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the mudstones and shales of the overlying Sele For-
mation (Fig. 3). Only one well on the field was
planned to target the sandstone reservoir exclusively,
and this interval is produced via additional perfor-
ations in two other primarily chalk wells on the
western flank of the field. The best-quality sands
are generally encountered in the Maureen For-
mation, whilst the Forties and Lista formations are
relatively sand-poor in Machar (Boyd 2006).

Although the Tor matrix has good porosity, 10–
35%, the permeability is very low, 0.01–5 mD
(where 1 mD ¼ 10215 m2). The secondary porosity
is represented by fractures. Fractures, which store
little of the oil, create an important network for
flow, and have permeabilities from a few hundred
to several thousands of millidarcies (mD) (Casa-
bianca et al. 2007). The fracture network is a funda-
mental requirement for economic production rates
on Machar, given the low matrix permeability of
the chalk. Machar is classified as a Type 2 fractu-
red reservoir (Nelson 2001), where this classifica-
tion means that the fractures provide the essential
reservoir permeability in the field in terms of reser-
voir description and performance. Interpretation
of the latest seismic data has led to the mapping
of abundant – more than 500 – concentric faults

around the field. Radial faults are less numerous
than the concentric faults and, in general, represent
the edges of slumped areas on the field. In general,
the concentric faults have greater displacement than
the radial faults.

Reservoir performance and modelling

The field has been developed primarily by accessing
the prolific fractured chalk reservoir. This has led
to high productivity wells (several with a produc-
tivity index of .100 stbd/psi); single well rates
of up to 20 000–25 000 barrels per day and a field
plateau of around 35 000 barrels per day. Three
main phases of field development can be described
with a rejuvenation of the field from 2008 (Fig. 4).
Prior to the extended well test (EWT) phase in
1994, Machar was appraised by 14 wells, all drilled
on the western flank or the crest of the field, leaving
the eastern flank undrilled as any reservoir was inter-
preted as absent at this time. The natural depletion
tests from two producers drilled on the west of the
field showed a well-connected system and these
were high productivity index wells subsequently fol-
lowed by a pressure decline. A water-injection well
was drilled to the south of the two producers to give

Fig. 2. Machar Field top chalk depth map showing the well locations. Oil producers are plotted in green and water
injectors in blue. A scale bar and depth range are shown.
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depth-‐velocity	  model	  along	  this	  line

Imaging seismic structure



•Sources	  and	  receivers	  lies	  on	  irregular	  grid.
•#	  of	  source	  is	  330	  with	  an	  approximate	  spacing	  of	  50	  m
•#	  of	  receiver	  is	  505	  with	  an	  approximate	  spacing	  of	  25	  m
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Water	  0m–95m Slow	  rock	  95m–3000m Salt	  &	  fast	  rock	  3000m+

Wave velocity field
[provided by BP, with anisotropy correction, after interpolation and smoothing]



Imaging-RTM

Reverse	  time	  migration:
‣ all	  sources,	  all	  freq.	  up	  to	  30Hz	  (higher	  freq.	  suffer	  from	  spacial	  
aliasing),	  10m	  grid	  spacing
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Remove imaging artifacts

We	  use	  a	  cropped	  section	  of	  the	  model	  to	  reduce	  the	  
turnaround	  time:
‣ first	  reproduce	  the	  artifacts
‣ then	  try	  to	  remove	  them	  by	  interpolating	  the	  data
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Original	  sampling	  (irregular),	  ~25m	  spacing

Desired	  sampling	  after	  interpolation,	  10m	  spacing
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x = Dz (assume	  x	  is	  not	  sparse,	  but	  z	  is)

x̃ = D · argmin
z

kzk1 subject to y = ADz

• 	  	  	  	  	  -‐norm	  as	  convex	  measure	  of	  sparsity
• 	  	  	  	  	  	  	  is	  data	  with	  original	  spatial	  sampling
• 	  	  	  	  	  	  	  is	  trace	  restriction	  (‘subsampling	  operator’)
• 	  	  	  	  	  	  	  is	  a	  seismic	  wavefield	  with	  desired	  sampling
• 	  	  	  	  	  	  	  is	  a	  choice	  of	  curvelet	  coefficients	  that	  reconstructs
• 	  	  	  	  	  	  	  is	  curvelet	  synthesis	  operator
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Trace interpolation via curevelet-domain basis pursuit



•Using	  non-‐uniform	  FFT	  as	  measurement	  operator	  
(maps	  coarse	  non-‐uniform	  spatial	  grid	  -‐>	  fine	  uniform	  grid	  2D	  
Fourier	  coefficients)

• Curvelet	  dictionary	  	  	  	  	  	  	  constructed	  directly	  from	  uniform	  2D	  
Fourier	  coefficients
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Regularization + Interpolation
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Reverse-time migrated image
[all freq. in 5-60Hz, all sources, 5m grid distance]



Remarks

• The	  ringing	  artifacts	  in	  the	  high-‐velocity-‐contrast	  zone	  are	  
caused	  by	  spacial	  aliasing	  in	  the	  data.

•We	  will	  extend	  the	  interpolation	  and	  imaging	  to	  the	  entire	  
model	  (work	  in	  progress).



Imaging-L1 migration

• using	  dimensionality	  reduction	  to	  reduce	  computational	  cost
• source	  estimation	  on	  the	  fly



Setup

• 	  use	  the	  cropped	  model	  to	  reduce	  the	  turnaround	  time
• 	  no	  freq.	  subsampling,	  50%	  source	  subsampling,	  20	  iterations
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L1 migration w. source estimation, aliased data



L1 migration w. impulsive source, aliased data
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L1 migration w. source estimation, de-aliased data
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L1 migration w. impulsive source, de-aliased data
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Remarks

• Source	  wavelet	  is	  not	  important	  per	  se,	  but	  import	  for	  correctly	  
inverting	  the	  image	  (a.k.a,	  nuisance	  parameter).

•On-‐the-‐fly	  source	  estimation	  greatly	  improves	  image	  quality.



Progress and future plan

• RTM	  of	  the	  entire	  dataset	  using	  frequencies	  up	  to	  60Hz.	  
Currently	  in	  progress.

•Optimizing	  the	  subsampling	  strategy	  for	  more	  efficient	  sparsity-‐
promoting	  migration.

•Working	  directly	  on	  the	  unprocessed	  pressure	  and	  particle	  
velocity	  wavefield,	  with	  Robust	  EPSI	  and	  imaging-‐with-‐
multiples	  implementations.
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RTM of the entire model using iWave
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