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Talking	
  about:	
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1.  Mapping	
  geothermal	
  features	
  
2.  Geochemical	
  explora4on	
  
3.  Seismic	
  explora4on	
  
4.  Electrical/EM	
  methods	
  and	
  shallow	
  

wells	
  for	
  thermal	
  gradient	
  
5.  Slim	
  hole	
  



Talking	
  about	
  (2):	
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1.  OBJECTIVES	
  

2.  KEY	
  ISSUES	
  (PHYSICAL	
  PROPERTIES,	
  
SEISMIC	
  TOOLS)	
  

3.  PROBLEMS	
  AND	
  PITFALLS	
  



NOT	
  talking	
  about:	
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1.  Seismic	
  survey	
  design	
  and	
  data	
  
acquisi4on	
  tools	
  

2.  Details	
  of	
  seismic	
  data	
  processing	
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The	
  geophysical	
  problem	
  

• Depth	
  and	
  shape	
  of	
  geological	
  structures	
  

• Characteriza4on	
  of	
  subsurface	
  materials	
  
(lithology	
  and	
  fluid	
  informa4on)	
  



IMAGING:	
  the	
  non-­‐invasive	
  access	
  to	
  
hidden	
  structures	
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Waves	
  	
  

•  Elas4c	
  waves	
  are	
  generated	
  whenever	
  there	
  is	
  
– a	
  sudden	
  deforma4on	
  

– a	
  sudden	
  movement	
  of	
  a	
  por4on	
  of	
  the	
  medium	
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Waves	
  	
  

•  Examples	
  of	
  man-­‐made	
  seismic	
  sources	
  
– Explosion	
  
– Weight	
  drop	
  
– Drilling	
  
– Vibroseis	
  (trac4ons),	
  ...	
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€ 

Ksat

Km −Ksat

=
Kd

Km −Kd

+
K fl

φ(Km −Kd )

EFFECTIVE	
  BULK	
  MODULUS	
  OF	
  SATURATED	
  ROCKS	
  

As	
  a	
  func4on	
  of	
  bulk	
  moduli	
  of:	
  

• 	
  minerals	
  
• 	
  dry	
  rock	
  
• 	
  fluids	
  

AND	
  POROSITY	
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Two	
  types	
  of	
  deforma4ons	
  
•  Volumetric	
  change	
  	
  
	
  	
  	
  (P-­‐waves,	
  compressional	
  
waves)	
  

•  Change	
  of	
  shape	
  	
  
	
  	
  	
  (S-­‐wave,	
  shear	
  waves)	
  

Source:	
  Duan	
  (2010)	
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P-­‐waves	
  (compressional	
  waves)	
  
•  P-­‐waves	
  (i)	
  similar	
  to	
  sound	
  waves,	
  (ii)	
  series	
  of	
  
contrac4ons	
  and	
  relaxa4ons,	
  (iii)	
  fastest,	
  ~5	
  km/sec	
  
(depends	
  on	
  rock	
  type),	
  (iv)	
  travel	
  through	
  solid,	
  liquid	
  
and	
  gas	
  

Source:	
  Ikelle	
  and	
  Amundsen	
  (2005);	
  IPS	
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S-­‐waves	
  (shear	
  waves)	
  
•  S-­‐waves	
  mo4on	
  is	
  (i)	
  right	
  angles	
  to	
  direc4on	
  of	
  wave,	
  (ii)	
  about	
  

half	
  the	
  speed	
  of	
  P	
  waves,	
  and	
  (iii)	
  	
  travel	
  only	
  through	
  solids	
  

Source:	
  Ikelle	
  and	
  Amundsen	
  (2005);	
  IPS	
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P-wave 

S-wave 

Source:	
  Duan	
  (2010)	
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Subsurface	
  model	
  and	
  data	
  acquisi4on	
  geometry	
  

Numerical	
  simula4on	
  



MATCH BETWEEN GEOLOGICAL AND 
GEOPHYSICAL MODEL 
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MATCH BETWEEN GEOLOGICAL AND 
GEOPHYSICAL MODEL 



Seismic	
  
wavefield	
  
snaphots	
  
(simplified	
  
salt	
  dome	
  
model)	
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Seismic	
  data	
  acquisi4on	
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GEOLOGICAL	
  TARGET	
  

• Porous/fractured,	
  permeable,	
  fluid-­‐rich	
  
forma4ons	
  >>	
  i.e.	
  the	
  geothermal	
  system/
reservoir	
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The	
  seismic	
  tools	
  

• KINEMATIC:	
  arrival	
  4mes,	
  veloci4es	
  

• DYNAMIC:	
  amplitudes	
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The	
  seismic	
  tools	
  

te
m
po

	
  

spazio	
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€ 

RC(θ ) =
(ρα)2 − (ρα)1
(ρα)2 + (ρα)1

cos2θ +
σ 2 −σ1
(1−σ avg )

2 sin
2θ

RC	
  =	
  reflec4on	
  coefficient	
  
θ =	
  incidence	
  angle	
  
ρ =	
  density	
  
α	
  =	
  P-­‐wave	
  velocity	
  

NORMAL	
  INCIDENCE	
  REFLECTIVITY	
   POISSON’s	
  REFLECTIVITY	
  



Reflec4on	
  coefficients	
  as	
  a	
  func4on	
  of	
  incidence	
  
angle	
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Veloci<es:	
  the	
  scale	
  problem	
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Instantaneous	
  
velocity	
  and	
  
average	
  velocity	
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Average	
  velocity	
  
From	
  seismic-­‐to-­‐
well	
  4e	
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Dix	
  Formula	
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Inverse	
  Dix	
  Formula	
  

€ 

Vint,T1−T 2 =
T2VRMS

2 (T2) −T1VRMS
2 (T1)

T2 −T1



ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  November	
  30,	
  2011	
   39	
  

2-­‐D	
  ZERO	
  OFFSET	
  DEPTH	
  
MIGRATION	
  



Seismic	
  processing	
  objec4ves	
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To	
  produce	
  accurate	
  subsurface	
  images:	
  

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

Noise	
  aoenua4on:	
  enhance	
  S/N	
  

In	
  synthesis:	
  
recover	
  true	
  Earth	
  response	
  to	
  stress	
  
applied	
  at	
  the	
  surface	
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2-­‐D	
  imaging	
  of	
  a	
  3-­‐D	
  world:	
  pipalls	
  and	
  errors	
  (1)	
  
lateral	
  misposi4oning	
  of	
  structural	
  boundaries	
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Example	
  of	
  depth	
  slice	
  at	
  3.5	
  km:	
  2-­‐D/3-­‐D	
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2-­‐D	
  imaging	
  of	
  a	
  3-­‐D	
  world:	
  pipalls	
  and	
  errors	
  (2)	
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Dipping	
  reflectors:	
  misposi4oning	
  in	
  2-­‐D	
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2-­‐D	
  imaging	
  of	
  a	
  3-­‐D	
  world:	
  pipalls	
  and	
  errors	
  (3)	
  
imaging	
  complex	
  targets	
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Time-­‐slice	
  1.3	
  s 	
   	
  In-­‐line	
  cross-­‐sec4on	
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Geometric	
  reasoning	
  in	
  3-­‐D	
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REGIONAL SCALE FROM 3-D 
REFLECTION SEISMICS 
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Structural	
  model	
  enhancement	
  from	
  3-­‐D	
  imaging	
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Strained	
  and	
  fractured	
  Earth:	
  the	
  ground	
  truth…	
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…	
  the	
  subsurface	
  model…	
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…the	
  seismic	
  image…	
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3-­‐D	
  seismic	
  study	
  of	
  a	
  strained	
  and	
  fractured	
  Earth..	
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…at	
  regional	
  scale	
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Resolving	
  power	
  in	
  3-­‐D	
  cross-­‐sec4ons..	
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..maps	
  and	
  strike	
  projec4ons	
  …	
  

ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  November	
  30,	
  2011	
   52	
  



..3-­‐D	
  subsurface	
  models	
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Velocity	
  analysis	
  
Offset [cm]	
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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,…	
  

ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  
November	
  30,	
  2011	
   56	
  



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	
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Homogeneous	
  zones	
  defini.on	
  	
  geomechanic	
  rock	
  characteriza.on	
  

HIGH	
  
fractures	
  
density	
  

LOW	
  
fractures	
  
density	
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AREA1: LASERSCAN  POINT NETWORK 

RECONSTRUCTED DIGITAL OUTCROP MODEL (DOM) 
DOM WITH OUTCROP PHOTOGRAPHS 

SUPERIMPOSED  

3D	
  data	
  integra4on,	
  visualiza4on	
  and	
  analysis	
  

DOM WITH PROCESSED GEOPHYSICAL DATA AND INTERPRETATION 
SUPERIMPOSED ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  
November	
  30,	
  2011	
   60	
  



Interpreta4on	
  pipalls	
  (Structural)	
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•  ASSOCIATED	
  WITH:	
  
 	
  VELOCITY:	
  because	
  seismic	
  data	
  are	
  osen	
  
displayed	
  in	
  4me	
  rather	
  than	
  in	
  depth	
  

 	
  GEOMETRY:	
  because	
  seismic	
  events	
  from	
  a	
  3-­‐
D	
  world	
  are	
  displayed	
  in	
  a	
  2-­‐D	
  sec4on	
  

 	
  RECORDING/PROCESSING:	
  because	
  the	
  
content	
  of	
  a	
  seismic	
  sec4on	
  is	
  not	
  only	
  
geological	
  and	
  the	
  non-­‐geological	
  components	
  
can	
  mask	
  geology	
  (e.g.	
  mul4ple	
  reflec4ons)	
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Interpreta4on	
  pipalls	
  (material	
  characteriza4on)	
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•  EXAMPLE	
  >>	
  BRIGHT	
  SPOTS	
  AND	
  FALSE	
  
BRIGHT	
  SPOTS	
  

 	
  BRIGHT	
  SPOT:	
  DHI	
  (direct	
  hydrocarbon	
  
indicator,	
  1970s)	
  	
  

•  Gas/light	
  oil	
  in	
  sos	
  sand	
  increase	
  
compressibility,	
  decrease	
  velocity,	
  produce	
  
strong	
  nega4ve	
  amplitude	
  anomalies	
  
(nega4ve	
  bright	
  spots)	
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Interpreta4on	
  pipalls	
  (material	
  characteriza4on)	
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•  EXAMPLE	
  >>	
  BRIGHT	
  SPOTS	
  AND	
  FALSE	
  
BRIGHT	
  SPOTS	
  

 	
  BRIGHT	
  SPOT:	
  DHI	
  (direct	
  hydrocarbon	
  
indicator,	
  1970s)	
  	
  

•  Hard	
  sand	
  saturated	
  by	
  brine	
  may	
  induce	
  a	
  
(posi4ve)	
  bright	
  spot	
  

•  Gas-­‐filled	
  sand	
  may	
  be	
  transparent,	
  thus	
  
causing	
  a	
  weak	
  reflec4on	
  (dim	
  spot)	
  

BUT…	
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Interpreta4on	
  pipalls	
  (material	
  characteriza4on)	
  

ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  November	
  30,	
  2011	
  

•  EXAMPLE	
  >>	
  BRIGHT	
  SPOTS	
  AND	
  FALSE	
  
BRIGHT	
  SPOTS	
  

 	
  Associated	
  with:	
  
•  Volcanic	
  intrusions	
  and	
  volcanic	
  ash	
  layers	
  
•  Sands	
  with	
  calcite	
  cement	
  in	
  thin	
  pinch-­‐outs	
  

•  Low-­‐porosity	
  heterolithic	
  sands	
  

AND…	
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Interpreta4on	
  pipalls	
  (material	
  characteriza4on)	
  

ICTP	
  School	
  on	
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  Explora4on,	
  November	
  30,	
  2011	
  

•  EXAMPLE	
  >>	
  BRIGHT	
  SPOTS	
  AND	
  FALSE	
  
BRIGHT	
  SPOTS	
  

 	
  Associated	
  with:	
  
…	
  

•  Overpressured	
  sands	
  or	
  shales	
  
•  Coal	
  beds	
  
•  Top	
  of	
  salt	
  diapirs	
  
The	
  last	
  3	
  have	
  same	
  polarity	
  of	
  gas	
  sands	
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AMERICAN	
  vs.	
  EUROPEAN	
  polarity	
  

ICTP	
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  on	
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  Explora4on,	
  November	
  30,	
  2011	
  

•  American	
  
 	
  Increase	
  in	
  impedance	
  gives	
  posi4ve	
  
amplitude	
  (normally	
  black	
  in	
  VA	
  or	
  red	
  in	
  VD)	
  

•  European/Australian	
  
 	
  Increase	
  in	
  impedance	
  gives	
  nega4ve	
  
amplitude	
  (normally	
  white	
  in	
  VA	
  or	
  blue	
  in	
  VD)	
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HARD	
  (i.e.	
  high	
  impedance)	
  or	
  SOFT	
  (low	
  imp.)
events	
  ?	
  

ICTP	
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  Explora4on,	
  November	
  30,	
  2011	
  

•  HARD	
  
 	
  shallow	
  sands	
  at	
  normal	
  pressure	
  embedded	
  
in	
  pelagic	
  shales	
  

 Cemented	
  sandstones	
  with	
  brine	
  satura4on	
  

 Carbonate	
  rocks	
  embedded	
  in	
  siliciclas4cs	
  

 Mixed	
  lithologies	
  like	
  shaly	
  sands,	
  marls,	
  
volcanic	
  ashes	
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HARD	
  (i.e.	
  high	
  impedance)	
  or	
  SOFT	
  (low	
  imp.)
events	
  ?	
  

ICTP	
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  Explora4on,	
  November	
  30,	
  2011	
  

•  SOFT	
  
 Pelagic	
  shale	
  
 Shallow	
  unconsolidated	
  sands	
  (any	
  pore	
  fluid)	
  
embedded	
  in	
  normally	
  compacted	
  shales	
  	
  

 Hydrocarbon	
  accumula4ons	
  in	
  clean,	
  
unconsolidated	
  sands	
  

 Overpressured	
  zones	
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Interpreta4on	
  pipalls	
  (material	
  characteriza4on)	
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  30,	
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Reflec4on	
  coefficients	
  as	
  a	
  func4on	
  of	
  incidence	
  
angle	
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Class	
  1	
  can	
  be	
  associated	
  with	
  gas	
  
reservoirs	
  at	
  great	
  depth	
  

Class	
  2	
  can	
  only	
  be	
  iden4fied	
  
through	
  par4al	
  stacks	
  

Class	
  3	
  describes	
  bright	
  spot	
  
anomalies	
  (normally	
  associated	
  
with	
  large	
  gas	
  reservoirs)	
  

High	
  impedance	
  
reservoirs:	
  class	
  1	
  

Nearly	
  zero	
  impedance	
  
reservoirs:	
  class	
  2	
  

Low	
  impedance	
  reservoirs:	
  
class	
  3	
  

Incidence	
  angle	
  

0.0	
  

Re
fle
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on

	
  c
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  on	
  Geothermal	
  Explora<on,	
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  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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3-­‐D	
  explora4on	
  of	
  the	
  Tuscany	
  geothermal	
  province	
  (Italy)	
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ICTP	
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  on	
  Geothermal	
  Explora<on,	
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  30,	
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3-­‐D	
  explora4on	
  of	
  the	
  Tuscany	
  geothermal	
  province	
  (Italy)	
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Example	
  of	
  seismic	
  aoributes:	
  instantaneous	
  
amplitude	
  from	
  Hilbert	
  transform	
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Shallow	
  pluton	
  

Deep	
  pluton	
  

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

ICTP	
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  Explora<on,	
  November	
  30,	
  2011	
  

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

76	
  



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

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

Fractures	
  

RMS	
  Amplitude	
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How	
  to	
  extract	
  more	
  geology	
  out	
  of	
  3-­‐D	
  seismic	
  
data	
  

ICTP	
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  Explora4on,	
  November	
  30,	
  2011	
  

•  Expect	
  detailed	
  subsurface	
  informa4on	
  
•  Do	
  not	
  rely	
  on	
  “automa4c”	
  procedures	
  to	
  find	
  answers	
  
•  Use	
  all	
  the	
  data	
  
•  Understand	
  the	
  data	
  and	
  appreciate	
  its	
  defects	
  
•  Use	
  4me	
  (or	
  depth)	
  slices/horizontal	
  sec4ons	
  
•  Visualize	
  subsurface	
  structure	
  
•  Use	
  machine	
  autotracking	
  and	
  snapping	
  
•  Select	
  the	
  color	
  scheme	
  with	
  care	
  
•  Ques4on	
  data	
  phase	
  and	
  polarity	
  
•  Tie	
  seismic	
  data	
  to	
  well	
  data	
  on	
  character	
  
•  Believe	
  seismic	
  amplitudes	
  
•  Understand	
  the	
  seismic	
  aoributes	
  you	
  use	
  
•  Prefer	
  horizon	
  aoributes	
  to	
  windowed	
  aoributes	
  
•  Use	
  techniques	
  that	
  maximize	
  signal-­‐to-­‐noise	
  ra4o	
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Conclusions	
  

ICTP	
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  on	
  Geothermal	
  Explora4on,	
  November	
  30,	
  2011	
  

•  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)	
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•  Seismic	
  data	
  are	
  sensi4ve	
  to	
  acous4c	
  
impedance	
  contrasts	
  

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

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

THEREFORE…	
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THE	
  ROAD	
  AHEAD	
  IN	
  GEOTHERMAL	
  
EXPLORATION:	
  	
  

Joint	
  Seismic/EM	
  imaging	
  and	
  inversion	
  

ICTP	
  School	
  on	
  Geothermal	
  Explora4on,	
  November	
  30,	
  2011	
  

GAS	
  SATURATION	
  FROM	
  EM	
  +SEISMICS	
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A	
  final	
  word	
  about	
  passive	
  techniques:	
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IMAGING	
  AND	
  CHARACTERIZATION	
  OF	
  DEEP	
  GEOTHERMAL	
  RESERVOIRS	
  

Combined	
  results	
  of	
  resis4vity	
  soundings	
  (TEM/MT	
  )	
  and	
  micro-­‐seismicity	
  analysis	
  
at	
  the	
  Krafla	
  geothermal	
  field	
  (Iceland)	
  

Pre-­‐drilling	
  explora<on	
  	
  
results:	
  

Resis4vity	
  shows	
  a	
  conduc4ve	
  
body	
  at	
  average	
  4-­‐5	
  km	
  depth	
  
but	
  with	
  pinnacles	
  up	
  to	
  2km.	
  

• Micro-­‐earthquakes	
  show	
  
that	
  seismicity	
  occurs	
  above	
  
the	
  conduc4ve	
  body	
  
indica4ng	
  T	
  higher	
  than	
  700°C	
  
Drilling	
  results:	
  

• A	
  borehole	
  poin4ng	
  towards	
  
a	
  pinnacle	
  hit	
  acidic	
  magma	
  at	
  
2,1	
  km	
  


