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From data conditioning, depth imaging and
reservoir characterization to machine learning
P.C.H. Veeken1*, A. Kashubin2, D. Curia3, Y. Davydenko 4 and I.I. Priezzhev5
Abstract
As part of the Young Professionals session at the coming EAGE/
SPE annual conference Veeken et al. (2020) discuss an optimised
workflow for subsurface evaluation. This write-up gives the First
Break community an early impression of the material that will be
presented. Subsurface evaluation studies are needed to appraise
the potential of resources in the underground. The basic workflow comprises: seismic acquisition, processing, interpretation,
3D reservoir characterization, 4D production monitoring and
forecasting. Streamlining the workflow augments the quality of
the business decisions.
These studies comprise multiple steps and optimization is
achieved by adopting an integrated multi-disciplinary approach.
Geology, geophysics and reservoir engineering issues go handin-hand in an iterative updating procedure that incorporates
simulation modelling based on well production monitoring and
pressure behaviour over time. Data mining of ‘big data’ is done in
a semi-automated non-linear analysis mode that permits machine
learning. HSE and risk mitigation is always an integral part of all
subsurface evaluations.
Methodology and workflow overview
Subsurface studies aim to evaluate the structure of the earth and
to assess potential resources. Here we present a non-exhaustive
optimized workflow as a broad introductory guide when considering one’s own project.
An early decision needs to be made on the study strategy and
what type of data to acquire. To ensure context of the study, data
should cover both a large-scale overview as well as being focused
on the problem to be investigated. Gravmag data is available on a
worldwide scale and often dedicated reconnaissance surveys are
carried out to outline sedimentary basins and structural basement
highs. With high resolution equipment gravity data becomes even
useful for reservoir monitoring (cf Eiken et al., 2008).
Once further budget is available, the classic workflow comprises acquiring, processing and interpreting seismic data for subsurface reservoir characterization. Horizon interpretation is often
done by 2D/3D autotracking algorithms. Mapping of reflection
discontinuities brings out the 3D fault pattern, often using semi-automatic seismic edge detection for fault and fracture distribution.
The way to predict fracture zones from seismic data is to calculate
different geological attributes such as: curvature, variance, chaos,
fault indicator , dip or slope , azimuth , amplitude , continuity ,
diffraction energy etc. (cf Beller et al., 2019).

1

Geops Consultancy |

5

Gubkin University

*

Corresponding author, E-mail: pveeken@hotmail.com

2

PetroTrace |

3

Quality control and data conditioning is obligatory throughout
the workflow. Amplitude preserved processing is required when
reservoir characterization is the objective (Da Silva et al., 2004).
Non-linear neural networks can be utilized for seismic trace
classification (Veeken and Van Moerkerken, 2013). Crossplots
help to establish trends for prediction away from control points
(e.g. surface geology and wells). 3D visualization and geobody
sculpting is important to delineate connected and non-connected
volumes. Probabilistic multi-variable methods are applied for
forecasting and uncertainty analysis.
Data clustering techniques on attributes (e.g. K-means) help
to define 3D groupings useful for seismic reservoir characterization and prediction studies. Kohonen self-organising maps
with trace classifications and facies unit delineation may reveal
subtle details (cf Leal et al., 2019). The network training scheme
can be done non-supervised or supervised, the latter facilitates
interpretation of the results (Guilbot et al., 1996; Balz et al.,
1999). Clustering and pattern recognition on well data provide
a means to establish electro-facies that are then linked to the
seismic expression (Veeken, 2007). A complete well logging
suite (e.g. shear sonic) is needed for more accurate seismic
calibration, also in the often ‘forgotten’ overburden. Trace
classification can be done on synthetic traces in the so-called
‘pseudo-well’ approach. Moreover, synthetic forward modelling
allows for a supervised classification mode incorporating
stochastic uncertainty analysis.
Data mining is powerful for analysis and production optimization schemes. Machine learning algorithms can discriminate
trends that other methods may overlook and can define better
input for the reservoir engineer. Reservoir simulation (e.g.
Eclipse, T-Navigator, Gohfer) checks the dynamic model against
what is observed in the field (Buijs et al., 2019). Iterative feedback
between static and dynamic models addresses scaling problems
and ensures that data consistency is maintained (Figure 1).
Depth imaging
The 3D migration procedure positions the processed seismic
reflection traveltime dataset into its subsurface origin if a
valid velocity model is available. Seismic data is processed
in different pre- and post-stack domains (e.g. prestack CMP
gathers, time or depth, frequency), Depth migration is preferred,
although it is more costly. Various migration algorithms exist:
Kirchhoff or diffraction migration, wave equation migration
with various types of beam migration (e.g. Common Reflection

Wintershall Dea Argentina |

4

Gelios LLC, Irkutsk National Research Technical University

FIRST

BREAK

I

VOLUME

38

I

JUNE

2020

1

FEATURE

Figure 1 Iterative feedback loop between Geology,
Geophysics and Reservoir Engineering (modified after
P. Suess, Wintershall Dea).

Figure 2 RTM section across the Campos basin
(offshore Brazil). The following observations suggest
the velocity model is good: 1) Flat base of plastically
deformed salt, good image and focusing below
salt, 2) Continuity of reflections even below salt,
fault blocks conform to gravmag modelling. Also,
anisotropy is incorporated in this Pre-SDM depth
imaging procedure (data courtesy of CGGVeritas,
Veeken, 2019).

Angle Migration (CRAM; Borghi et al., 2017), Common
Reflection Surface (CRS) processing (Gierse et al., 2003),
Full Wavefield Inversion migration (Gisolf et al., 2014) and
Reversed Time Migration (RTM).
Tomographic techniques like Full Waveform Inversion (FWI)
are robust for velocity modelling (Figure 2). FWI also provides
more constraints for inversion/AVO analysis, whereby the velocity model is a real asset for the interpreter (Schulz, 1999). FWI is a
data-driven technique based on wave equation propagation of the
source signal in a 3D model of the subsurface. Modelling results
are compared with the measured seismic data and the difference
is minimized. Iterative updating may use: P-wave, S-wave, PS
converted wave energy, primaries, multiples, surface waves,
body waves, guided wave, refractions, diffractions. Anisotropy
effects are accounted for in these simulations (Thomsen, 2002;
Alkhalifah, 2014; Alkhalifah and Plessix, 2014). FWI comes in
many flavours and may resolve 10m-thick sedimentary channels
that are not seen by some other migration methods (Gisolf et al.,
2014). Moreover, reservoir oriented FWI allows for more reliable
AVO mapping (Amplitude-Versus-Offset; Amplitude-Versus-Angle, WEB-AVO). FWI is often followed by RTM (Reverse Time
Migration) or a controlled beam migration. RTM permits better
imaging in complex areas and it is normally done for a limited
frequency range. The higher the included frequencies the more
costly the computations are.
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Anisotropy influences seismic amplitudes and has a decisive
impact on quantitative interpretation (QI). This should be examined even in case of flat layered geology , where lithologic and
stress -related effects play a role . For seismic prediction
studies many companies do the data conditioning/processing inhouse in order to keep things under control (Adiletta et al.,
2019).
Multi-component, CRAM and diffraction imaging
Anisotropy and shear wave splitting on wide-azimuth long-offset
high-density multi-component data support fracture detection.
Cross-plots are useful to predict geomechanical properties, e.g.
Young’s Modulus, Poisson’s Ratio, and Shear Modulus. Well logs
and core data serve hereby as calibration (e.g. Curia and Veeken,
2019; Curia et al., 2020).
Diffraction imaging highlights discontinuities for fault/fracture delineation from conventional single-component seismic
records. It exploits the diffractive part of the total registered
seismic response (Koren and Ravve, 2011; Landa et al., 2019).
Flow barriers to include in static and dynamic modelling are
outlined that may remain invisible otherwise (Beller et al.,
2019).
The CRAM method is based on exploding bottom-up 3D
raytracing from each image point to the acquisition setup at
the surface (e.g. Landa et al ., 2019 ). In this way , both
angles and azimuths are measured at the depth imaging
points and
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thus true subsurface attributes are obtained in terms of dips
and orientations for any given acquisition geometry. This
special CRAM beam migration uses a local slant stack for
each computed central ray with a radius related to the Fresnel
zone at its surface-emerging location. This procedure enhances
primary events and results in better continuity of the reflections,
especially in poor seismic data zones. Moreover, it is amplitude
preserving (Figure 3). An angle Q-compensation (both phase
and amplitude) enhances the signal quality during the migration.
It permits imaging of complex areas such as deepwater subsalt, overthrusts, complex sedimentary environments and/or
fractured reservoirs.
Integration with other geophysical datasets
Complementary remote sensing data may be acquired to facilitate
interpretation, for example:
• Gravity and magnetic data, high resolution can be obtained
by the Full Tensor Gravity (FTG) method that can also be
acquired by convenient airborne surveying.
• EM data, that can be obtained in offshore and onshore domains.
Moreover, resistivity is often recorded on wireline in wells. The
methods can be various: Magneto-Tellurics, Controlled Source
EM (CSEM), Induced Polarisation, and high resolution Ground
Penetrating Radar (GPR) when the target is shallow (Dagallier
et al., 1999).

EM datasets always need an inversion step for meaningful
interpretation of the results. The inversion is never unique
and a range of models exist to explain the measured response.
Resistivity anomalies are defined against a background trend and
are used to derisk mapped structures in hydrocarbon exploration
projects (Veeken et al., 2009a). CSEM allows delineation of:
reservoir sweet spots, preferential production fluid pathways,
by-passed areas, drainage of reservoir flow units and injection
pattern (Veeken et al., 2019). Guided inversion with additional
constraints improves the discrimination power. The Induced
Polarisation attribute is quite diagnostic in the metal ore mining
industry (Figure 4).
Joint inversion narrows down the solution space (cf Colombo and De Stefano, 2007). Multi-physics combines reflection
seismics, FWI, MT, CSEM datasets. Simultaneous inversion of
multiple datasets is needed as a sequential approach is not good
enough. A dedicated EM acquisition set-up meets specific study
requirements (e.g. resolution/discrimination power, Tietze et al.,
2017; interwell monitoring, Marsala et al., 2011) and helps to
mitigate potential drawbacks.
Reservoir characterization
Several techniques are in the toolbox:
• Attribute analysis and spectral decomposition (e.g. Chopra and
Marfurt, 2006, 2007; Veeken, 2007; Mantilla et al., 2019).

Figure 3 Special sorted data is used in Common Reflection Angle Migration (CRAM), a type of wave equation based beam migration. On the right, an example of quaility
improvement is shown with a comparison of the Kirchhoff common offset Pre-SDM migration on the left and result of the CRAM beam migration output on the right. The same
velocity model and pre-migration input is used and there is no post-migration processing (Landa et al., 2019).
Figure 4 EM data acquired with the EMS-IP method
for a mineral mining project in Northern Kazakhstan.
On the left the polarisation map (a) at a depth of 500
m based on 3D inversion. Conjugate faulting controls
the outline of the mapped anomalies, whereby
mineralization took place along fracture trends. MN17
well reached the top of the anomaly and showed
Cu-Mo mineralisation hosted by the shear zone. On
the right – earth model section along profile 13. (b)
SER based on results of 1D inversion; (c) Polarisation
using a proper 3D inversion approach. Note the
difference in anomaly for resistivity and polarisation.
Circular shape of polarisation anomaly in map view is
related to intrusive nature of rising hydrothermal fluids
(Belova et al., 2020).
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• Seismic mapping and the establishment of DHI evaluation for
hydrocarbon exploration.
• Analysis of P- and S-wave velocities, impedances, anisotropy
(eta, epsilon delta parameters), shear-wave splitting, Vp/Vs
ratios and AVA Intercept – Gradients.
• Cross-plotting and trends for prediction schemes.
Petrophysical templates to understand the seismic response
(Odegaard and Avseth, 2004; Avseth et al., 2005; Mantilla
et al., 2019). Fluid replacement modelling with Gassmann
equation.
• Principal Component Analysis with N-dimensional data axis
rotation to facilitate parameter separation (Veeken and Van
Moerkerken, 2013)
• Geostatistics to increase detection power or introduce
higher-frequency variations in the seismic modelling (Torres
Verdin et al., 1999; Dubrule, 2003; Rowbotham et al., 2003).

All modelling includes assumptions to generate reliable output
(check input according to trash-in = trash-out concept). Some other
techniques are: e.g. biomarker and micro-seepage mapping, geochemical surveying, palinspastic reconstruction, stratigraphic modelling, fault-seal analysis, petroleum system analysis, age-dating,
detailed core /well log analysis, burial and diagenesis modelling.
Timelapse datasets permit reservoir monitoring, e.g. steam
injection cloud development in time (Seismovie, Cotton et al.,
2013) and can be incorporated into static and dynamic modelling
with feedback loops involving inherent up- and down-scaling.
Production history matching, material balance and flow behaviour needs to be taken into account.
Well production and completion technology
Various techniques are available to optimize flow, e.g.:
• Tracer technology to detect flow and connectivity,

Figure 5 Linear versus non-linear operator for
acoustic impedance prediction at a well location. The
non-linear operator (black curve) better follows the
measured well log trend (blue; Veeken et al., 2009).

Figure 6 Non supervised versus supervised trace classification. Twelve classes are used in the non-supervised neural network classification. Partial stacks allow to examine
AVO effects. The supervised approach uses 1041 scenarios and their synthetic traces. From them ten master traces are extracted that are used for classifying the real seismic
volume. The range in outcomes for the various classes makes a probabilistic uncertainty approach possible (modified after Veeken, 2007).
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Figure 7 Summary of an optimized subsurface evaluation workflow. Depth imaging should always be preserved amplitude processing as this requirement is mandatory for
Quantitative Interpretation. Quality control and data conditioning should be addressed all along the work chain, because the ‘Trash-in = Trash-out’ principle is valid for all
data manipulations.

• Well completion technologies (e.g. inflow control valves,
downhole pumps, chemical wax inhibitor schemes, production
allocation, ceramic nano filters for water cleaning),
• Micro seismic monitoring,
• Enhanced recovery,
• Flow stimulation by downhole fracking,
• Digital rock and micro-pore architecture simulation and diagenetic/burial impact studies.
• Fibre optics to monitor temp/pressure difference.
The multi-disciplinary approach has demonstrated success in the
unconventional Vaca Muerta play in Argentina (Buijs et al., 2019;
Curia and Veeken, 2019) and also for various plays in the US
Permian Basin (Adiletta et al., 2019).
Neural network and machine learning
Machine learning (ML) and non-linear correlation methods have
a great potential for subsurface resource evaluation. New computing technology allows big data to be analysed in a convenient
way. Non-linear correlation techniques allow for a better fit
between observed and modelled data (Figure 5).
We have tested ML techniques such as: Linear Regression,
probabilistic ACE, Nearest Neighbour, Neural Network (e.g.
Kohonen self-organising maps, genetic inversion) and Random
Forest using a committee of decision trees (Priezzhev et al., 2019a,
2019b, 2020). All methods gave reasonable results and testing on
an individual case basis is necessary. Deep Machine Learning uses
several hidden layers in the neural network. The scheme can be
recursive, i.e. including feedback loops. Training can be non-supervised or supervised (Figure 6). We tested ML for fault edge
detection using the Dynamic Time Warping algorithm (Priezzhev
et al., 2020). The method is based on similarity determination with
multiple search directions between nine neighbouring traces. The
DTW attribute cube is fed into the standard ANT-Track algorithm
to improve the trackability of the discontinuity. The results were
checked by blind control wells and look encouraging in the Russian
case history (Priezzhev et al., 2020).
Artificial Intelligence and pattern recognition, applied on
digital oilfield data acquired in smart boreholes with e-well
technology, make better reservoir management decisions possible
(cf Bachir and Quenes, 2019).

that the topics in the flow chart are not exhaustive, as only the
main steps are listed. Some general benefits are shown in the
yellow box.
• Optimizing the workflow requires an integrated multi-disciplinary effort. Quantitative interpretation is only possible with an
amplitude preserved seismic processing sequence.
• The velocity attribute is a valuable asset for the interpreter
and tomographic FWI modelling is highly recommended.
Migration should incorporate anisotropy effects, even when
the geometric dips are small. Interpretation is best done on the
depth imaging output as artefacts and distortions are less.
• Prestack AVO and simultaneous inversion is done for
reservoir characterization purposes. Cross-plotting and petrophysical template modelling gives better understanding of
the seismic response and the influence of various parameters.
Attribute analysis with facies delineation and geobody sculpting is useful for 3D visualization and pattern recognition.
• The interaction between the static and dynamic earth model
incorporates an iterative feedback loop. Multi-component
datasets are required for effective fault and fracture system
prediction and flow unit description. Diffraction Imaging is
helpful to detect discontinuities and compartments. These
upfront investments pay out in a more streamlined field
development plan.
• Non-linear correlation is a powerful option in subsurface
reservoir characterization. Neural network systems allow
automation of part of the analysis. Big data calls for efficient
computer handling in real time. The proposed optimization
steps are a challenge and an opportunity to strengthen the
co-operation between various disciplines.
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