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4D SEISMIC PRINCIPLES 

Ghassan Rached

Why 3D Time-Lapse Seismic (4D Seismic)

Reservoir characterization is the scientific and mathematical discipline that seeks to define quantitatively the input data needed to undertake predictions of flow through permeable media (Lake, 1989).  4D seismic extends this definition from prediction of flow to measurement of flow through permeable media (Marschall 1999a), i.e. quantification of fluid saturation, through the interpretation of the difference acoustic impedance cube derived from time-lapse 3D seismic surveys which provides data between and away from wells.

Reservoir simulated saturation distributions rely on accurate data available from wells.  However, what is needed is an accurate knowledge of the flow properties of the whole reservoir.  Pure deterministic knowledge of a reservoir is currently unattainable; reservoir models remain true as long as no new data are acquired.  New data from 3D seismic or development wells often cause drastic revisions of the existing model(s).  Therefore, we have to accept uncertainties in the results of the different disciplines in their attempt to describe the detailed properties of a reservoir.  Uncertainty is simply the consequence of an "incomplete data base in the broad sense.”  Incompleteness of knowledge means non-uniqueness and high dimensionality, i.e. the number of parameters to be estimated, and due to this problem stochastic modeling is often proposed for assessing uncertainties in production forecasts with the result that several static reservoir models exist along with different production profiles.  Consequently, strategic planning for developing a hydrocarbon reservoir means “decision making under risk” (Rached et al., 1999a)

The process of decision making in principle is based on a manipulation of a given reservoir model with its uncertainties.  This uncertainty problem is clearly related to the incompleteness of knowledge incorporated in the existing reservoir model.  Therefore, the key objective is to reduce and quantify uncertainty.  The problem here is to decide upon which level of uncertainty we can accept.  This level of uncertainty will influence our ability to handle the "unexpected" in the lifetime of a field.  4D seismic is a tool to reduce uncertainties in one of the most important disciplines for a field, the saturation distribution in a reservoir, by a deterministic measurement.  As a direct consequence, the process of drilling producing and injector wells, which up to date has been mainly using geometric drilling patterns, is expected to be considerably improved by 4D seismic techniques through the use of fluid flow gradient maps produced from 4D seismic.

It should be noted that there may also be large uncertainties associated with 3D time-lapse seismic data due to data quality and with 4D seismic data interpretation as it does not yield a direct measurement of the saturation distribution.  To be precise, what are being measured are changes in acoustic impedance that result from changes in saturation, pressure, and temperature.  These changes in acoustic impedance are subsequently transformed through an appropriate transform to changes in saturation.  Here, we are tacitly implying that the monitoring quantity, in 4D seismic, is acoustic impedance although other seismic attributes like amplitude are being used.

Many case histories have been published that have reported various degrees of success.  Successful 4D seismic cases have reported detection of upswept oil, water flooding, temperature and pressure changes, field compartmentalization, movement of oil water contact, fluid front displacement, gas cap formulation or expansion, and mapping of fluid saturation qualitatively and quantitatively.  Such results are very valuable in adjusting the reservoir model to obtain an optimum dynamic reservoir model and consequently significantly increase hydrocarbon recovery.  Consequently, 4D seismic, if applied properly, is one of the most important tools to improve and optimize production in the long term, i.e. it is a strategic tool as well (Marschall 1999b).

4D Seismic Principles

It is important to realize that 3D seismic data is acquired and processed in such a way that reflectivity is averaged over offset since reflectivity is a function of offset and azimuth. This averaging in practice is not the same in all bins as theoretically one would desire.  In terms of 4D seismic, where at the end, two seismic volumes are differenced; it is obvious that the two bins to be subtracted from each other should ideally carry information that originates from the same averaging process, which can only be achieved with identical acquisition geometries.  Any difference in offset distribution will result e.g. in a slight change in terms of multiple suppression power.  This does not mean that the acquisition geometry can not be changed for the second and future surveys.  To avoid bias and keep the monitoring process stable, any changes should be such that, by decimation, identical geometries having the same noise suppression capabilities (stack response) can be obtained.  As a direct consequence then the 4D-differencing process eliminates the primaries (and not the noise: this misconception is quite popular!) except for the actual local changes in the reservoir.  This is the first rule for successful 4D seismic, namely aim at the same noise suppression capabilities between surveys by extracting identical geometries for 4D interpretation. 

There is no need for permanent installation of equipment on land as the ground water table fluctuates and ambient noise changes.  In marine data, often salinity varies and there will always be tidal variation but bottom cables will stabilize the geometry (feathering). 

The second rule for successful 4D seismic is to achieve proper imaging and inversion by properly correcting any known differences in data acquisition, even at the expense of omitting individual shots, and maintaining the same processing flow and the same processing algorithms.  However, this does not mean that all parameters stay the same.  When applying residual statics, or trace-adaptive processes like deconvolution, the actual status of the data (ambient noise level etc.) results in data-specific effects, like a time shift due to a phase-bias, which has its origin in the implicit pre-whitening caused by the actual noise conditions.  A second reason for a time shift is due to local fluid replacement within the reservoir interval, which changes the thickness in the time domain.  Consequently, residual statics have to be independently computed and the deconvolution operator has to be independently derived but the operator length and derivation and application gates should be maintained. 

The processing of the data sets is in two parts, processing in the amplitude domain and subsequently in the acoustic impedance domain. 

In the amplitude domain, the degree of match between the two data sets in the non-reservoir sub-volume of the data sets, “repeatability in the broad sense” or “predictability”, should be analyzed quantitatively at intermediate key processing stages.  Here high predictability values throughout the processing sequence show how far the two surveys were acquired and processed in a consistent manner. It is mandatory to check for amplitude and phase consistency at least after migration prior to inversion. 

In the acoustic impedance domain, the 4D monitoring quantity is acoustic impedance, which is used to quantify “repeatability in the strict sense,” i.e. repeatability of the monitoring attribute, and to determine fluid saturation changes. 

Various techniques are available for the measure of the match (repeatability, predictability, etc.) in the time domain, and such techniques are still evolving.  Three different approaches were used in Kuwait up to now: 

Calculation in the frequency domain using R. E. White's matching techniques (White et al., 1980), which is based on the concept that the match is the ratio of the cross spectrum between the corresponding seismic traces to the power spectrum of the reference trace and the statistics of the match are related to the coherence function.  The coherence function is the fundamental estimate of the whole analysis; it shows how good is the match between two corresponding traces.  The value of this function is called “predictability” (Rached et al., 1999c). 

The method for measuring fractional repeatability error described by Seymour and Emery (1997) based on earlier work by Johnstad et al., (1995) and Archer et al., (1993). 

The fractional RMS error within a time window for comparison purposes. 

In the acoustic impedance domain, the 4D monitoring quantity is acoustic impedance.  The quantification in terms of “repeatability in the strict sense”, i.e. repeatability in terms of monitoring attribute, can be carried out by using the concept of Non Repeatable Noise (NRN) as part of the interpretation process, the so-called ( (sigma)-approach (Marschall 1997a,  Rached et al., 1999b). 

It is obvious that a limiting factor in the success of 4D seismic, in reservoirs where the changes in rock properties are expected to be small as a result of the relative production/injection over the time span under consideration, is the level of repeatability of the monitoring quantity, i.e. the extend of how much the seismic difference in the reservoir sub-volume exceeds the difference in the non-reservoir sub-volume and the credibility of the seismic difference anomaly within the reservoir.

The application of a matching filter to improve the match is dangerous, yet for marine data may have to be considered.  Here the so-called “Transfer Function Approach” (Marschall, 1989) offers both the check for amplitude and phase consistency as well as the actual matching filter operator. An RMS-based amplitude and/or impedance analysis of the two volumes prior to as well as after differencing is carried out as well. 

The third rule for successful 4D seismic is to establish a detailed structural model including the underlying macro model (velocities V(x,y,z) and velocity interfaces) and, if required, by seismic-stratigraphic analysis, a 3D detailed litho model of the reservoir units.  Ideally, this should be done using the first survey, the base survey. 

The resolution in terms of litho units depends on the bandwidth of the seismic data: it is a matter of the actual seismic resolution available.  Quantities like shale content or porosity are needed for the calibration step.  Here, one evaluates the influence of parameter variation with fluid substitution.  The 3D seismic data after inversion was evaluated on the basis of the so-called engineering equations, an example of which for P-wave velocity is given as follows (a similar expression may be defined for S-wave velocity): 


Vp=A0 + A1 + A2Xcl +A3 p + ….

Where


  = porosity


Xcl= clay content


  p= pressure


 Ai= gradient of velocity (e.g. Vp/, Vp/Xcl, … ); i= 0, 1, 2, 3,….

A large number of unknowns arise in this parameterization.  Using two seismic volumes in difference mode reduces the dimensionality of the problem drastically: all reservoir “constants” drop out, and only changes (dynamic terms) remain plus the always-existing non-repeatable noise (NRN).  It is important to realize that 3D seismic represents a measurement of traveltimes and amplitudes i.e. wave-fields, which of course implies a certain measurement error.  So when calculating the difference between well imaged two volumes, even when the above-mentioned rules have been adhered to, one encounters residual noise in the differenced volume, i.e. the so-called NRN component. 

The resulting deltas, using the actual acoustic impedance differences (AI), directly relate to fluid substitution in the reservoir, pressure and temperature changes.  Fluid-flow mapping within the reservoir, via fluid saturation mapping, becomes possible; i.e. the fluids within the pores of the reservoir are quantified. Lathil (Lathil 1980) mentioned that fluid-flow mapping has definitive impact on enhanced recovery methods. 

The NRN component mentioned above is a very critical parameter, and in principle reflects the quality of the 4D seismic data set.  It determines the actual monitoring resolution of the data.  Here, the actual acquisition effort comes into the game.  Low fold 3D seismic data results in a high NRN component varying in time and space including an increase in geometry related bias in the resulting NRN component and therefore limited resolution in terms of monitoring fluid saturation changes.  Hence, it is possible to calculate the investment benefit of a proper 3D seismic acquisition geometry, level of effort and timing in terms of the resulting monitoring resolution and its timing.  A proper 3D seismic survey is an actual photograph of the reservoir at a time instant.  A missed snapshot is a missed opportunity, as one cannot go back in time.  However, 4D seismic has no value unless it impacts the way a field is managed.  The real commercial value, that is return on investment has to be calculated and has to be convincing. 

Prior to using the 4D approach, the appropriate timing needs to be established by a calibration step.  This is done by forward seismic modeling and/or carrying a sensitivity analysis based on petrophysical modeling studies, which give the range of changes to be expected due to fluid substitution within the reservoir, water for oil, or gas displacement over a certain time period.  Also the reservoir simulator can be used to estimate these changes. 

The lithologic type of the reservoir has a major impact on the results.  In this regard, we have to distinguish between two distinct classes of reservoirs: 

High acoustic impedance reservoirs, i.e. carbonates, where the maximum change to be expected due to fluid substitution is up to 5% in acoustic impedance, and

Low acoustic impedance reservoirs, i.e. clastics (sandstones), where the maximum change to be expected due to fluid substitution is up to 10% in acoustic impedance. 

This evaluation of the sensitivity of the reservoir to fluid substitution (the calibration part) is usually based on parameters extracted from sonic, density, porosity and water saturation logs, petrophysical log analysis, and analysis of core samples using the Biot-Gassmann equations for the zero offset case.  The outcome, if done properly, is a reliable estimate of the dynamic range of the changes in acoustic impedance due to the ongoing production/injection. The success of 4D, in addition to its dependence on the level of repeatability of the monitoring quantity, is a function of the level of these changes in the acoustic impedance. 

However, it should be noted that e.g. a flood front usually is not represented by a “sharp” interface due to active gravity, capillary and viscous forces (i.e. the actual flow regime).  Therefore a predicted 10% change may well turn into a 5% change (or less), because the resulting reflectivity function cannot be represented by a “single reflection coefficient” anymore. 

The results of the calibration step impact the feasibility and the acquisition effort required for monitoring changes over the selected time span. 

Obviously, the required quality of 3D seismic data to detect changes in a reservoir due to fluid substitution is a function of the expected level of such changes.  Low fold and consequently "cheap" 3D surveys may not meet the requirements for 4D.  These “cheap” surveys have to be considered as “structural” 3D surveys only, because the amount of noise, which is directly related to the actual 3D geometry with special emphasis on coverage, may be much higher than the changes to be expected from fluid substitution.  The amount of uncertainty would be increased instead of being reduced by such "cheap" low fold surveys. 

Also the so-called AI-baseline, which represents the mean AI-value for the reservoir and defines the dynamic range of the AI-values to be obtained by inversion needs to be established by using, sonic and density log data. 

In addition, one needs to estimate the lateral area of change to be expected by production/injection during the time span between any two 3D seismic surveys by prediction and measurement.  Prediction is done in a global sense by two steps: 

The reservoir simulator is used for a homogeneous reservoir model with constant porosity, constant permeability, pressure data, and a given set of relative permeabilities along with the initial saturation values as well as the non-reducible saturation values.  The reservoir model should have an extension in vertical direction of more than one block to allow for gravity-related flow effects. 

The use of analytical solutions as, for example, fractional flow curves and applying Welge’s tangent construction for determination of the break through time-point (bt) or the Hurst/vanEverdingen model in case of an aquifer etc. (Dake 1976). 

Alternatively, the existing reservoir model, or a subset of it, may be populated with static and dynamic reservoir properties at the two instances corresponding to the seismic acquisition and an actual simulation run is performed. 

Up to now we have tacitly assumed that the reservoir is an oil reservoir above bubble point.  As soon as the reservoir is produced below bubble point, or there is a free gas cap, the P-wave data alone do not allow quantifying for saturation: then only the case “drained/undrained” may be evaluated.  In this case, the use of shear waves is mandatory for quantification of gas saturation.  The use of mode converted S-waves (mode conversion at reflector) do not help for this situation. 

4D Seismic Interpretation

Having acquired two 3D surveys, i.e. a base survey and a monitoring survey, processed, interpreted, inverted and differenced the acoustic impedance resulting cubes all in accordance with the above procedures and rules, the resulting difference acoustic impedance cube has to be interpreted.  Different approaches for the interpretation and evaluation of 4D seismic data, including data that does not meet the previously mentioned procedures and rules, have been published. 

The interpretation approach based on the previously mentioned  (sigma)-approach is a two-phase procedure, analysis then evaluation, with the basic monitoring quantity being acoustic impedance (AI).  This means that, after proper imaging including migration and subsequent L1-deconvolution, the data is subjected to a suitable inversion algorithm e.g. Born inversion, where only the so-called High-Frequency part is computed, which in terms of trend (if any) is derived from the stacking velocity field only, provided that it has been established in a geologically consistent manner, in order to avoid an interpolation-related trend bias due to locally wrong interpolations, i.e., for example, linear interpolation between wells. This approach as the name already indicates, is a statistical method to be applied in two steps: 

The analysis part: Here the analysis tool is applied to the overburden of the reservoir (i.e. the subset of the entire volume where there is no change due to ongoing production/injection).  The outcome of this exercise is the estimate of the Non Repeatable Noise (NRN).  The actual procedure is based on the underlying principle of the Law of Large Numbers and the Central Limit Theorem i.e. the theory of random variables defined on the same experiment is applied and their density functions and distribution functions are considered (Papoulis 1965).  Obviously, the quantity NRN is time and space variant.  This quantity is also calculated for the target reservoir and in case of multiple reservoirs for the other reservoirs.  The method of Averaging Over Time (AOT) as well as Averaging Over Time and Space Coordinates X, Y (AOTXY) is applied for selected sub-volumes.  A sub-volume is defined in two possible ways: 

Either by a time-slice (Tstart = constant), or by

An interpreted interface, e.g. top of a reservoir

The dimension of the sub-volume to be used for AOT in the time direction is called tN-comb, where N stands for the number of "teeth" (samples) to be included in the averaging process.  The outcome of each AOT application is a grid of values.  It is obvious that the actual amount of NRN depends primarily on the 3D data quality.  It increases with decreasing coverage (fold).  In the case that the amount of NRN exceeds the changes in the acoustic impedance to be monitored, i.e. the actual Signal-to-Noise-Ratio S/N(A-B) of the volume resulting from differencing is less than one, then reliable quantified monitoring would not be possible any more, or at least extremely difficult.  For the following remarks we assume that the Signal-to-Noise-Ratio of the differenced volume is larger than one, i.e. S/N(A-B)>1:

The evaluation part: This part is applied to the sub-volume containing the reservoir.  The crucial step here is to define the “area of no change” and as a direct consequence the “area of confidence” for mapping changes in acoustic impedance in the reservoir which are due to the ongoing production/injection and ultimately saturation changes.  Again, the quantity NRN forms the basis for this part.  The area of minimum constant background noise energy (NRN) represents the “area of no change” which has to be excluded from the mapping part.  The remaining area represents the “area of confidence”, within which quantifying interpretation is now done by mapping of isolines within the  “area of confidence” with the contours in acoustic impedance units (kPa.s/m) and with actual endpoint saturations defined by the reservoir engineers.  It is to be noted that residual oil saturation (ROS), i.e. amount and distribution of residual oil, is a significant factor e.g. in deciding whether EOR methods are suitable for economic exploitation of a reservoir.  These ROS measurements, however, do not necessarily produce the same results.  The limitations, accuracies and sources of error of the different measurement techniques for ROS-determinations need to be understood quite well (Chang et al. 1988, Woodhouse & Kerr 1992, Causin et al. 1990). 
Using both data sets, the previously mentioned structural model may be supplemented, under favorable conditions by the actual oil water contact (OWC).  Also, if the actual flood front interface-movement can be detected, in this case the differenced amplitude volume is to be used in addition to the differenced impedance volume, then the actual front velocity and the thickness of the corresponding “change in saturation”-sub-volume, which depends on the time span between the two surveys, may be determined.  This result represents an extension of above-mentioned structural model of the reservoir by an additional interface, i.e. the OWC.

The final step is to adjust the actual reservoir model with the 4D results to obtain an optimum reservoir model which in terms of its fluid flow predictions properties matches the result of the actual measurements derived from 4D seismic interpretation.
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