
Geophysical	  methods	  in	  geothermal	  
explora4on	  and	  reservoir	  

characteriza4on:	  	  
3-‐D	  seismics	  
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SUMMARY	  
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• 	  Basic	  concepts	  
• 	  Advanced	  techniques	  for	  resource	  iden4fica4on/
assessment/monitoring:	  

 3-‐D	  imaging	  
 Full	  Waveform	  Inversion	  
 AVO/aNributes	  analysis	  
 4-‐D	  4me	  lapse	  seismic	  monitoring	  



IMAGING:	  the	  non-‐invasive	  access	  to	  
hidden	  structures	  
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3-‐D	  reflec4on	  seismics	  
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3-‐D	  reflec4on	  seismics	  
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3-‐D	  reflec4on	  seismics	  
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The	  seismic	  experiment	  
(what	  is	  measured?)	  
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amplitudes	  

4mes	  



The	  seismic	  experiment	  
(what	  is	  imaged?)	  
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Seismic	  
wavefield	  
snaphots	  
(simplified	  
salt	  dome	  
model)	  
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Vp	  ,	  Vs	  and	  rock	  proper4es	  
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Velocity,	  fluid	  modulus,	  density	  

-‐  The	  rock	  elas4c	  bulk	  modulus	  normally	  
s4ffens	  with	  a	  less	  compressible	  pore	  fluid	  

-‐  The	  effect	  of	  fluid	  is	  larger	  in	  soc	  (low-‐
velocity)	  rocks	  

-‐  The	  bulk	  density	  increases	  form	  a	  dry	  to	  a	  
water-‐saturated	  rock	  

-‐  Velocity	  depends	  on	  the	  ra4o	  of	  elas4c	  
modulus	  to	  density:	  it	  may	  therefore	  
increase	  or	  decrease	  
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Velocity	  and	  pore	  pressure	  

-‐ 	  	  Cracks	  and	  flaws	  open	  with	  increasing	  pore	  pressure:	  	  
	  	  	  velocity	  consequently	  decreases	  
-‐ 	  	  Pore	  fluids	  become	  less	  compressible	  with	  increasing	  pore	  	  
	  	  	  pressure:	  velocity	  consequently	  increases	  
-‐ 	  	  Satura4on	  can	  change	  with	  changing	  pore	  pressure:	  	  
	  	  	  velocity	  can	  be	  sensi4ve	  to	  satura4on	  
-‐ 	  High	  pore	  pressure	  over	  long	  periods	  may	  inhibit	  diagenesis	  and	  	  
	  	  preserve	  porosity:	  velocity	  tends	  to	  be	  low	  in	  such	  condi4ons	  
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From	  Vp	  and	  Vs	  veloci4es	  interpreted	  through	  theore4cal	  
models	  (Voigt,	  Reuss,	  Gassmann,	  Biot)	  we	  get	  informa4on	  
about	  gas	  concentra4on	  and	  overpressure	  

Effec4ve	  pressure	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Tinivella,	  2006)	  	  

Gas	  content	  
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Pressure	  
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Seismic	  processing	  objec4ves	  
To	  produce	  accurate	  subsurface	  images:	  

Correct	  geometry	  /amplitudes	  (i.e.	  to	  
remove	  distor4ons	  	  due	  to	  	  wave	  
propaga4on)	  

Noise	  aNenua4on:	  enhance	  S/N	  

In	  synthesis:	  
recover	  true	  Earth	  response	  to	  stress	  
applied	  at	  the	  surface	  
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Geometric	  reasoning	  in	  3-‐D	  
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Seismic	  
wavefield	  
snaphots	  
(simplified	  
salt	  dome	  
model)	  
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2-‐D	  imaging	  of	  a	  3-‐D	  world:	  piialls	  and	  errors	  (1)	  
lateral	  misposi4oning	  of	  structural	  boundaries	  

Example	  of	  depth	  slice	  at	  3.5	  km:	  2-‐D/3-‐D	  
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(Biondi,	  2006)	  



2-‐D	  imaging	  of	  a	  3-‐D	  world:	  piialls	  and	  errors	  (2)	  

Dipping	  reflectors:	  misposi4oning	  in	  2-‐D	  	  
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(Biondi,	  2006)	  



2-‐D	  imaging	  of	  a	  3-‐D	  world:	  piialls	  and	  errors	  (3)	  
imaging	  complex	  targets	  

Time-‐slice	  1.3	  s 	   	  In-‐line	  cross-‐sec4on	   27	  

(Biondi,	  2006)	  



REGIONAL SCALE FROM 3-D 
REFLECTION SEISMICS 

Structural	  model	  enhancement	  from	  3-‐D	  imaging	  
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Velocity	  model	  enhancement	  from	  Full	  Waveform	  
Inversion	  (FWI)	  
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FWI	  is	  an	  automated	  method	  for	  refining	  a	  velocity	  model	  by	  itera4vely	  
aNemp4ng	  to	  match	  modelled	  data	  with	  recorded	  data.	  
Each	  itera4on	  represents	  a	  lineariza4on	  of	  the	  non-‐linear	  problem	  by	  the	  Born-‐
approxima4on	  (see	  Tarantola,	  1984).	  	  

Star4ng	  velocity	  model	   Difference	  between	  inverted	  and	  
star4ng	  velocity	  model	  



Full	  Waveform	  Inversion	  example	  from	  offshore	  Cyprus	  
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Star4ng	  velocity	  model	  

Kirchhoff	  migrated	  CMP	  gathers	  



Full	  Waveform	  Inversion	  example	  from	  offshore	  Cyprus	  
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Difference	  between	  
Inverted	  and	  star4ng	  
models	  

Kirchhoff	  migrated	  CMP	  gathers	  



AVO	  and	  aNributes:	  factors	  that	  influence	  amplitudes	  
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Fundamentals	  equa4ons	  for	  reflec4on	  coefficients	  
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AVO	  :	  Zoeppritz’s	  equa4ons	  
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STRONG	  AVO	  effects:	  aquifer	  
example	  

35	  (Gius4niani	  et	  al.,	  2008)	  



Hilbert	  transform	  and	  instantaneous	  aNributes	  
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AMPLITUDE 

PHASE 

FREQUENCY 

HILBERT TRANFORM (HT) and INSTANTANEOUS ATTRIBUTES 



The	  use	  of	  aNributes	  
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HILBERT TRANFORM (HT) and INSTANTANEOUS ATTRIBUTES 

1. Extrapolate well logs to the reservoir 

(Veekan et al, 2002) 

W
EL

L 

impedance 

 2. Identify/image tectonic/stratigraphyc 
structures  Improved 
INTERPRETATION 

(Gersztenkorn et al, 
1999) 

Seismic timeslice Coherence slice 

Tectonically complex 
zone, difficult to 
interpret on the 
original data 



38	  

(R.	  Detomo,	  2012)	  
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(R.	  Detomo,	  2012)	  
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WHAT	  SORT	  OF	  TME-‐LAPSE	  CHANGES	  MAY	  WE	  EXPECT	  IN	  
GEOTHERMAL	  EXPLORATION	  AND	  RESERVOIR	  MONITORING?	  

(R.	  Detomo,	  2012)	  
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WHAT	  SORT	  OF	  TME-‐LAPSE	  CHANGES	  MAY	  WE	  EXPECT	  IN	  
GEOTHERMAL	  EXPLORATION	  AND	  RESERVOIR	  MONITORING?	  
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WHAT	  SORT	  OF	  TME-‐LAPSE	  CHANGES	  MAY	  WE	  EXPECT	  IN	  
GEOTHERMAL	  EXPLORATION	  AND	  RESERVOIR	  MONITORING?	  

(R.	  Detomo,	  2012)	  
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WHAT	  SORT	  OF	  TME-‐LAPSE	  CHANGES	  MAY	  WE	  EXPECT	  IN	  
GEOTHERMAL	  EXPLORATION	  AND	  RESERVOIR	  MONITORING?	  

(R.	  Detomo,	  2012)	  
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Example	  1	  

(R.	  Detomo,	  2012)	  
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46	  (From	  DeBuyl,	  1989)	  



Velocity	  analysis	  
Offset [cm]	  

W-E	  
60	   500	   Offset [cm]	  

N-S	  
60	   500	   Offset [cm]	  

NE-SW	  

60	   500	  

Velocity [cm/ns]	  
8.0	   9.0	   10.0	   11.0	   12.0	   13.0	   14.0	   60	   Velocity [cm/ns]	  

8.0	   9.0	   10.0	   11.0	   12.0	   13.0	   14.0	   60	  

Offset [cm]	  

NW-SE	  
60	   500	  

Velocity [cm/ns]	  
8.0	   9.0	   10.0	   11.0	   12.0	   13.0	   14.0	   60	  Velocity [cm/ns]	  

8.0	   9.0	   10.0	   11.0	   12.0	   13.0	   14.0	  
N-E	  W-E	   N-S	   NE-SW	  NW-SE	  

Migration velocity analysis for enhanced material characterization  

In general:  
•  velocity ellipsoid 

(anisotropy) 
+ local velocity 

variations 
(heterogeneity) 

+ Layer DIP effect on 
reflections (DMO) 
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Characteriza4on	  of	  materials	  and	  fractures	  (numerical	  simula4on	  and	  
Comparison	  	  with	  field	  data)	  	  

Synthe4c	  data	  for	  different	  materials	  and	  incidence	  angles	  

samples  	  

Am
pli
tu
de
  	  

5°  offset 40cm  	  

28°  offset 160cm  	  

Limestone-‐air	  contact	  	  	  

Am
pli
tu
de
  	  

Input	  wavelet	  	  	   Limestone-‐wet	  clay	  contact	  

Limestone-‐water	  contact	  

samples  	  
A
m
pl
it
ud

e	  
	  	  

A
m
pl
it
ud

e	  
	  	  

samples  	  
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Discon4nui4es	  characteriza4on	  using	  MODELING	  

Comparison	  between	  field	  and	  synthe4c	  data	  

Es4ma4on	  of	  discon4nui4es	  characteris4cs:	  	  
opening,	  filling	  materials,	  water	  presence,	  lateral/ver4cal	  joint	  
varia4ons,…	  

49	  



Data	  integra4on-‐interpreta4on	  

From	  2D	  interpreta4on	  to	  3D	  stra4graphy	  reconstruc4on	  

B-scan 

Timeslice 

Horizon time/depth 
2D and                      3D 

stratigraphy reconstruction 
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Data	  integra4on-‐interpreta4on	  

Correla4on,	  calibra4on	  and	  valida4on	  with	  outcrops	  
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Data	  integra4on-‐interpreta4on	  

3D	  Discon4nui4es	  mapping	  and	  

CDP	  n.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  20	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  300	  

5.0	  

10.0	  

Distance	  [m]	  	  	  	  	  5.0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10.0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  15.0	  

D
	  e	  p
	  t	  h
	  [	   m
	  ]	  

Homogeneous	  zones	  defini.on	  	  geomechanic	  rock	  characteriza.on	  

HIGH	  
fractures	  
density	  

LOW	  
fractures	  
density	  
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3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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ICTP	  School	  on	  Geothermal	  ExploraGon,	  November	  30,	  2011	  

3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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ICTP	  School	  on	  Geothermal	  ExploraGon,	  November	  30,	  2011	  

3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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(From	  AVO	  	  analysis)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Tinivella	  et	  al.,	  2003)	  



3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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(From	  AVO	  	  analysis)	  

Instantaneous	  amplitude	  analysis	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Tinivella	  et	  al.,	  2004)	  



Shallow	  pluton	  

Deep	  pluton	  

CRUSTAL	  SEISMIC	  SECTION	  ACROSS	  TUSCANY	  GEOTHERMAL	  PROVINCE	  
(CROP-‐Project)	  

3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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(Fineo	  et	  al.,	  2001)	  



3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  

59	  

(Fineo	  et	  al.,	  2001)	  



3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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(Fineo	  et	  al.,	  2001)	  



3-‐D	  explora4on	  of	  the	  Tuscany	  geothermal	  province	  (Italy)	  
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Conclusions	  

•  3-‐D	  seismic	  imaging	  is	  a	  powerful	  tool	  to:	  
 	  unravel	  complex	  structural	  features	  
 	  iden4fy	  faults	  and	  fractures	  with	  adequate	  
precision	  for	  exploratory/produc4on	  drilling	  
purposes	  

 	  obtain	  detailed	  3-‐D	  structural	  models	  of	  use	  
in	  the	  iden4fica4on	  and	  assessment	  of	  
geothermal	  resources	  

NONETHELESS…	  
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Conclusions	  (2)	  

•  Seismic	  data	  are	  sensi4ve	  to	  acous4c	  
impedance	  contrasts	  

•  Different	  types	  of	  fluids	  and/or	  varia4ons	  of	  
temperature	  may	  have	  liNle	  effect	  on	  acous4c	  
impedance	  

•  Even	  seismic	  AVO	  response	  and	  instantaneous	  
seismic	  aNributes	  do	  not	  allow	  convincing	  
discrimina4on	  between	  fluid/lithology	  
varia4ons	  

THEREFORE…	  
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THE	  ROAD	  AHEAD	  IN	  GEOTHERMAL	  
EXPLORATION:	  electric	  and	  elas4c	  proper4es	  

64	  



…THE	  ROAD	  AHEAD	  IN	  GEOTHERMAL	  
EXPLORATION:	  	  

Joint	  Seismic/EM	  imaging	  and	  inversion	  

GAS	  SATURATION	  FROM	  EM	  +SEISMICS	  
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!!!!	  Thanks	  !!!!	  


