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ABSTRACT OF THE DISSERTATION 
 
 
 

Integrated Geochronologic, Geochemical, and Sedimentological Investigation of 
Proterozoic-Early Paleozoic Strata: From Northern India to Global Perspectives  

 
 

by  
 
 

Neil Ryan McKenzie 
 
 

Doctor of Philosophy, Graduate Program in Geological Sciences  
University of California, Riverside, December 2012 

Dr. Nigel C. Hughes, Chairperson 
 

 Research presented here focuses on the tectonic–sedimentary evolution of the north 

Indian margin and explores the influence of plate tectonics on climate change and 

metazoan biodiversification during a critical interval of Earth history. The first part of the 

dissertation focuses on the Himalaya, Vindhyan, and Aravalli sectors of northern India. 

This project establishes new age constraints for poorly dated Proterozoic sedimentary 

successions, explores the relationship of these successions across northern India, and tests 

predeformational models for the Himalayan margin through an integrative study that 

utilizes aspects of sedimentology, detrital zircon geochronology, sedimentary 

geochemistry, and paleontology. The second focus of the dissertation uses a global 

compilation of detrital zircon age data to demonstrate an intrinsic link between spatial 

and temporal variation in continental arc volcanism – a key source of atmospheric CO2 – 

with climate change and metazoan evolution across the Neoproterozoic-Early Paleozoic 

transition. 
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INTRODUCTION	
  

	
  

	
   Sedimentary	
  rocks	
  are	
  the	
  archive	
  of	
  earth	
  history	
  and	
  integrative	
  methods	
  are	
  

required	
  to	
  interpret	
  their	
  recordings.	
  My	
  research	
  has	
  utilized	
  multidisciplinary	
  

approaches	
  to	
  investigate	
  the	
  Proterozoic-­‐early	
  Paleozoic	
  stratigraphic	
  record	
  in	
  

order	
  to	
  gain	
  insight	
  into	
  deep-­‐time	
  questions	
  in	
  Earth	
  history.	
  Research	
  presented	
  

here	
  has	
  a	
  primary	
  focus	
  on	
  the	
  tectonic-­‐sedimentary	
  evolution	
  of	
  the	
  north	
  Indian	
  

margin,	
  both	
  in	
  a	
  regional	
  and	
  global	
  context.	
  This	
  project	
  was	
  based	
  in	
  the	
  north	
  

Indian	
  Himalaya	
  and	
  expanded	
  into	
  cratonic	
  regions	
  of	
  the	
  Indian	
  sub-­‐continent,	
  

and	
  into	
  a	
  global	
  investigation	
  of	
  tectonism	
  and	
  environmental	
  change	
  during	
  a	
  

critical	
  interval	
  of	
  Earth	
  history.	
  

	
   The	
  first	
  chapter	
  of	
  this	
  dissertation	
  focuses	
  on	
  establishing	
  age	
  constraints	
  on	
  

Proterozoic	
  strata	
  of	
  the	
  Lesser	
  Himalaya	
  and	
  testing	
  models	
  for	
  the	
  pre-­‐

deformational	
  configuration	
  of	
  the	
  north	
  Indian	
  margin.	
  Recently,	
  Ediacaran-­‐

Cambrian	
  ages	
  were	
  suggested	
  for	
  the	
  Deoban	
  Group	
  of	
  the	
  Indian	
  Lesser	
  Himalaya	
  

based	
  on	
  putative	
  microfossils	
  (Tiwari	
  et	
  al.,	
  2000;	
  Azmi	
  and	
  Paul,	
  2004;	
  Tiwari	
  and	
  

Pant,	
  2009).	
  These	
  ages	
  are	
  much	
  younger	
  age	
  than	
  previous	
  Mesoproterozoic	
  

‘Riphean’	
  age	
  assignments	
  (e.g.,	
  Valdyia	
  1971;	
  Valdyia	
  1980;	
  Richards	
  et	
  al.,	
  2005).	
  If	
  

corroborated,	
  these	
  younger	
  depositional	
  ages	
  raise	
  a	
  number	
  of	
  questions	
  

regarding	
  both	
  the	
  pre-­‐deformational	
  configuration	
  of	
  the	
  north	
  Indian	
  margin	
  and	
  

our	
  understanding	
  of	
  the	
  uplift	
  and	
  exhumation	
  of	
  the	
  Himalayan	
  orogenic	
  system.	
  

A	
  common	
  view	
  in	
  Himalayan	
  geology	
  is	
  that	
  the	
  lithotectonic	
  zones	
  of	
  the	
  system	
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can	
  be	
  distinguished	
  from	
  each	
  other	
  based	
  on	
  “isotopic	
  signatures”,	
  specifically	
  U-­‐

Pb	
  age	
  data	
  from	
  detrital	
  zircons	
  and	
  neodymium	
  isotopic	
  compositions	
  of	
  

siliciclastic	
  rocks	
  (Parish	
  and	
  Hodges,	
  1996).	
  Following	
  on	
  this	
  suggestion,	
  these	
  so-­‐

called	
  “isotopic	
  signatures”	
  have	
  been	
  used	
  to	
  infer	
  tectonic	
  boundaries	
  along	
  the	
  

orogen	
  (Argels	
  et	
  al.,	
  2003;	
  Richards	
  et	
  al.,	
  2005;	
  Celerier	
  et	
  al.,	
  2009)	
  and	
  to	
  time	
  

the	
  exhumation	
  of	
  these	
  zones	
  via	
  the	
  introduction	
  of	
  their	
  various	
  “signatures”	
  into	
  

the	
  Himalayan	
  foreland	
  basin	
  (e.g.,	
  DeCelles,	
  2004;	
  Najman	
  et	
  al.,	
  2006).	
  In	
  addition	
  

these	
  supposed	
  signatures	
  were	
  used	
  to	
  argue	
  the	
  origin	
  of	
  two	
  of	
  the	
  major	
  

lithotectonic	
  zones	
  as	
  exotic	
  terranes	
  accreted	
  during	
  an	
  early	
  Paleozoic	
  tectonic	
  

event	
  (DeCelles	
  et	
  al.,	
  2000).	
  However,	
  the	
  utility	
  of	
  these	
  signatures	
  for	
  

lithotectonic	
  zone	
  distinction	
  and	
  the	
  accreted	
  terrane	
  model	
  was	
  brought	
  into	
  

question	
  by	
  comparing	
  Cambrian-­‐aged	
  strata	
  from	
  the	
  three	
  zones,	
  all	
  of	
  which	
  

yielded	
  similar	
  isotopic	
  signatures	
  (Myrow	
  et	
  al.,	
  2003).	
  Those	
  authors	
  concluded	
  

that	
  the	
  “isotopic	
  signatures”	
  were	
  a	
  function	
  of	
  depositional	
  age	
  and	
  not	
  unique	
  to	
  

any	
  particular	
  lithotectonic	
  zone.	
  	
  However,	
  strata	
  of	
  the	
  Deoban	
  Group	
  are	
  part	
  of	
  a	
  

succession	
  with	
  isotopic	
  compositions	
  that	
  are	
  distinct	
  from	
  those	
  of	
  Cambrian-­‐aged	
  

strata	
  reported	
  by	
  Myrow	
  et	
  al.,	
  (2003)	
  (Ahmad	
  et	
  al.,	
  2000;	
  Richards	
  et	
  al.,	
  2005).	
  

Therefore	
  if	
  the	
  recently	
  suggested	
  Ediacaran-­‐Cambrian	
  ages	
  hold	
  for	
  this	
  unit,	
  the	
  

issue	
  remains	
  unresolved.	
  

	
   Additional	
  Ediacaran	
  carbonate	
  and	
  Cambrian	
  siliciclastic	
  successions	
  exist	
  in	
  

the	
  Indian	
  Lesser	
  Himalaya,	
  which	
  are	
  known	
  as	
  the	
  Krol	
  and	
  Tal	
  groups,	
  

respectively.	
  The	
  chemo-­‐	
  and	
  lithostratigraphy	
  of	
  the	
  Krol	
  Group	
  has	
  been	
  well	
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documented	
  and	
  supports	
  an	
  Ediacaran	
  age	
  for	
  these	
  strata	
  (Jiang	
  et	
  al.,	
  2002,	
  2003;	
  

Kaufman	
  et	
  al.,	
  2006).	
  A	
  Cambrian	
  age	
  for	
  the	
  overlying	
  Tal	
  Group	
  is	
  well	
  supported	
  

by	
  both	
  micro-­‐	
  and	
  macrofossils	
  (e.g.,	
  Bhatt,	
  1991;	
  Hughes	
  et	
  al.,	
  2005).	
  Given	
  the	
  

proximity	
  of	
  the	
  Krol-­‐Tal	
  successions	
  to	
  the	
  Deoban	
  Group	
  within	
  the	
  Lesser	
  

Himalayan	
  lithotectonic	
  zone	
  and	
  the	
  lithologic	
  similarity	
  of	
  the	
  two	
  units,	
  an	
  

Ediacaran-­‐Cambrian	
  age	
  for	
  the	
  Deoban	
  Group	
  seemed	
  plausible.	
  However,	
  

preliminary	
  detrital	
  zircon	
  and	
  carbon	
  isotopic	
  data	
  were	
  inconsistent	
  with	
  the	
  

suggested	
  Ediacaran-­‐Cambrian	
  ages	
  and	
  a	
  need	
  to	
  establish	
  firm	
  age	
  constraints	
  on	
  

these	
  controversial	
  units	
  was	
  apparent.	
  

	
   Unique	
  phosphatic	
  stromatolites	
  are	
  present	
  in	
  the	
  Gangolihat	
  dolomite	
  that	
  are	
  

lithologically	
  identical	
  to	
  deposits	
  reported	
  from	
  the	
  well	
  dated	
  ~1.6	
  Ga	
  carbonate	
  

rocks	
  of	
  the	
  Vindhyan	
  supergroup	
  (Bengtson	
  et	
  al.,	
  2009),	
  which	
  are	
  located	
  ~400	
  

km	
  south	
  of	
  the	
  Himalayan	
  frontal	
  thrust	
  in	
  north-­‐central	
  cratonic	
  India.	
  Given	
  the	
  

uniqueness	
  of	
  these	
  deposits,	
  they	
  served	
  as	
  a	
  potential	
  tie-­‐point	
  between	
  these	
  two	
  

widely	
  separated	
  successions.	
  Therefore,	
  sedimentological,	
  geochemical	
  and	
  

geochronologic	
  investigations	
  were	
  expanded	
  into	
  cratonic	
  regions	
  of	
  India,	
  which	
  

include	
  the	
  Ganga,	
  Vindhyan,	
  and	
  Marwar	
  supergroups.	
  Combined	
  results	
  from	
  this	
  

project	
  allowed	
  for	
  both	
  the	
  establishment	
  of	
  new	
  age	
  constraints	
  for	
  multiple	
  

sedimentary	
  units	
  and	
  correlation	
  between	
  various	
  Proterozoic-­‐early	
  Paleozoic	
  

successions	
  across	
  the	
  north	
  Indian	
  margin.	
  Furthermore,	
  the	
  newly	
  established	
  age	
  

constraints	
  and	
  correlations	
  allowed	
  me	
  to	
  test	
  the	
  utility	
  of	
  isotopic	
  

characterization	
  of	
  Himalayan	
  lithotectonic	
  zones.	
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   The	
  second	
  chapter	
  of	
  my	
  dissertation	
  largely	
  follows	
  on	
  ideas	
  presented	
  in	
  the	
  

conclusions	
  of	
  the	
  first	
  chapter	
  and	
  expands	
  on	
  the	
  detrital	
  zircon	
  record	
  of	
  the	
  

northern	
  India.	
  Essentially,	
  the	
  research	
  conduced	
  for	
  this	
  chapter	
  aimed	
  to	
  test	
  

correlations	
  between	
  the	
  eastern	
  Vindhyan	
  and	
  western	
  Vindhyan	
  strata,	
  and	
  

furthermore	
  their	
  potential	
  correlation	
  with	
  strata	
  of	
  the	
  Aravalli-­‐Delhi	
  supergroups	
  

of	
  the	
  Aravalli	
  Delhi	
  Orogenic	
  Belt	
  (ADOB)	
  of	
  western	
  India.	
  A	
  long-­‐standing	
  concept	
  

in	
  Indian	
  geology	
  is	
  that	
  the	
  modern	
  limits	
  of	
  outcrop	
  patterns	
  and	
  variation	
  in	
  

tectonic	
  deformation	
  somehow	
  result	
  from	
  rock	
  units	
  originating	
  in	
  discrete	
  

isolated	
  basins,	
  which	
  are	
  often	
  referred	
  to	
  as	
  the	
  “Purana	
  (ancient)	
  Basins”	
  (e.g.,	
  

Valdiya,	
  1995).	
  Therefore,	
  all	
  packages	
  of	
  sedimentary	
  rocks	
  that	
  are	
  separated	
  by	
  

modern	
  physiographic	
  features	
  or	
  are	
  distinguishable	
  by	
  variation	
  in	
  tectonic	
  

deformation	
  are	
  often	
  referred	
  to	
  as	
  ‘basins’	
  (e.g.,	
  the	
  Vindhyan	
  Basin,	
  the	
  Aravalli	
  

Basin,	
  the	
  Himalaya	
  Basins,	
  etc.).	
  One	
  overarching	
  aspect	
  this	
  work	
  is	
  to	
  test	
  

sediment-­‐source	
  continuity	
  between	
  these	
  regions	
  and	
  the	
  validity	
  of	
  ‘basin’	
  

isolation	
  across	
  northern	
  India.	
  Age	
  constraints	
  for	
  strata	
  in	
  the	
  Aravalli-­‐Delhi	
  

supergroups	
  are	
  generally	
  lacking.	
  The	
  Aravalli	
  Supergroup	
  is	
  considered	
  to	
  have	
  a	
  

depositional	
  age	
  of	
  ~2.1	
  Ga	
  with	
  the	
  Lomagundi	
  isotope	
  excursion	
  suggested	
  to	
  be	
  

preserved	
  in	
  this	
  unit	
  (Sreenivas	
  et	
  al.,	
  2001;	
  Maheshwari	
  et	
  al.,	
  2005;	
  Papineau	
  et	
  

al.,	
  2009).	
  Although	
  data	
  to	
  support	
  this	
  mid-­‐Paleoproterozoic	
  age	
  are	
  sparse,	
  these	
  

rocks	
  have	
  received	
  much	
  recent	
  attention	
  due	
  to	
  their	
  potential	
  to	
  preserve	
  

important	
  geochemical	
  data	
  regarding	
  the	
  early	
  oxygenation	
  of	
  Earth’s	
  atmosphere	
  

(e.g.,	
  Papineau	
  et	
  al.,	
  2009,	
  2010).	
  The	
  Delhi	
  Supergroup	
  is	
  believed	
  to	
  be	
  ~1.7-­‐1.9	
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Ga.	
  The	
  only	
  detrital	
  zircon	
  age	
  data	
  generated	
  from	
  the	
  ADOB	
  were	
  from	
  granulite-­‐

facies	
  metasediments	
  of	
  the	
  Banded	
  Gneiss	
  Complex-­‐II	
  (Buick	
  et	
  al.,	
  2006)	
  and	
  a	
  

single	
  sedimentary	
  unit	
  in	
  the	
  “northern	
  Delhi	
  belt”	
  (Biju-­‐Sekar	
  et	
  al.,	
  2003;	
  Kaur	
  et	
  

al.,	
  2011).	
  Results	
  from	
  both	
  of	
  those	
  studies	
  yielded	
  large	
  populations	
  of	
  ~1.7	
  Ga	
  

zircons.	
  Similarly,	
  volcanics	
  in	
  the	
  Hindoli	
  rocks,	
  which	
  are	
  considered	
  part	
  of	
  a	
  

‘separate	
  basin’	
  despite	
  their	
  physical	
  proximity	
  to	
  the	
  Aravalli	
  Supergroup,	
  yielded	
  

ages	
  of	
  ~1.8	
  Ga	
  (Deb	
  et	
  al.,	
  2002).	
  These	
  various	
  age	
  data	
  contrast	
  the	
  ~2.1	
  Ga	
  ages	
  

suggested	
  for	
  the	
  Aravalli	
  Supergroup,	
  and	
  thus	
  further	
  investigation	
  is	
  needed.	
  

	
   Based	
  on	
  these	
  age	
  data	
  and	
  reported	
  phosphatic	
  stromatolites	
  of	
  the	
  

Jhamarkotra	
  Formation	
  that	
  were	
  allegedly	
  similar	
  to	
  the	
  phosphatic	
  stromatolites	
  

of	
  the	
  ~1.6	
  Ga	
  Vindhyan	
  Supergroup	
  (Banerjee,	
  1986),	
  I	
  postulated	
  that	
  strata	
  of	
  the	
  

Aravalli-­‐Delhi	
  supergroups	
  were	
  correlative	
  to	
  the	
  adjacent	
  Vindhyan	
  successions.	
  

To	
  test	
  this	
  hypothesis	
  I	
  collected	
  sandstone	
  samples	
  from	
  major	
  stratigraphic	
  units	
  

for	
  detrital	
  zircon	
  analysis,	
  and	
  the	
  phosphatic	
  horizons	
  were	
  investigated.	
  Data	
  

generated	
  in	
  this	
  study	
  provide	
  new	
  age	
  constraints	
  for	
  these	
  strata,	
  which	
  

contradict	
  the	
  long-­‐standing	
  depositional	
  age	
  assignments	
  and	
  illustrate	
  major	
  

problems	
  regarding	
  current	
  correlations	
  between	
  successions	
  within	
  these	
  regions.	
  

	
   The	
  third	
  chapter	
  of	
  the	
  dissertation	
  focuses	
  on	
  the	
  late	
  Neoproterozoic-­‐early	
  

Paleozoic	
  transition.	
  This	
  interval	
  witnesses	
  one	
  the	
  most	
  dramatic	
  climatic	
  events	
  

in	
  Earth	
  history,	
  namely	
  the	
  Cryogenian	
  “Snowball	
  Earth”	
  events	
  (Kirschvink,	
  1992;	
  

Hoffman	
  et	
  al.,	
  1998).	
  This	
  was	
  closely	
  followed	
  by	
  an	
  Early	
  Paleozoic	
  interval	
  with	
  

the	
  highest	
  pCO2	
  of	
  the	
  Phanerozoic	
  (e.g.,	
  Berner	
  1990,	
  2006).	
  The	
  transition	
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between	
  the	
  Neoproterozoic-­‐early	
  Paleozoic	
  also	
  witnessed	
  the	
  appearance	
  and	
  

diversification	
  of	
  animals	
  in	
  the	
  fossil	
  record,	
  with	
  origins	
  dating	
  back	
  to	
  at	
  least	
  the	
  

Cryogenian	
  (Love	
  et	
  al.,	
  2009)	
  and	
  major	
  diversification	
  events	
  during	
  the	
  Ediacaran	
  

and	
  Cambrian	
  (e.g.,	
  Valentine,	
  2002;	
  Marshall,	
  2006).	
  Newly	
  derived	
  U-­‐Pb	
  age	
  data	
  

from	
  detrital	
  zircons	
  are	
  combined	
  with	
  a	
  compilation	
  of	
  published	
  literature	
  from	
  

strata	
  with	
  well-­‐constrained	
  depositional	
  ages	
  that	
  span	
  the	
  Cryogenian	
  ‘glacial	
  

interval’	
  to	
  end-­‐Devonian.	
  These	
  data	
  are	
  used	
  to	
  qualitatively	
  evaluate	
  the	
  

spatiotemporal	
  variation	
  of	
  tectonically	
  active	
  margins,	
  specifically	
  continental	
  arc	
  

volcanism.	
  These	
  data	
  are	
  integrated	
  with	
  published	
  geochemical	
  and	
  

geochronologic	
  data	
  to	
  better	
  evaluate	
  the	
  relationship	
  between	
  global	
  variation	
  in	
  

paleotectonism	
  and	
  major	
  climatic	
  transitions	
  during	
  this	
  interval.	
  In	
  order	
  to	
  better	
  

understand	
  these	
  ancient	
  tectonic	
  transitions,	
  they	
  are	
  considered	
  with	
  the	
  more	
  

geologically	
  recent	
  Cenozoic	
  Himalayan	
  orogeny	
  and	
  its	
  effects	
  on	
  ocean-­‐

atmosphere	
  system	
  as	
  an	
  analogy.	
  Furthermore,	
  I	
  propose	
  a	
  direct	
  link	
  between	
  

these	
  tectonic	
  and	
  climatic	
  transitions	
  with	
  trends	
  observed	
  in	
  early	
  animal	
  

biodiversification.	
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CHAPTER	
  1	
  

	
  

Correlation	
  of	
  Precambrian–Cambrian	
  sedimentary	
  successions	
  across	
  

northern	
  India	
  and	
  the	
  utility	
  of	
  isotopic	
  signatures	
  of	
  Himalayan	
  lithotectonic	
  

zones	
  

	
  

Abstract	
  	
  

	
  

A	
  common	
  view	
  in	
  Himalayan	
  geology	
  is	
  that	
  differences	
  in	
  detrital	
  zircon	
  

age	
  distributions	
  and	
  whole-­‐rock	
  neodymium	
  isotopic	
  compositions	
  (εNd)	
  

distinguish	
  lithotectonic	
  zones	
  within	
  the	
  system.	
  Such	
  differences	
  are	
  used	
  to	
  map	
  

these	
  zones	
  and	
  to	
  locate	
  their	
  modern	
  boundaries,	
  as	
  well	
  as	
  to	
  infer	
  ancient	
  

terrane	
  boundaries.	
  I	
  test	
  the	
  utility	
  of	
  this	
  approach	
  using	
  integrated	
  geochemical,	
  

geochronological,	
  and	
  sedimentological	
  data	
  from	
  the	
  Himalayan	
  successions	
  of	
  

northern	
  India	
  and	
  relatively	
  undeformed,	
  age-­‐equivalent	
  successions	
  of	
  the	
  Indian	
  

craton.	
  U-­‐Pb	
  geochronology	
  of	
  detrital	
  zircons	
  from	
  cratonic	
  successions	
  of	
  the	
  

Vindhyan,	
  Ganga,	
  and	
  Marwar	
  supergroups	
  and	
  the	
  “inner”	
  and	
  “outer”	
  Lesser	
  

Himalaya	
  lithotectonic	
  zones	
  show	
  that	
  rocks	
  of	
  similar	
  depositional	
  age	
  bear	
  

strikingly	
  similar	
  detrital	
  zircon	
  age	
  distributions	
  throughout	
  the	
  entire	
  region.	
  A	
  

sharp	
  change	
  in	
  εNd	
  occurs	
  within	
  the	
  “inner”	
  Lesser	
  Himalaya	
  and	
  correlates	
  with	
  

a	
  regional	
  unconformity	
  recognized	
  on	
  the	
  craton,	
  here	
  constrained	
  to	
  span	
  a	
  period	
  

of	
  ~500	
  million	
  years.	
  Results	
  demonstrate	
  that	
  isotopic	
  differences	
  among	
  the	
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lithotectonic	
  zones	
  relate	
  primarily	
  to	
  differences	
  in	
  the	
  depositional	
  ages	
  of	
  their	
  

constituent	
  rocks,	
  and	
  that	
  all	
  parts	
  of	
  the	
  Himalaya	
  were	
  in	
  sediment-­‐source	
  

continuity	
  with	
  the	
  Indian	
  craton	
  from	
  the	
  late	
  Paleoproterozoic	
  to	
  the	
  early	
  

Cambrian.	
  Isotopic	
  “signatures”	
  may	
  vary	
  as	
  much	
  within	
  individual	
  Himalayan	
  

lithotectonic	
  zones	
  as	
  between	
  such	
  zones	
  and	
  no	
  lithotectonic	
  zone	
  can	
  be	
  

characterized	
  by	
  such	
  data	
  alone.	
  

	
  

Introduction	
  

	
  

Reconstruction	
  of	
  the	
  pre-­‐orogenic	
  configuration	
  of	
  the	
  north	
  Indian	
  margin	
  

requires	
  a	
  detailed	
  understanding	
  of	
  the	
  stratigraphic	
  architecture	
  of	
  the	
  Himalaya	
  

(Yin,	
  2006).	
  Current	
  convention	
  in	
  Himalayan	
  geology	
  is	
  to	
  divide	
  the	
  system	
  into	
  

lithotectonic	
  zones	
  separated	
  by	
  major	
  fault	
  systems,	
  which	
  are	
  from	
  north	
  to	
  south,	
  

the	
  Tethyan	
  Himalaya	
  (TH),	
  Greater	
  Himalaya	
  (GH),	
  Lesser	
  Himalaya	
  (LH),	
  and	
  the	
  

uplifted	
  foreland	
  basin	
  deposits	
  of	
  the	
  Sub-­‐Himalaya	
  (SH)	
  (Fig.	
  1.1a).	
  Thick	
  

successions	
  of	
  Precambrian	
  bedrock	
  are	
  exposed	
  in	
  the	
  TH,	
  GH	
  and,	
  to	
  a	
  greater	
  

extent,	
  in	
  the	
  LH,	
  and	
  these	
  lack	
  common	
  fossils	
  required	
  for	
  accurate	
  

biostratigraphic	
  dating.	
  This,	
  coupled	
  with	
  sparse	
  volcanic	
  material	
  suitable	
  for	
  

geochronology,	
  has	
  led	
  to	
  over	
  a	
  decade	
  of	
  research	
  centered	
  primarily	
  on	
  whole-­‐

rock	
  neodymium	
  isotopic	
  analysis	
  and	
  U-­‐Pb	
  dating	
  of	
  detrital	
  zircons	
  (e.g.,	
  Parrish	
  

and	
  Hodges	
  1996;	
  Ahmad	
  et	
  al.,	
  2000;	
  DeCelles	
  et	
  al.,	
  2000;	
  Robinson	
  et	
  al.,	
  2001;	
  

Myrow	
  et	
  al.,	
  2003;	
  Martin	
  et	
  al.,	
  2005;	
  Richards	
  et	
  al.,	
  2005;	
  McQuarrie	
  et	
  al.,	
  2008;	
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Myrow	
  et	
  al.,	
  2010;	
  Tobgay	
  et	
  al.,	
  2010;	
  Long	
  et	
  al.,	
  2011).	
  Many	
  studies	
  have	
  argued	
  

that	
  the	
  LH	
  can	
  be	
  distinguished	
  from	
  the	
  TH	
  and	
  GH	
  independently	
  of	
  structural	
  

criteria,	
  by	
  profound	
  geochemical	
  and	
  geochronological	
  differences,	
  with	
  the	
  LH	
  

yielding	
  relatively	
  more	
  negative	
  εNd	
  values	
  and	
  containing	
  no	
  detrital	
  zircons	
  

younger	
  than	
  1.6	
  Ga,	
  whereas	
  strata	
  of	
  both	
  the	
  GH	
  and	
  TH	
  contain	
  abundant	
  

younger	
  zircons	
  (1.0	
  and	
  0.5	
  Ga)	
  and	
  relatively	
  less	
  negative	
  εNd	
  (e.g.,	
  Parrish	
  and	
  

Hodges,	
  1996;	
  DeCelles	
  et	
  al.,	
  2000,	
  2004;	
  Martin	
  et	
  al.,	
  2005)	
  (Fig.	
  1.2a,	
  b).	
  	
  

	
   	
  The	
  notion	
  that	
  unique	
  isotopic	
  signatures	
  characterize	
  these	
  zones	
  has	
  been	
  

used	
  as	
  a	
  method	
  for	
  determining	
  structural	
  architecture	
  from	
  isotopic	
  mapping	
  

(e.g.,	
  Richards	
  et	
  al.,	
  2005;	
  Celerier	
  et	
  al.,	
  2009a)	
  and	
  for	
  correlating	
  these	
  zones	
  

over	
  great	
  distances	
  (e.g.,	
  Argles	
  et	
  al.,	
  2003).	
  Furthermore,	
  these	
  isotopic	
  

differences	
  have	
  been	
  used	
  to	
  argue	
  that	
  the	
  GH	
  and	
  TH	
  were	
  part	
  of	
  an	
  exotic	
  

terrane	
  accreted	
  to	
  northern	
  India	
  during	
  an	
  early	
  Paleozoic	
  tectonic	
  event	
  

(DeCelles	
  et	
  al.,	
  2000;	
  Yoshida	
  and	
  Upreti,	
  2006;	
  Spencer	
  et	
  al.,	
  2011).	
  The	
  accreted	
  

terrane	
  model	
  was	
  challenged	
  by	
  comparison	
  of	
  Cambrian	
  strata	
  from	
  LH	
  and	
  TH,	
  

both	
  of	
  which	
  yielded	
  similar	
  detrital	
  zircon	
  age	
  distributions	
  and	
  εNd	
  supporting	
  

deposition	
  of	
  these	
  strata	
  along	
  a	
  continuous	
  margin	
  and	
  casting	
  doubt	
  on	
  the	
  utility	
  

of	
  isotopic	
  characterization	
  of	
  the	
  lithotectonic	
  zones	
  (Myrow	
  et	
  al.,	
  2003,	
  2010).	
  

However,	
  recent	
  models	
  suggest	
  that	
  the	
  Cambrian-­‐bearing	
  strata	
  of	
  the	
  LH	
  sampled	
  

by	
  Myrow	
  et	
  al.	
  (2003,	
  2010)	
  are	
  part	
  of	
  a	
  klippe	
  that	
  shared	
  the	
  same	
  original	
  

decollement	
  with	
  the	
  either	
  the	
  GH	
  or	
  the	
  TH	
  during	
  early	
  stages	
  of	
  Himalayan	
  

deformation	
  (Celerier	
  et	
  al.,	
  2009a,b;	
  Webb	
  et	
  al.,	
  2011).	
  If	
  either	
  of	
  these	
  models	
  is	
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correct,	
  then	
  the	
  Cambrian-­‐bearing	
  LH	
  strata	
  in	
  northern	
  India	
  may	
  be	
  of	
  TH	
  or	
  GH	
  

affinity,	
  leaving	
  the	
  issue	
  unresolved.	
  

This	
  study	
  takes	
  an	
  integrated	
  geochemical,	
  geochronological,	
  and	
  

sedimentological	
  approach	
  to	
  explore	
  the	
  predeformational	
  configuration	
  of	
  the	
  

north	
  Indian	
  margin.	
  The	
  combination	
  of	
  stratigraphic	
  correlation	
  and	
  detrital	
  

zircon	
  geochronology	
  establishes	
  a	
  new	
  chronostratigraphic	
  framework	
  for	
  LH	
  

strata.	
  This	
  provides	
  the	
  basis	
  for	
  correlating	
  LH	
  strata	
  with	
  age-­‐equivalent	
  

Proterozoic	
  and	
  Cambrian	
  successions	
  of	
  the	
  Indian	
  craton,	
  situated	
  up	
  to	
  ~400	
  km	
  

south	
  of	
  the	
  Himalayan	
  frontal	
  thrust	
  (Fig	
  1.1).	
  The	
  results	
  are	
  then	
  used	
  to	
  test	
  the	
  

hypothesis	
  that	
  fundamental	
  differences	
  in	
  εNd	
  values	
  and	
  detrital	
  zircons	
  age	
  

distributions	
  exist	
  between	
  Himalayan	
  lithotectonic	
  zones.	
  

	
  

Regional	
  geology	
  and	
  background	
  

	
  

The	
  lithotectonic	
  zone	
  approach	
  has	
  been	
  used	
  to	
  characterize	
  regions	
  en	
  masse,	
  

thus	
  avoiding	
  complications	
  associated	
  with	
  the	
  highly	
  localized	
  stratigraphy	
  of	
  the	
  

Himalaya,	
  particularly	
  within	
  the	
  Lesser	
  Himalaya.	
  However,	
  as	
  stratigraphic	
  

correlation	
  is	
  essential	
  for	
  evaluating	
  the	
  utility	
  of	
  the	
  lithotectonic	
  zone	
  concept,	
  I	
  

used	
  current	
  geochronological	
  constraints,	
  in	
  combination	
  with	
  new	
  data,	
  to	
  

establish	
  regional	
  stratigraphic	
  correlations	
  for	
  a	
  variety	
  of	
  Precambrian	
  to	
  lower	
  

Paleozoic	
  units	
  (Table	
  1.1).	
  In	
  the	
  following	
  section	
  I	
  present	
  a	
  summary	
  of	
  those	
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geochronological	
  constraints	
  that	
  are	
  consider	
  to	
  be	
  firmly	
  established,	
  and	
  which	
  

formed	
  the	
  basis	
  for	
  new,	
  targeted	
  analyses	
  presented	
  in	
  the	
  following	
  section.	
  	
  

Northern	
  India	
  is	
  blanketed	
  by	
  thick	
  sedimentary	
  successions	
  of	
  Precambrian	
  

and	
  early	
  Paleozoic	
  rocks,	
  often	
  referred	
  to	
  as	
  the	
  “Purana	
  (meaning	
  ancient)	
  

Basins”	
  (e.g.,	
  Valdyia,	
  1995).	
  These	
  successions	
  can	
  be	
  broadly	
  categorized	
  into	
  four	
  

sectors	
  based	
  on	
  their	
  geographic	
  and	
  tectonic	
  position:	
  1)	
  The	
  Himalayan	
  margin,	
  

comprised	
  of	
  strata	
  uplifted	
  during	
  Cenozoic	
  collision	
  between	
  the	
  Austral-­‐Indian	
  

and	
  Eurasian	
  plates;	
  2)	
  the	
  Indo-­‐Gangetic	
  Basin	
  (IGB),	
  consisting	
  of	
  the	
  sedimentary	
  

bedrock	
  underlying	
  the	
  Himalayan	
  foreland	
  basin;	
  3)	
  cratonic	
  strata	
  west	
  of	
  the	
  

Great	
  Boundary	
  Fault,	
  referred	
  here	
  as	
  the	
  Aravalli	
  successions;	
  and	
  4)	
  the	
  

Vindhyan	
  supergroup	
  of	
  the	
  Bundelkhand	
  craton,	
  which	
  are	
  east	
  of	
  the	
  Great	
  

Boundary	
  Fault	
  (Fig.	
  1.1a).	
  The	
  geological	
  relationships	
  between	
  strata	
  within	
  these	
  

sectors	
  have	
  long	
  been	
  debated.	
  Although	
  possible	
  geological	
  connections	
  between	
  

these	
  regions	
  has	
  been	
  suggested	
  (e.g.,	
  Singh,	
  1985;	
  Tewari,	
  1989;	
  Valdiya,	
  1995),	
  

the	
  generally	
  excepted	
  view	
  is	
  that	
  these	
  present-­‐day	
  physiographically	
  defined	
  

regions	
  equate	
  to	
  ancient	
  sedimentary	
  basins	
  that	
  were	
  isolated	
  from	
  one	
  another	
  at	
  

the	
  time	
  of	
  deposition	
  (e.g.,	
  Auden,	
  1934;	
  Bose	
  et	
  al.,	
  2001;	
  Prasad	
  and	
  Asher,	
  2001;	
  

Chakraborty,	
  2006;	
  Bhargava	
  et	
  al.,	
  2010).	
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Himalayan	
  margin	
  

	
  

The	
  Himalaya	
  consists	
  of	
  the	
  southward	
  vergent	
  fold-­‐thrust	
  belt	
  south	
  of	
  the	
  

suture	
  with	
  Tibet	
  that	
  was	
  uplifted	
  as	
  the	
  result	
  of	
  the	
  ongoing	
  continent–continent	
  

collision.	
  The	
  orogen	
  is	
  conventionally	
  divided	
  into	
  the	
  lithotectonic	
  zones	
  detailed	
  

above	
  (Fig.	
  1a).	
  In	
  the	
  Kumoan	
  and	
  Tons	
  Valley	
  regions	
  of	
  the	
  north	
  Indian	
  

Himalaya,	
  the	
  general	
  structural	
  scheme	
  of	
  Le	
  Fort,	
  (1996)	
  is	
  applicable	
  (Yin,	
  2006;	
  

Webb	
  et	
  al.,	
  2007	
  Celerier	
  et	
  al.,	
  2009a),	
  where	
  the	
  TH	
  consists	
  primarily	
  of	
  

sedimentary	
  rocks	
  in	
  the	
  hanging	
  wall	
  of	
  the	
  South	
  Tibetan	
  Fault	
  System	
  (SFTS),	
  the	
  

GH	
  consists	
  mostly	
  of	
  high-­‐grade	
  metamorphic	
  rocks	
  in	
  the	
  hanging	
  wall	
  of	
  the	
  Main	
  

Central	
  Thrust	
  (MCT),	
  and	
  the	
  LH	
  primarily	
  consists	
  of	
  sedimentary	
  rocks	
  in	
  the	
  

hanging	
  wall	
  of	
  the	
  Main	
  Boundary	
  Thrust	
  (MBT).	
  The	
  Sub	
  Himalaya	
  consists	
  of	
  

uplifted	
  foreland	
  deposits	
  in	
  the	
  hanging	
  wall	
  of	
  the	
  Frontal	
  thrust	
  (FT),	
  which	
  

marks	
  the	
  southern	
  limit	
  of	
  the	
  Himalaya.	
  While	
  valid	
  in	
  the	
  region	
  of	
  study	
  here,	
  

this	
  structural	
  scheme	
  is	
  complicated	
  by	
  along	
  strike	
  variation	
  in	
  deformation,	
  

particularly	
  the	
  in	
  the	
  western	
  Himalaya	
  where	
  the	
  MCT	
  and	
  STFS	
  merge	
  and	
  the	
  LH	
  

is	
  in	
  direct	
  contact	
  with	
  the	
  TH	
  and	
  the	
  reader	
  is	
  referred	
  to	
  Yin	
  (2006)	
  and	
  Webb	
  et	
  

al.,	
  (2007)	
  for	
  detailed	
  discussions.	
  In	
  northern	
  India	
  the	
  LH	
  is	
  subdivided	
  by	
  the	
  

Tons	
  Thrust	
  (TT),	
  with	
  the	
  “inner”	
  LH	
  zone	
  (iLH)	
  situated	
  north	
  of	
  the	
  Tons	
  Thrust	
  

and	
  the	
  “outer”	
  LH	
  zone	
  (oLH)	
  situated	
  to	
  the	
  south	
  (Valdiya,	
  1980;	
  Ahmad	
  et	
  al.,	
  

2000;	
  Richards	
  et	
  al.,	
  2005;	
  Celerier	
  et	
  al.,	
  2009a,b)	
  (Fig.	
  1.1b).	
  The	
  iLH	
  has	
  

produced	
  the	
  isotopic	
  signatures	
  that	
  are	
  considered	
  to	
  characterize	
  the	
  LH	
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lithotectonic	
  zone	
  (Richards	
  et	
  al.,	
  2005),	
  whereas	
  the	
  oLH	
  has	
  produced	
  isotopic	
  

signatures	
  considered	
  characteristic	
  of	
  the	
  GH	
  and	
  TH	
  (Ahmad	
  et	
  al.,	
  2000)	
  (Fig.	
  

1.2c,	
  d).	
  	
  

Stratigraphic	
  nomenclature	
  within	
  the	
  LH	
  is	
  complicated,	
  but	
  here	
  I	
  use	
  a	
  

simplified	
  stratigraphic	
  scheme	
  with	
  the	
  iLH	
  consisting	
  of,	
  in	
  ascending	
  order,	
  the	
  

Berinag,	
  Damtha,	
  and	
  Deoban	
  groups,	
  and	
  the	
  oLH	
  consisting	
  of	
  the	
  Jaunsar	
  

(equivalent	
  to	
  the	
  Simla),	
  Baliana,	
  Krol,	
  and	
  Tal	
  groups	
  (Table	
  1).	
  Age	
  constraints	
  for	
  

strata	
  of	
  the	
  oLH	
  are	
  well	
  established.	
  The	
  Jaunsar	
  Group	
  is	
  considered	
  to	
  be	
  early	
  

Neoproterozoic	
  based	
  in	
  part	
  on	
  its	
  stratigraphic	
  position	
  below	
  the	
  Marinoan-­‐aged	
  

(ca.	
  635	
  Ma)	
  diamictite	
  and	
  cap-­‐carbonate	
  of	
  the	
  Baliana	
  Group	
  (Jiang	
  et	
  al.,	
  2002,	
  

2003a,b),	
  and	
  presence	
  of	
  ~0.8	
  Ga	
  detrital	
  zircons	
  (Celerier	
  et	
  al.,	
  2009a).	
  The	
  

lithostratigraphy,	
  biostratigraphy,	
  and	
  chemostratigraphy	
  of	
  the	
  Krol–Tal	
  

succession	
  unequivocally	
  demonstrate	
  Ediacaran–Cambrian	
  depositional	
  ages	
  for	
  

these	
  strata	
  (e.g.,	
  Jiang	
  et	
  al.,	
  2002,	
  2003a,b;	
  Hughes	
  et	
  al.,	
  2005,	
  Kaufman	
  et	
  al.,	
  

2006,	
  Maithy	
  and	
  Kumar,	
  2007).	
  

In	
  contrast	
  to	
  the	
  oLH,	
  age	
  constraints	
  in	
  the	
  iLH	
  are	
  sparse,	
  which	
  has	
  limited	
  

understanding	
  of	
  the	
  relationships	
  among	
  its	
  component	
  lithostratigraphic	
  units.	
  

The	
  Berinag	
  Group	
  is	
  dated	
  by	
  interbedded	
  ca.	
  1.8	
  Ga	
  metabasalt	
  flows	
  (Miller	
  et	
  al.,	
  

2000),	
  whereas	
  suggested	
  ages	
  for	
  the	
  overlying	
  Damtha	
  and	
  Deoban	
  groups	
  are	
  

disparate.	
  The	
  Deoban	
  Group	
  consists	
  of	
  the	
  lower	
  Deoban	
  Formation	
  of	
  the	
  Tons	
  

Valley	
  and	
  its	
  suggested	
  equivalent,	
  the	
  Gangolihat	
  Dolomite	
  of	
  Kumaon,	
  which	
  are	
  

overlain	
  by	
  the	
  mixed	
  siliciclastic-­‐carbonate	
  Mandhali	
  Formation.	
  The	
  Deoban	
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Group	
  has	
  been	
  traditionally	
  viewed	
  as	
  Mesoproterozoic	
  based	
  on	
  “Riphean”	
  

stromatolite	
  biostratigraphy	
  (e.g.,	
  Valdyia	
  1969,	
  1980;	
  Rupke,	
  1974;	
  Bhattacharya,	
  

1983),	
  but	
  recent	
  revised	
  estimates	
  for	
  its	
  age	
  range	
  from	
  Ediacaran–Cambrian	
  

(based	
  on	
  putative	
  microfossils;	
  Azmi	
  and	
  Paul,	
  2004;	
  Tiwari	
  and	
  Pant,	
  2009,	
  and	
  

refs	
  therein)	
  to	
  early	
  Neoproterozoic	
  (Richards	
  et	
  al.,	
  2005),	
  or	
  as	
  spanning	
  the	
  

entire	
  Mesoproterozoic	
  (Tewari	
  and	
  Sial,	
  2007).	
  	
  

	
  

Indo-­Gangetic	
  Basin	
  

	
  

The	
  Ganga	
  supergroup	
  underlies	
  the	
  Cenozoic	
  deposits	
  of	
  the	
  Indo-­‐Gangetic	
  

Himalayan	
  foreland	
  basin,	
  and	
  is	
  known	
  from	
  a	
  series	
  of	
  drill	
  cores.	
  It	
  is	
  divided	
  into	
  

two	
  units,	
  the	
  Bahraich	
  Group	
  and	
  the	
  overlying	
  Madhubani	
  Group.	
  Age	
  estimates	
  

for	
  these	
  stratigraphic	
  successions	
  have	
  spanned	
  from	
  the	
  Paleoproterozoic	
  through	
  

the	
  Cambrian	
  (e.g.,	
  Fuloria,	
  1996).	
  More	
  recently,	
  Prasad	
  and	
  Asher	
  (2001)	
  

reassigned	
  the	
  Bahraich	
  Group	
  to	
  the	
  Mesoproterozoic	
  based	
  on	
  the	
  presence	
  of	
  the	
  

acritarch	
  Tappania	
  plana	
  and	
  Spiromorpha	
  segmentata	
  (=Navifusa	
  segmentatus).	
  

These	
  distinctive	
  taxa	
  have	
  been	
  reported	
  from	
  the	
  lower	
  Vindhyan	
  Kheinjua	
  Group	
  

in	
  central	
  India	
  (Prasad	
  et	
  al.,	
  2005),	
  the	
  late	
  Mesoproterozoic	
  Ruyang	
  Group	
  in	
  

North	
  China	
  (Xiao	
  et	
  al.,	
  1997;	
  Yin	
  et	
  al.,	
  2005),	
  and	
  the	
  Mesoproterozoic	
  Kamo	
  

Group	
  of	
  the	
  Central	
  Angara	
  Basin,	
  Siberian	
  Craton	
  (Nagovitsin,	
  2009),	
  and	
  

Tappania	
  plana	
  is	
  also	
  known	
  from	
  the	
  ~1.5	
  Ga	
  Roper	
  Group	
  in	
  northern	
  Australia	
  

(Javaux	
  et	
  al.,	
  2001).	
  Thus,	
  an	
  early	
  Mesoproterozoic	
  age	
  estimate	
  for	
  the	
  upper	
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Bahraich	
  Group	
  is	
  robust.	
  The	
  Bahraich	
  Group	
  is	
  unconformably	
  overlain	
  by	
  the	
  

Madhubani	
  Group,	
  which	
  contains	
  purported	
  basal	
  Cambrian	
  to	
  upper	
  Silurian	
  

acritarchs	
  (Prasad	
  and	
  Asher,	
  2001).	
  	
  However,	
  based	
  on	
  inspection	
  of	
  Prasad	
  and	
  

Asher’s	
  (2001)	
  figured	
  material	
  and	
  independent	
  extraction	
  of	
  leiospheric	
  forms	
  

from	
  the	
  Madhubani	
  Group	
  core,	
  all	
  organic	
  walled	
  microfossils	
  identified	
  belong	
  to	
  

taxa	
  that	
  range	
  from	
  the	
  Neoproterozoic	
  to	
  the	
  early	
  Paleozoic.	
  Hence,	
  the	
  age	
  

determination	
  of	
  the	
  Madhubani	
  Group	
  remains	
  loosely	
  constrained.	
  The	
  absence	
  of	
  

bioturbation	
  in	
  any	
  of	
  the	
  heterolithic	
  marine	
  sandstone/mudstone	
  beds	
  that	
  make	
  

up	
  much	
  of	
  the	
  Madhubani	
  Group	
  was	
  noted	
  during	
  inspection	
  of	
  the	
  original	
  cores.	
  

This	
  would	
  be	
  surprising	
  for	
  rocks	
  of	
  Paleozoic	
  age,	
  but	
  is	
  consistent	
  with	
  a	
  

Neoproterozoic	
  age.	
  	
  

	
  

Aravalli	
  Successions	
  

	
  

The	
  Aravalli	
  cratonic	
  region	
  of	
  northwestern	
  India	
  is	
  associated	
  with	
  three	
  major	
  

sedimentary	
  successions,	
  the	
  Aravalli,	
  Delhi,	
  and	
  Marwar	
  supergroups,	
  and	
  various	
  

Precambrian	
  igneous	
  rocks.	
  It	
  is	
  bounded	
  to	
  the	
  east	
  by	
  the	
  Great	
  Boundary	
  Fault,	
  

which	
  separates	
  it	
  from	
  the	
  Bundelkhand	
  craton	
  and	
  Vindhyan	
  supergroup	
  

(Pradhan	
  et	
  al.,	
  2009).	
  The	
  structural	
  and	
  stratigraphic	
  nomenclature	
  applied	
  to	
  the	
  

Aravalli	
  cratonic	
  region	
  complicated	
  and	
  problematic,	
  and	
  here	
  the	
  Aravalli	
  

Supergroup	
  is	
  considered	
  to	
  consist	
  of	
  sedimentary	
  successions	
  with	
  depositional	
  

ages	
  bracketed	
  between	
  1.8	
  and	
  1.5	
  Ga	
  (Deb	
  et	
  al.,	
  1989,	
  1990,	
  2002;	
  Pradhan	
  et	
  al.,	
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2010),	
  and	
  the	
  Delhi	
  Supergroup	
  to	
  consist	
  of	
  1.0	
  to	
  0.8	
  Ga	
  sedimentary	
  successions	
  

(Deb	
  et	
  al.,	
  2001;	
  Pradhan	
  et	
  al.,	
  2010).	
  

The	
  Aravalli–Delhi	
  successions	
  are	
  overlain	
  by	
  volcanic	
  rocks	
  of	
  the	
  ca.	
  770	
  Ma	
  

Malani	
  Igneous	
  province	
  (Rathore	
  et	
  al.,	
  1999;	
  Torsvik	
  et	
  al.,	
  2001;	
  Gregory	
  et	
  al.,	
  

2009),	
  which	
  are	
  in	
  turn	
  overlain	
  by	
  the	
  relatively	
  undeformed	
  Neoproterozoic–

Cambrian	
  Marwar	
  Supergroup	
  (Pandit	
  et	
  al.,	
  2001;	
  Malone	
  et	
  al.,	
  2008;	
  Gregory	
  et	
  

al.,	
  2009).	
  The	
  Marwar	
  Supergroup	
  is	
  subdivided	
  into	
  the	
  Jodhpur,	
  Bilara,	
  and	
  

Nagaur	
  groups	
  (in	
  ascending	
  order).	
  The	
  siliciclastic	
  Jodhpur	
  Group	
  sits	
  

depositionally	
  above	
  the	
  Malani	
  Igneous	
  suite	
  and	
  contains	
  detrital	
  zircons	
  that	
  

produce	
  a	
  peak	
  at	
  850	
  Ma	
  (Malone	
  et	
  al.,	
  2008),	
  and	
  has	
  produced	
  macroscopic	
  

fossils,	
  including	
  possible	
  constituents	
  of	
  the	
  Ediacaran	
  biota	
  (Kumar	
  and	
  Pandey,	
  

2009).	
  The	
  carbonate-­‐dominated	
  Bilara	
  Group	
  has	
  been	
  assigned	
  as	
  Ediacaran	
  to	
  

earliest	
  Cambrian	
  based	
  on	
  fossil,	
  lithological,	
  and	
  chemostratigraphic	
  data	
  (Pandit	
  

et	
  al.,	
  2001;	
  Mazumdar	
  and	
  Strauss,	
  2006;	
  Pandey	
  and	
  Bahadur,	
  2009),	
  and	
  the	
  

overlying	
  Nagaur	
  Group	
  contains	
  arthropod	
  trace	
  fossils	
  (Kumar	
  and	
  Pandey,	
  2008,	
  

2010)	
  including	
  the	
  unequivocal	
  early	
  Cambrian	
  arthropod	
  trace	
  fossil	
  Cruziana	
  

nabatacica	
  (fidé	
  Seilacher	
  2010).	
  	
  

	
  

Vindhyan	
  supergroup	
  

	
  

The	
  relatively	
  unmetamorphosed	
  Vindhyan	
  supergroup	
  crops	
  out	
  in	
  a	
  large	
  

syncline	
  situated	
  immediately	
  south	
  of	
  the	
  Indo-­‐Gangetic	
  basin	
  on	
  the	
  Indian	
  craton	
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(Fig.	
  1.1).	
  A	
  major	
  angular	
  unconformity	
  divides	
  the	
  Vindhyan	
  supergroup	
  into	
  

“upper”	
  and	
  “lower”	
  successions.	
  The	
  lower	
  Vindhyan	
  succession	
  consists	
  of	
  the	
  

Semri	
  Group	
  and	
  the	
  upper	
  Vindhyan	
  succession	
  consists	
  of,	
  in	
  ascending	
  order,	
  the	
  

Kaimur,	
  Rewa,	
  and	
  Bhander	
  groups	
  (Table	
  1).	
  The	
  age	
  of	
  the	
  Vindhyan	
  supergroup	
  

has	
  long	
  been	
  controversial.	
  Recent	
  debate	
  was	
  driven	
  by	
  reports	
  of	
  putative	
  

Cambrian	
  microfossils	
  and	
  trace	
  fossils	
  from	
  the	
  lower	
  Semri	
  Group	
  (Azmi,	
  1998;	
  

Seilacher,	
  1998)	
  that	
  contrasted	
  with	
  established	
  isotopic	
  ages	
  (Ray,	
  2006,	
  refs	
  

therein).	
  However,	
  over	
  a	
  decade	
  of	
  geochronological	
  studies	
  on	
  the	
  lower	
  Vindhyan	
  

strata	
  have	
  confirmed	
  late	
  Paleoproterozoic	
  ages	
  (Ray	
  et	
  al.,	
  2002;	
  Rasmussen	
  et	
  al.,	
  

2002;	
  Sarangi	
  et	
  al.,	
  2004).	
  These	
  age	
  assignments	
  have	
  been	
  supported	
  by	
  a	
  more	
  

comprehensive	
  paleontological	
  and	
  geochronological	
  study	
  by	
  Bengtson	
  et	
  al.	
  

(2009)	
  that	
  confirmed	
  isotopic	
  ages	
  for	
  the	
  upper	
  Semri	
  Group	
  of	
  ~1.6	
  Ga,	
  and	
  

discounted	
  these	
  younger	
  age	
  claims	
  (Table	
  1.1).	
  

The	
  base	
  of	
  the	
  Kaimur	
  Group	
  is	
  cut	
  by	
  the	
  Majhgawan	
  Kimberlite,	
  which	
  

recently	
  has	
  been	
  dated	
  at	
  1073.5	
  ±	
  13.7	
  Ma	
  	
  (Gregory	
  et	
  al.,	
  2006),	
  consistent	
  with	
  

previous	
  suggested	
  ages	
  (e.g.,	
  Crawford	
  and	
  Compston,	
  1969;	
  Kumar	
  et	
  al.,	
  1993).	
  

This	
  provides	
  a	
  minimum	
  depositional	
  age	
  for	
  the	
  Kaimur	
  Group.	
  The	
  Rewa	
  and	
  

Bhander	
  groups	
  have	
  structures	
  reported	
  to	
  be	
  trace	
  fossils	
  (Chakrabarti,	
  1990)	
  and	
  

putative	
  Ediacaran-­‐type	
  fossils	
  (De,	
  2003,	
  2006),	
  although	
  these	
  are	
  all	
  poorly	
  

preserved	
  and	
  their	
  affinities	
  are	
  debatable.	
  	
  Seawater	
  87Sr/86Sr	
  values	
  lower	
  than	
  

0.7065	
  are	
  not	
  known	
  in	
  rocks	
  younger	
  than	
  ~0.8	
  Ga	
  (Halverson	
  et	
  al.,	
  2007)	
  and	
  

reported	
  87Sr/86Sr	
  values	
  of	
  0.70678,	
  0.70599,	
  and	
  0.70605	
  from	
  the	
  Bhander	
  Group	
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(Ray	
  et	
  al.,	
  2002)	
  thus	
  provide	
  an	
  upper	
  age	
  constraint	
  for	
  the	
  Bhander	
  Group	
  rocks.	
  

However,	
  the	
  87Sr/86Sr	
  data	
  cannot	
  be	
  used	
  to	
  rule	
  out	
  older	
  depositional	
  ages,	
  as	
  

similar	
  low	
  values	
  are	
  present	
  throughout	
  older	
  Proterozoic	
  and	
  Archean	
  

successions	
  (Shields	
  and	
  Veizer,	
  2002).	
  Malone	
  et	
  al.	
  (2008)	
  showed	
  that	
  

paleomagnetic	
  poles	
  of	
  the	
  Bhander	
  Group	
  are	
  similar	
  to	
  those	
  of	
  the	
  Kaimur	
  Group	
  

(minimum	
  depositional	
  age	
  1.1	
  Ga	
  based	
  on	
  the	
  cutting	
  relationship	
  of	
  the	
  

Majhgawan	
  Kimberlite),	
  and	
  that	
  all	
  upper	
  Vindhyan	
  paleomagnetic	
  poles	
  differ	
  

significantly	
  from	
  paleomagnetic	
  poles	
  from	
  the	
  770	
  Ma	
  Malani	
  Igneous	
  province	
  of	
  

the	
  Aravalli	
  region	
  (Torsvik	
  et	
  al.,	
  2001;	
  Gregory	
  et	
  al.,	
  2009).	
  Therefore,	
  these	
  data	
  

suggest	
  that	
  the	
  upper	
  Vindhyan	
  strata	
  span	
  a	
  relatively	
  narrow	
  range	
  of	
  

depositional	
  ages.	
  The	
  Bhander	
  Group	
  of	
  Rajasthan	
  and	
  the	
  lower	
  Marwar	
  

Supergroup	
  of	
  the	
  neighboring	
  Aravalli	
  region	
  yielded	
  different	
  detrital	
  zircon	
  age	
  

distributions,	
  with	
  the	
  Marwar	
  Supergroup	
  distribution	
  containing	
  a	
  high	
  

concentration	
  of	
  Neoproterozoic	
  grains	
  (~850	
  Ma),	
  the	
  Bhander	
  Group	
  lacking	
  

grains	
  younger	
  than	
  1.0	
  Ga	
  (Fig.	
  1.4).	
  From	
  these	
  data,	
  Malone	
  et	
  al.	
  (2008)	
  suggest	
  

that	
  depositional	
  ages	
  of	
  the	
  Bhander	
  Group	
  are	
  likely	
  not	
  much	
  younger	
  1.0	
  Ga,	
  an	
  

interpretation	
  consistent	
  with	
  an	
  earlier	
  estimate	
  (Gregory	
  et	
  al.,	
  2006).	
  	
  

Accordingly,	
  existing	
  data	
  suggest	
  that	
  there	
  are	
  broad	
  similarities	
  in	
  the	
  

depositional	
  ages	
  of	
  rocks	
  within	
  all	
  regions	
  mentioned	
  above,	
  and	
  permitted	
  the	
  

targeted	
  collection	
  of	
  new	
  samples	
  in	
  order	
  to	
  provide	
  addition	
  depositional	
  age	
  

constraints	
  on	
  various	
  units,	
  refine	
  correlations,	
  and	
  assess	
  sediment	
  source	
  

relationships	
  among	
  rocks	
  of	
  similar	
  depositional	
  age.	
  This	
  has	
  helped	
  to	
  



	
   22	
  

understand	
  stratigraphic	
  relationships	
  among	
  these	
  regions,	
  test	
  lateral	
  continuity	
  

between	
  the	
  craton	
  and	
  Himalayan	
  margin,	
  and	
  ultimately	
  review	
  the	
  utility	
  of	
  

isotopic	
  mapping	
  of	
  Himalayan	
  lithotectonic	
  zones.	
  

	
  

Methods	
  

	
  

The	
  approach	
  taken	
  here	
  has	
  been	
  to	
  focus	
  on	
  distinctive	
  stratigraphic	
  units	
  that	
  

are	
  strong	
  candidates	
  for	
  correlation	
  between	
  the	
  craton	
  and	
  the	
  Himalaya.	
  Criteria	
  

for	
  comparison	
  include	
  specific	
  lithological	
  and	
  paleobiological	
  features	
  (e.g.	
  the	
  

phosphate-­‐capped	
  stromatolites,	
  or	
  age	
  diagnostic	
  trace	
  fossils	
  discussed	
  below),	
  

and	
  also	
  geochronological	
  and	
  geochemical	
  properties.	
  	
  

Sandstone	
  samples	
  were	
  collected	
  for	
  individual	
  grain	
  U-­‐Pb	
  dating	
  of	
  detrital	
  

zircons	
  from	
  cratonic	
  successions	
  with	
  independent	
  depositional	
  age	
  control,	
  

specifically	
  the	
  major	
  units	
  of	
  the	
  Vindhyan	
  supergroup	
  from	
  sections	
  of	
  the	
  Son	
  

Valley	
  and	
  the	
  Nagaur	
  Group	
  of	
  the	
  Marwar	
  Supergroup,	
  and	
  the	
  major	
  units	
  of	
  the	
  

iLH	
  (Berinag,	
  Damtha,	
  and	
  Deoban	
  groups)	
  and	
  the	
  lower	
  oLH	
  (Jaunsar	
  Group	
  and	
  

Blaini	
  Formation)	
  in	
  the	
  Tons	
  Valley	
  and	
  Kumaon	
  region	
  of	
  the	
  Himalaya	
  (Fig.	
  1.1,	
  

Table	
  1.2).	
  These	
  data	
  were	
  combined	
  with	
  preexisting	
  data	
  of	
  the	
  upper	
  oLH	
  Tal	
  

Group	
  (Myrow	
  et	
  al.,	
  2003,	
  2010)	
  to	
  produce	
  a	
  more	
  complete	
  spectral	
  profile	
  of	
  the	
  

north	
  Indian	
  LH.	
  The	
  Nagaur	
  Group	
  sample	
  from	
  Nagaur	
  quarry	
  was	
  analyzed	
  using	
  

a	
  SHRIMP	
  ion	
  microprobe	
  at	
  the	
  Research	
  School	
  of	
  Earth	
  Sciences,	
  Australian	
  

National	
  University	
  (analytical	
  procedures	
  follow	
  those	
  described	
  in	
  Myrow	
  et	
  al,	
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[2010]).	
  All	
  other	
  samples	
  were	
  analyzed	
  at	
  the	
  University	
  of	
  Arizona	
  LaserChron	
  

Center	
  using	
  laser	
  ablation	
  multicollector	
  inductively	
  coupled	
  plasma	
  mass	
  

spectrometry	
  (LA-­‐MC-­‐ICPMS)	
  (procedural	
  details	
  available	
  in	
  Supporting	
  Material	
  

SM1.1).	
  Fine-­‐grained	
  siliciclastic	
  material	
  was	
  collected	
  from	
  selected	
  iLH	
  and	
  oLH	
  

strata	
  for	
  whole	
  rock	
  Sm-­‐Nd	
  isotopic	
  analysis	
  via	
  Thermal	
  Ion	
  Mass	
  Spectrometry	
  

(TIMS)	
  at	
  the	
  Massachusetts	
  Institute	
  of	
  Technology	
  (procedure	
  details	
  follow	
  those	
  

described	
  in	
  Schone	
  et	
  al.	
  [2009]).	
  Detrital	
  zircon	
  data	
  tables	
  are	
  available	
  as	
  online	
  

supplements.	
  	
  

	
  

Results	
  and	
  Discussion	
  

	
  

Phosphatic	
  stromatolites	
  of	
  the	
  iLH	
  and	
  Indian	
  craton	
  	
  

	
  

The	
  phosphorite-­‐bearing	
  stromatolitic	
  carbonate	
  of	
  the	
  Gangolihat	
  Dolomite	
  

forms	
  a	
  distinctive	
  deposit	
  in	
  the	
  Kumaon	
  iLH.	
  It	
  consists	
  of	
  branching	
  columnar	
  

stromatolite	
  bioherms	
  belonging	
  to	
  the	
  form	
  genus	
  Baicalia,	
  with	
  early	
  diagenetic	
  

black	
  phosphatic	
  crusts	
  formed	
  around	
  the	
  stromatolite	
  columns	
  and	
  intraclastic	
  

phosphatic	
  grainstone	
  filling	
  the	
  intercolumnar	
  spaces.	
  This	
  suite	
  of	
  specific	
  

features	
  is	
  found	
  within	
  the	
  Tirhoan	
  Dolomite	
  (Rohtas	
  Formation)	
  of	
  the	
  Semri	
  

Group	
  from	
  the	
  Vindhyan	
  supergroup	
  (Fig.	
  1.3).	
  The	
  Tirohan	
  Dolomite	
  sits	
  

depositionally	
  above	
  dated	
  1.6	
  Ga	
  volcanic	
  deposits	
  in	
  the	
  upper	
  Semri	
  Group	
  

(Rasmussen	
  et	
  al.,	
  2002;	
  Ray	
  et	
  al.,	
  2002;	
  Bengtson	
  et	
  al.,	
  2009),	
  and	
  a	
  1602	
  ±	
  11	
  Ma	
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Pb-­‐Pb	
  isochron	
  was	
  produced	
  directly	
  from	
  phosphatic	
  intraclasts	
  from	
  one	
  sample	
  

(Bengtson	
  et	
  al.,	
  2009).	
  A	
  variety	
  of	
  microbial	
  textured	
  clasts	
  with	
  gas	
  bubbles	
  and	
  

organic	
  walled	
  microfossils	
  have	
  been	
  described	
  from	
  acid	
  residues	
  of	
  the	
  

intercolumnar	
  material	
  (Bengtson	
  et	
  al.,	
  2009)	
  and	
  material	
  identical	
  in	
  these	
  

respects	
  has	
  been	
  reported	
  from	
  the	
  Gangolihat	
  Dolomite	
  (McKenzie	
  et	
  al.,	
  2010).	
  

Lithologically	
  similar	
  deposits	
  of	
  phosphatic	
  branching	
  columnar	
  stromatolites	
  have	
  

also	
  been	
  described	
  from	
  the	
  Aravalli	
  Supergroup	
  (Banerjee	
  et	
  al.,	
  1971;	
  Raha	
  and	
  

Sastry,	
  1982)	
  in	
  late	
  Paleoproterozoic	
  and	
  early	
  Mesoproterozoic	
  rocks,	
  coarsely	
  

bracketed	
  between	
  ~1.8	
  and	
  ~1.5	
  Ga	
  (Deb	
  et	
  al.,	
  1989;	
  Deb	
  et	
  al.,	
  2001).	
  

The	
  specific	
  similarities	
  listed	
  above,	
  and	
  the	
  fact	
  that	
  these	
  characteristics	
  are	
  

only	
  known	
  to	
  occur	
  together	
  at	
  a	
  single	
  horizon	
  in	
  both	
  the	
  Vindhyan	
  Basin	
  and	
  the	
  

Himalaya,	
  suggests	
  that	
  the	
  ~1.6	
  Ga	
  Rohtas	
  Formation	
  is	
  correlative	
  with	
  the	
  

Gangolihat	
  Dolomite	
  of	
  iLH,	
  and	
  both	
  were	
  part	
  of	
  a	
  continuous	
  late	
  

Paleoproterozoic	
  carbonate	
  platform	
  covering	
  the	
  northern	
  Indian	
  margin.	
  	
  

	
  

Detrital	
  zircon	
  geochronology	
  	
  

	
  

Detrital	
  zircon	
  geochronology	
  has	
  become	
  an	
  important	
  tool	
  in	
  characterization	
  

of	
  strata	
  in	
  the	
  Himalaya	
  (e.g.,	
  DeCelles	
  et	
  al.,	
  2000;	
  Myrow	
  et	
  al.,	
  2003,	
  2010;	
  Martin	
  

et	
  al.,	
  2005;	
  McQuarrie	
  et	
  al.,	
  2008;	
  Webb	
  et	
  al.,	
  2011).	
  Here	
  results	
  are	
  first	
  

presented	
  from	
  age-­‐controlled	
  cratonic	
  successions,	
  which	
  are	
  essential	
  for	
  

interpretation	
  of	
  the	
  results	
  of	
  the	
  Himalayan	
  samples.	
  These	
  results	
  provide	
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approximate	
  ages	
  of	
  peaks	
  produced	
  by	
  various	
  grain	
  populations,	
  which	
  are	
  

rounded	
  to	
  the	
  nearest	
  10	
  Ma.	
  All	
  detrital	
  zircon	
  age	
  distributions	
  are	
  presented	
  in	
  

Figure	
  1.4.	
  

The	
  Chorhat	
  Sandstone	
  of	
  the	
  upper	
  Semri	
  Group	
  (lower	
  Vindhyan)	
  is	
  

interbedded	
  with	
  1.6	
  Ga	
  volcanic	
  rocks	
  and,	
  as	
  expected,	
  yielded	
  no	
  grains	
  younger	
  

than	
  1.6	
  Ga,	
  with	
  the	
  age	
  distribution	
  dominated	
  by	
  two	
  populations	
  with	
  peaks	
  at	
  

1650	
  Ma	
  and	
  1730	
  Ma	
  (Fig.	
  1.4).	
  This	
  unit	
  is	
  stratigraphically	
  below	
  the	
  

phosphorite-­‐bearing	
  Rohtas	
  Formation.	
  

A	
  sample	
  from	
  the	
  overlying	
  Kaimur	
  Group	
  yielded	
  an	
  age	
  distribution	
  with	
  the	
  

youngest	
  grains	
  producing	
  a	
  peak	
  at	
  1170	
  Ma	
  and	
  older	
  peaks	
  of	
  1730,	
  1850,	
  and	
  

2500	
  Ma.	
  The	
  depositional	
  age	
  of	
  the	
  Kaimur	
  Group	
  is	
  here	
  constrained	
  to	
  the	
  late	
  

Mesoproterozoic	
  (1.1	
  Ga),	
  older	
  than	
  the	
  1073.5	
  ±	
  13.7	
  Ma	
  Majhgawan	
  Kimberlite	
  

that	
  intrudes	
  it	
  (Gregory	
  et	
  al.,	
  2006)	
  but	
  younger	
  than	
  the	
  1170	
  Ma	
  zircon	
  

population	
  it	
  contains.	
  The	
  Rewa	
  Group	
  and	
  upper	
  Bhander	
  Group	
  yielded	
  similar	
  

age	
  distributions	
  with	
  youngest	
  zircons	
  around	
  1000	
  Ma	
  and	
  older	
  peaks	
  at	
  1600,	
  

and	
  1750	
  Ma.	
  These	
  are	
  similar	
  to	
  a	
  published	
  distribution	
  from	
  the	
  Bhander	
  Group	
  

in	
  Rajasthan	
  (Malone	
  et	
  al.,	
  2008)	
  (Fig.	
  1.4),	
  supporting	
  correlation	
  between	
  these	
  

rocks.	
  Malone	
  et	
  al.	
  (2008)	
  used	
  paleomagnetic	
  data	
  to	
  argue	
  that	
  the	
  upper	
  

Vindhyan	
  succession	
  was	
  deposited	
  within	
  a	
  relative	
  short	
  interval,	
  and	
  data	
  

presented	
  here	
  are	
  consistent	
  with	
  this	
  hypothesis.	
  Specifically,	
  Kaimur	
  Group	
  

deposition	
  occurred	
  during	
  the	
  late	
  Mesoproterozoic	
  (1.1	
  Ga),	
  and	
  Bhander	
  Group	
  

deposition	
  took	
  place	
  during	
  the	
  terminal	
  Mesoproterozoic	
  to	
  earliest	
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Neoproterozoic	
  (1.0	
  Ga).	
  Furthermore,	
  a	
  depositional	
  age	
  of	
  1.1	
  Ga	
  for	
  the	
  Kaimur	
  

Group,	
  compared	
  to	
  that	
  of	
  the	
  upper	
  Semri	
  Group	
  (~1.6	
  Ga),	
  implies	
  that	
  the	
  

regional	
  unconformity	
  between	
  these	
  groups	
  spans	
  a	
  gap	
  of	
  time	
  of	
  approximately	
  

500	
  million	
  years.	
  	
  

	
   Within	
  the	
  IGB	
  a	
  drill	
  core	
  sample	
  from	
  the	
  lower	
  Madhubani	
  Group	
  

(SPNACC14)	
  of	
  the	
  Ganga	
  Supergroup	
  produced	
  an	
  age	
  distribution	
  with	
  a	
  broad	
  

population	
  of	
  zircons	
  between	
  1.6	
  and	
  1.8	
  Ga,	
  and	
  a	
  youngest	
  population	
  of	
  1.2	
  Ga	
  

grains	
  (Fig.	
  1.4).	
  	
  The	
  overall	
  distribution	
  of	
  Madhubani	
  Group	
  grain	
  ages	
  is	
  similar	
  

to	
  the	
  age	
  distribution	
  from	
  the	
  Kaimur	
  Group	
  (Fig.	
  1.4),	
  and	
  as	
  biostratigraphic	
  

arguments	
  for	
  a	
  Paleozoic	
  depositional	
  age	
  for	
  the	
  lower	
  Madhubani	
  Group	
  are	
  

unfounded,	
  an	
  age	
  equivalent	
  to	
  that	
  of	
  the	
  Kaimur	
  Group	
  (1.1	
  Ga)	
  (see	
  above)	
  is	
  

most	
  likely,	
  and	
  these	
  units	
  may	
  be	
  correlative.	
  A	
  published	
  detrital	
  zircon	
  age	
  

distribution	
  from	
  uplifted	
  bedrock	
  that	
  underlies	
  the	
  foreland	
  basin	
  of	
  eastern	
  India	
  

(the	
  Shillong	
  Group	
  of	
  the	
  Shillong	
  Plateau	
  [Yin	
  et	
  al.,	
  2010b])	
  is	
  similar	
  to	
  the	
  upper	
  

Vindhyan	
  and	
  Madhubani	
  Group	
  distributions	
  (Fig.	
  1.4).	
  

	
   Two	
  samples	
  were	
  analyzed	
  from	
  the	
  Marwar	
  Supergroup	
  of	
  the	
  Aravalli	
  

succession.	
  One	
  sandstone	
  sample	
  was	
  collected	
  from	
  the	
  Nagaur	
  Group	
  at	
  Nagaur	
  

Quarry,	
  which	
  may	
  represent	
  latest	
  Neoproterozoic–earliest	
  Cambrian	
  deposition,	
  

and	
  another	
  sandstone	
  sample	
  collected	
  from	
  the	
  Nagaur	
  Group	
  sandstone	
  at	
  

Dulmera	
  Quarry	
  contains	
  unequivocal	
  arthropod	
  trace	
  fossils	
  indicative	
  of	
  a	
  

trilobitic	
  early	
  Cambrian	
  depositional	
  age.	
  The	
  Nagaur	
  Quarry	
  sample	
  contains	
  a	
  

large	
  concentration	
  of	
  grains	
  between	
  700	
  Ma	
  and	
  1000	
  Ma	
  grains,	
  and	
  a	
  smaller	
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population	
  with	
  a	
  peak	
  at	
  2500	
  Ma.	
  The	
  trace	
  fossil-­‐bearing	
  Nagaur	
  Group	
  from	
  

Dulmera	
  Quarry	
  sample	
  yielded	
  an	
  array	
  of	
  age	
  populations	
  with	
  peaks	
  770,	
  980,	
  

1600,	
  1720,	
  1880,	
  and	
  2500	
  Ma,	
  with	
  a	
  small	
  population	
  of	
  grains	
  with	
  a	
  peak	
  of	
  540	
  

Ma,	
  consistent	
  with	
  the	
  Cambrian	
  depositional	
  age	
  indicated	
  by	
  the	
  ichnology.	
  

Age	
  distributions	
  from	
  two	
  samples	
  of	
  the	
  Berinag	
  Group	
  in	
  Kumaon	
  showed	
  a	
  

large	
  population	
  of	
  grains	
  with	
  a	
  peak	
  of	
  1880	
  Ma	
  (data	
  combined	
  in	
  Fig.	
  1.4),	
  

consistent	
  with	
  a	
  depositional	
  age	
  of	
  ~1.8	
  Ga	
  for	
  the	
  Berinag–Rampur	
  groups	
  

(Miller	
  et	
  al.,	
  2000;	
  Richards	
  et	
  al.,	
  2005;	
  Kohn	
  et	
  al.,	
  2010).	
  A	
  sample	
  from	
  the	
  lower	
  

Damtha	
  Group	
  (DGAD)	
  yielded	
  an	
  age	
  distribution	
  with	
  a	
  large	
  peak	
  1870	
  Ma	
  and	
  

no	
  grains	
  younger	
  than	
  1800	
  Ma	
  (Fig.	
  1.4).	
  If	
  the	
  Gangolihat	
  Dolomite	
  were	
  part	
  of	
  a	
  

continuous	
  contemporaneous	
  carbonate	
  platform	
  with	
  the	
  Rohtas	
  Formation	
  of	
  the	
  

lower	
  Vindhyan	
  succession,	
  then	
  associated	
  siliciclastic	
  strata	
  should	
  yield	
  similar	
  

detrital	
  zircon	
  age	
  distributions.	
  A	
  sandstone	
  sample	
  analyzed	
  from	
  the	
  upper	
  

Damtha	
  Group	
  (RTG3),	
  which	
  underlies	
  the	
  phosphatic	
  section	
  of	
  the	
  Gangolihat	
  

Dolomite	
  in	
  the	
  Kumaon	
  Himalaya,	
  sample	
  yielded	
  no	
  grains	
  younger	
  than	
  a	
  small	
  

population	
  of	
  1600	
  Ma	
  grains,	
  with	
  older	
  peaks	
  at	
  1750,	
  1880,	
  and	
  2500	
  Ma	
  (Fig.	
  

1.4).	
  The	
  distribution	
  from	
  the	
  upper	
  Damtha	
  sample	
  was	
  similar	
  to	
  the	
  lower	
  

Vindhyan	
  distribution	
  (CSV-­‐1-­‐25)	
  and	
  further	
  supports	
  correlation	
  between	
  the	
  

Gangolihat	
  Dolomite	
  (iLH)	
  and	
  the	
  Rohtas	
  Formation.	
  	
  

A	
  sample	
  from	
  a	
  mixed	
  siliciclastic	
  succession	
  of	
  gray	
  shale	
  with	
  thin–bedded	
  

fine	
  to	
  medium	
  grained	
  sandstone	
  of	
  the	
  Mandhali	
  Formation	
  (TV-­‐16-­‐MD),	
  which	
  

unconformably	
  overlies	
  the	
  Deoban	
  Formation	
  in	
  the	
  Tons	
  Valley,	
  yielded	
  an	
  age	
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distribution	
  with	
  a	
  youngest	
  peak	
  at	
  950	
  Ma	
  and	
  older	
  peaks	
  at	
  1560,	
  1750,	
  and	
  

2500	
  Ma.	
  This	
  latter	
  population	
  of	
  grains	
  is	
  slightly	
  younger	
  than	
  strata	
  of	
  the	
  upper	
  

Vindhyan	
  sequence,	
  but	
  lacks	
  the	
  abundant	
  younger	
  material	
  (≤850	
  Ma)	
  seen	
  in	
  

Cryogenian	
  and	
  younger	
  successions	
  both	
  in	
  the	
  Himalayan	
  margin	
  and	
  on	
  the	
  

craton	
  (Fig.	
  1.4).	
  Based	
  on	
  this,	
  and	
  the	
  similarity	
  between	
  the	
  Mandhali	
  Formation	
  

peak	
  distribution	
  and	
  those	
  of	
  upper	
  Vindhyan	
  distributions,	
  a	
  pre-­‐Cryogenian,	
  

earliest	
  Neoproterozoic	
  depositional	
  age	
  for	
  the	
  Mandhali	
  Formation	
  is	
  suggested,	
  

which	
  is	
  approximately	
  equivalent	
  to	
  that	
  of	
  the	
  upper	
  Bhander	
  Group.	
  Importantly,	
  

the	
  change	
  in	
  distributions	
  from	
  the	
  upper	
  Damtha	
  Group	
  to	
  the	
  Mandhali	
  

Formation	
  mirror	
  those	
  seen	
  across	
  the	
  unconformity	
  in	
  the	
  Vindhyan	
  supergroup,	
  

which	
  implies	
  that	
  the	
  same	
  unconformity	
  exists	
  in	
  the	
  Himalayan	
  margin.	
  This	
  

unconformity	
  has	
  been	
  recognized	
  by	
  other	
  studies	
  as	
  the	
  boundary	
  between	
  the	
  

“upper”	
  and	
  “lower”	
  Lesser	
  Himalaya	
  (e.g.,	
  McQuarrie	
  et	
  al.,	
  2008;	
  Kohn	
  et	
  al.,	
  2010;	
  

Long	
  et	
  al.,	
  2011)	
  and,	
  in	
  earlier	
  reports,	
  it	
  was	
  speculated	
  to	
  span	
  an	
  interval	
  of	
  ~1	
  

billion	
  years	
  or	
  greater.	
  Based	
  on	
  the	
  correlation	
  to	
  the	
  Vindhyan	
  successions	
  and	
  

the	
  new	
  age	
  conatraints	
  presented	
  here,	
  the	
  unconformity	
  represents	
  a	
  gap	
  in	
  time	
  

not	
  greater	
  than	
  ~500	
  million	
  years.	
  Importantly,	
  the	
  unconformity	
  is	
  here	
  

identified	
  to	
  occur	
  within	
  the	
  iLH,	
  and	
  the	
  terms	
  “upper”	
  and	
  “lower”	
  Lesser	
  

Himalaya	
  thus	
  refer	
  to	
  units	
  of	
  different	
  stratigraphic	
  age,	
  and	
  thus	
  are	
  not	
  

synonymous	
  with	
  “inner”	
  and	
  “outer”	
  LH,	
  which	
  refer	
  to	
  fault-­‐bounded	
  structural	
  

units.	
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Within	
  the	
  oLH,	
  analysis	
  of	
  poorly	
  sorted	
  pebble	
  conglomerate	
  from	
  the	
  Jaunsar	
  

Group	
  (SJM),	
  collected	
  immediately	
  north	
  of	
  the	
  Main	
  Boundary	
  Thrust	
  in	
  the	
  Tons	
  

Valley,	
  yielded	
  a	
  detrital	
  zircon	
  distribution	
  dominated	
  by	
  850	
  Ma	
  grains,	
  and	
  

nothing	
  younger	
  (Fig	
  1.4).	
  A	
  sample	
  of	
  diamictite	
  from	
  the	
  Cryogenian-­‐aged	
  Baliana	
  

Group	
  (NBLD-­‐1)	
  was	
  collected	
  immediately	
  below	
  a	
  pink	
  dolostone	
  cap	
  carbonate	
  in	
  

the	
  Nainital	
  syncline,	
  and	
  yielded	
  youngest	
  grains	
  with	
  a	
  770	
  Ma	
  age	
  peak,	
  and	
  an	
  

array	
  of	
  older	
  populations	
  of	
  approximately	
  850,	
  1100,	
  1600,	
  1880,	
  and	
  2500	
  Ma.	
  

Published	
  data	
  from	
  lower	
  Cambrian	
  strata	
  of	
  the	
  Tal	
  Group	
  have	
  populations	
  

similar	
  to	
  those	
  of	
  the	
  Blaini	
  diamictite,	
  whereas	
  an	
  age	
  distribution	
  from	
  Cambrian	
  

rocks	
  stratigraphically	
  higher	
  in	
  the	
  Tal	
  Group	
  contained	
  high	
  concentrations	
  of	
  

Cambrian	
  and	
  Neoproterozoic	
  age	
  grains,	
  yet	
  lacked	
  more	
  ancient	
  Paleoproterozoic	
  

and	
  Mesoproterozoic	
  material	
  (Myrow	
  et	
  al.,	
  2010).	
  	
  

As	
  a	
  whole,	
  strata	
  of	
  Cryogenian	
  to	
  early	
  Cambrian	
  ages	
  of	
  both	
  the	
  oLH	
  and	
  the	
  

Marwar	
  Supergroup	
  possess	
  the	
  same	
  young	
  Neoproterozoic	
  to	
  Cambrian	
  zircons,	
  

and	
  additionally	
  these	
  strata	
  possess	
  the	
  same	
  general	
  Paleoproterozoic	
  and	
  

Mesoproterozoic	
  age	
  zircon	
  populations	
  as	
  the	
  depositionally	
  older	
  iLH	
  and	
  

Vindhyan	
  successions.	
  This	
  suggests	
  that	
  similar	
  zircon	
  sources	
  persisted	
  across	
  

various	
  parts	
  of	
  the	
  northern	
  Indian	
  margin	
  from	
  the	
  Paleoproterozoic	
  to	
  the	
  

Cambrian.	
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Neodymium	
  geochemistry	
  of	
  the	
  iLH	
  and	
  oLH	
  

	
  

Differences	
  in	
  εNd	
  have	
  been	
  noted	
  between	
  the	
  lithotectonic	
  units	
  of	
  the	
  

Himalaya	
  (e.g.,	
  Parrish	
  and	
  Hodges,	
  1996;	
  DeCelles	
  et	
  al.,	
  2000;	
  Robinson	
  et	
  al.,	
  

2001;	
  Argles	
  et	
  al.,	
  2003;	
  Martin	
  et	
  al.,	
  2005),	
  as	
  well	
  as	
  within	
  the	
  LH,	
  where	
  values	
  

for	
  iLH	
  rocks	
  are	
  more	
  negative	
  than	
  those	
  of	
  oLH	
  rocks	
  (Ahmad	
  et	
  al.,	
  2000;	
  

Richards	
  et	
  al.,	
  2005).	
  In	
  order	
  to	
  integrate	
  εNd	
  with	
  independent	
  geochronological	
  

constraints,	
  four	
  fine-­‐grained	
  siliciclastic	
  samples	
  were	
  analyzed	
  for	
  Nd	
  isotopes,	
  

two	
  from	
  oLH	
  strata	
  and	
  two	
  from	
  iLH	
  strata	
  (Table	
  1.3).	
  A	
  sample	
  of	
  shale	
  collected	
  

from	
  below	
  the	
  phosphorite-­‐bearing	
  horizon	
  in	
  the	
  suggested	
  ~1.6	
  Ga	
  Gangolihat	
  

Dolomite	
  (GNG),	
  which	
  sits	
  depositionally	
  above	
  the	
  upper	
  Damtha	
  Group,	
  has	
  an	
  

εNd(0)	
  value	
  of	
  -­‐22	
  and	
  a	
  εNd(500)	
  value	
  of	
  -­‐16.	
  A	
  Mandhali	
  Formation	
  sample	
  (TV-­‐

MD)	
  was	
  collected	
  directly	
  above	
  the	
  unconformable	
  contact	
  with	
  the	
  Deoban	
  

Formation	
  in	
  the	
  Tons	
  Valley	
  (same	
  outcrop	
  as	
  the	
  Mandhali	
  Formation	
  detrital	
  

zircon	
  sample	
  TV-­‐16-­‐MD:	
  see	
  Fig.	
  1.4),	
  which	
  yielded	
  an	
  εNd(0)	
  value	
  of	
  -­‐16	
  and	
  

εNd(500)	
  value	
  of	
  -­‐11.	
  A	
  Jaunsar	
  Group	
  sample	
  (TVBS)	
  collected	
  from	
  the	
  Tons	
  

Valley	
  from	
  black	
  shale,	
  above	
  the	
  stratigraphic	
  level	
  of	
  the	
  detrital	
  zircon	
  sample,	
  

yielded	
  an	
  εNd(0)	
  value	
  of	
  -­‐17	
  and	
  εNd(500)	
  of	
  -­‐12.	
  Finally,	
  a	
  shale	
  sample	
  collected	
  

from	
  the	
  Blaini	
  Formation,	
  taken	
  below	
  the	
  Blaini	
  diamictite,	
  yielded	
  an	
  εNd(0)	
  

value	
  of	
  -­‐16	
  and	
  εNd(500)	
  of	
  -­‐11.	
  	
  

The	
  εNd	
  values	
  for	
  the	
  Gangolihat	
  Dolomite	
  are	
  similar	
  to	
  reported	
  εNd	
  values	
  

from	
  known	
  late	
  Paleoproterozoic	
  strata	
  of	
  the	
  lower	
  Nawakot	
  unit	
  in	
  the	
  Nepalese	
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Himalaya	
  (Robinson	
  et	
  al.,	
  2001;	
  Martin	
  et	
  al.,	
  2005),	
  which	
  is	
  consistent	
  with	
  the	
  

depositional	
  age	
  of	
  ~1.6	
  Ga	
  for	
  the	
  Gangolihat	
  Dolomite	
  suggested	
  here.	
  The	
  εNd	
  

values	
  from	
  the	
  Mandhali	
  Formation	
  overlap	
  with	
  the	
  values	
  from	
  the	
  Cryogenian	
  

Jaunsar	
  and	
  Baliana	
  groups.	
  Interestingly,	
  these	
  values	
  are	
  considered	
  characteristic	
  

of	
  GH	
  and	
  oLH,	
  and	
  not	
  of	
  the	
  iLH,	
  (e.g.,	
  Ahmad	
  et	
  al.,	
  2000;	
  Richards	
  et	
  al.,	
  2005)	
  

(Fig.	
  1.2),	
  although	
  the	
  Mandhali	
  Formation	
  sample	
  comes	
  from	
  strata	
  north	
  of	
  the	
  

Tons	
  thrust	
  and	
  is	
  unequivocally	
  part	
  of	
  the	
  iLH.	
  This	
  supports	
  that	
  the	
  Mandhali	
  

Formation	
  and	
  Jaunsar–Baliana	
  successions	
  are	
  much	
  closer	
  in	
  depositional	
  age	
  

than	
  the	
  Mandhali	
  Formation	
  is	
  to	
  other	
  lower	
  iLH	
  strata	
  (i.e.,	
  the	
  Berinag-­‐Rautgara-­‐

Gangolihat	
  succession).	
  Most	
  importantly,	
  the	
  similarity	
  of	
  εNd	
  compositions	
  and	
  

depositional	
  ages	
  of	
  strata	
  both	
  in	
  the	
  iLH	
  and	
  oLH	
  refutes	
  the	
  idea	
  of	
  a	
  fundamental	
  

isotopic	
  difference	
  between	
  these	
  tectonically	
  distinguished	
  zones.	
  	
  Richards	
  et	
  al.	
  

(2005)	
  suggested	
  that	
  an	
  ~850	
  Ma	
  rifting	
  event	
  marked	
  the	
  transition	
  from	
  “iLH-­‐

type”	
  isotopic	
  signatures	
  to	
  “GH-­‐type”	
  (i.e.,	
  oLH-­‐type)	
  signatures,	
  but	
  data	
  presented	
  

here	
  imply	
  this	
  isotopic	
  shift	
  likely	
  took	
  place	
  prior	
  to	
  deposition	
  of	
  the	
  upper	
  

Vindhyan	
  and	
  Mandhali	
  Formations	
  (>1.0	
  Ga).	
  	
  

	
  

Correlation,	
  chronostratigraphy,	
  and	
  continuity	
  of	
  cratonic	
  and	
  Himalayan	
  

successions	
  	
  

	
  

The	
  work	
  described	
  above	
  leads	
  to	
  a	
  revised	
  chronostratigraphic	
  correlation	
  

between	
  north	
  Indian	
  sedimentary	
  units	
  (Table	
  1.4).	
  	
  If	
  the	
  terms	
  “lower”	
  and	
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“upper”	
  succession	
  are	
  to	
  be	
  applied	
  to	
  the	
  Lesser	
  Himalaya,	
  then	
  the	
  lower	
  

succession	
  consists	
  of	
  late	
  Paleoproterozoic	
  to	
  earliest	
  Mesoproterozoic	
  strata,	
  

which	
  includes	
  the	
  Berinag-­‐Damtha-­‐Gangolihat	
  units,	
  and	
  the	
  upper	
  succession	
  

consists	
  of	
  the	
  late	
  Mesoproterozoic–early	
  Neoproterozoic	
  to	
  Cambrian	
  Mandhali-­‐

Jaunsar-­‐Baliana-­‐Krol-­‐Tal	
  units.	
  The	
  Berinag	
  Group	
  has	
  been	
  dated	
  at	
  1.8	
  Ga	
  (Miller	
  

et	
  al.,	
  2000)	
  and	
  detrital	
  zircon	
  data	
  presented	
  here	
  are	
  in	
  agreement	
  with	
  this	
  age.	
  

The	
  depositional	
  ages	
  of	
  the	
  Damtha	
  Group	
  and	
  Gangolihat	
  Dolomite	
  have	
  been	
  

problematic,	
  but	
  they	
  can	
  now	
  be	
  correlated	
  with	
  dated	
  1.6	
  Ga	
  strata	
  of	
  the	
  Semri	
  

Group	
  of	
  the	
  lower	
  Vindhyan	
  succession.	
  Furthermore,	
  detrital	
  zircon	
  age	
  

distributions	
  and	
  εNd	
  values	
  of	
  the	
  Berinag-­‐Damtha	
  Groups	
  are	
  similar	
  to	
  the	
  lower	
  

Nawakot	
  unit	
  of	
  Nepal	
  and	
  the	
  Shumar	
  Formation	
  of	
  Bhutan,	
  which	
  are	
  also	
  

considered	
  to	
  be	
  Paleoproterozoic	
  (DeCelles	
  et	
  al.,	
  2004;	
  Martin	
  et	
  al.,	
  2005;	
  

Richards	
  et	
  al.,	
  2006;	
  McQuarrie	
  et	
  al.,	
  2008;	
  Long	
  et	
  al.,	
  2011;	
  Martin	
  et	
  al.,	
  2011).	
  

While	
  it	
  is	
  suggested	
  here	
  that	
  the	
  Damtha-­‐Gangolihat	
  successions	
  are	
  correlative	
  to	
  

the	
  Semri	
  Group,	
  there	
  is	
  no	
  presently	
  known	
  Vindhyan	
  unit	
  correlative	
  with	
  the	
  

Berinag	
  Group.	
  The	
  Semri	
  Group	
  sits	
  unconformably	
  on	
  the	
  2.5	
  Ga	
  Bundelkhand	
  

granitic	
  basement,	
  and	
  the	
  best	
  current	
  age	
  constraint	
  on	
  the	
  depositional	
  age	
  of	
  the	
  

lower	
  Semri	
  Group	
  is	
  a	
  1729	
  ±	
  110	
  Ma	
  Pb-­‐Pb	
  errorchron	
  from	
  the	
  Kajrahat	
  

Limestone	
  (Sarangi	
  et	
  al.,	
  2004).	
  The	
  siliciclastic	
  Deoland	
  Formation	
  is	
  the	
  

lowermost	
  unit	
  of	
  the	
  Vindhyan	
  supergroup	
  (stratigraphically	
  below	
  the	
  Kajrahat	
  

Limestone),	
  and	
  is	
  a	
  possible	
  equivalent	
  of	
  the	
  Berinag	
  Group.	
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The	
  Kaimur	
  Group	
  (upper	
  Vindhyan	
  succession)	
  is	
  here	
  constrained	
  to	
  an	
  

approximate	
  depositional	
  age	
  of	
  1.1	
  Ga,	
  and	
  data	
  presented	
  here	
  are	
  in	
  agreement	
  

with	
  the	
  previously	
  suggested	
  1.0	
  Ga	
  depositional	
  age	
  for	
  the	
  upper	
  Bhander	
  Group	
  

(Malone	
  et	
  al.,	
  2008).	
  The	
  Mandhali	
  Formation	
  (iLH)	
  is	
  correlated	
  with	
  the	
  

uppermost	
  Bhander	
  Group,	
  with	
  a	
  depositional	
  age	
  of	
  terminal	
  Mesoproterozoic	
  to	
  

earliest	
  Neoproterozoic.	
  The	
  age	
  of	
  the	
  Deoban	
  Formation	
  of	
  the	
  Tons	
  Valley	
  iLH	
  

remains	
  poorly	
  constrained.	
  While	
  it	
  is	
  traditionally	
  correlated	
  with	
  the	
  Gangolihat	
  

Dolomite	
  of	
  the	
  Kumaon	
  iLH,	
  the	
  two	
  units	
  are	
  not	
  laterally	
  continuous	
  in	
  map	
  view	
  

and	
  are	
  regarded	
  to	
  display	
  different	
  characteristic	
  facies	
  (Valdyia,	
  1980;	
  Thakur,	
  

1992).	
  A	
  Pb	
  model	
  age	
  of	
  ~970	
  Ma	
  was	
  reported	
  from	
  samples	
  of	
  galena	
  within	
  the	
  

Jammu	
  Limestone	
  which	
  is	
  a	
  putative	
  equivalent	
  of	
  the	
  Tons	
  Valley	
  Deoban	
  

Formation,	
  but	
  the	
  accuracy	
  of	
  this	
  method	
  remains	
  questionable	
  (Raha	
  et	
  al.,	
  1978).	
  

Age	
  distributions	
  of	
  detrital	
  zircons	
  from	
  the	
  upper	
  Vindhyan	
  are	
  similar	
  to	
  

distributions	
  from	
  the	
  bedrock	
  that	
  underlies	
  the	
  Himalayan	
  foreland	
  basin	
  of	
  the	
  

Madhubani	
  Group	
  of	
  the	
  IGB	
  and	
  the	
  Shillong	
  Group	
  of	
  the	
  Shillong	
  Plateau	
  (Yin	
  et	
  

al.,	
  2010b),	
  as	
  well	
  as	
  distributions	
  from	
  the	
  Lesser	
  Himalaya	
  of	
  Bhutan	
  (McQuarrie	
  

et	
  al.,	
  2008)	
  and	
  Arunachal	
  Pradesh	
  (Yin	
  et	
  al.,	
  2006).	
  The	
  Cryogenian	
  through	
  

Cambrian	
  deposits	
  of	
  the	
  Jaunsar-­‐Baliana-­‐Krol-­‐Tal	
  succession	
  are	
  here	
  correlated	
  

with	
  the	
  late	
  Neoproterozoic–early	
  Cambrian	
  Marwar	
  Supergroup	
  from	
  the	
  Aravalli	
  

craton.	
  The	
  overall	
  temporal	
  variation	
  of	
  age	
  distributions	
  of	
  detrital	
  zircons	
  in	
  the	
  

cratonic	
  successions	
  mirrors	
  that	
  of	
  the	
  Lesser	
  Himalaya.	
  Variation	
  can	
  be	
  observed	
  

in	
  the	
  relative	
  abundance	
  of	
  zircon	
  age	
  populations,	
  especially	
  for	
  those	
  peaks	
  that	
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represent	
  periods	
  of	
  tectonism	
  during	
  which	
  local	
  sources	
  flooded	
  the	
  samples	
  (e.g.,	
  

the	
  Berinag	
  Quartzite	
  is	
  flooded	
  with	
  ~1.8	
  Ga	
  grains,	
  derived	
  during	
  late	
  

Paleoproterozoic	
  tectonism	
  [see	
  Kohn	
  et	
  al.,	
  2010]).	
  Nonetheless,	
  in	
  both	
  craton	
  and	
  

Himalaya,	
  similar	
  grain	
  age	
  populations	
  are	
  maintained	
  from	
  their	
  initial	
  

introduction	
  into	
  the	
  sedimentary	
  system	
  in	
  the	
  Paleoproterozoic	
  through	
  until	
  at	
  

least	
  the	
  Cambrian.	
  The	
  Paleoproterozoic	
  grain	
  peaks	
  that	
  characterize	
  the	
  lower	
  

successions	
  (i.e.,	
  roughly	
  1600,	
  1750,	
  1880,	
  and	
  2500	
  Ma)	
  are	
  robust	
  throughout	
  the	
  

cratonic	
  late	
  Mesoproterozoic	
  upper	
  Vindhyan	
  succession	
  and	
  in	
  the	
  iLH	
  Mandhali	
  

Formation,	
  as	
  well	
  as	
  in	
  the	
  oLH	
  Cryogenian	
  Blaini	
  Formation,	
  the	
  early	
  Cambrian	
  

Tal	
  Group	
  of	
  the	
  Himalaya,	
  and	
  in	
  the	
  early	
  Cambrian	
  Marwar	
  Supergroup	
  of	
  the	
  

craton.	
  Furthermore,	
  the	
  younger	
  strata	
  of	
  the	
  cratonic	
  successions,	
  iLH,	
  and	
  oLH	
  all	
  

share	
  similar	
  younger	
  late	
  Mesoproterozoic	
  to	
  Cambrian	
  zircon	
  populations	
  (e.g.,	
  

roughly	
  1000,	
  850,	
  770,	
  and	
  500	
  Ma).	
  The	
  similarity	
  of	
  these	
  age	
  peaks	
  strongly	
  

suggests	
  shared	
  sources	
  of	
  detritus	
  between	
  these	
  regions,	
  derived	
  from	
  a	
  

combination	
  of	
  continuous	
  erosion	
  of	
  regionally	
  prominent	
  igneous	
  bodies,	
  and	
  a	
  

long	
  shared	
  history	
  of	
  reworking	
  of	
  siliciclastic	
  sedimentary	
  material.	
  Hence,	
  even	
  if	
  

the	
  oLH	
  is	
  a	
  klippe	
  of	
  either	
  GH	
  or	
  TH	
  affinity	
  the	
  fact	
  that	
  the	
  Cryogenian	
  Jaunsar	
  

Group	
  and	
  Blaini	
  Formations	
  share	
  similar	
  age	
  distributions	
  with	
  both	
  the	
  iLH	
  and	
  

cratonic	
  successions	
  ~400	
  km	
  south	
  of	
  the	
  Himalayan	
  front,	
  as	
  well	
  as	
  εNd	
  values	
  

with	
  upper	
  iLH	
  strata,	
  supports	
  deposition	
  as	
  part	
  of	
  a	
  continuous	
  north	
  Indian	
  

margin	
  (Myrow	
  et	
  al.,	
  2003,	
  2010).	
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The	
  similarity	
  of	
  zircon	
  age	
  distributions	
  from	
  the	
  cratonic	
  successions	
  and	
  

across	
  the	
  length	
  of	
  the	
  Himalaya	
  demonstrates	
  the	
  striking	
  sediment-­‐source	
  

continuity	
  between	
  these	
  regions	
  (cf.	
  Myrow	
  et	
  al.	
  2010).	
  The	
  three	
  broad	
  age	
  

ranges	
  that	
  are	
  suggested	
  to	
  characterize	
  pre-­‐Ordovician	
  strata	
  in	
  eastern	
  India	
  

(late	
  Paleoproterozoic,	
  late	
  Mesoproterozoic	
  to	
  early	
  Neoproterozoic,	
  and	
  late	
  

Neoproterozoic	
  to	
  Cambrian	
  [Yin	
  et	
  al.,	
  2010a])	
  mirror	
  those	
  seen	
  in	
  rocks	
  from	
  the	
  

north	
  Indian	
  Himalaya	
  and	
  the	
  central	
  and	
  western	
  craton	
  (i.e.,	
  Vindhyan	
  and	
  

Aravalli	
  successions),	
  which	
  demonstrates	
  that	
  the	
  entire	
  north	
  Indian	
  margin	
  was	
  

subjected	
  to	
  a	
  long	
  history	
  of	
  similar	
  controls	
  on	
  sediment	
  transport	
  and	
  deposition.	
  	
  

Hence,	
  putatively	
  characteristic	
  detrital	
  zircon	
  age	
  distributions	
  of	
  the	
  various	
  

Himalayan	
  lithotectonic	
  units	
  are	
  all	
  present	
  in	
  the	
  cratonic	
  successions,	
  and	
  

variation	
  in	
  isotopic	
  signatures	
  can	
  be	
  related	
  directly	
  to	
  the	
  depositional	
  age	
  of	
  the	
  

strata.	
  While	
  notable	
  differences	
  in	
  isotopic	
  signatures	
  can	
  be	
  used	
  to	
  identify	
  

structural	
  boundaries,	
  as	
  major	
  faults	
  typically	
  juxtapose	
  rocks	
  of	
  substantially	
  

different	
  age	
  against	
  each	
  other,	
  these	
  signatures	
  cannot	
  define	
  any	
  structural	
  block	
  

over	
  long	
  distances.	
  The	
  greatest	
  utility	
  of	
  these	
  “signatures”	
  is	
  that	
  they	
  provide	
  a	
  

first	
  order	
  approximation	
  of	
  the	
  depositional	
  age	
  of	
  the	
  exposed	
  unit.	
  

The	
  similarity	
  between	
  the	
  Vindhyan	
  and	
  Himalayan	
  detrital	
  zircon	
  age	
  

distributions	
  suggests	
  that	
  these	
  two	
  sectors	
  received	
  detritus	
  from	
  similar	
  sources.	
  	
  

This	
  calls	
  into	
  question	
  current	
  models	
  that	
  argue	
  the	
  Vindhyan	
  supergroup	
  was	
  

deposited	
  in	
  an	
  isolated	
  intracratonic	
  basin	
  (Bose	
  et	
  al.,	
  2001;	
  Prasad	
  and	
  Asher,	
  

2001;	
  Chakraborty	
  2006;	
  Malone	
  et	
  al.,	
  2008;	
  Pradhan	
  et	
  al.	
  2010).	
  Alternatively,	
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Vindhyan	
  strata	
  may	
  represent	
  the	
  proximal	
  portion	
  of	
  the	
  northward	
  facing	
  

epicontinental	
  sea,	
  with	
  coeval	
  Himalayan	
  strata	
  representing	
  more	
  distal	
  

equivalents.	
  This	
  model	
  is	
  consistent	
  with	
  Vindhyan	
  paleocurrent	
  directions	
  

dominantly	
  oriented	
  to	
  the	
  northwest	
  (e.g.,	
  Bose	
  et	
  al.,	
  2001).	
  The	
  lack	
  of	
  <1.0	
  Ga	
  

strata	
  may	
  be	
  related	
  to	
  “closure”	
  of	
  the	
  basin	
  (Malone	
  et	
  al.,	
  2008),	
  or	
  perhaps	
  due	
  

to	
  the	
  docking	
  of	
  either	
  Antarctica	
  or	
  Australian	
  along	
  the	
  east	
  Indian	
  margin	
  during	
  

Rodinia	
  amalgamation	
  in	
  the	
  late	
  Mesoproterozoic	
  to	
  early	
  Neoproterozoic	
  (e.g.,	
  

Torsvik	
  et	
  al.,	
  2001;	
  Kelley	
  et	
  al.,	
  2002;	
  Pradhan	
  et	
  al.,	
  2010;	
  Yin	
  et	
  al,	
  2010b),	
  which	
  

may	
  have	
  caused	
  local	
  uplift	
  the	
  Vindhyan	
  region.	
  Such	
  uplift	
  may	
  have	
  prevented	
  

deposition	
  or	
  preservation	
  of	
  the	
  younger	
  strata	
  observed	
  in	
  the	
  adjacent	
  Aravalli,	
  

Himalayan,	
  and	
  eastern	
  Shillong	
  regions.	
  

	
  

Conclusions	
  

	
  

1)	
  The	
  Gangolihat	
  Dolomite	
  of	
  the	
  inner	
  Lesser	
  Himalaya	
  is	
  correlative	
  with	
  the	
  

Rohtas	
  Formation	
  the	
  Semri	
  Group,	
  and	
  has	
  an	
  approximate	
  depositional	
  age	
  of	
  1.6	
  

Ga.	
  This	
  constrains	
  the	
  depositional	
  age	
  of	
  the	
  Berinag-­‐Damtha-­‐Gangolihat	
  

succession	
  of	
  the	
  iLH	
  to	
  late	
  Paleoproterozoic	
  (bracketed	
  ages	
  between	
  1.8	
  and	
  1.6	
  

Ga).	
  	
  

	
  

2)	
  The	
  unconformity	
  between	
  the	
  upper	
  and	
  lower	
  Vindhyan	
  sequences	
  spans	
  a	
  

duration	
  of	
  approximately	
  500	
  million	
  years	
  (i.e.,	
  from	
  1.6	
  to	
  1.1	
  Ga).	
  This	
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unconformity	
  is	
  identifiable	
  within	
  the	
  iLH,	
  and	
  whereas	
  the	
  terms	
  “upper”	
  and	
  

“lower”	
  Lesser	
  Himalaya	
  signify	
  this	
  break,	
  these	
  terms	
  are	
  not	
  synonymous	
  with	
  

“inner”	
  and	
  “outer”	
  Lesser	
  Himalaya.	
  The	
  latter	
  terms	
  refer	
  to	
  fault-­‐bound	
  blocks,	
  

the	
  constituents	
  of	
  which	
  are	
  not	
  uniformly	
  represented	
  by	
  particular	
  depositional	
  

ages.	
  

	
  

3)	
  All	
  detrital	
  zircon	
  age	
  populations	
  previously	
  suggested	
  to	
  be	
  characteristic	
  of	
  

individual	
  Himalayan	
  lithotectonic	
  blocks	
  are	
  also	
  present	
  in	
  samples	
  from	
  Indian	
  

cratonic	
  successions.	
  Variations	
  in	
  age	
  distributions	
  are	
  directly	
  related	
  to	
  

depositional	
  age,	
  and	
  cannot	
  define	
  Himalayan	
  lithotectonic	
  zones.	
  	
  

	
  

4)	
  Strata	
  with	
  similar	
  depositional	
  ages	
  in	
  both	
  the	
  iLH	
  and	
  oLH	
  yielded	
  similar	
  εNd	
  

values,	
  which	
  refute	
  the	
  suggestion	
  that	
  these	
  zones	
  contain	
  diagnostically	
  distinct	
  

geochemical	
  signatures.	
  

	
  

5)	
  Detrital	
  zircon	
  age	
  distributions	
  from	
  cratonic	
  successions	
  are	
  remarkably	
  

similar	
  to	
  distributions	
  from	
  depositionally	
  coeval	
  rocks	
  of	
  the	
  Lesser	
  Himalaya,	
  

suggesting	
  that	
  both	
  regions	
  shared	
  similar	
  detrital	
  sources,	
  and	
  were	
  not	
  likely	
  

isolated.	
  If	
  so,	
  then	
  the	
  Vindhyan	
  basin	
  represents	
  the	
  proximal	
  part	
  of	
  a	
  northward	
  

deepening	
  epicontinental	
  platform,	
  with	
  the	
  current	
  Himalayan	
  margin	
  situated	
  

along	
  the	
  distally	
  deepening	
  continental	
  margin.	
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Figures	
  

	
  

Figure	
  1.1.	
  (a)	
  Simplified	
  geological	
  map	
  of	
  northern	
  India.	
  (b)	
  Simplified	
  map	
  of	
  the	
  

Tons	
  Valley-­‐Kumaon	
  region	
  of	
  the	
  Lesser	
  Himalaya	
  (modified	
  after	
  Valdiya,	
  [1980];	
  

Celerier	
  et	
  al.,	
  [2009a]).	
  Undiff	
  =	
  Undifferentiated.	
  

	
  

Figure	
  1.2.	
  Purported	
  isotopic	
  “signatures”	
  of	
  Himalayan	
  lithotectonic	
  zones.	
  a)	
  

Suggested	
  characteristic	
  detrital	
  zircon	
  (DZ)	
  age	
  distributions	
  of	
  the	
  Lesser,	
  Greater,	
  

and	
  Tethyan	
  Himalaya	
  (LH,	
  GH,	
  and	
  TH,	
  respectively).	
  b)	
  Comparison	
  of	
  εNd	
  values	
  

between	
  GH	
  and	
  undifferentiated	
  LH.	
  c)	
  εNd	
  values	
  from	
  north	
  India	
  with	
  LH	
  

differentiated	
  into	
  “inner”	
  and	
  outer	
  zones	
  (iLH	
  and	
  oLH,	
  respectively).	
  d)	
  εNd	
  for	
  

iLH,	
  oLH,	
  and	
  GH	
  illustrating	
  similarity	
  between	
  oLH	
  and	
  “GH-­‐type”	
  values.	
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Figure	
  1.3.	
  Phosphatic	
  Baicalia	
  stromatolites.	
  (a-­‐b)	
  Stromatolites	
  from	
  the	
  Tirohan	
  

Dolomite	
  (Rohtas	
  Formation)	
  of	
  the	
  Semri	
  Group,	
  Son	
  Valley	
  Vindhyan	
  succession	
  

and	
  (c-­‐f)	
  Stromatolites	
  from	
  the	
  Gangolihat	
  Dolomite,	
  Kumaon	
  section	
  of	
  the	
  “inner”	
  

Lesser	
  Himalaya.	
  a)	
  Outcrop	
  of	
  columnar	
  stromatolites	
  with	
  thick	
  black	
  phosphoric	
  

crusts.	
  US	
  penny	
  for	
  scale.	
  b)	
  Cut	
  and	
  polished	
  sample	
  of	
  phosphatic	
  stromatolite	
  

showing	
  black	
  phosphorite	
  crust	
  and	
  phosphatic	
  intraclasitc	
  grainstone	
  

surrounding	
  the	
  column.	
  c)	
  Outcrop	
  of	
  upper	
  stromatolitic	
  bioherm	
  with	
  thick	
  

phosphatic	
  crusts.	
  Beds	
  are	
  vertically	
  oriented	
  and	
  picture	
  was	
  taken	
  of	
  upper	
  cliff	
  

face	
  without	
  scale.	
  Stromatolites	
  are	
  comparable	
  in	
  size	
  to	
  [e].	
  d)	
  Polished	
  slab	
  of	
  

phosphorite	
  crusted	
  stromatolite.	
  e)	
  Outcrop	
  of	
  stromatolite	
  bioherm	
  

stratigraphically	
  below	
  [c].	
  This	
  section	
  lacks	
  the	
  thick	
  phosphatic	
  crust,	
  but	
  

contains	
  similar	
  phosphatic	
  intraclastic	
  grainstone	
  in	
  the	
  intercolumnar	
  space.	
  f)	
  

polished	
  slab	
  of	
  stromatolite	
  and	
  phosphatic	
  intraclastic	
  grainstone.	
  

	
  

Figure	
  1.4.	
  Comparison	
  of	
  new	
  and	
  published	
  detrital	
  zircon	
  age	
  distributions	
  of	
  

cratonic	
  and	
  Himalayan	
  strata.	
  Distributions	
  are	
  arranged	
  in	
  regional	
  and	
  

stratigraphic	
  order,	
  with	
  successions	
  of	
  similar	
  depositional	
  ages	
  placed	
  next	
  to	
  

each	
  other	
  for	
  direct	
  comparison.	
  	
  Distributions	
  of	
  Paleoproterozoic	
  and	
  

Mesoproterozoic	
  successions	
  of	
  the	
  Vindhyan	
  supergroup	
  are	
  between	
  the	
  “inner”	
  

Lesser	
  Himalaya	
  and	
  comparable	
  late	
  Mesoproterozoic	
  distributions	
  from	
  other	
  

cratonic	
  regions	
  (i.e.,	
  Rajasthan,	
  Aravalli,	
  and	
  Shillong	
  Plateau).	
  The	
  correlative	
  

regional	
  unconformity	
  that	
  differentiates	
  the	
  “upper”	
  and	
  “lower”	
  sequences	
  is	
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indicated	
  by	
  a	
  dashed	
  line.	
  Distributions	
  of	
  Neoproterozoic	
  to	
  Cambrian-­‐aged	
  

successions	
  of	
  the	
  Marwar	
  Supergroup	
  are	
  placed	
  next	
  to	
  “outer”	
  Lesser	
  Himalayan	
  

distributions.	
  It	
  is	
  important	
  to	
  note	
  the	
  continuous	
  introduction	
  and	
  presence	
  of	
  

younger	
  zircon	
  populations	
  while	
  moving	
  up	
  stratigraphically.	
  Shaded	
  reference	
  

bars:	
  yellow	
  =	
  0.9-­‐1.1	
  Ga	
  and	
  blue	
  =	
  1.6-­‐1.8	
  Ga.	
  

	
  

Table	
  1.1.	
  Stratigraphic	
  nomenclature	
  and	
  recent	
  geochronologic	
  constraints.	
  

	
  

Table	
  1.2.	
  Locality	
  information	
  for	
  samples	
  analyzed.	
  

	
  

Table	
  1.3.	
  Epsilon	
  neodymium	
  values.	
  

	
  

Table	
  1.4.	
  Chronostratigraphic	
  correlation	
  of	
  cratonic	
  and	
  Himalayan	
  successions.	
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  1.1	
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  1.2	
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Figure	
  1.3	
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Figure	
  1.4	
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Supporting	
  Material	
  
	
  
	
  
SM1.1.	
  Detrital	
  zircon	
  analytical	
  details.	
  
	
  
	
  
	
   All	
  detrital	
  zircon	
  analyses,	
  except	
  for	
  the	
  Naguar	
  Quarry	
  sample,	
  were	
  

conducted	
  at	
  the	
  University	
  Arizona	
  LaserChon	
  Center	
  (see	
  website	
  for	
  additional	
  

information	
  https://sites.google.com/a/laserchron.org/laserchron/).	
  Samples	
  were	
  

analyzed	
  on	
  multiple	
  visits,	
  the	
  analytical	
  details	
  of	
  which	
  are	
  specified	
  below.	
  All	
  

samples	
  were	
  subjected	
  to	
  the	
  same	
  mineral	
  separation	
  methods.	
  

Zircon	
  crystals	
  were	
  extracted	
  from	
  samples	
  by	
  traditional	
  methods	
  of	
  crushing	
  

and	
  grinding,	
  followed	
  by	
  separation	
  with	
  a	
  Wilfley	
  table,	
  heavy	
  liquids,	
  and	
  a	
  Frantz	
  

magnetic	
  separator.	
  	
  Samples	
  were	
  processed	
  such	
  that	
  all	
  zircons	
  were	
  retained	
  in	
  

the	
  final	
  heavy	
  mineral	
  fraction.	
  	
  A	
  large	
  split	
  of	
  these	
  grains	
  (generally	
  1000-­‐2000	
  

grains)	
  was	
  incorporated	
  into	
  a	
  1”	
  epoxy	
  mount	
  together	
  with	
  fragments	
  of	
  our	
  Sri	
  

Lanka	
  standard	
  zircon.	
  	
  The	
  mounts	
  were	
  sanded	
  down	
  to	
  a	
  depth	
  of	
  ~20	
  microns,	
  

polished,	
  imaged,	
  and	
  cleaned	
  prior	
  to	
  isotopic	
  analysis.	
  	
  

	
   U-­‐Pb	
  geochronology	
  of	
  zircons	
  analyzed	
  from	
  the	
  Berinag,	
  Dharagad,	
  Rautgara,	
  

and	
  Blaini	
  samples	
  was	
  conducted	
  by	
  laser	
  ablation	
  multicollector	
  inductively	
  

coupled	
  plasma	
  mass	
  spectrometry	
  (LA-­‐MC-­‐ICPMS)	
  at	
  the	
  Arizona	
  LaserChron	
  

Center.	
  The	
  analyses	
  involve	
  ablation	
  of	
  zircon	
  with	
  a	
  New	
  Wave/Lambda	
  Physik	
  

DUV193	
  Excimer	
  laser	
  (operating	
  at	
  a	
  wavelength	
  of	
  193	
  nm)	
  using	
  a	
  spot	
  diameter	
  

of	
  25-­‐35	
  microns	
  depending	
  on	
  coarseness	
  of	
  sample.	
  The	
  ablated	
  material	
  is	
  

carried	
  in	
  helium	
  into	
  the	
  plasma	
  source	
  of	
  a	
  GVI	
  Isoprobe,	
  which	
  is	
  equipped	
  with	
  a	
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flight	
  tube	
  of	
  sufficient	
  width	
  that	
  U,	
  Th,	
  and	
  Pb	
  isotopes	
  are	
  measured	
  

simultaneously.	
  All	
  measurements	
  are	
  made	
  in	
  static	
  mode,	
  using	
  10e11	
  ohm	
  

Faraday	
  detectors	
  for	
  238U,	
  232Th,	
  208Pb,	
  and	
  206Pb,	
  a	
  10e12	
  ohm	
  faraday	
  

collector	
  for	
  207Pb,	
  and	
  an	
  ion-­‐counting	
  channel	
  for	
  204Pb.	
  Ion	
  yields	
  are	
  ~1.0	
  mv	
  

per	
  ppm.	
  Each	
  analysis	
  consists	
  of	
  one	
  12-­‐second	
  integration	
  on	
  peaks	
  with	
  the	
  

laser	
  off	
  (for	
  backgrounds),	
  12	
  one-­‐second	
  integrations	
  with	
  the	
  laser	
  firing,	
  and	
  a	
  

30	
  second	
  delay	
  to	
  purge	
  the	
  previous	
  sample	
  and	
  prepare	
  for	
  the	
  next	
  analysis.	
  The	
  

ablation	
  pit	
  is	
  ~12	
  microns	
  in	
  depth.	
  

	
   For	
  each	
  analysis,	
  the	
  errors	
  in	
  determining	
  206Pb/	
  238U	
  and	
  206Pb/	
  204Pb	
  

result	
  in	
  a	
  measurement	
  error	
  of	
  ~1-­‐2%	
  (at	
  2-­‐sigma	
  level)	
  in	
  the	
  206Pb/	
  238U	
  age.	
  

The	
  errors	
  in	
  measurement	
  of	
  206Pb/	
  207Pb	
  and	
  206Pb/	
  204Pb	
  also	
  result	
  in	
  ~1-­‐

2%	
  (at	
  2-­‐sigma	
  level)	
  uncertainty	
  in	
  age	
  for	
  grains	
  that	
  are	
  >1.0	
  Ga,	
  but	
  are	
  

substantially	
  larger	
  for	
  younger	
  grains	
  due	
  to	
  low	
  intensity	
  of	
  the	
  207Pb	
  signal.	
  For	
  

most	
  analyses,	
  the	
  cross-­‐over	
  in	
  precision	
  of	
  206Pb/	
  238U	
  and	
  206Pb/	
  207Pb	
  ages	
  

occurs	
  at	
  0.8-­‐1.0	
  Ga.	
  

	
   Common	
  Pb	
  correction	
  is	
  accomplished	
  by	
  using	
  the	
  measured	
  204Pb	
  and	
  

assuming	
  an	
  initial	
  Pb	
  composition	
  from	
  Stacey	
  and	
  Kramers	
  (1975)	
  (with	
  

uncertainties	
  of	
  1.0	
  for	
  206Pb/	
  204Pb	
  and	
  0.3	
  for	
  207Pb/	
  204Pb).	
  Our	
  

measurement	
  of	
  204Pb	
  is	
  unaffected	
  by	
  the	
  presence	
  of	
  204Hg	
  because	
  

backgrounds	
  are	
  measured	
  on	
  peaks	
  (thereby	
  subtracting	
  any	
  background	
  204Hg	
  

and	
  204Pb),	
  and	
  because	
  very	
  little	
  Hg	
  is	
  present	
  in	
  the	
  argon	
  gas.	
  

Inter-­‐element	
  fractionation	
  of	
  Pb/U	
  is	
  generally	
  ~20%,	
  whereas	
  apparent	
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fractionation	
  of	
  Pb	
  isotopes	
  is	
  generally	
  ~2%.	
  In-­‐run	
  analysis	
  of	
  fragments	
  of	
  a	
  large	
  

zircon	
  crystal	
  (generally	
  every	
  fifth	
  measurement)	
  with	
  known	
  age	
  of	
  564	
  4	
  Ma	
  (2-­‐

sigma	
  error)	
  is	
  used	
  to	
  correct	
  for	
  this	
  fractionation.	
  The	
  uncertainty	
  resulting	
  from	
  

the	
  calibration	
  correction	
  is	
  generally	
  1-­‐2%	
  (2-­‐sigma)	
  for	
  both	
  206Pb/	
  207Pb	
  and	
  

206Pb/	
  238U	
  ages.	
  

	
   The	
  analytical	
  data	
  are	
  reported	
  in	
  Supplementary	
  Datatables.	
  Uncertainties	
  

shown	
  in	
  these	
  tables	
  are	
  at	
  the	
  1-­‐	
  sigma	
  level,	
  and	
  include	
  only	
  measurement	
  

errors.	
  Interpreted	
  ages	
  are	
  based	
  on	
  206Pb/	
  238U	
  for	
  <1000	
  Ma	
  grains	
  and	
  on	
  

206Pb/	
  207Pb	
  for	
  >1000	
  Ma	
  grains.	
  This	
  division	
  at	
  1000	
  Ma	
  results	
  from	
  the	
  

increasing	
  uncertainty	
  of	
  206Pb/	
  238U	
  ages	
  and	
  the	
  decreasing	
  uncertainty	
  of	
  

206Pb/	
  207Pb	
  ages	
  as	
  a	
  function	
  of	
  age.	
  Analyses	
  that	
  are	
  >30%	
  discordant	
  (by	
  

comparison	
  of	
  206Pb/	
  238U	
  and	
  206Pb/	
  207Pb	
  ages)	
  or	
  >5%	
  reverse	
  discordant	
  

are	
  not	
  considered	
  further.	
  

The	
  resulting	
  interpreted	
  ages	
  are	
  shown	
  on	
  relative	
  age-­‐probability	
  diagrams	
  

(from	
  Ludwig,	
  2003).	
  These	
  diagrams	
  show	
  each	
  age	
  and	
  its	
  uncertainty	
  (for	
  

measurement	
  error	
  only)	
  as	
  a	
  normal	
  distribution,	
  and	
  sum	
  all	
  ages	
  from	
  a	
  sample	
  

into	
  a	
  single	
  curve.	
  

U-­‐Pb	
  geochronology	
  of	
  zircons	
  from	
  the	
  Mandhali,	
  Jaunsar,	
  Semri,	
  Kaimur,	
  Rewa,	
  

Bhander,	
  and	
  Naguar	
  Dulmera	
  Quarry	
  samples	
  was	
  conducted	
  by	
  laser	
  ablation	
  

multicollector	
  inductively	
  coupled	
  plasma	
  mass	
  spectrometry	
  (LA-­‐MC-­‐ICPMS)	
  at	
  the	
  

Arizona	
  LaserChron	
  Center	
  (Gehrels	
  et	
  al.,	
  2006,	
  2008).	
  	
  The	
  analyses	
  involve	
  

ablation	
  of	
  zircon	
  with	
  a	
  New	
  Wave	
  UP193HE	
  Excimer	
  laser	
  (operating	
  at	
  a	
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wavelength	
  of	
  193	
  nm)	
  using	
  a	
  spot	
  diameter	
  of	
  25-­‐35	
  microns	
  depending	
  on	
  

coarseness	
  of	
  sample.	
  	
  The	
  ablated	
  material	
  is	
  carried	
  in	
  helium	
  into	
  the	
  plasma	
  

source	
  of	
  a	
  Nu	
  HR	
  ICPMS,	
  which	
  is	
  equipped	
  with	
  a	
  flight	
  tube	
  of	
  sufficient	
  width	
  

that	
  U,	
  Th,	
  and	
  Pb	
  isotopes	
  are	
  measured	
  simultaneously.	
  	
  All	
  measurements	
  are	
  

made	
  in	
  static	
  mode,	
  using	
  Faraday	
  detectors	
  with	
  3x1011	
  ohm	
  resistors	
  for	
  238U,	
  

232Th,	
  208Pb-­‐206Pb,	
  and	
  discrete	
  dynode	
  ion	
  counters	
  for	
  204Pb	
  and	
  202Hg.	
  	
  Ion	
  yields	
  

are	
  ~0.8	
  mv	
  per	
  ppm.	
  	
  Each	
  analysis	
  consists	
  of	
  one	
  15-­‐second	
  integration	
  on	
  peaks	
  

with	
  the	
  laser	
  off	
  (for	
  backgrounds),	
  15	
  one-­‐second	
  integrations	
  with	
  the	
  laser	
  

firing,	
  and	
  a	
  30	
  second	
  delay	
  to	
  purge	
  the	
  previous	
  sample	
  and	
  prepare	
  for	
  the	
  next	
  

analysis.	
  	
  The	
  ablation	
  pit	
  is	
  ~15	
  microns	
  in	
  depth.	
  	
  	
  

For	
  each	
  analysis,	
  the	
  errors	
  in	
  determining	
  206Pb/238U	
  and	
  206Pb/204Pb	
  result	
  in	
  

a	
  measurement	
  error	
  of	
  ~1-­‐2%	
  (at	
  2-­‐sigma	
  level)	
  in	
  the	
  206Pb/238U	
  age.	
  	
  The	
  errors	
  

in	
  measurement	
  of	
  206Pb/207Pb	
  and	
  206Pb/204Pb	
  also	
  result	
  in	
  ~1-­‐2%	
  (at	
  2-­‐sigma	
  

level)	
  uncertainty	
  in	
  age	
  for	
  grains	
  that	
  are	
  >1.0	
  Ga,	
  but	
  are	
  substantially	
  larger	
  for	
  

younger	
  grains	
  due	
  to	
  low	
  intensity	
  of	
  the	
  207Pb	
  signal.	
  	
  For	
  most	
  analyses,	
  the	
  cross-­‐

over	
  in	
  precision	
  of	
  206Pb/238U	
  and	
  206Pb/207Pb	
  ages	
  occurs	
  at	
  ~1.0	
  Ga.	
  	
  	
  

204Hg	
  interference	
  with	
  204Pb	
  is	
  accounted	
  for	
  measurement	
  of	
  202Hg	
  during	
  laser	
  

ablation	
  and	
  subtraction	
  of	
  204Hg	
  according	
  to	
  the	
  natural	
  202Hg/204Hg	
  of	
  4.35.	
  	
  This	
  

Hg	
  is	
  correction	
  is	
  not	
  significant	
  for	
  most	
  analyses	
  because	
  our	
  Hg	
  backgrounds	
  are	
  

low	
  (generally	
  ~150	
  cps	
  at	
  mass	
  204).	
  	
  

Common	
  Pb	
  correction	
  is	
  accomplished	
  by	
  using	
  the	
  Hg-­‐corrected	
  204Pb	
  and	
  

assuming	
  an	
  initial	
  Pb	
  composition	
  from	
  Stacey	
  and	
  Kramers	
  (1975).	
  	
  Uncertainties	
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of	
  1.5	
  for	
  206Pb/204Pb	
  and	
  0.3	
  for	
  207Pb/204Pb	
  are	
  applied	
  to	
  these	
  compositional	
  

values	
  based	
  on	
  the	
  variation	
  in	
  Pb	
  isotopic	
  composition	
  in	
  modern	
  crystal	
  rocks.	
  	
  

Inter-­‐element	
  fractionation	
  of	
  Pb/U	
  is	
  generally	
  ~5%,	
  whereas	
  apparent	
  

fractionation	
  of	
  Pb	
  isotopes	
  is	
  generally	
  <0.2%.	
  	
  In-­‐run	
  analysis	
  of	
  fragments	
  of	
  a	
  

large	
  zircon	
  crystal	
  (generally	
  every	
  fifth	
  measurement)	
  with	
  known	
  age	
  of	
  563.5	
  ±	
  

3.2	
  Ma	
  (2-­‐sigma	
  error)	
  is	
  used	
  to	
  correct	
  for	
  this	
  fractionation.	
  	
  The	
  uncertainty	
  

resulting	
  from	
  the	
  calibration	
  correction	
  is	
  generally	
  1-­‐2%	
  (2-­‐sigma)	
  for	
  both	
  

206Pb/207Pb	
  and	
  206Pb/238U	
  ages.	
  	
  	
  

Concentrations	
  of	
  U	
  and	
  Th	
  are	
  calibrated	
  relative	
  to	
  our	
  Sri	
  Lanka	
  zircon,	
  which	
  

contains	
  ~518	
  ppm	
  of	
  U	
  and	
  68	
  ppm	
  Th.	
  

The	
  analytical	
  data	
  are	
  reported	
  in	
  datables.	
  	
  Uncertainties	
  shown	
  in	
  these	
  tables	
  

are	
  at	
  the	
  1-­‐sigma	
  level,	
  and	
  include	
  only	
  measurement	
  errors.	
  	
  Analyses	
  that	
  are	
  

>20%	
  discordant	
  (by	
  comparison	
  of	
  206Pb/238U	
  and	
  206Pb/207Pb	
  ages)	
  or	
  >5%	
  

reverse	
  discordant	
  are	
  not	
  considered	
  further.	
  	
  	
  

The	
  resulting	
  interpreted	
  ages	
  are	
  shown	
  as	
  relative	
  age-­‐probability	
  diagrams	
  

using	
  the	
  routines	
  in	
  Isoplot	
  (Ludwig,	
  2008).	
  	
  The	
  age-­‐probability	
  diagrams	
  show	
  

each	
  age	
  and	
  its	
  uncertainty	
  (for	
  measurement	
  error	
  only)	
  as	
  a	
  normal	
  distribution,	
  

and	
  sum	
  all	
  ages	
  from	
  a	
  sample	
  into	
  a	
  single	
  curve.	
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CHAPTER	
  2	
  

	
  

New	
  detrital	
  zircon	
  age	
  constraints	
  on	
  the	
  Proterozoic	
  Aravalli-­Delhi	
  

successions	
  of	
  central	
  India	
  and	
  their	
  implications	
  

	
  

Abstract	
  

	
  

Proterozoic	
  sedimentary	
  successions	
  of	
  India	
  are	
  important	
  archives	
  of	
  the	
  tectonic	
  

and	
  sedimentary	
  evolution	
  of	
  the	
  Indian	
  subcontinent,	
  as	
  well	
  as	
  geochemical	
  

records	
  that	
  track	
  the	
  evolution	
  of	
  Earth	
  surface	
  system	
  processes.	
  However,	
  the	
  

lack	
  of	
  firm	
  age	
  constraints	
  on	
  many	
  of	
  these	
  stratigraphic	
  units	
  limits	
  their	
  current	
  

utility.	
  Here	
  we	
  present	
  detrital	
  zircon	
  age	
  data	
  from	
  the	
  Aravalli	
  and	
  Delhi	
  

supergroups	
  of	
  the	
  southern	
  Aravalli–Delhi	
  Orogenic	
  Belt	
  (ADOB)	
  that	
  provide	
  

significant	
  new	
  depositional	
  age	
  constraints	
  for	
  these	
  units.	
  A	
  sandstone	
  from	
  the	
  

Alwar	
  Group	
  of	
  the	
  southern	
  Delhi	
  Supergroup	
  yielded	
  a	
  large	
  population	
  of	
  ~1.2	
  Ga	
  

detrital	
  zircons	
  which	
  refutes	
  the	
  1.9–1.7	
  Ga	
  age	
  assertion	
  for	
  this	
  unit.	
  Detrital	
  

zircon	
  age	
  distributions	
  from	
  the	
  southern	
  Alwar	
  Group	
  differ	
  strongly	
  from	
  the	
  

Alwar	
  Group	
  of	
  the	
  “North	
  Delhi	
  Belt”,	
  demonstrating	
  miscorrelation	
  between	
  these	
  

two	
  regions.	
  Sandstone	
  from	
  the	
  Jhamarkotra	
  Formation	
  of	
  the	
  Lower	
  Aravalli	
  

Group	
  contains	
  a	
  large	
  population	
  of	
  1.9–1.7	
  Ga	
  detrital	
  zircons.	
  Therefore,	
  the	
  unit	
  

cannot	
  be	
  2.2–2.0	
  Ga	
  as	
  traditionally	
  assumed.	
  Age	
  distributions	
  of	
  the	
  Aravalli	
  and	
  

Delhi	
  supergroups	
  are	
  similar	
  to	
  those	
  of	
  the	
  lower	
  and	
  upper	
  Vindhyan	
  successions	
  



	
   65	
  

and	
  we	
  postulate	
  contiguous	
  sediment	
  sources	
  for	
  both	
  regions,	
  with	
  strata	
  of	
  the	
  

tectonically	
  deformed	
  ADOB	
  representing	
  the	
  continental	
  margin	
  equivalents	
  of	
  the	
  

epicratonic	
  Vindhyan	
  successions.	
  Additionally,	
  a	
  late	
  Paleoproterozoic	
  age	
  for	
  the	
  

Jhamarkotra	
  Formation	
  refutes	
  the	
  hypothesis	
  that	
  the	
  markedly	
  positive	
  carbonate	
  

δ13C	
  values	
  in	
  this	
  unit	
  are	
  linked	
  to	
  the	
  2.2–2.0	
  Ga	
  Lomugundi	
  positive	
  isotope	
  

excursion.	
  The	
  potential	
  for	
  a	
  significant	
  ca.	
  1.7	
  Ga	
  positive	
  δ13C	
  excursion	
  contrasts	
  

with	
  the	
  view	
  of	
  a	
  prolonged	
  period	
  of	
  carbonate	
  carbon	
  isotope	
  stasis	
  during	
  the	
  

so-­‐called	
  ‘boring	
  billion’.	
  	
  

	
  

Introduction	
  

	
  

	
   The	
  thick	
  Proterozoic	
  sedimentary	
  successions	
  that	
  cover	
  the	
  Indian	
  shield	
  are	
  

considered	
  to	
  have	
  been	
  deposited	
  in	
  discrete,	
  isolated	
  basins,	
  which	
  are	
  often	
  

referred	
  to	
  as	
  the	
  “Purana	
  (meaning	
  ancient)	
  Basins”	
  	
  (e.g.,	
  Holland	
  1909;	
  Valdiya,	
  

1995).	
  Modern	
  physiographic	
  features	
  or	
  differences	
  in	
  tectonic	
  deformation	
  

typically	
  define	
  the	
  boundaries	
  of	
  the	
  “Purana	
  Basins”	
  with	
  basin	
  isolation	
  inferred	
  

from	
  their	
  modern	
  relationships.	
  Interbasinal	
  correlation	
  has	
  largely	
  been	
  hindered	
  

by	
  a	
  lack	
  of	
  depositional	
  ages	
  constraints	
  on	
  the	
  strata	
  within	
  them.	
  The	
  

development	
  of	
  a	
  firm	
  chronostratigraphic	
  framework	
  for	
  these	
  various	
  successions	
  

is	
  necessary	
  to	
  further	
  our	
  understanding	
  of	
  the	
  tectonic–sedimentary	
  evolution	
  of	
  

the	
  Indian	
  subcontinent.	
  Additionally,	
  they	
  also	
  preserve	
  critical	
  information	
  about	
  

Proterozoic	
  evolution	
  of	
  the	
  biosphere	
  (e.g.,	
  Bengtson	
  et	
  al.,	
  2009;	
  Papineau	
  2009,	
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2010).	
  The	
  Aravalli	
  Supergroup,	
  in	
  particular,	
  contains	
  carbonate	
  rocks	
  with	
  

markedly	
  positive	
  carbonate	
  δ13C	
  values,	
  which	
  have	
  been	
  linked	
  to	
  the	
  mid-­‐

Paleoproterozoic	
  Lomagundi	
  carbonate	
  carbon	
  isotope	
  excursion	
  (Sreenivas	
  et	
  al.,	
  

2001;	
  Maheshwari	
  et	
  al.,	
  2002,	
  2010;	
  Purohit	
  et	
  al.,	
  2010).	
  Geochemical	
  data	
  derived	
  

from	
  these	
  successions	
  have	
  been	
  used	
  for	
  inferences	
  on	
  biogeochemical	
  cycling	
  

following	
  the	
  Great	
  Oxidation	
  Event	
  (GOE)	
  (Papineau	
  et	
  al.,	
  2009,	
  2010).	
  	
  

	
   In	
  this	
  study	
  we	
  present	
  new	
  U-­‐Pb	
  detrital	
  zircon	
  age	
  data	
  from	
  major	
  

stratigraphic	
  units	
  of	
  the	
  southern	
  Aravalli–Delhi	
  supergroups	
  and	
  the	
  Rajasthan	
  

Vindhyan	
  successions.	
  The	
  evaluation	
  of	
  detrital	
  zircon	
  age	
  populations	
  provides	
  a	
  

maximum	
  depositional	
  age	
  (the	
  rock	
  cannot	
  be	
  older	
  than	
  the	
  youngest	
  zircon)	
  and	
  

allows	
  assessment	
  of	
  shared	
  provenance	
  between	
  depositional	
  systems.	
  

Furthermore,	
  new	
  age	
  constraints	
  presented	
  here	
  provide	
  a	
  novel	
  view	
  of	
  the	
  

significance	
  of	
  carbonate	
  carbon	
  isotope	
  trends	
  from	
  Aravalli	
  strata.	
  

	
  

Regional	
  geology	
  and	
  background	
  

	
  

	
   The	
  ADOB	
  of	
  western	
  India	
  records	
  major	
  tectonic	
  events	
  during	
  the	
  late	
  

Paleoproterozoic	
  (1.9–1.6	
  Ga)	
  and	
  late	
  Mesoproterozoic–early	
  Neoproterozoic	
  (1.0-­‐

0.8	
  Ga)	
  (Deb	
  et	
  al.,	
  1989,	
  2001;	
  Buick	
  et	
  al.,	
  2006;	
  Bhowmik	
  et	
  al.,	
  2010).	
  The	
  ADOB	
  

is	
  divided	
  into	
  southern	
  and	
  northern	
  “belts”	
  with	
  strata	
  of	
  both	
  the	
  Aravalli	
  and	
  

Delhi	
  supergroups	
  recognized	
  in	
  the	
  southern	
  belt,	
  whereas	
  all	
  strata	
  of	
  the	
  

northern	
  belt	
  are	
  classified	
  as	
  Delhi	
  Supergroup,	
  thus	
  it	
  is	
  commonly	
  termed	
  the	
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“North	
  Delhi	
  Belt”.	
  The	
  Aravalli	
  Supergroup	
  overlies	
  the	
  ~2.5	
  Ga	
  Banded	
  Gneiss	
  

Complex-­‐I	
  (BGC-­‐I)	
  (Deb	
  et	
  al.,	
  1989;	
  Wiedenbeck	
  et	
  al.,	
  1996;	
  Buick	
  et	
  al.	
  2006;	
  

Pradhan	
  et	
  al.,	
  2010).	
  The	
  Aravalli	
  Supergroup	
  is	
  divided	
  into	
  lower,	
  middle	
  and	
  

upper	
  groups.	
  The	
  Lower	
  Aravalli	
  Group	
  consists	
  of	
  the	
  basal	
  Delwara	
  Formation	
  

consisting	
  mostly	
  of	
  siliciclastics	
  with	
  interspersed	
  volcanics,	
  and	
  the	
  overlying	
  

Jhamarkotra	
  Formation,	
  which	
  is	
  carbonate-­‐dominated	
  with	
  localized	
  phosphorite	
  

(Banerjee	
  1971,	
  Banerjee	
  et	
  al.,	
  1986).	
  The	
  Lower	
  Aravalli	
  Group	
  is	
  weakly	
  

constrained	
  between	
  2.2–1.8	
  Ga	
  based	
  on	
  a	
  combination	
  of	
  Pb-­‐Pb	
  model	
  ages	
  for	
  

galena	
  (Deb	
  and	
  Thorpe,	
  2004)	
  and	
  the	
  suggested	
  presence	
  of	
  the	
  2.2–2.0	
  Ga	
  

Lomagundi	
  isotope	
  excursion	
  in	
  the	
  Jhamarkotra	
  Formation	
  (Sreenivas	
  et	
  al.,	
  2001;	
  

Maheshwari	
  et	
  al.,	
  2002,	
  2010;	
  Purohit	
  et	
  al.,	
  2010).	
  The	
  Delhi	
  Supergroup	
  is	
  divided	
  

into	
  the	
  lower	
  Alwar	
  and	
  upper	
  Ajabgarh	
  groups	
  with	
  depositional	
  ages	
  

traditionally	
  assumed	
  to	
  range	
  between	
  ~1.7–1.5	
  Ga	
  (Choudhary	
  et	
  al.,	
  1984).	
  

However,	
  recent	
  age	
  data	
  for	
  the	
  Delhi	
  Supergroup	
  are	
  conflicting,	
  as	
  the	
  “North	
  

Delhi	
  Belt”	
  is	
  constrained	
  to	
  ~1.8–1.7	
  Ga	
  (Biju-­‐Sekhar	
  et	
  al.,	
  2003;	
  Kaur	
  et	
  al.,	
  2011)	
  

and	
  the	
  southern	
  belt	
  is	
  as	
  young	
  as	
  ~1.0	
  Ga	
  (Deb	
  et	
  al.,	
  2001).	
  	
  

	
   The	
  Great	
  Boundary	
  Fault	
  marks	
  the	
  eastern	
  limits	
  of	
  the	
  ADOB	
  and	
  is	
  the	
  

structural	
  boundary	
  with	
  the	
  Vindhyan	
  basin.	
  The	
  Vindhyan	
  basin	
  is	
  regionally	
  

divided	
  into	
  the	
  western	
  Rajasthan	
  and	
  eastern	
  Son	
  Valley	
  sections	
  (Fig.	
  2.1).	
  

Vindhyan	
  strata	
  are	
  divided	
  into	
  lower	
  and	
  upper	
  successions	
  by	
  a	
  prominent	
  

unconformity,	
  with	
  the	
  lower	
  Vindhyan	
  succession	
  consisting	
  of	
  the	
  Semri	
  Group	
  

and	
  the	
  upper	
  Vindhyan	
  succession	
  consisting	
  of	
  the	
  Kaimur,	
  Rewa,	
  and	
  Bhander	
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groups,	
  in	
  ascending	
  order.	
  The	
  upper	
  part	
  of	
  the	
  Semri	
  Group	
  is	
  well	
  dated	
  at	
  ~1.6	
  

Ga	
  (Ray	
  et	
  al.,	
  2006;	
  Bengtson	
  et	
  al.,	
  2009),	
  and	
  strata	
  of	
  the	
  upper	
  Vindhyan	
  

succession	
  are	
  constrained	
  between	
  ~1.2–1.0	
  Ga	
  (McKenzie	
  et	
  al.,	
  2011).	
  

	
  

New	
  age	
  constraints,	
  controversies,	
  and	
  correlation	
  for	
  strata	
  of	
  the	
  ADOB	
  

	
  

	
   U-­‐Pb	
  dating	
  of	
  detrital	
  zircons	
  has	
  proven	
  useful	
  for	
  establishing	
  age	
  constraints	
  

on	
  siliciclastic	
  strata	
  and	
  resolving	
  correlation	
  issues	
  across	
  the	
  Indian	
  craton	
  (e.g.,	
  

Malone	
  et	
  al.,	
  2008;	
  McKenzie	
  et	
  al.,	
  2011).	
  In	
  this	
  study,	
  new	
  detrital	
  zircon	
  U-­‐Pb	
  

age	
  data	
  were	
  generated	
  from	
  siliciclastic	
  rocks	
  of	
  the	
  Aravalli	
  and	
  Delhi	
  

supergroups	
  of	
  the	
  southern	
  ADOB	
  and	
  Vindhyan	
  successions	
  of	
  Rajasthan	
  by	
  

means	
  of	
  LA-­‐ICP-­‐MS	
  at	
  the	
  University	
  of	
  Arizona	
  LaserChron	
  Center	
  (data	
  tables	
  

available	
  as	
  online	
  supplements).	
  Sandstone	
  samples	
  analyzed	
  from	
  the	
  Aravalli	
  

Supergroup	
  include	
  the	
  basal	
  Delwara	
  Formation	
  (RA10),	
  the	
  “Jhamarkotra	
  

Sandstone”	
  (RA5),	
  and	
  the	
  Middle	
  Aravalli	
  Group	
  (RA11).	
  A	
  Delhi	
  Supergroup	
  

sample	
  was	
  analyzed	
  from	
  the	
  Alwar	
  Group	
  (RD4).	
  Vindhyan	
  samples	
  collected	
  near	
  

Chittorgarh	
  include	
  the	
  Semri	
  (RSV1)	
  and	
  Kaimur	
  groups	
  (RVK1).	
  Unfortunately,	
  

samples	
  collected	
  from	
  the	
  Upper	
  Aravalli	
  Group	
  and	
  the	
  Ajabgarh	
  Group	
  of	
  the	
  

upper	
  Delhi	
  Supergroup	
  did	
  not	
  yield	
  zircon.	
  	
  

	
   The	
  basal	
  Delwara	
  Formation	
  sample	
  contains	
  a	
  range	
  of	
  Archean	
  zircons	
  with	
  

only	
  a	
  single	
  zircon	
  younger	
  than	
  ~2.5	
  Ga,	
  which	
  yielded	
  a	
  206Pb/207Pb	
  age	
  of	
  1709.3	
  

±	
  7.5	
  Ma	
  that	
  is	
  similar	
  to	
  ages	
  from	
  other	
  Aravalli	
  Group	
  samples	
  (discussed	
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below).	
  The	
  Delwara	
  sample	
  was	
  collected	
  <10	
  meters	
  above	
  the	
  depositional	
  

contact	
  with	
  the	
  BGC-­‐I	
  basement	
  and	
  the	
  near	
  absence	
  of	
  ~1.7	
  Ga	
  grains	
  might	
  

result	
  from	
  dilution	
  of	
  locally	
  derived	
  detritus.	
  The	
  possibility	
  that	
  this	
  singe	
  grain	
  

resulted	
  from	
  contamination	
  during	
  sample	
  processing	
  must	
  also	
  be	
  considered.	
  

Therefore,	
  the	
  single	
  ~1.7	
  Ga	
  grain	
  is	
  problematic	
  and	
  only	
  provides	
  a	
  speculative	
  

age	
  constraint	
  for	
  the	
  Delwara	
  Formation.	
  	
  

	
   The	
  Jhamarkotra	
  Sandstone	
  sample	
  contains	
  a	
  large	
  population	
  of	
  1.9–1.7	
  Ga	
  

detrital	
  zircons,	
  yielding	
  a	
  ~1772	
  Ma	
  age	
  peak,	
  and	
  the	
  Middle	
  Aravalli	
  Group	
  

sample	
  contains	
  a	
  broad	
  population	
  of	
  1.8–1.6	
  Ga	
  detrital	
  zircons	
  with	
  abundant	
  

~2.5	
  Ga	
  grains	
  (Fig.	
  2.2).	
  These	
  population	
  ages	
  nullify	
  assertions	
  of	
  2.2–2.0	
  Ga	
  

depositional	
  ages	
  for	
  the	
  Aravalli	
  Supergroup,	
  or	
  at	
  least	
  the	
  Jhamarkotra	
  Formation	
  

and	
  all	
  overlying	
  strata.	
  The	
  Aravalli	
  region	
  experienced	
  significant	
  magmatic	
  

activity	
  between	
  1.9–1.7	
  Ga	
  (Deb	
  et	
  al.,	
  2002;	
  Biju-­‐Sekhar	
  et	
  al.,	
  2003;	
  Buick	
  et	
  al.,	
  

2006;	
  Kaur	
  et	
  al.,	
  2007,	
  2009)	
  with	
  Andean-­‐type	
  subduction	
  postulated	
  (Kaur	
  et	
  al.,	
  

2009),	
  and	
  the	
  abundance	
  of	
  1.9–1.7	
  Ga	
  zircons	
  in	
  the	
  Jhamarkotra	
  Formation	
  may	
  

result	
  from	
  deposition	
  along	
  the	
  tectonically	
  active	
  margin	
  (c.f.,	
  Cawood	
  et	
  al.,	
  

2012).	
  As	
  the	
  Jhamarkotra	
  sample	
  lacks	
  younger	
  ~1.6	
  Ga	
  zircons	
  present	
  in	
  younger	
  

strata	
  of	
  the	
  ADOB	
  and	
  other	
  Indian	
  cratonic	
  successions	
  (Fig.	
  2.2),	
  the	
  Jhamarkotra	
  

Formation	
  is	
  interpreted	
  to	
  have	
  a	
  depositional	
  age	
  close	
  to	
  the	
  youngest	
  ~1.7	
  Ga	
  

zircons.	
  Furthermore,	
  the	
  prevalence	
  of	
  ~2.5	
  Ga	
  zircons	
  in	
  the	
  Middle	
  Aravalli	
  

Group	
  adds	
  support	
  to	
  the	
  possibility	
  of	
  dilution	
  from	
  BGC-­‐I	
  in	
  the	
  Delwara	
  

Formation.	
  It	
  is	
  noteworthy	
  that	
  detrital	
  zircons	
  between	
  2.5–1.8	
  Ga	
  are	
  uncommon	
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in	
  all	
  cratonic	
  sedimentary	
  successions	
  (Fig.	
  2.2).	
  Therefore,	
  rocks	
  deposited	
  

between	
  2.5–1.8	
  Ga	
  will	
  be	
  difficult	
  to	
  constrain	
  with	
  detrital	
  zircon	
  age	
  dating.	
  

	
   The	
  Jhamarkotra	
  sample	
  was	
  collected	
  stratigraphically	
  below	
  the	
  phosphatic	
  

carbonate	
  in	
  the	
  Jhamarkotra	
  mine,	
  which	
  cannot	
  be	
  older	
  than	
  ~1.7	
  Ga.	
  This	
  brings	
  

into	
  question	
  claims	
  that	
  δ13C	
  enrichments	
  in	
  the	
  Jhamarkotra	
  Formation	
  (δ13C	
  up	
  to	
  

+11‰)	
  are	
  related	
  to	
  the	
  Lomagundi	
  event	
  (Sreenivas	
  et	
  al.,	
  2001;	
  Maheshwari	
  et	
  

al.,	
  2002,	
  2010;	
  Purohit	
  et	
  al.,	
  2010),	
  which	
  took	
  place	
  between	
  2.22	
  and	
  2.06	
  Ga	
  

(Melezik	
  et	
  al.,	
  2007).	
  The	
  positive	
  values	
  in	
  the	
  Jhamarkotra	
  Formation	
  are	
  likely	
  to	
  

record	
  a	
  primary	
  marine	
  signal	
  given	
  that	
  they	
  are	
  reportedly	
  found	
  in	
  a	
  pure,	
  

organic-­‐lean	
  carbonate	
  succession	
  (rather	
  than	
  a	
  carbonate-­‐cemented	
  siliciclastic	
  

unit)	
  throughout	
  relatively	
  thick	
  stratigraphic	
  intervals	
  (>55	
  m,	
  δ13C	
  >	
  

+7‰)(Maheshwari	
  et	
  al.,	
  2002,	
  2010).	
  Typical	
  methanic-­‐zone	
  δ13C	
  enrichment	
  in	
  

carbonates	
  constitutes	
  a	
  relatively	
  minor	
  aspect	
  of	
  sedimentary	
  successions	
  (Irwin	
  

et	
  al.,	
  1977).	
  Although	
  the	
  Jhamarkotra	
  Formation	
  has	
  been	
  metamorphosed	
  to	
  

greenschist	
  facies	
  (Papineau	
  et	
  al.,	
  2009),	
  it	
  is	
  difficult	
  to	
  imagine	
  a	
  metamorphic	
  

origin	
  of	
  the	
  anomalously	
  high	
  positive	
  carbonate	
  δ13C	
  values.	
  Therefore,	
  based	
  on	
  

standing	
  correlation	
  of	
  the	
  Jhamarkotra	
  Formation	
  within	
  the	
  ADOB	
  and	
  our	
  new	
  

age	
  constraints,	
  it	
  is	
  possible	
  that	
  the	
  Jhamarkotra	
  Formation	
  hosts	
  a	
  previously	
  

unidentified	
  late	
  Paleoproterozoic	
  positive	
  δ13C	
  excursion	
  (Fig	
  2.3).	
  	
  

	
   The	
  prevailing	
  view	
  is	
  that	
  the	
  mid-­‐Precambrian	
  (1.8	
  to	
  0.8	
  Ga)	
  was	
  

characterized	
  by	
  carbonate	
  isotope	
  stasis,	
  which	
  has	
  given	
  rise	
  to	
  the	
  moniker	
  the	
  

‘boring	
  billon’.	
  The	
  potential	
  implications	
  of	
  a	
  billion	
  years	
  of	
  carbon	
  isotope	
  stasis	
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have	
  been	
  far	
  reaching.	
  For	
  example,	
  this	
  framework	
  has	
  shaped	
  models	
  of	
  

eukaryotic	
  diversification	
  (e.g.	
  Anbar	
  and	
  Knoll,	
  2002),	
  as	
  well	
  as	
  played	
  a	
  central	
  

role	
  in	
  models	
  of	
  environmental	
  change	
  and	
  carbon	
  isotope	
  chemistry	
  bracketing	
  

the	
  Proterozoic	
  (e.g.,	
  Swanson	
  Hysell	
  et	
  al.,	
  2010;	
  Bekker	
  and	
  Holland,	
  2012).	
  If	
  both	
  

the	
  age	
  and	
  primary	
  nature	
  of	
  this	
  isotope	
  excursion	
  are	
  corroborated,	
  and	
  it	
  does	
  

reflect	
  global-­‐scale	
  marine	
  processes,	
  the	
  presence	
  of	
  a	
  significant	
  late	
  

Paleoproterozoic	
  positive	
  carbon	
  isotope	
  excursion	
  would	
  affect	
  views	
  of	
  the	
  

evolution	
  of	
  the	
  carbon	
  cycle	
  during	
  the	
  Precambrian.	
  Additionally,	
  the	
  ~1.7	
  Ga	
  

maximum	
  depositional	
  age	
  for	
  the	
  Jhamarkotra	
  Formation	
  both	
  nullifies	
  the	
  

relevance	
  of	
  the	
  unit	
  to	
  the	
  suggested	
  ~2.0	
  Ga	
  global	
  phosphogenic	
  event	
  and	
  

diminishes	
  the	
  significance	
  of	
  data	
  derived	
  from	
  the	
  unit	
  to	
  the	
  2.4–2.3	
  Ga	
  Great	
  

Oxidation	
  Event	
  (GOE)	
  (Papineau	
  et	
  al.,	
  2009,	
  2010).	
  

	
   A	
  sample	
  from	
  the	
  so-­‐called	
  Alwar	
  Group	
  of	
  the	
  southern	
  Delhi	
  Supergroup	
  

possesses	
  a	
  large	
  population	
  of	
  ~1.2	
  Ga	
  detrital	
  zircons.	
  Therefore,	
  the	
  southern	
  

Delhi	
  Supergroup	
  cannot	
  be	
  1.9–1.7	
  Ga	
  as	
  previously	
  asserted.	
  This	
  ~1.2	
  Ga	
  

depositional	
  age	
  together	
  with	
  reports	
  of	
  987	
  ±	
  6.4	
  and	
  986	
  ±	
  2.4	
  Ma	
  rhyolites	
  

associated	
  with	
  the	
  uppermost	
  part	
  of	
  the	
  Delhi	
  Supergroup	
  (Deb	
  et	
  al.,	
  2001)	
  

brackets	
  the	
  depositional	
  ages	
  of	
  the	
  Delhi	
  Supergroup	
  between	
  1.2–1.0	
  Ga.	
  The	
  age	
  

distribution	
  from	
  the	
  southern	
  sample	
  differs	
  from	
  published	
  age	
  data	
  from	
  the	
  

Alwar	
  Group	
  of	
  the	
  North	
  Delhi	
  Belt	
  (Kaur	
  et	
  al.,	
  2011)	
  as	
  the	
  northern	
  sample	
  

contains	
  a	
  large	
  population	
  of	
  ~1.7	
  Ga	
  zircons	
  with	
  nothing	
  younger	
  (Fig.	
  2.4).	
  A	
  

potential	
  age	
  discrepancy	
  between	
  the	
  northern	
  and	
  southern	
  Delhi	
  groups	
  has	
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been	
  previously	
  recognized	
  (Biju-­‐Sekhar	
  et	
  al.,	
  2003),	
  although	
  this	
  discrepancy	
  was	
  

attributed	
  to	
  differences	
  in	
  tectonic	
  history	
  of	
  each	
  “basin”.	
  Based	
  on	
  data	
  presented	
  

here,	
  we	
  suggest	
  that	
  the	
  discrepancy	
  results	
  from	
  a	
  longstanding	
  miscorrelation	
  of	
  

strata	
  between	
  the	
  two	
  regions.	
  The	
  northern	
  Alwar	
  Group	
  age	
  distribution	
  is	
  

similar	
  to	
  the	
  Jhamarkotra	
  Sandstone.	
  Therefore,	
  strata	
  of	
  the	
  so-­‐called	
  “North	
  Delhi	
  

Belt”	
  likely	
  represent	
  the	
  northern	
  equivalents	
  of	
  the	
  Aravalli	
  Supergroup.	
  	
  

	
   Forty-­‐eight	
  of	
  the	
  fifty	
  zircons	
  analyzed	
  from	
  the	
  Semri	
  Group	
  sample	
  yielded	
  

206Pb/207Pb	
  ages	
  between	
  2514.5	
  ±	
  3.6	
  and	
  2588.2	
  ±	
  40.9	
  Ma	
  and	
  the	
  two	
  other	
  

grains	
  yielded	
  ages	
  of	
  1877.4	
  ±	
  7.2	
  and	
  1885	
  ±	
  17.2	
  Ma.	
  This	
  sample	
  was	
  acquired	
  

from	
  coarse-­‐grained	
  feldspathic	
  sandstone	
  and	
  the	
  abundance	
  of	
  ~2.5	
  Ga	
  zircons	
  

likely	
  results	
  from	
  derivation	
  of	
  detritus	
  almost	
  exclusively	
  from	
  a	
  proximal	
  ~2.5	
  

felsic	
  igneous	
  source.	
  The	
  two	
  ~1.8	
  Ga	
  grains	
  are	
  close	
  in	
  age	
  to	
  the	
  1854	
  ±	
  7	
  Ma	
  

volcanic	
  Hindoli	
  rocks	
  located	
  ~150	
  km	
  northeast	
  of	
  the	
  Semri	
  Group	
  locality	
  (Deb	
  

et	
  al.,	
  2002).	
  The	
  Semri	
  Group	
  age	
  distribution	
  from	
  Rajasthan	
  is	
  substantially	
  

different	
  from	
  a	
  Semri	
  Group	
  age	
  distribution	
  from	
  the	
  Son	
  Valley	
  (Fig.	
  2.2)	
  and	
  

correlation	
  between	
  these	
  regions	
  is	
  not	
  possible	
  based	
  on	
  data	
  presented	
  here.	
  

Kaimur	
  Group	
  sandstone	
  contains	
  large	
  populations	
  of	
  ~1.2	
  Ga	
  and	
  ~1.6	
  Ga	
  zircons.	
  

This	
  is	
  similar	
  to	
  a	
  published	
  age	
  distribution	
  from	
  the	
  Son	
  Valley	
  Kaimur	
  Group,	
  as	
  

are	
  age	
  distributions	
  from	
  both	
  the	
  Rajasthan	
  and	
  Son	
  Valley	
  Bhander	
  groups	
  

(McKenzie	
  et	
  al.,	
  2011).	
  Together,	
  these	
  similarities	
  support	
  correlation	
  of	
  upper	
  

Vindhyan	
  successions	
  between	
  Rajasthan	
  and	
  Son	
  Valley	
  sections.	
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   While	
  the	
  concentration	
  of	
  grains	
  within	
  each	
  distribution	
  is	
  variable,	
  the	
  

Kaimur	
  Group	
  distributions	
  are	
  similar	
  to	
  the	
  age	
  distribution	
  of	
  the	
  southern	
  Delhi	
  

Group.	
  McKenzie	
  et	
  al.	
  (2011)	
  suggested	
  correlation	
  between	
  the	
  Aravalli	
  

Supergroup	
  and	
  coeval	
  ~1.6	
  Ga	
  Himalayan	
  and	
  Vindhyan	
  successions	
  based	
  

partially	
  on	
  the	
  presence	
  of	
  phosphatic	
  stromatolites	
  in	
  all	
  regions.	
  However,	
  

differences	
  observed	
  in	
  the	
  Jhamarkotra	
  phosphorites	
  from	
  the	
  Himalayan–

Vindhyan	
  deposits	
  weaken	
  direct	
  correlation	
  between	
  the	
  phosphatic	
  horizons	
  (see	
  

Supporting	
  Material	
  SM2.1	
  for	
  discussion).	
  Nonetheless,	
  strata	
  of	
  the	
  ADOB	
  have	
  

similar	
  age-­‐relationships	
  to	
  lower	
  and	
  upper	
  Vindhyan	
  successions	
  and	
  we	
  suggest	
  

that	
  the	
  Aravalli–Delhi	
  supergroups	
  represent	
  the	
  tectonically	
  deformed	
  equivalents	
  

of	
  the	
  Vindhyan	
  successions	
  with	
  the	
  Aravalli–Delhi	
  supergroups	
  separated	
  by	
  the	
  

same	
  ~500	
  million	
  year	
  unconformity	
  present	
  in	
  Vindhyan	
  successions	
  (Fig.	
  2.2).	
  

The	
  similarity	
  of	
  detrital	
  zircon	
  age	
  distributions	
  in	
  the	
  Vindhyan	
  successions	
  and	
  

strata	
  of	
  the	
  ADOB	
  likely	
  result	
  from	
  shared	
  sediment	
  sources,	
  and	
  thus	
  these	
  strata	
  

were	
  likely	
  deposited	
  as	
  part	
  of	
  contiguous	
  margin	
  with	
  Vindhyan	
  strata	
  deposited	
  

in	
  epicontinental	
  settings	
  and	
  the	
  Aravalli	
  deposited	
  along	
  the	
  continental	
  margin,	
  

rather	
  than	
  in	
  discrete	
  isolated	
  basins.	
  

	
  

Conclusions	
  

	
  

1)	
  The	
  Aravalli	
  Supergroup	
  is	
  constrained	
  to	
  be	
  late	
  Paleoproterozoic	
  in	
  age.	
  The	
  

Jhamarkotra	
  Formation	
  has	
  a	
  maximum	
  depositional	
  age	
  of	
  ~1.7	
  Ga,	
  therefore	
  the	
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positive	
  carbonate	
  δ13C	
  values	
  in	
  this	
  unit	
  are	
  not	
  linked	
  to	
  the	
  2.2-­‐2.0	
  Ga	
  

Lomugundi	
  event.	
  These	
  revised	
  ages	
  present	
  the	
  possibility	
  of	
  an	
  unrecognized	
  late	
  

Paleoproterozoic	
  positive	
  δ13C	
  excursion	
  that	
  may	
  call	
  into	
  question	
  the	
  idea	
  of	
  mid-­‐

Precambrian	
  carbon	
  isotope	
  stasis.	
  	
  

	
  

2)	
  The	
  Delhi	
  Supergroup	
  has	
  a	
  depositional	
  age	
  of	
  1.2–1.0	
  Ga.	
  The	
  Delhi	
  Supergroup	
  

of	
  the	
  southern	
  ADOB	
  is	
  not	
  correlative	
  with	
  the	
  supposed	
  Delhi	
  Supergroup	
  of	
  the	
  

North	
  Delhi	
  Belt.	
  Strata	
  of	
  the	
  northern	
  belt	
  are	
  likely	
  correlative	
  with	
  the	
  Aravalli	
  

Supergroup.	
  	
  

	
  

3)	
  Age	
  relationships	
  of	
  the	
  Aravalli–Delhi	
  supergroups	
  reflect	
  those	
  of	
  the	
  lower–

upper	
  Vindhyan	
  successions	
  and	
  similar	
  age	
  distributions	
  of	
  detrital	
  zircons	
  from	
  all	
  

regions	
  are	
  used	
  to	
  suggest	
  that	
  these	
  strata	
  were	
  deposited	
  across	
  a	
  contiguous	
  

margin,	
  with	
  Vindhyan	
  strata	
  representing	
  epicontinental	
  deposits	
  and	
  strata	
  of	
  the	
  

ADOB	
  representing	
  the	
  continental	
  margin	
  equivalents.	
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Figures	
  

	
  

Figure	
  2.1.	
  Simplified	
  Geologic	
  map	
  of	
  Vindhyan	
  and	
  Aravalli	
  Successions	
  (modified	
  

after	
  Buick	
  et	
  al.,	
  2006;	
  Malone	
  et	
  al.,	
  2008)	
  with	
  small-­‐scale	
  location	
  map	
  insert	
  

(ADOB	
  =	
  Aravalli-­‐Delhi	
  Orogenic	
  Belt;	
  RV	
  =	
  Rajasthan	
  Vindhyan;	
  SV	
  =	
  Son	
  Valley	
  

Vindhyan).	
  Published	
  data:	
  NAQ	
  =	
  Northern	
  Alwar	
  Quartzite	
  (Kaur	
  et	
  al.,	
  2011);	
  RVB	
  

=	
  Rajasthan	
  Vindhyan	
  Bhander	
  Group	
  (Malone	
  et	
  al.,	
  2008);	
  SVS,	
  SVK,	
  SVR,	
  and	
  SVB	
  

=	
  Son	
  Valley	
  Semri,	
  Kaimur,	
  Rewa,	
  and	
  Bhander	
  groups,	
  respectively	
  (McKenzie	
  et	
  

al.,	
  2011).	
  GPS	
  coordinates	
  for	
  sample	
  localities:	
  RSV1	
  =	
  24°	
  50.513'N,	
  74°	
  35.458'E;	
  

RSK1	
  =	
  24°	
  53.750'N,	
  74°	
  38.586'E;	
  RA05	
  =	
  24°	
  27.492'N,	
  73°	
  52.372'E;	
  RA10	
  =	
  24°	
  

49.971'N,	
  73°	
  46.029'E;	
  RA11	
  =	
  24°	
  36.002'N,	
  73°	
  40.688'E;	
  RD4	
  =	
  24°	
  45.173'N,	
  73°	
  

21.510'E.	
  

	
  

Figure	
  2.2.	
  Detrital	
  zircon	
  age	
  distributions	
  and	
  suggested	
  correlation	
  of	
  strata	
  from	
  

the	
  southern	
  Aravalli-­‐Delhi	
  Orogenic	
  Belt	
  the	
  Vindhyan	
  successions.	
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Figure	
  2.3.	
  A	
  generalized	
  carbonate	
  carbon	
  isotope	
  curve	
  through	
  time	
  (upper)	
  and	
  

a	
  revised	
  curve	
  assuming	
  a	
  ~1.7	
  Ga	
  rather	
  than	
  a	
  ~2.1	
  Ga	
  for	
  the	
  Jhamarkotra	
  

Formation	
  based	
  on	
  a	
  new	
  maximum	
  age	
  constraints	
  presented	
  here	
  (lower).	
  

	
  

Figure	
  2.4.	
  Comparison	
  of	
  detrital	
  zircon	
  age	
  distributions	
  from	
  the	
  so-­‐called	
  Alwar	
  

Group	
  from	
  the	
  northern	
  and	
  southern	
  ADOB.	
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Figure	
  2.2	
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Figure	
  2.3	
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Figure	
  2.4	
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Supporting	
  Material	
  

	
  

SM2.1.	
  Phosphatic	
  stromatolites	
  of	
  the	
  Jhamarkotra	
  Formation.	
  	
  

	
   McKenzie	
  et	
  al.	
  (2011)	
  suggested	
  a	
  possible	
  correlation	
  between	
  the	
  phosphatic	
  

stromatolites	
  of	
  the	
  Jhamarkotra	
  Formation	
  and	
  the	
  coeval	
  ~1.6	
  Ga	
  phosphatic	
  

stromatolites	
  in	
  the	
  Lesser	
  Himalaya	
  (Gangolihat	
  Dolomite)	
  and	
  the	
  lower	
  Vindhyan	
  

succession	
  of	
  the	
  Son	
  Valley	
  (Rohtas	
  Formation).	
  However,	
  both	
  the	
  Himalayan	
  and	
  

Vindhyan	
  phosphatic	
  deposits	
  differ	
  significantly	
  from	
  the	
  Aravalli	
  phosphorite.	
  The	
  

Himalayan-­‐Vindhyan	
  phosphatic	
  deposits	
  consist	
  of	
  branching	
  columnar	
  

stromatolitic	
  bioherms	
  (form	
  genus	
  Baicalia)	
  with	
  columns	
  exceeding	
  10	
  cm	
  in	
  

diameter.	
  The	
  phosphatic	
  horizons	
  in	
  these	
  deposits	
  are	
  restricted	
  to	
  only	
  a	
  few	
  

meters	
  of	
  the	
  bioherm	
  with	
  the	
  phosphate	
  occurring	
  in	
  the	
  inter-­‐columnar	
  spaces	
  as	
  

phosphatic	
  grainstone,	
  as	
  coatings	
  on	
  terrigenous	
  material,	
  and	
  as	
  crusts	
  on	
  the	
  

stromatolite	
  columns,	
  whereas	
  the	
  stromatolite	
  build-­‐ups	
  themselves	
  are	
  dolostone	
  

(Banerjee	
  et	
  al.,	
  1986;	
  Bengtson	
  et	
  al.,	
  2009;	
  McKenzie	
  et	
  al.,	
  2011).	
  In	
  contrast,	
  the	
  

phosphate-­‐bearing	
  Jhamarkotra	
  stromatolitic	
  bioherms	
  are	
  on	
  the	
  scale	
  of	
  10’s	
  of	
  

meters	
  in	
  thickness	
  (e.g.,	
  Banerjee,	
  1971)	
  and	
  are	
  dominated	
  by	
  single	
  columnar	
  

stromatolites	
  that	
  are	
  only	
  a	
  few	
  centimeters	
  in	
  diameter	
  and	
  rarely	
  branch	
  (Fig.	
  

SM2.1).	
  In	
  the	
  Jhamarkotra	
  deposits	
  it	
  is	
  the	
  stromatolitic	
  column	
  itself	
  that	
  is	
  

phosphatic	
  with	
  the	
  intercolumnar	
  space	
  consisting	
  primarily	
  of	
  massive	
  dolostone.	
  

The	
  replacement	
  and	
  preservation	
  of	
  delicate	
  structures	
  such	
  as	
  organic-­‐walled	
  

mircofossils	
  and	
  putative	
  gas	
  bubbles	
  in	
  microbial	
  mats	
  in	
  the	
  lower	
  Vindhyan	
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succession	
  requires	
  rapid	
  phosphatization	
  during	
  very	
  early	
  diagenesis	
  (Bengtson	
  

et	
  al.,	
  2009).	
  In	
  both	
  the	
  Vindhyan	
  and	
  Himalayan	
  deposits	
  the	
  phosphate	
  does	
  not	
  

occur	
  throughout	
  the	
  stromatolitic	
  lamina	
  and	
  the	
  phosphatic	
  crusts	
  around	
  the	
  

individual	
  columns	
  appear	
  to	
  pinch-­‐out	
  along	
  the	
  stromatolitic	
  heads	
  in	
  a	
  discrete	
  

interval	
  of	
  the	
  bioherms	
  (McKenzie	
  et	
  al.,	
  2011).	
  Therefore	
  it	
  is	
  inferred	
  that	
  

phosphogenesis	
  in	
  both	
  regions	
  occurred	
  contemporaneously	
  during	
  a	
  relatively	
  

short	
  distinct	
  interval,	
  which	
  may	
  have	
  been	
  associated	
  with	
  increased	
  upwelling	
  or	
  

primary	
  productivity,	
  and	
  some	
  aspect	
  of	
  these	
  stromatolite	
  bioherms	
  created	
  a	
  

local	
  environment	
  that	
  favored	
  phosphatization.	
  On	
  the	
  other	
  hand,	
  as	
  the	
  

Jhamarkotra	
  stromatolites	
  are	
  almost	
  exclusively	
  phosphatized	
  throughout	
  the	
  

majority	
  of	
  the	
  bioherm,	
  phosphatization	
  likely	
  occurred	
  in	
  a	
  manner	
  that	
  is	
  

unrelated	
  to	
  phosphatization	
  of	
  the	
  Himalayan-­‐Vindhyan	
  phosphatic	
  stromatolites.	
  

While	
  both	
  Himalayan-­‐Vindhyan	
  and	
  Aravalli	
  phosphorites	
  share	
  similar	
  late	
  

Paleoproterozoic	
  depositional	
  ages,	
  the	
  suggested	
  correlation	
  based	
  on	
  the	
  presence	
  

of	
  phosphatic	
  stromatolites	
  made	
  by	
  McKenzie	
  et	
  al.,	
  (2011)	
  is	
  not	
  necessarily	
  valid.	
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Figure	
  SM2.1.	
  Phosphatic	
  stromatolites	
  of	
  the	
  Jhamarkotra	
  Formation	
  from	
  the	
  

Jhamarkotra	
  mine.	
  a)	
  Out-­‐place-­‐block	
  with	
  cross-­‐sectional	
  view	
  of	
  stromatolites.	
  

Arrow	
  points	
  in	
  “up”	
  direction	
  based	
  on	
  stromatolitic	
  laminae.	
  b)	
  Polished	
  cross-­‐

section	
  of	
  stromatolites.	
  Note	
  white	
  phosphatic	
  stromatolite	
  and	
  dark	
  gray	
  

dolostone	
  filling	
  intercolumnar	
  space.	
  c)	
  Quasi-­‐planar	
  view	
  of	
  stromatolitic	
  

bioherm.	
  d)	
  Polished	
  quasi-­‐planar	
  section	
  of	
  stromatolite.	
  Scale	
  bars	
  =	
  2	
  cm.	
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Figure	
  SM2.1	
  

	
  
	
  
	
  
SM2.2.	
  Detrital	
  zircon	
  data	
  tables	
  are	
  available	
  in	
  online	
  supplementary	
  files.	
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CHAPTER	
  3	
  

	
  

Plate-­tectonic	
   influences	
   on	
   Neoproterozoic-­early	
   Paleozoic	
   climate	
   and	
  

metazoan	
  biodiversity	
  	
  

	
  

Abstract	
  	
  

	
  

	
   Tracking	
   Earth	
   processes	
   that	
   are	
   major	
   controllers	
   of	
   atmospheric	
   CO2	
   is	
  

essential	
   to	
   understanding	
   past	
   and	
   future	
   climatic	
   changes.	
   Here	
   we	
   present	
   a	
  

detrital	
   zircon	
  age	
  data	
   set	
  acquired	
   from	
  globally	
  distributed	
  siliciclastic	
   rocks	
   to	
  

reconstruct	
  spatial	
  and	
  temporal	
  variation	
  in	
  continental	
  arc	
  volcanism	
  —	
  a	
  major	
  

source	
   for	
   atmospheric	
   CO2	
   —	
   during	
   the	
   dynamic	
   Neoproterozoic	
   to	
   Cambrian	
  

times.	
  The	
  scarcity	
  of	
  zircons	
  with	
  ages	
  around	
   the	
  onset	
  of	
  Cryogenian	
  glaciation	
  

indicates	
   a	
   global	
   low	
   in	
   arc-­‐volcanism	
  and	
  associated	
  CO2	
   outgassing.	
   In	
   contrast	
  

Ediacaran–Cambrian	
  age	
  zircons	
  are	
  globally	
  abundant	
  pointing	
  to	
  widespread	
  arc-­‐

volcanism.	
  	
  The	
  subsequent	
  rise	
  in	
  pCO2	
  associated	
  with	
  this	
  volcanism	
  would	
  have	
  

served	
   as	
   a	
  mechanism	
   to	
   bring	
   Earth	
   out	
   of	
   the	
   Cryogenian	
   “snowball”	
   climates.	
  

Large	
   populations	
   of	
   Cambrian	
   age	
   zircons	
   occur	
   in	
   lower	
   Paleozoic	
   strata	
  

indicating	
   one	
   of	
   the	
   most	
   spatially	
   extensive	
   periods	
   of	
   arc-­‐volcanism	
   in	
   the	
  

Phanerozoic.	
   This	
   extensive	
   volcanism	
   led	
   to	
   the	
   high	
   pCO2	
   Cambrian	
   “hothouse”	
  

resulting	
  in	
  widespread	
  oceanic	
  oxygen	
  deficiency,	
  which	
  drove	
  the	
  high	
  extinction	
  

rates	
   observed	
   during	
   the	
   later	
   half	
   of	
   Cambrian.	
   Cessation	
   of	
   volcanism	
   across	
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Gondwana	
   during	
   the	
   Ordovician	
   coincided	
   with	
   global	
   cooling	
   and	
   the	
   Great	
  

Ordovician	
  Biodiversification	
  Event.	
  	
  

	
  

Introduction	
  	
  

	
  

	
   Some	
  of	
  the	
  most	
  dramatic	
  changes	
  in	
  Earth	
  system	
  history	
  occurred	
  during	
  the	
  

Neoproterozoic-­‐early	
   Paleozoic	
   transition.	
   This	
   interval	
   includes	
   the	
   climatic	
   shift	
  

from	
   the	
   Cryogenian	
   “icehouse”	
   (e.g.,	
   Hoffman	
   et	
   al.,	
   1998)	
   to	
   the	
   Cambrian	
  

“hothouse”	
   which	
   had	
   the	
   highest	
   pCO2	
   of	
   the	
   Phanerozoic	
   (Berner	
   et	
   al.,	
   1983;	
  

Berner,	
  1990,	
  2006;	
  Montanez	
  et	
  al.,	
  2000;	
  Royer	
  et	
  al.,	
  2004,	
  2007).	
  This	
  climatic	
  

shift	
   event	
   coincides	
  with	
   the	
   initial	
  diversification	
  and	
  proliferation	
  of	
  animals	
   in	
  

the	
  fossil	
  record	
  (e.g.	
  Maloof	
  et	
  al.,	
  2010).	
  	
  

	
   At	
  least	
  two	
  major	
  glaciations	
  of	
  global	
  magnitude	
  occurred	
  during	
  the	
  latter	
  half	
  

of	
  the	
  Cryogenian	
  period	
  (850-­‐635	
  Ma)	
  during	
  which	
  ice	
  sheets	
  reached	
  equatorial	
  

regions	
   (e.g.,	
   Hoffman	
   et	
   al.,	
   1998;	
   Evans	
   2000;	
   Pierrehumbert,	
   2011).	
   The	
   oldest	
  

definitive	
   evidence	
   for	
  metazoan	
   life	
   comes	
   from	
  molecular	
   fossils	
   extracted	
   from	
  

rocks	
  situated	
  between	
  deposits	
  of	
   these	
  glaciations	
   	
   (716	
  to	
  635	
  Ma)	
  (Love	
  et	
  al.,	
  

2009)	
   and	
  body	
   fossils	
   first	
   appear	
   in	
   strata	
   of	
   Ediacaran	
   age	
   (635-­‐542	
  Ma)	
   (e.g.,	
  

Xiao	
   et	
   al.,	
   1998;	
   Droser	
   et	
   al.,	
   2006).	
   The	
   subsequent	
   Cambrian	
   ‘explosion’	
   is	
  

characterized	
  by	
   the	
  rapid	
  appearance	
  of	
  most	
  major	
  metazoan	
  phyla	
   in	
   the	
   fossil	
  

record	
   (Marshall,	
   2006)	
   and	
   is	
   followed	
   by	
   the	
   ca.	
   470	
   Ma	
   Great	
   Ordovician	
  

Biodiversification	
  Event	
   (GOBE)	
  which	
   saw	
  a	
   rapid	
   tripling	
  of	
   taxonomic	
  diversity	
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and	
   a	
   major	
   increase	
   in	
   ecological	
   complexity	
   (Sepkoski,	
   1981;	
   Droser	
   and	
  

Finnegan,	
  2003;	
  Miller	
  et	
  al.,	
  2004;	
  Harper	
  et	
  al.,	
  2006;	
  Servais	
  et	
  al.,	
  2009).	
  These	
  

diversification	
   events	
   are	
   temporally	
   separated	
   by	
   an	
   interval	
   referred	
   to	
   as	
   the	
  

Cambrian	
  ‘dead	
  interval’	
  (Miller	
  et	
  al.,	
  2006).	
  

	
   The	
   so-­‐called	
   ‘dead	
   interval’,	
  which	
   spanned	
   the	
   early-­‐middle	
  Cambrian	
   to	
   the	
  

Early	
  Ordovician,	
   is	
  an	
   interval	
  with	
  relatively	
   low	
  morphological	
  disparity	
  (Foote,	
  

1988),	
   anomalously	
   high	
   genus-­‐level	
   extinction	
   rates	
   and	
   contains	
   at	
   least	
   four	
  

distinct	
   extinction	
   events:	
   the	
  Botomian,	
   end-­‐Marjumian,	
   end-­‐Steptoean,	
   and	
   end-­‐

Sunwaptan	
   (cf.	
   Bambach	
   et	
   al.,	
   2004;	
   Bambach,	
   2006).	
   The	
   ca.	
   510	
  Ma	
   Botomian	
  

extinction	
   also	
   marks	
   the	
   onset	
   of	
   the	
   longest	
   ‘metazoan	
   reef	
   gap’	
   of	
   the	
  

Phanerozoic,	
   approximately	
   40	
   million	
   years	
   (Rowland	
   and	
   Shapiro,	
   2002;	
  

Kiessling,	
   2009).	
   The	
   later	
   Cambrian	
   Marjumian,	
   Steptoean,	
   and	
   Sunwaptan	
  

extinctions	
   are	
  most	
   evident	
   in	
   trilobite	
   fauna.	
   These	
   abrupt	
   extinctions	
   occur	
   in	
  

shallow	
   marine	
   shelf	
   environments	
   and	
   are	
   followed	
   by	
   stratigraphic	
   intervals	
  

dominated	
   by	
   low	
   diversity	
   assemblages	
   of	
   deeper	
   water	
   and	
   potentially	
   low-­‐

oxygen	
   tolerant	
   species	
   of	
   olenid	
   trilobites	
   (Palmer,	
   1984;	
   Taylor,	
   2006).	
   The	
  

success	
  of	
  olenids	
   in	
  shallow	
  environments	
  has	
  been	
  used	
   to	
  argue	
   for	
   flooding	
  of	
  

anoxic	
  water	
  onto	
  the	
  shallow	
  shelf	
  as	
  a	
  kill	
  mechanism	
  for	
  the	
  extinctions	
  (Taylor,	
  

2006	
   and	
   refs.	
   therein).	
   Geochemical	
   studies	
   corroborate	
   the	
  model	
   of	
   expanded	
  

oceanic	
  euxinia	
  (anoxic	
  waters	
  containing	
  H2S)	
  during	
  these	
  times	
  (Saltzman	
  et	
  al.,	
  

2004;	
  Hough	
  et	
  al.,	
  2008;	
  Hurtgen	
  et	
  al.,	
  2010;	
  Gill	
  et	
  al.,	
  2011).	
  These	
  events	
  occur	
  

during	
  an	
  interval	
  suggested	
  to	
  have	
  the	
  highest	
  concentrations	
  of	
  atmospheric	
  CO2	
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recorded	
  during	
  the	
  Phanerozoic	
  while	
  the	
  end	
  of	
  this	
  interval	
  marked	
  by	
  the	
  onset	
  

of	
  the	
  GOBE	
  follows	
  a	
  period	
  of	
  global	
  cooling	
  (Trotter	
  et	
  al.,	
  2008).	
  

	
   Understanding	
  the	
  driving	
  mechanisms	
  behind	
  these	
  global	
  environmental	
  shifts	
  

is	
  critical	
  to	
  understanding	
  how	
  they	
  shaped	
  biospheric	
  evolution	
  during	
  this	
  crucial	
  

interval	
   of	
   Earth	
   history.	
   These	
   transitions	
   occurred	
   at	
   a	
   time	
   of	
   continental	
  

reorganization	
   and	
  widespread	
   tectonic	
   plate	
  margin	
   activity	
   associated	
  with	
   the	
  

amalgamation	
   of	
   Gondwana	
   during	
   the	
   late	
   Neoproterozoic–Ordovician	
   (Cawood	
  

and	
  Buchan,	
   2007).	
  Ocean–atmosphere	
   chemistry	
   and	
   climate	
   are	
   influenced	
  by	
   a	
  

complex	
  array	
  of	
   lithospheric	
  and	
  surface	
  processes.	
  On	
  geological	
   time	
  scales	
   the	
  

long-­‐term	
   carbon	
   cycle	
   and	
   atmospheric	
   CO2	
   are	
   regulated	
   by	
   tectonic	
   processes	
  

and	
  chemical	
  weathering:	
  	
  the	
  outgassing	
  of	
  CO2	
  from	
  volcanism	
  and	
  metamorphism	
  

(“tectonic	
  outgassing”)	
  is	
  the	
  major	
  source	
  for	
  CO2;	
  chemical	
  weathering	
  of	
  silicate	
  

rocks	
  is	
  a	
  major	
  CO2	
  sink	
  (Supporting	
  Material	
  SM3.1)	
  (Walker	
  et	
  al.,	
  1981;	
  Berner	
  

et	
  al.,	
  1983;	
  Kump	
  et	
  al.,	
  2000;	
  Berner,	
  2004;	
  West	
  et	
  al.,	
  2005).	
  Also,	
   the	
  burial	
  of	
  

organic	
  matter	
  plays	
  a	
  significant	
  role	
  in	
  CO2	
  drawdown	
  (France-­‐Lanord	
  and	
  Derry,	
  

1997;	
   Galy	
   et	
   al.,	
   2007).	
   Thus,	
   considering	
   temporal	
   variation	
   in	
   tectonic	
   activity	
  

along	
   plate	
   margins	
   is	
   important	
   when	
   indentifying	
   the	
   drivers	
   behind	
   climate	
  

change	
   in	
  deep	
  time.	
  Here	
  we	
  argue	
   the	
  history	
  of	
  global	
  plate	
   tectonics	
  exerted	
  a	
  

principal	
  control	
  on	
  the	
  timing	
  and	
  trajectory	
  of	
  the	
  early	
  evolution	
  of	
  metazoans.	
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Utility	
  of	
  detrital	
  zircon	
  geochronology	
  in	
  paleotectonic	
  studies	
  

	
  

	
   Zircon	
  is	
  a	
  common	
  accessory	
  mineral	
  in	
  felsic-­‐intermediate	
  igneous	
  rocks,	
  and	
  

is	
   physically	
   resistant	
   to	
   sediment	
   transport,	
   reworking,	
   abrasion,	
   and	
  

metamorphism.	
   Evaluation	
   of	
   age	
   populations	
   from	
   U-­‐Pb	
   dating	
   of	
   individual	
  

detrital	
  zircons	
  from	
  siliciclastic	
  rocks	
  provides	
  two	
  critical	
  pieces	
  of	
  information:	
  1)	
  

the	
   youngest	
   zircon	
   grains	
   provide	
  maximum	
  age	
   constraints	
   for	
   the	
   depositional	
  

age	
  of	
  the	
  strata	
  from	
  which	
  they	
  were	
  extracted	
  (i.e.,	
  the	
  rock	
  cannot	
  be	
  older	
  than	
  

the	
   youngest	
   zircon),	
   and	
   2)	
   age	
   populations	
   of	
   detrital	
   zircons	
   indicate	
   the	
  

provenance	
   and	
   crustal	
   composition	
   of	
   source–rock.	
   Large	
   populations	
   of	
   similar	
  

age	
   detrital	
   zircons	
   represent	
   voluminous	
   igneous	
   sources.	
   The	
   presence	
   of	
   large	
  

populations	
  of	
  first-­‐cycle	
  detrital	
  zircons	
  with	
  ages	
  close	
  to	
  depositional	
  age	
  of	
  the	
  

host	
   strata	
   (referred	
   to	
  here	
  as	
   relatively	
   ‘young’	
   zircons)	
   require	
   the	
  exhumation	
  

and	
  erosion	
  of	
  igneous	
  bodies	
  rapidly	
  following	
  crystallization.	
  Large	
  populations	
  of	
  

relatively	
   ‘young’	
  zircons	
  are	
  common	
  along	
  active	
  continental	
  margins,	
  often	
  with	
  

ages	
  within	
   less	
  than	
  10	
  million	
  years	
  of	
  the	
  depositional	
  age	
  of	
  the	
  rock,	
  whereas	
  

rifted	
  and	
  passive	
  margins	
  generally	
   lack	
   ‘young’	
  zircons	
  (Cawood	
  et	
  al.,	
  2012).	
  To	
  

evaluate	
  spatial	
  and	
  temporal	
  variations	
  in	
  tectonic	
  activity,	
  specifically	
  the	
  spatial	
  

extent	
  of	
  active	
  continental-­‐arcs	
  and	
  subaerial	
  volcanism,	
  we	
  present	
  a	
  compilation	
  

of	
  new	
  and	
  published	
  U-­‐Pb	
  detrital	
  zircon	
  age	
  distributions	
  from	
  globally	
  dispersed	
  

strata	
  with	
  depositional	
  ages	
  ranging	
  from	
  the	
  Cryogenian	
  to	
  the	
  Late	
  Devonian	
  (Fig.	
  

3.1).	
   We	
   primarily	
   focused	
   on	
   data	
   reported	
   from	
   samples	
   with	
   independent	
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depositional	
   age	
   control	
   to	
   at	
   least	
   the	
   geologic	
   epoch,	
   although	
   less	
   constrained	
  

samples	
  were	
  included	
  if	
  they	
  were	
  part	
  of	
  a	
  dataset	
  with	
  otherwise	
  generally	
  well-­‐

constrained	
  depositional	
   ages	
   and	
   expanded	
   the	
   temporal	
   and	
   spatial	
   coverage	
  of	
  

this	
   study.	
   Age	
   data	
   are	
   presented	
   in	
   two	
   ways:	
   1)	
   as	
   regionally	
   and	
   temporally	
  

differentiated	
  age	
  probability	
  plots,	
  (Figs	
  3.2,	
  3.3)	
  which	
  allow	
  for	
  spatial	
  evaluation	
  

of	
   margin	
   activity,	
   and	
   2)	
   as	
   temporally	
   differentiated	
   age	
   distributions	
   with	
   all	
  

regional	
   data	
   presented	
   in	
   20Ma	
   bins,	
   normalized	
   to	
   remove	
   bias	
   due	
   to	
   uneven	
  

sampling	
   and	
   combined	
   to	
   assess	
   overall	
   global	
   variation	
   in	
   continental-­‐arc	
  

volcanism	
   (Fig.	
   3.4)	
   (See	
   Supporting	
   Material	
   SM3.2	
   for	
   details	
   of	
   normalization	
  

process).	
   Data	
   generated	
   from	
   strata	
   that	
   have	
   problematic	
   paleogeographies	
  

and/or	
  poor	
  depositional	
  age	
  constraints	
  are	
  treated	
  separately	
  and	
  are	
  presented	
  

in	
  Supporting	
  Material	
  (SM3.3).	
  	
  

	
  

Neoproterozoic	
  tectonics	
  and	
  the	
  Cryogenian	
  ‘icehouse’	
  

	
  

	
   The	
  youngest	
  robust	
  populations	
  of	
  zircons	
  in	
  Cryogenian	
  strata	
  are	
  more	
  than	
  

~100	
  million	
  years	
  older	
  than	
  the	
  depositional	
  age	
  of	
  the	
  rocks	
  (Fig.	
  3.3	
  –	
  IND,	
  SCB,	
  

and	
  WLA).	
  Probability	
  distributions	
  from	
  Ediacaran-­‐age	
  rocks	
  of	
  African-­‐associated	
  

terranes	
  (SAF,	
  NAF,	
  IRN,	
  ISR,	
  CAD,	
  and	
  IBR)	
  are	
  flooded	
  with	
  ‘young’	
  zircons	
  that	
  are	
  

absent	
   in	
   other	
   terranes.	
   In	
   striking	
   contrast	
   with	
   Neoproterozoic	
   distributions,	
  

Cambrian	
  age	
  probability	
  distributions	
  of	
  all	
  non-­‐Laurentian	
  terranes	
  contain	
  large	
  

populations	
  of	
   ‘young’	
  detrital	
  zircons	
  with	
  a	
  mix	
  of	
  Ediacaran	
  and	
  Cambrian	
  ages.	
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Prominent	
  Cambrian	
  age-­‐peaks	
  within	
  ~20	
  million	
  years	
  of	
  the	
  depositional	
  age	
  of	
  

the	
  rock	
  are	
  present	
  in	
  Baltica	
  (BAL),	
  South	
  America	
  (SAM)	
  and	
  all	
  east	
  Gondwanan	
  

terranes	
   (ANT,	
   AUS,	
   IND,	
   SCB,	
   NCB,	
   SBU),	
   while	
   the	
   most	
   prominent	
   peaks	
   of	
  

distributions	
   from	
   African	
   associated	
   terranes	
   are	
   of	
   Ediacaran	
   age.	
   Overall,	
  

Cryogenian-­‐aged	
  zircons	
  are	
  minor	
  components	
  of	
  most	
  detrital	
  populations.	
  Zircon	
  

ages	
   close	
   to	
   the	
   initiation	
   of	
   the	
   glacial	
   interval	
   are	
   particularly	
   spares;	
   age	
  

frequencies	
  increase	
  towards	
  the	
  end	
  of	
  the	
  glacial	
  interval	
  (Figs	
  3.2,	
  3.3,	
  3.4).	
  

	
   A	
  major	
  obstacle	
  in	
  understanding	
  and	
  modeling	
  climate	
  during	
  the	
  Cryogenian	
  

involves	
   constraining	
   variation	
   in	
   atmospheric	
   CO2	
   (e.g.,	
   Hyde	
   et	
   al.,	
   2000;	
  

Donnadieu	
  et	
  al.,	
  2004;	
  Pierrehumber	
  2005,	
  2010;	
  LeHir	
  et	
  al.,	
  2008;).	
  The	
  notable	
  

low-­‐abundance	
  of	
   zircon	
  ages	
   close	
   to	
   the	
  onset	
  of	
   the	
  Cryogenian	
  glacial	
   interval	
  

represents	
   a	
   reduction	
   in	
   global	
   felsic-­‐intermediate	
   magmatism.	
   Large	
   Igneous	
  

Provinces	
  (LIPS)	
  are	
  well	
  known	
  globally	
   from	
  ~850-­‐750	
  Ma,	
  whereas	
  the	
  ca.	
  720	
  

Franklin	
  igneous	
  province	
  is	
  the	
  only	
  known	
  LIP	
  to	
  occur	
  between	
  ~750	
  Ma	
  and	
  the	
  

early	
  to	
  middle	
  Cambrian	
  (Ernst	
  and	
  Buchan,	
  2002;	
  Ernst	
  et	
  al.,	
  2009).	
  The	
  paucity	
  

of	
  detrital	
  zircons	
  of	
  magmatic	
  origin	
  and	
  global	
  LIP	
  activity	
  near	
   the	
  onset	
  of	
   the	
  

Cryogenian	
  glacial	
  interval	
  is	
  evidence	
  for	
  a	
  minimum	
  in	
  continental	
  volcanism	
  and	
  

implies	
  a	
  reduction	
  in	
  the	
  volcanic	
  flux	
  of	
  CO2	
  to	
  the	
  atmosphere.	
  Many	
  factors	
  have	
  

been	
   suggest	
   to	
   have	
   contributed	
   to	
   the	
   generation	
   of	
   the	
   Cryogenian	
   “icehouse”	
  

including	
   the	
   continental	
   albedo	
   effect	
   (Kirschvink,	
   1992;	
   Evans,	
   2000)	
   and	
  

mechanisms	
   which	
   drawdown	
   CO2	
   such	
   as	
   enhanced	
   burial	
   of	
   organic	
   matter	
  

(Hoffman	
   et	
   al.,	
   1998),	
   silicate	
   weathering	
   (Schrag	
   et	
   al.,	
   2002),	
   oceanic	
   crust	
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alteration	
   (Le	
   Hir	
   et	
   al.,	
   2008)	
   and	
   the	
   weathering	
   of	
   LIP	
   continental	
   basalts	
  

(Goddéris	
  et	
  al.,	
  2003).	
  However,	
  a	
  reduction	
  in	
  volcanic	
  CO2	
  outgassing,	
  as	
  inferred	
  

from	
  our	
   detrital	
   zircon	
   compilation,	
  would	
   have	
   played	
   a	
   critical	
   role	
   in	
   pushing	
  

Earth	
  climate	
  into	
  the	
  Cryogenian	
  icehouse	
  state.	
  	
  

	
   The	
   progressive	
   accumulation	
   of	
   CO2	
   from	
   volcanic	
   emissions	
   and	
   limited	
  

weathering	
  have	
   long	
  been	
   the	
   suggested	
  as	
  mechanisms	
   to	
  bring	
  Earth	
  out	
  of	
   its	
  

“icehouse”	
   (Hoffman	
   et	
   al.,	
   1998).	
   The	
   marked	
   increase	
   in	
   terminal	
   Cryogenian-­‐

Ediacaran	
  age	
  detrital	
  zircons	
  reported	
  here	
  requires	
  a	
  major	
  increase	
  in	
  felsic	
  and	
  

intermediate	
   volcanism	
   during	
   this	
   interval,	
   particularly	
   at	
   the	
   onset	
   of	
   the	
   pan-­‐

African	
   orogeny.	
   The	
   initiation	
   of	
   synchronous	
   widespread	
   tectonic	
   outgassing	
  

would	
  have	
   caused	
   rapid,	
   rather	
   than	
  progressive,	
   global	
  warming.	
  This	
  warming,	
  

aided	
  initially	
  by	
  slow	
  chemical	
  weathering	
  rates	
  due	
  to	
  ice	
  cover	
  on	
  the	
  continents	
  

and	
  lower	
  global	
  temperatures,	
  drove	
  end-­‐Cryogenian	
  deglaciation.	
  

	
  

Early	
  Paleozoic	
  tectonism,	
  climate,	
  and	
  biodiversity:	
   lessons	
  from	
  a	
  Cenozoic	
  

analog	
  

	
  

	
   With	
   the	
   exception	
  of	
   Laurentia,	
   all	
   Cambrian	
   strata	
   contain	
   a	
  distinct	
   peak	
  of	
  

‘young’	
  detrital	
  zircons	
  (Fig.	
  3.2)	
  representing	
  extensive	
  magmatic	
  arc	
  exhumation	
  

during	
   the	
  Cambrian.	
   In	
  many	
  cases	
   this	
  peak	
  dominates	
   the	
  age	
  distribution.	
  The	
  

‘young’	
   age-­‐peaks	
   remain	
   broadly	
   unchanged	
   through	
   Cambrian	
   and	
   Ordovician	
  

aged	
  strata	
  in	
  most	
  regions	
  (Figs	
  3.3,	
  3.4)	
  indicating	
  that	
  the	
  major	
  pulses	
  of	
  pluton	
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emplacement	
   occurred	
   in	
   the	
   Cambrian.	
   The	
   persistence	
   of	
   this	
   age	
   class	
   into	
  

Ordovician	
   sediments	
   indicates	
   a	
   protracted	
   interval	
   of	
   exhumation.	
   This	
   is	
  

consistent	
   with	
   thermochronologic	
   data	
   that	
   suggest	
   regional	
   metamorphism	
  

continued	
  along	
  numerous	
  Gondwanan	
  orogens	
  until	
  the	
  middle	
  Ordovician	
  ~480-­‐

470	
  Ma	
  (Cawood	
  and	
  Buchan,	
  2007).	
  Age	
  distributions	
  from	
  Silurian	
  and	
  Devonian	
  

strata	
   preserve	
   Cambrian–Ediacaran	
   age-­‐peaks	
   that	
   are	
   similar	
   to	
   the	
   age	
  

distributions	
  from	
  older	
  Paleozoic	
  strata,	
  but	
  contain	
  higher	
  concentrations	
  of	
  older	
  

zircons	
   (and	
   younger	
   Taconic-­‐aged	
   material	
   in	
   the	
   case	
   of	
   Laurentia)	
   than	
   the	
  

Ordovician	
   distributions.	
   The	
   observed	
   homogeneity	
   in	
   zircon	
   populations	
   of	
  

Silurian–Devonian	
  strata	
  can	
  be	
  explained	
  by	
  a	
  transition	
  to	
  mixed	
  crustal	
  sources	
  

of	
   detritus	
   no	
   longer	
   overwhelmed	
   by	
   the	
   exhumation	
   of	
   Cambrian-­‐age	
   plutons.	
  

Exhumation	
   ceased	
  with	
   the	
   termination	
   of	
  Gondwanan	
   convergence.	
   To	
   evaluate	
  

the	
  relationship	
  between	
  these	
  tectonic	
  transitions	
  and	
  changes	
  in	
  the	
  climate	
  and	
  

surface	
   environment,	
   a	
   comparison	
   is	
   drawn	
   with	
   the	
   Cenozoic	
   Indian-­‐Eurasian	
  

collision	
  and	
  Himalayan	
  orogeny.	
  	
  

	
   The	
   southern	
   margin	
   of	
   Tibet	
   maintained	
   an	
   Andean-­‐type	
   subduction	
   system	
  

prior	
  to	
  the	
  ~50	
  Ma	
  continent-­‐collision	
  with	
  India	
  (Kapp	
  et	
  al,	
  2007;	
  Royden	
  et	
  al.,	
  

2009).	
   This	
   system	
   emplaced	
   large	
   Cretaceous-­‐early	
   Tertiary	
   plutons	
   along	
   the	
  

margin	
  (Yin	
  and	
  Harrison,	
  2000;	
  Chiu	
  et	
  al.,	
  2009).	
  The	
  transition	
  from	
  Andean-­‐type	
  

subduction	
   to	
  continental	
  collision	
   terminated	
  Tibetan	
  arc-­‐volcanism	
  and	
   initiated	
  

bedrock	
  uplift	
  and	
  exhumation	
  on	
  the	
  north	
  Indian	
  Himalayan	
  margin	
  (e.g.,	
  Yin	
  and	
  

Harrison,	
  2000;	
  Hodges,	
  2004;	
  Yin,	
  2006).	
  This	
  interval	
  is	
  coincident	
  with	
  the	
  onset	
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of	
   long-­‐term	
  Cenozoic	
   cooling	
   following	
   the	
   Paleocene-­‐Eocene	
   Thermal	
  Maximum	
  

(PETM)	
   (e.g.,	
   Zachos	
   et	
   al.,	
   2001).	
   In	
   addition	
   to	
   the	
   cessation	
   of	
   arc-­‐volcanism,	
  

chemical	
  weathering	
  of	
  uplifted	
  Himalayan-­‐Tibetan	
  silicate	
  bedrock	
  has	
  been	
  linked	
  

to	
  post-­‐PETM	
  cooling	
   (e.g.,	
  Raymo	
  and	
  Ruddiman,	
  1992),	
   although	
  organic	
  matter	
  

burial	
   in	
   the	
   various	
   Himalayan	
   sedimentary	
   basins	
   has	
   been	
   suggested	
   to	
   have	
  

played	
   an	
   even	
   greater	
   role	
   in	
   CO2	
   sequestration	
   and	
   cooling	
   (France-­‐Lanord	
   and	
  

Derry,	
  1997;	
  Galy	
  et	
  al.,	
  2007).	
  

	
   A	
   Cenozoic–Cambrian	
   analogy	
   can	
   be	
   extended	
   to	
   the	
   seawater	
   strontium	
  

isotope	
   record.	
   The	
   strontium	
   isotope	
   ratio	
   (87Sr/86Sr)	
   of	
   seawater	
   is	
   dictated	
   by	
  

relative	
   amounts	
   of	
   riverine	
   flux,	
   which	
   is	
   enriched	
   in	
   the	
   radiogenic	
   87Sr	
   due	
   to	
  

weathering	
  of	
  old	
  continental	
  crust,	
  and	
  mantle-­‐derived	
  hydrothermal	
  flux,	
  which	
  is	
  

depleted	
   in	
   87Sr.	
   The	
   intense	
  weathering	
   of	
   ancient	
   bedrock	
   along	
   the	
   Himalayan	
  

margin	
  has	
  caused	
  modern	
  seawater	
  87Sr/86Sr	
  to	
  rise	
  to	
  the	
  second	
  highest	
  value	
  in	
  

Earth	
  history	
  (Palmer	
  and	
  Edmond,	
  1989;	
  Edmond,	
  1992;	
  Derry	
  and	
  France-­‐Lanord,	
  

1996),	
   the	
   87Sr/86Sr	
   values	
   seen	
   in	
   the	
   Cambrian	
   being	
   the	
   highest	
   (Shields	
   and	
  

Veizer,	
  2002).	
  High	
  weathering	
  rates	
  in	
  the	
  Himalayan	
  system	
  result	
  from	
  the	
  South	
  

Asian	
  monsoon,	
  which	
  is	
  a	
  function	
  of	
  the	
  geographic	
  position	
  of	
  the	
  orogen	
  (Molnar	
  

et	
  al.,	
  2010).	
  Considering	
   the	
  spatial	
  extent	
  of	
  orogenic	
  belts	
  during	
   the	
  Cambrian,	
  

especially	
   those	
   in	
   tropical	
   regions	
   of	
   eastern	
   Gondwana	
   (Supporting	
   Material	
  

SM3.4),	
  one	
  or	
  more	
  Himalayan-­‐type	
  systems	
  likely	
  existed	
  throughout	
  this	
  interval	
  

and	
  could	
  have	
  produced	
  similarly	
  high	
  87Sr/86Sr	
  values	
  in	
  Cambrian	
  seawater.	
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   Following	
   the	
  Himalayan	
  analogy,	
   it	
   is	
   suggested	
  here	
   that	
   tectonic	
   outgassing	
  

associated	
  with	
  pan-­‐African	
   tectonic	
  activity	
  during	
   the	
   late	
  Cryogenian-­‐Ediacaran	
  

may	
   have	
   been	
   the	
   main	
   factor	
   in	
   terminal-­‐Cryogenian	
   warming	
   with	
   the	
  

cumulative	
   effects	
   of	
   “Greater	
   Gondwanan”	
   tectonism	
   driving	
   Earth	
   into	
   an	
   early	
  

Paleozoic	
   “hothouse”.	
   Cessation	
   of	
   arc-­‐magmatism	
   is	
   recorded	
   along	
   both	
   the	
  

internal	
  sutures	
  of	
  Gondwana	
  and	
  the	
  Indian-­‐Asian,	
  Ross	
  Delamarian,	
  and	
  Pampean	
  

orogens	
  of	
  the	
  “Greater	
  Gondwanan”	
  realm	
  (Supporting	
  Material	
  SM3.4)	
  around	
  the	
  

late	
   Cambrian-­‐Early	
   Ordovician,	
   although	
   regional	
  metamorphism	
   continued	
   until	
  

~480-­‐470	
  Ma	
  (e.g.,	
  Cawood	
  and	
  Buchan,	
  2007).	
  This	
  represents	
  the	
  transition	
  from	
  

Andean-­‐type	
   subduction	
   to	
   Himalayan-­‐type	
   collisional	
   zones	
   along	
   the	
   internal	
  

Gondwanan	
   sutures	
   and	
   regions	
   of	
   micro-­‐continent	
   accretion	
   of	
   the	
   peri-­‐

Gondwanan	
  realm.	
  The	
  cessation	
  of	
  metamorphism	
  reflects	
  a	
  reduction	
  in	
  regional	
  

uplift	
   and	
   crustal	
   exhumation	
   that	
   coincides	
   with	
   a	
   sharp	
   decline	
   in	
   seawater	
  

87Sr/86Sr	
   (Young	
  et	
  al.,	
  2009)	
  and	
  an	
   interval	
  of	
   rapid	
  global	
   cooling	
  during	
  at	
   the	
  

onset	
  of	
  the	
  GOBE	
  (Trotter	
  et	
  al.,	
  2008)	
  (Fig.	
  3.6).	
  The	
  decline	
  in	
  87Sr/86Sr	
  may	
  result	
  

from	
   a	
   combination	
   of	
   increased	
   weathering	
   of	
   ‘young’	
   Cambrian	
   plutons,	
   as	
   is	
  

evident	
  from	
  the	
  detrital	
  zircon	
  record,	
  and	
  an	
  overall	
  reduction	
  in	
  exhumation	
  and	
  

weathering	
   of	
   old	
   crustal	
  material.	
   Furthermore,	
   the	
  widespread	
   shutdown	
  of	
   the	
  

volcanic	
  CO2	
  flux	
  followed	
  by	
  continuous	
  silicate	
  weathering	
  and	
  high	
  sedimentation	
  

rates	
   and	
   burial	
   of	
   organic	
  material	
   along	
   active	
  margins	
  would	
   have	
   been	
   prime	
  

drivers	
  for	
  the	
  observed	
  cooling	
  in	
  the	
  Ordovician.	
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   An	
   important	
  observation	
   is	
   the	
  apparent	
  coupling	
  between	
   tectonism,	
  climate	
  

and	
  early	
  metazoan	
  biodiversity.	
  The	
  Cambrian	
  ‘explosion’	
  paralleled	
  the	
  transition	
  

from	
   the	
   Cryogenian	
   “icehouse”	
   to	
   a	
   “hothouse”	
   climate,	
   and	
   the	
   subsequent	
  

radiation	
  of	
  the	
  Paleozoic	
  fauna	
  that	
  followed	
  the	
  return	
  to	
  cooler	
  conditions	
  during	
  

the	
   Ordovician.	
   Following	
   the	
   Cambrian	
   ‘explosion’	
   overall	
   taxonomic	
   diversity	
  

remained	
  relatively	
  low	
  throughout	
  the	
  so-­‐called	
  Cambrian	
  ‘dead	
  interval’	
  until	
  the	
  

GOBE.	
   Evidence	
   for	
   oxygen-­‐deficiency	
   and	
   increased	
   euxinia	
   in	
   the	
   ocean	
  

throughout	
  this	
  interval	
  has	
  been	
  reported	
  from	
  sedimentological	
  and	
  geochemical	
  

data	
  (e.g.,	
  Zhuravlev	
  and	
  Wood,	
  1996;	
  Hough	
  et	
  al.,	
  2006;	
  Hurtgen	
  et	
  al.,	
  2009;	
  Gill	
  et	
  

al.,	
   2011).	
   Poor	
   oceanic	
   circulation	
   during	
   a	
   greenhouse	
   climate	
   is	
   a	
   suggested	
  

mechanism	
   for	
   early	
   Paleozoic	
   oxygen	
   deficiency	
   (Saltzman,	
   2005)	
   and	
   global	
  

heterogeneity	
   in	
   the	
   sulfur	
   isotopic	
   composition	
   of	
   Cambrian	
   and	
  Early	
   to	
  Middle	
  

Ordovician	
   oceans	
   supports	
   this	
   hypothesis	
   (Gill	
   et	
   al.,	
   2011;	
   Thompson	
   and	
  Kah,	
  

2012).	
   The	
   severe	
   greenhouse	
   conditions	
   and	
   oxygen-­‐deficient	
   oceans	
   of	
   the	
  

Cambrian	
   favored	
   morphotypes	
   adapted	
   to	
   stressed-­‐environments	
   such	
   as	
   the	
  

lingulellid	
  brachiopods	
  and	
  trilobites	
  rich	
  in	
  thoracic	
  segments—key	
  components	
  of	
  

the	
   Cambrian	
   Evolutionary	
   Fauna	
   (Sepkoski,	
   1981;	
   Droser	
   and	
   Finnegan,	
   2003;	
  

Harper	
   et	
   al.,	
   2006;	
   Hughes,	
   2007).	
   These	
   conditions	
   persisted	
   until	
   the	
   major	
  

reduction	
   in	
   Gondwanan	
   tectonism	
   around	
   the	
   late	
   Early	
   Ordovician	
   where	
  

subsequent	
   global	
   cooling	
   improved	
   the	
   habitability	
   of	
   the	
   ocean	
   allowing	
   the	
  

ecological	
   and	
   taxonomic	
   diversification	
   of	
   the	
   GOBE.	
   Global	
   cooling	
   continued	
   to	
  

the	
  end-­‐Ordovician	
  glaciations	
  and	
  associated	
  mass	
  extinction	
   (Kump	
  et	
   al.,	
   1999;	
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Finnegan	
   et	
   al.,	
   2011).	
   Tectonic	
   outgassing	
   from	
   the	
   Late	
   Ordovician	
   Taconic	
  

orogeny	
  has	
  been	
  suggested	
  as	
  a	
  possible	
  mechanism	
  to	
  alleviate	
  those	
  “icehouse”	
  

conditions	
   (Kump	
   et	
   al.,	
   1999),	
   and	
   the	
   concentration	
   of	
   Late	
   Ordovician-­‐Silurian	
  

detrital	
   zircons	
   in	
   Devonian	
   strata	
   of	
   Laurentia	
   support	
   this	
   hypothesis,	
   although	
  

these	
   climate	
   changes	
   were	
   less	
   dramatic	
   than	
   those	
   observed	
   in	
   the	
   late	
  

Neoproterozoic-­‐early	
   Paleozoic.	
   Overall,	
   early	
   metazoan	
   biodiversity	
   appears	
   to	
  

have	
   responded	
   to	
   the	
   major	
   climatic	
   shifts	
   in	
   the	
   Neoproterozoic-­‐Cambrian	
  

transition,	
   with	
   ecosystem	
   expansion	
   and	
   taxonomic	
   radiations	
   occurring	
   during	
  

transitional	
   climatic	
   phases	
   and	
   extinction	
   intervals	
   corresponding	
   with	
   climatic	
  

extremes.	
   Thus	
   climate,	
   as	
   influenced	
   by	
   major	
   tectonic	
   events,	
   appears	
   to	
   have	
  

played	
   an	
   integral	
   role	
   in	
   the	
   mediating	
   the	
   evolutionary	
   history	
   of	
   life	
   on	
   our	
  

planet.	
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Figures	
  	
  

	
  

Figure	
  3.1.	
  Sample	
  locality	
  map.	
  Open	
  stars	
  indicate	
  samples	
  used	
  for	
  temporal	
  and	
  

regional	
  differentiation.	
  Closed	
  stars	
  indicate	
  samples	
  with	
  poor	
  paleogeographic	
  

constraints	
  or	
  lack	
  of	
  well-­‐established	
  depositional	
  ages	
  (Supporting	
  Material	
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SM3.2).	
  Open-­‐star	
  abbreviations:	
  WLA,	
  ELA,	
  NLA	
  =	
  West,	
  East,	
  and	
  North	
  Laurentia,	
  

respectively;	
  GRN	
  =	
  Greenland;	
  BAL	
  =	
  Baltica;	
  SAM	
  =	
  South	
  America;	
  SAF	
  =	
  South	
  

Africa;	
  NAF	
  =	
  North	
  Africa;	
  ARB	
  =	
  Arabia;	
  IRN	
  =	
  Iran;	
  IBR	
  =	
  Iberia;	
  CDM	
  =	
  Cadomia;	
  

ANT	
  =	
  Antarctica;	
  AUS	
  =	
  Australia;	
  IND	
  =	
  India;	
  SCB	
  =	
  South	
  China	
  Block;	
  NCB	
  =	
  

North	
  China	
  Block;	
  SBU	
  =	
  Sibumasu.	
  Closed-­‐star	
  abbreviations	
  =	
  ALK	
  =	
  Alaska;	
  AVW	
  

=	
  Avalonia-­‐West;	
  AVE	
  =	
  Avalonia-­‐East;	
  SCT	
  =	
  Scotland;	
  TAR	
  =	
  Tarim.	
  References	
  incl	
  

	
  

Figure	
  3.2.	
  Detrital	
  zircon	
  age	
  distributions	
  from	
  Neoproterozoic	
  and	
  Cambrian	
  age	
  

strata.	
  Blue	
  bar	
  highlights	
  ‘glacial	
  interval’	
  from	
  715-­‐635	
  Ma.	
  See	
  Fig.	
  3.1	
  for	
  locality	
  

abbreviations.	
  Age	
  abbreviations:	
  Ear	
  =	
  Early,	
  Mid	
  =	
  Middle,	
  Lt	
  =	
  Late,	
  Neoptz	
  =	
  

Neoproterozoic;	
  Cambr	
  =	
  Cambrian.	
  All	
  Cryogenian	
  samples	
  include	
  material	
  that	
  is	
  

at	
  least	
  Marinoan	
  in	
  age.	
  Late	
  Neoproterozoic	
  samples	
  include	
  both	
  Cryogenian	
  and	
  

Ediacaran	
  material.	
  Data	
  sources	
  listed	
  in	
  Supporting	
  Material	
  (SM3.5).	
  

	
  

Figure	
  3.3.	
  Detrital	
  zircon	
  age	
  distributions	
  from	
  Ordovician,	
  Silurian,	
  and	
  Devonian	
  

age	
  strata.	
  Blue	
  bar	
  highlights	
  ‘glacial	
  interval’	
  from	
  715-­‐635	
  Ma.	
  See	
  Fig.	
  3.1	
  for	
  

locality	
  abbreviations.	
  Age	
  abbreviations:	
  Ear	
  =	
  Early;	
  Mid	
  =	
  Middle;	
  Lt	
  =	
  Late;	
  Ord	
  =	
  

Ordovician;	
  Devo	
  =	
  Devonian.	
  All	
  Cryogenian	
  samples	
  include	
  material	
  that	
  is	
  at	
  

least	
  Marinoan	
  in	
  age.	
  Late	
  Neoproterozoic	
  samples	
  include	
  both	
  Cryogenian	
  and	
  

Ediacaran	
  material.	
  Data	
  sources	
  listed	
  in	
  Supporting	
  Material	
  (SM3.5).	
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Figure	
  3.4.	
  Normalized	
  age	
  distributions	
  of	
  combined	
  global	
  detrital	
  zircon	
  age	
  data.	
  

Blue	
  bar	
  highlights	
  ‘glacial	
  interval’	
  from	
  715-­‐635	
  Ma.	
  Red	
  dashed	
  bars	
  indicate	
  

Large	
  Igneous	
  Province	
  activity	
  (from	
  Ernst	
  and	
  Buchan,	
  2002;	
  Ernst	
  et	
  al.,	
  2008).	
  

	
  

Figure	
  3.5.	
  Temporal	
  composite	
  of	
  geochronologic,	
  thermochronologic,	
  and	
  

geochemical	
  data	
  related	
  to	
  metazoan	
  marine	
  biodiversity	
  and	
  mass	
  extinctions	
  (see	
  

Supporting	
  Material	
  SM3.6	
  for	
  references.)	
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Figure	
  3.1	
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Figure	
  3.2	
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Figure	
  3.3	
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Figure	
  3.4	
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Figure	
  3.5	
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Supporting	
  Material	
  
	
  
SM3.1.	
  Simple	
  schematic	
  of	
  the	
  long-­‐term	
  carbon	
  cycle	
  (modified	
  after	
  Kump	
  et	
  al.,	
  

2000).	
  

Figure	
  SM3.1	
  

	
  

	
  

SM3.2.	
  Normalization	
  process	
  for	
  the	
  global	
  compilations.	
  In	
  an	
  attempt	
  to	
  avoid	
  

biasing	
  the	
  global	
  distributions	
  towards	
  regions	
  with	
  greater	
  available	
  zircon	
  age	
  

data,	
  all	
  regions	
  were	
  normalized	
  prior	
  to	
  inclusion	
  in	
  compilation.	
  Normalization	
  

was	
  accomplished	
  by	
  dividing	
  all	
  numerical	
  age-­‐dates	
  into	
  20	
  million	
  year	
  age	
  bins	
  

and	
  converting	
  the	
  regional	
  populations	
  into	
  percentages.	
  Each	
  region	
  was	
  then	
  

treated	
  to	
  have	
  an	
  equal	
  number	
  of	
  age-­‐dates	
  (n	
  =	
  100).	
  Regions	
  that	
  were	
  located	
  in	
  

proximity	
  along	
  a	
  continuous	
  margin	
  as	
  part	
  of	
  the	
  same	
  terrane	
  were	
  normalized	
  

and	
  combined	
  prior	
  to	
  inclusion	
  in	
  the	
  global	
  complications,	
  also	
  to	
  avoid	
  biasing.	
  

i.e.	
  samples	
  close	
  to	
  one	
  another	
  were	
  treated	
  as	
  one	
  sample.	
  	
  The	
  following	
  regions	
  

were	
  combined	
  and	
  treated	
  as	
  single	
  regions	
  in	
  the	
  global	
  compilations:	
  1)	
  the	
  north	
  

African	
  terranes	
  (NAF,	
  ABR,	
  and	
  IRN);	
  2)	
  Cadomia	
  and	
  Iberia	
  (CAD	
  and	
  IBR);	
  3)	
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western	
  Laurentia	
  and	
  northern	
  Laurentia	
  (WLA	
  and	
  NLA);	
  and	
  4)	
  eastern	
  

Laurentian	
  and	
  Greenland	
  (ELA	
  and	
  GRN).	
  

	
  

SM3.3.	
  Age	
  probability	
  distributions	
  from	
  poorly	
  constrained	
  siliciclastic	
  rocks.	
  

These	
  data	
  are	
  generally	
  similar	
  to	
  data	
  presented	
  in	
  the	
  main	
  text,	
  with	
  a	
  low-­‐

abundance	
  of	
  zircons	
  with	
  ages	
  around	
  the	
  onset	
  of	
  the	
  Cryogenian	
  glacial	
  interval	
  

and	
  large	
  populations	
  of	
  Ediacaran	
  to	
  early	
  Paleozoic	
  age	
  zircons.	
  CAT	
  =	
  Cathaysia;	
  

TAR	
  =	
  Tarim;	
  SAM	
  =	
  South	
  America;	
  SCT	
  =	
  Scotland;	
  AVE	
  =	
  Avalonia-­‐east;	
  AVW	
  =	
  

Avalonia-­‐west;	
  ALK	
  =	
  Alaska.	
  

Figure	
  SM3.3	
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SM3.4.	
  Simplified	
  paleogeographic	
  reconstruction	
  of	
  Gondwana	
  during	
  the	
  

Cambrian	
  (modified	
  after	
  Cawood	
  and	
  Buchan,	
  2007).	
  

Figure	
  SM3.4	
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  References	
  for	
  detrital	
  zircon	
  age	
  distributions.	
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