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Group	
  aim:	
  
•  To	
  idenHfy	
  and	
  address	
  grand	
  challenges	
  for	
  fundamental	
  
research	
  on	
  ancient	
  and	
  recent	
  carbonate	
  systems	
  

To	
  be	
  achieved	
  by:	
  
•  CreaHon	
  of	
  next	
  generaHon	
  of	
  numerical	
  carbonate	
  process	
  
models	
  under	
  the	
  umbrella	
  of	
  the	
  CSDMS	
  iniHaHve	
  

•  CreaHon	
  of	
  supporHng	
  carbonate	
  systems	
  databases	
  

Assuming	
  that:	
  	
  
•  Open-­‐source	
  numerical	
  models	
  and	
  associated	
  quanHtaHve	
  
datasets	
  can	
  be	
  state-­‐of-­‐the-­‐art	
  repositories	
  for	
  our	
  knowledge	
  of	
  
how	
  carbonate	
  systems	
  work	
  

•  Models	
  can	
  be	
  useful	
  experimental	
  tools	
  applied	
  to	
  develop	
  and	
  
enhance	
  carbonate	
  knowledge.	
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  facies	
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–  Origins	
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–  Other	
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Homoclinal	
  

Distally	
  steepened	
  

Non-­‐rimmed	
  shelf	
  

Rimmed	
  shelf	
  

Isolated	
  
pla\orm	
  

Resedimented	
  deep-­‐water	
  
grainstone	
  

OoliHc	
  &	
  biolcasHc	
  
grainstones	
  

Reefs,	
  patch	
  reefs,	
  
rudist	
  shoals	
  etc	
  

Tidal	
  flats	
  &	
  
sabkha	
  

Facies	
  belts	
  

•  Standard	
  paradigm:	
  carbonate	
  factory	
  type,	
  represented	
  by	
  
carbonate	
  producHon	
  profile	
  ,	
  controls	
  pla\orm	
  architecture	
  

•  Most	
  predicHons	
  of	
  facies	
  and	
  sequence	
  strat	
  hinge	
  on	
  this	
  
•  But	
  is	
  it	
  true?	
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(euphoHc)	
  

Cool-­‐water	
  
(heterozoan)	
  

0	
  

W
at
er
	
  D
ep

th
	
  (m

)	
  

100	
  

200	
  

300	
  

400	
  

500	
  

Mud	
  
mound	
  

Tropical	
  
(oligophoHc)	
  



CSDMS	
  
C-­‐FRG	
  

•  Issues:	
  pla\orms	
  &	
  predicHon,	
  complexity	
  and	
  heterogeneity	
  

–  Pla\orm	
  types	
  and	
  facies	
  predicHon	
  

–  Origins	
  of	
  heterogeneity	
  in	
  carbonates	
  

–  Other	
  issues…	
  

•  Review	
  of	
  current	
  models	
  

–  DeposiHonal	
  models	
  

–  DiageneHc	
  models	
  

•  New	
  modelling	
  direcHons	
  

–  Cellular	
  automata	
  

–  PopulaHon	
  modelling	
  

•  CFG	
  research	
  plans	
  



CSDMS	
  
C-­‐FRG	
  

Purkis	
  et	
  al.	
  	
  
Wilkinson	
  &	
  Drummond,	
  2004	
  

Harris	
  &	
  Vlaswinkel,	
  2008	
  
•  Planform	
  heterogeneity	
  observed	
  in	
  modern	
  
systems	
  across	
  a	
  wide	
  range	
  of	
  scales	
  

•  Limited	
  staHsHcal	
  understanding	
  of	
  spaHal	
  
distribuHons	
  at	
  different	
  scales	
  

•  Understanding	
  of	
  the	
  responsible	
  processes	
  is	
  
even	
  more	
  limited,	
  especially	
  the	
  link	
  with	
  
ver5cal	
  stacking	
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•  VerHcal	
  stacking	
  in	
  strata	
  also	
  
shows	
  significant	
  heterogeneity	
  

•  Many	
  carbonates	
  strata	
  exhibit	
  
exponenHal	
  thickness	
  
frequency	
  distribuHons	
  

•  Which	
  means	
  lots	
  more	
  thin	
  
beds	
  than	
  thick	
  beds	
  

•  What	
  does	
  this	
  mean	
  in	
  terms	
  
of	
  deposiHonal	
  processes?	
  

Logged	
  secHon	
  from	
  Grotzinger,	
  1986,	
  
JSP,	
  56,	
  813-­‐847	
  

Wilkinson	
  et	
  al,	
  1996,	
  JSR,	
  66,	
  p.1065-­‐1068	
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• Ocean	
  acidificaHon	
  

•  Shoreline	
  change	
  on	
  island	
  naHons	
  
•  Reefs,	
  shallow	
  and	
  deep,	
  and	
  their	
  change	
  

in	
  response	
  to	
  past	
  and	
  future	
  climate	
  

change	
  

•  Tsunami	
  records	
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Summary	
  
SpaHal	
  dimensions:	
  3D	
  
Process	
  dimensions:	
  1-­‐2D	
  
Scale:	
  Whole	
  pla\orm	
  and	
  more	
  
Lithologies:	
  MulHple,	
  user-­‐defined	
  
linked	
  to	
  producHon	
  curves	
  
Transport	
  is	
  diffusional	
  so	
  ability	
  to	
  
make	
  fine-­‐scale	
  heterogeneity	
  is	
  
rather	
  limited	
  

USP:	
  Large	
  scale,	
  very	
  flexible	
  and	
  
onen	
  very	
  fast	
  to	
  run	
  

Refs:	
  
Bassant	
  and	
  Harris,	
  2008	
  
Williams,	
  2010,	
  unpublished	
  PhD	
  thesis	
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Summary	
  
SpaHal	
  dimensions:	
  3D	
  
Process	
  dimensions:	
  1-­‐2D	
  
producHon,	
  2D	
  transport	
  
Scale	
  :	
  Pla\orm	
  architecture	
  &	
  
pla\orm	
  interior	
  
Lithology:	
  very	
  basic,	
  water-­‐depth	
  
classificaHon	
  only	
  
Heterogeneity:	
  some,	
  but	
  limited	
  
by	
  poor	
  lithology	
  representaHon	
  

USP:	
  consideraHon	
  of	
  autocyclic	
  
processes,	
  detailed	
  staHsHcal	
  
analysis	
  of	
  results	
  

Refs:	
  
Burgess	
  et	
  al	
  2001,	
  
Burgess,	
  2001,	
  
Barnet	
  et	
  al	
  2002,	
  
Burgess	
  and	
  Wright	
  2003,	
  
Burgess	
  and	
  Emery	
  2004	
  
Burgess,	
  2006	
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Summary	
  
SpaHal	
  dimensions:	
  3D	
  
Process	
  dimensions:	
  1-­‐2D?	
  
Scale:	
  Whole	
  pla\orm	
  
Lithologies:	
  MulHple,	
  realisHc	
  	
  
Heterogeneity	
  –	
  definitely,	
  but	
  
mostly	
  externally	
  forced?	
  And	
  
possible	
  issues	
  with	
  numerical	
  
artefacts?	
  
USP:	
  good	
  wave	
  and	
  current	
  
model,	
  plus	
  link	
  to	
  diageneHc	
  
processes	
  

Refs:	
  
Peterson	
  et	
  al	
  2006	
  
Peterson	
  et	
  al	
  2008	
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Primary	
  
facies	
  

Hydraulic	
  
conducHvity	
  

Porosity	
  

Summary	
  
SpaHal	
  dimensions:	
  3D	
  
Process	
  dimensions:	
  1-­‐2D?	
  
Scale:	
  Whole	
  pla\orm	
  
Lithologies:	
  MulHple,	
  realisHc	
  
DiageneHc	
  model:	
  hybrid	
  
parametric	
  	
  

Refs:	
  
Peterson	
  et	
  al	
  2006	
  
Peterson	
  et	
  al	
  2008	
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ReacHon-­‐transport	
  modeling	
  of	
  bed-­‐scale	
  dolomiHzaHon	
  to	
  
assess	
  paLern	
  formaHon	
  using	
  Sym.8	
  simulator	
  

Summary	
  
SpaHal	
  dimensions:	
  2D	
  
Process	
  dimensions:	
  1-­‐2D?	
  
Scale:	
  Small-­‐scale	
  bed	
  stacking	
  
Lithologies:	
  RealisHc	
  depicHon	
  
of	
  bed-­‐scale	
  dolomiHzaHon	
  

Refs:	
  
Budd,	
  2010,	
  pers.	
  comm.	
  

Grids	
  centered	
  in	
  
30	
  cm	
  x	
  10	
  cm	
  cells	
  

transport	
  &	
  
reacHons	
  

no	
  flux	
  boundary	
  

no	
  flux	
  boundary	
  

2m	
  x	
  18	
  m	
  with	
  1200	
  cells.	
  	
  	
  

Isothermal	
  

Flow	
  velocity	
  -­‐	
  from	
  imposed	
  pressure	
  gradient	
  
(2nd	
  order	
  PDE)	
  &	
  Darcy	
  equaHons.	
  

Fluid	
  -­‐	
  Mississippian	
  seawater	
  evaporated	
  to	
  
near	
  halite	
  saturaHon,	
  4x	
  modern	
  atm	
  CO2	
  

more	
  

less	
  % Dolomite, 0.25 my 

Distance	
  (m)	
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Hiatus/no	
  deposiHon	
  

Primary	
  producer	
  lithotope	
  1	
  

Primary	
  producer	
  lithotope	
  2	
  

Primary	
  producer	
  lithotope	
  3	
  

Byproduct	
  lithotope	
  1	
  

Byproduct	
  lithotope	
  2	
  

Erosion	
  

•  What	
  happens	
  next	
  to	
  this	
  cell?	
  
•  4	
  same-­‐lithotope	
  neighbours	
  
•  So	
  persists	
  into	
  next	
  Hmestep	
  

•  Rule-­‐based	
  determinisHc	
  models	
  

•  Each	
  cell	
  evolves	
  through	
  Hme	
  according	
  to	
  very	
  simple	
  
rules	
  based	
  on	
  contents	
  of	
  neighbouring	
  cells	
  

•  Combine	
  with	
  subsidence,	
  sea-­‐level,	
  sediment	
  
producHon	
  etc	
  to	
  make	
  a	
  model	
  of	
  carbonate	
  
accumulaHon	
  ...	
  

Lithofacies	
  mosaic	
  in	
  a	
  
CA	
  model	
  

Lithofacies	
  mosaic	
  on	
  	
  
a	
  map	
  of	
  Florida	
  Bay	
  

Cellular	
  Automata	
  Rules	
  
Distance	
   Min	
  

Neighbours	
  
Max	
  

neighbours	
  
Min	
  

trigger	
  
Max	
  
trigger	
  

2	
   4	
   10	
   6	
   10	
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Lithotope	
  mosaic	
  map	
  

•  AnimaHon	
  from	
  “patches”	
  iniHal	
  condiHon	
  

•  Each	
  cell	
  evolves	
  through	
  Hme	
  according	
  to	
  

very	
  simple	
  rules	
  based	
  on	
  contents	
  of	
  

neighbouring	
  cells	
  

•  20	
  Hme	
  steps=20	
  ky	
  	
  

•  Lateral	
  migraHon	
  of	
  facies	
  

•  Increasing	
  lateral	
  heterogeneity/spaHal	
  
entropy	
  

Hiatus/no	
  deposiHon	
  

Primary	
  producer	
  lithotope	
  1	
  

Primary	
  producer	
  lithotope	
  2	
  

Primary	
  producer	
  lithotope	
  3	
  

Byproduct	
  lithotope	
  1	
  

Byproduct	
  lithotope	
  2	
  

Erosion	
  

Lithotope/process	
  

•  Even	
  this	
  simple	
  model	
  leads	
  to	
  complicated	
  

results	
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CarboCAT	
  	
  
•  3D	
  cellular	
  automata	
  model	
  desgined	
  to	
  model	
  plaKorm	
  

interior	
  heterogeneity,	
  constrained	
  by	
  lithofacies	
  thickness	
  
distribu5ons	
  

•  MulHple	
  facies	
  calculated	
  by	
  cellular	
  automata	
  
•  Simple	
  sediment	
  transport	
  algorithms	
  
•  Depth-­‐dependent	
  sediment	
  producHon	
  rate	
  
•  Subsidence	
  	
  
•  EustaHc	
  sea-­‐level	
  oscillaHons	
  

Cellular	
  Automata	
  Rules	
  
Distance	
   Min	
  

Neighbours	
  
Max	
  

neighbours	
  
Min	
  

trigger	
  
Max	
  
trigger	
  

2	
   4	
   10	
   6	
   10	
  

IniHal	
  state	
  map	
  

Final	
  state	
  map	
  

Cross	
  secHon	
  

Horizontal	
  Distance	
  

El
ev
aH

on
	
  (m

)	
  



CSDMS	
  
C-­‐FRG	
  

VerHcal	
  secHons	
  from	
  middle	
  of	
  model	
  grid	
  …	
  

Hiatus/no	
  deposiHon	
  

Primary	
  producer	
  lithotope	
  1	
  

Primary	
  producer	
  lithotope	
  2	
  

Primary	
  producer	
  l-­‐tope	
  3	
  

Byproduct	
  lithotope	
  1	
  

Byproduct	
  lithotope	
  2	
  

Erosion	
  

Lithotope/process	
  

Facies	
  

12
5	
  
m
	
  

Facies	
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40	
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CA	
  facies	
  mosaic	
  

ExponenHal	
  CDF	
  

max	
  diff	
  

•  CarboCAT	
  can	
  generate	
  a	
  good	
  fit	
  with	
  
exponenHal	
  curve	
  

•  Reproduces	
  one	
  important	
  aspect	
  of	
  	
  

carbonate	
  strata	
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Logged	
  secHon	
  from	
  Grotzinger,	
  1986,	
  
JSP,	
  56,	
  813-­‐847	
  

Wilkinson	
  et	
  al,	
  1996,	
  JSR,	
  66,	
  p.1065-­‐1068	
  

•  VerHcal	
  stacking	
  in	
  strata	
  also	
  
shows	
  significant	
  heterogeneity	
  

•  Many	
  carbonates	
  strata	
  exhibit	
  
exponenHal	
  thickness	
  
frequency	
  distribuHons	
  

•  Which	
  means	
  lots	
  more	
  thin	
  
beds	
  than	
  thick	
  beds	
  

•  What	
  does	
  this	
  mean	
  in	
  terms	
  
of	
  deposiHonal	
  processes?	
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Model	
  1	
   Model	
  2	
  

Water	
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•  Issues:	
  pla\orms	
  &	
  predicHon,	
  complexity	
  and	
  heterogeneity	
  

–  Pla\orm	
  types	
  and	
  facies	
  predicHon	
  

–  Origins	
  of	
  heterogeneity	
  in	
  carbonates	
  

–  Other	
  issues…	
  

•  Review	
  of	
  current	
  models	
  

–  DeposiHonal	
  models	
  

–  DiageneHc	
  models	
  

•  New	
  modelling	
  direcHons	
  

–  Cellular	
  automata	
  

–  PopulaHon	
  modelling	
  

•  CFG	
  research	
  plans	
  



CSDMS	
  
C-­‐FRG	
  

•  Model	
  spaHal	
  and	
  temporal	
  

distribuHon	
  of	
  carbonate	
  

accumulaHon	
  based	
  on	
  community	
  

model	
  

•  Community	
  model	
  encapsulates	
  

compeHHon,	
  posiHve	
  feedbacks	
  in	
  

occupied	
  sites,	
  and	
  manipulaHon	
  of	
  

local	
  environment	
  by	
  organisms	
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Popula5on	
  Approach	
  Lotka-­‐Volterra	
  coupled	
  ordinary	
  differen5al	
  equa5ons	
  

numericalCARBONATE,	
  Oct	
  2010	
  

ImmigraHon:	
  
• 	
  Spat	
  dispersal	
  
• 	
  Neighbouring	
  cell	
  
populaHons	
  
• 	
  Suitable	
  seLlement	
  
substrate	
  

CompeHHon	
  (antagonism):	
  
• 	
  Space	
  restricHon	
  and	
  overgrowth	
  
• 	
  Nutrient	
  compeHHon	
  including	
  light	
  
by	
  all	
  J	
  against	
  i	
  

Increase	
  (growth):	
  
• 	
  Growth	
  in	
  number	
  of	
  individuals	
  
• 	
  Growth	
  in	
  %	
  areal	
  cover	
  

Carrying	
  Capacity:	
  
• 	
  Physical	
  &	
  trophic	
  habitat	
  suitability	
  
• ?Full	
  capacity	
  at	
  opHmum	
  (restricted	
  by	
  
A,M,I	
  of	
  course)	
  

Mortality:	
  
• 	
  Day-­‐in	
  day-­‐out	
  
• 	
  Extreme	
  events	
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C-­‐FRG	
  

Dominant	
  Creatures	
  (Favia,	
  Lithothamnion)	
  

Dominant	
  Creature	
  
Stock	
  (live	
  %	
  area)	
  

Chagos	
  Bank	
  

Eleva5on	
  (m)	
  

Temperature	
  (dgC)	
  

WD	
  (log10	
  m)	
  

Benthic	
  Irradia5on	
  
(umol	
  phot	
  /m2	
  /s)	
  

Total	
  Stock	
  	
  
(live	
  %	
  area)	
  

071.23E	
  06.35S	
  20*0.01dg	
  

Carbonate	
  	
  
produc5on	
  
(kg/	
  m2/	
  yr)	
  

Carbonate	
  	
  
thickness	
  
At	
  yr	
  12	
  (m)	
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C-­‐FRG	
  

•  Issues:	
  pla\orms	
  &	
  predicHon,	
  complexity	
  and	
  heterogeneity	
  

–  Pla\orm	
  types	
  and	
  facies	
  predicHon	
  

–  Origins	
  of	
  heterogeneity	
  in	
  carbonates	
  

–  Other	
  issues…	
  

•  Review	
  of	
  current	
  models	
  

–  DeposiHonal	
  models	
  

–  DiageneHc	
  models	
  

•  New	
  modelling	
  direcHons	
  

–  Cellular	
  automata	
  

–  PopulaHon	
  modelling	
  

•  C-­‐FRG	
  research	
  plans	
  



CSDMS	
  
C-­‐FRG	
  

•  Focus	
  on	
  development	
  of	
  workbench	
  module	
  
prototypes	
  based	
  on	
  combined	
  community	
  model	
  and	
  
cellular	
  automata	
  approach	
  

•  Integrate	
  with	
  available	
  sediment	
  transport	
  modules	
  
•  Development	
  of	
  supporHng	
  knowledge	
  base	
  with	
  rate	
  
data	
  	
  

•  New	
  NSF	
  grant	
  proposal	
  (and	
  EU	
  proposal?)	
  
•  Expand	
  group	
  membership	
  based	
  on	
  working	
  model	
  
modules	
  

•  TesHng	
  of	
  model	
  against	
  modern	
  and	
  ancient	
  
carbonate	
  systems	
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Lithofacies	
  mosaic	
  
planform,	
  Florida	
  Bay	
  

CA	
  Lithofacies	
  
mosaic	
  	
  

Mid	
  Cretaceous	
  carbonate	
  strata,	
  central	
  
Spain	
  –	
  also	
  a	
  lithofacies	
  mosaic?	
  

Cross-­‐secHon	
  of	
  a	
  lithofacies	
  mosaic	
  
from	
  the	
  computer	
  model	
  

12
m
	
  

Distance	
  

Distance	
  

D
is
ta
nc
e	
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Transport	
  dic5onary	
   Aa	
   ...	
   Ag	
   ...	
   At	
   ...	
   Bd	
   ...	
  
Transportable	
   Yes	
   Yes	
   No	
   No	
  

Grain	
  size	
  (mm)	
   2mm	
   10mm	
   Null	
   Null	
  
Bulk	
  density	
  (gcm-­‐3)	
   2.1	
   2.2	
   Null	
   Null	
  

Grain	
  shape??	
   Messy	
   Spherical	
   Null	
   Null	
  

Produc5on	
  dic5onary	
   Aa	
   ...	
   Ag	
   ...	
   At	
   ...	
   Bd	
   ...	
  
Name	
   Coral	
  	
  X	
   Grainwithnoname	
   Seagrass	
   Cement	
  

Hardness	
   Skeletal	
   Skeletal	
   Son	
   Null	
  
Feeding	
  habit	
   Filter	
   Mobile	
  carnivore	
   Photosynth	
   Null	
  
Trophic	
  Type	
   Pred,	
  sessile	
   Pred,	
  mobile	
   Primary	
   Null	
  
Trophic	
  level	
   5	
   7	
   1	
   Null	
  
IngesHon	
  size	
   Large	
   Large	
   Small	
   Null	
  
Temp	
  range	
   21-­‐27	
   16-­‐27	
   15-­‐27	
   Null	
  

Salinity	
  range	
   Null	
  
Mineralogy	
   Aragonite	
   Calcite	
   Aragonite	
   Aragonite	
  

Roughness	
  dic5onary	
   Aa	
   ...	
   Ag	
   ...	
   At	
   ...	
   Bd	
   ...	
  
Roughness	
   Rough	
   Smooth	
   Rough	
   Smooth	
  

Form	
   Upstanding	
   Flat	
  
Bafflement	
   Some	
   Lots	
   None	
  

Form	
  drag	
   2.1	
  

What	
  carbonate	
  properHes	
  should	
  SedGrid	
  store	
  and	
  how?	
  

The	
  hypotheHcal	
  cell:	
  [Aa	
  0.05;	
  Ag	
  0.90;	
  At	
  0.05]	
  
The	
  hypotheHcal	
  cemented	
  cell:	
  [Aa	
  0.05;	
  Ag	
  0.80;	
  At	
  0.05;	
  Bd	
  0.10]	
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•  Ooid	
  factory	
  
controlled	
  by	
  Hdal	
  
currents	
  

•  Net	
  circular	
  
hydrodynamic	
  
paLern	
  around	
  the	
  
shoal	
  –	
  spin	
  cycle	
  

•  Combined	
  producHon	
  
and	
  transport	
  is	
  the	
  
key	
  

Reeder	
  &	
  
Rankey,	
  2008	
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