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4D	  Seismic:	  TradiAonal	  Concept	  	  

•  Ame-‐lapse	   geophysical	   monitoring	   is	   based	   on	   the	  

assumpAon	  that	  the	  !me-‐variant	  changes	  in	  the	  images	  of	  

seismic	  velocity	  depend	  on	  the	  varia!on	  of	  the	  proper!es	  

of	  the	  rock	  frame	  and	  the	  fluid	  permeaAng	  it	  in	  response	  

to	   changes	   in	   physical	   parameters	   such	   saturaAon,	   pore	  

fluid	  pressure,	  temperature,	  and	  stress.	  	  

–	  	  	  2	  Tiziana	  Vanorio.	  



Fluid	  SubsAtuAon:	  Gassmann	  Model	  

saturaAon	  
free	  and	  dissolved	  gas	  	  
pore	  fluid	  pressure	  

temperature	  	  

Changes	  in	  rock	  seismic	  velocity	  and	  impedance	  are	  caused	  by	  a	  purely	  
mechanical	  interac!on	  between	  the	  fluid	  and	  the	  rock	  frame.	  

Water	  Saturated	  
Rock	  Seismic	  Velocity	  

Water	  Proper!es	   Solid/Frame	  Proper!es	  

mineral	  composiAon	  	  
properAes	  of	  the	  frame	  

Φ	


porosity	  

ANY	  other	  fluid	  

Fluid	  Proper!es	  Kfl  Kfl 

ρ0	   ρdry	  

 µdry  Kdry  Ko 



CO2	  InjecAon	  

•  	  Chemical	  Disequilibria:	  Fast	  and	  Time-‐
dependent	  

Injec!on	   Two	  days	  

AQer	   two	   days	   f rom	   the	  
beginning	   of	   the	   injecAon	   an	  
increased	   concentraAon	   of	  	  
caAons	   such	   as	   Calcium,	   Iron,	  
and	  Manganese	  are	  measured	  at	  
the	  observaAon	  well.	  



Laboratory	  Program	  on	  CO2	  InjecAon	  

•  Comprehensive	  Time-‐Lapse	  monitoring	  of:	  

q 	  changes	  in	  transport,	  elas!c,	  and	  geochemical	  	  
proper!es	  resulAng	  from	  chemo-‐mechanical	  processes	  
induced	  upon	  CO2	  injecAon	  

§ 	  precipitaAon	  
§ 	  dissoluAon	  	  
	  

q 	  changes	  in	  the	  rock	  microstructure:	  Time-‐Lapse	  high	  
resoluAon	  imaging	  to	  quanAfy	  pore	  network	  
modificaAons	  	  

§ 	  SEM	  images	  
§ Ct-‐scan	  images	  



Experimental	  Design	  

•  	  InjecAons	  are	  performed	  under	  reservoir	  pressure	  condiAons	  :	  Pc	  
up	  to	  15-‐55	  MPa	  and	  Pf	  up	  to	  15-‐28MPa	  

– Magnitude	  and	  locaAon	  of	  changes	  



Rock	  Samples	  

MicriAc	  Carbonates	  



Pre-‐InjecAon	  CharacterizaAon	  

Mictrite	  Content	  



Pre-‐InjecAon	  CharacterizaAon	  

Pore	  space	  in	  blue	   Grayscale	  opacity	  
Reduced	  to	  show	  
Pore	  space	  

Pore	  Space	  and	  Its	  Connec!vity	  



Experimental	  Protocol	  
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Monitored	  ProperAes	  
•  Chemical	  composiAon	  (pH,	  CaAon	  ConcentraAon)	  
of	  the	  outlet	  brine	  (dissoluAon)	  

•  Porosity	  and	  permeability	  change	  upon	  injecAon	  
(mechanical	  compacAon)	  

•  P-‐	  and	  S-‐	  wave	  velocity	  upon	  injecAon	  and	  dry	  
frame	  
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Velocity-‐Injected	  Pv-‐Pressure	  
VelociAes	  of	  the	  dry	  rock	  frame	  aQer	  injecAon	  

ΔV	  
ΔP	  

ΔV	  

ΔP	  

Pre-‐injecAon	  

Pre-‐injecAon	  



Porosity-‐Injected	  Pv-‐Pressure	  



Time-‐Lapse	  SEM	  



Time-‐Lapse	  SEM	  



SelecAve	  DissoluAon	  

25	  mm	  

Before CO2 injection After CO2 injection 

25	  mm	  



Post-‐InjecAon	  CharacterizaAon	  



Conclusions	  

•  Experimental	  data	  and	  pore	  scale	  images	  show	  that	  the	  

seismic	  response	  of	  CO2	  injecAon	  in	  brine-‐rock	  systems	  is	  

far	  from	  being	  a	  pure	  fluid-‐subsAtuAon	  problem.	  	  	  

•  Fluid	  -‐	  rock	  chemical	  interacAons	  affect	  the	  acousAc	  and	  

transport	  properAes	  of	  rock	  frame.	  This	  interacAon	  implies	  

a	  Ame-‐dependence	  of	  the	  properAes	  of	  the	  rock	  frame	  in	  

addiAon	  to	  those	  of	  the	  fluid	  permeaAng	  the	  rock	  

(saturaAon,	  pressure…).	  	  
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Conclusions	  
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• 	  Experiments	  shows	  where	  changes	  are	  likely	  to	  occur:	  

• 	  cement	  dissoluAon	  at	  the	  grain	  contact	  è elasAc	  modui	  

• 	  porosity/density	  è elasAc	  moduli	  

• 	  the	  fracAon	  of	  complaint	  pores	  seems	  to	  increase	  with	  

injecAon	  as	  carbonates	  become	  more	  sensiAve	  to	  pressure	  

upon	  injecAon	  

	  

	  



Where	  Are	  We	  Going?	  
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Where	  Are	  We	  Going?	  
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Carbonate	  Rock	  Physics	  

Heterogeneous	  Microstructure	  



SyntheAc	  Samples	  
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• 	  In	  carbonate	  rocks,	  velocity	  decreases	  mainly	  because	  of	  the	  

formaAon	  of	  new,	  more	  complaint	  pores.	  Carbonates	  become	  

more	  sensiAve	  to	  pressure	  upon	  injecAon;	  i.e.,	  the	  fracAon	  of	  

complaint	  pores	  increases.	  

• 	  Sandstones	  experience	  larger	  decrease	  in	  velocity	  as	  well	  as	  
larger	  compacAon	  than	  carbonates;	  velocity	  decreases	  because	  

of	  dissoluAon	  of	  cement	  at	  the	  grain	  contacts.	  

	  



CO2	  InjecAon	  in	  Sandstones	  
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VelociAes	  of	  the	  dry	  rock	  frame	  aQer	  injecAon	  



Time-‐Lapse	  SEM	  



Post-‐InjecAon	  CharacterizaAon	  



Time-‐Lapse	  NMR	  
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Pre−injection
After 500 PV injected

Larger	  Pores	  Smaller	  Pores	  

T2	  is	  inversely	  proporAonal	  to	  Surface/Volume	  raAo	  of	  the	  pore	  space	  	  

Pore	  coupling	  

“New	  pore	  space”	  
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Pre−injection
After 150 PV injected

Tight	  Limestone	  MicriAc	  Carbonate	  
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Time-‐Lapse	  SEM	  


