 −1.7 ± 0.5 6 ± 3 19.0 ± 0.5 10 ± 3 80 ± 10 0.20 ± 0.02
670 −1.9 ± 0.5 6 ± 3 20.5 ± 0.5 18 ± 3 95 ± 10 0.22 ± 0.02

67P red −1.7 ± 0.1 12 ± 3 22 ± 2 - - 0.35 ± 0.02∗

6 C O N C L U S I O N S

Our results are summarized as follows:

(i) All measured phase functions present the typical behaviour
of μm-sized irregular compact dust particles in random orientation.
They show strong peaks at large phase angles, almost no structure
at side phase angles and soft increase at small phase angles.

(ii) The measured values of BSE of our samples are within the
range obtained from ground-based observations of cometary comae.
According to our experimental data small BSE values seem to
indicate a coma population of μm-sized grains.

(iii) The dependence of Pmax with size is opposite for particle
sizes belonging to Rayleigh-resonance (xeff ≈ λ) and geometric
optic (xeff �λ) regimes. When particles are smaller or of the order of
the wavelength (Rayleigh-resonance regimes), Pmax decreases with
size whereas in the geometric optics regime Pmax tend to increase
with size.

(iv) For the range of sizes of our samples, the minimum of the
negative polarization branch seems to be dependent on both size
and composition of the grains whereas the inversion angle value,
α0, depends on the refractive index.

(v) The measured degree of linear polarization curves are qual-
itatively similar to those obtained from ground-based observations
of cometary comae. This is in line with the finding that the main
scatterers in the coma are larger than the wavelength of the incident
light, where the surface features of the particles are of the order of
the incident wavelength.
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Brassé C., Buch A., Coll P., Raulin F., 2017, Astrobiol., 17, 8
Brearley A. J., Jones R. H., 1998, in Papike J.J., ed., Planetary materials,

Chondritic meteorites. p. 3
Cellino A., Belskaya I. N., Bendjoya P., Di Martino M., Gil-Hutton R.,

Muinonen K., Tedesco E. F., 2006, Icarus, 180, 565
Cellino A., Bagnulo S., Tanga P., Novaković B., Delbò M., 2014, MNRAS,
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Muñoz O. et al., 2010, J. Quant. Spectrosc. Radiat. Transfer, 111, 187
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Muñoz O., Moreno F., Guirado D., Dabrowska D. D., Volten H., Hovenier

J. W., 2012, J. Quant. Spectrosc. Radiat. Transfer, 113, 565
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