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ABSTRACT 

 

Seismic inversion for acoustic impedance improved reservoir 

characterization of the incised valley-fill Morrow Sandstones and understanding 

of the CO2 flood performance at Postle field.  The use of traditional P-wave 

reflectivity data for identification of the Morrow Sandstone has been difficult due 

to the relatively low acoustic impedance contrast between the sandstone and the 

surrounding shale.  Acoustic impedance inversion of the P-wave reflectivity data 

broadens the bandwidth and removes the wavelet, enabling detection of a 

response from the Morrow Sandstone.    

Colored inversion was selected to invert the reflectivity data based on its 

ability to best resolve a response from the sandstone.  The inversion results 

enabled reliable mapping of the thin Morrow Sandstone in the 3D acoustic 

impedance volume.  A coupled inversion, using a common low-frequency model 

and wavelet derived from the merged datasets, was used to invert the base and 

monitor P-wave reflectivity volumes to enable time-lapse impedance analysis.   In 

general, the time-lapse anomalies observed in the data correlate to the roll-out of 

the CO2 flood program from south to north.  When interpreted in conjunction with 

the production data and geologic depositional model, the patterns of anomalies 



 

 

 

iv 

enable the identification of flow pathways and baffles within the reservoir.  The 

scale of the interpreted heterogeneities indicate the flood pattern is of near 

optimal dimension to sweep the reservoir.  However, detailed analysis of the 

patterns and heterogeneities identified regions where specific well stimulations 

and the addition of new wells could improve sweep efficiency. 

Finally, assuming the largest time-lapse anomalies correspond to high 

porosity sands with high permeability and likely fluid movement, the time-lapse 

anomaly map was used as an additional constraint in estimating gross reservoir 

sandstone thickness.  This addition further improved the accuracy of the 

prediction of gross reservoir thickness.  From this map, three potential drill sites, 

on the edge of the current patterns, in relatively thick reservoir sandstone have 

been identified.  In conclusion, this work demonstrates the utility and benefit of 

time-lapse acoustic impedance inversion for Morrow Sandstone exploration and 

tertiary recovery monitoring.  The time-lapse monitoring also has implications for 

the surveillance of CO2 sequestration programs.   
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CHAPTER 1  

INTRODUCTION 

 

1.1 Thesis 

Exploration for oil-bearing Morrow Sandstones using conventional seismic 

has a startling success rate of only 3% (Davis, 2010).  This is because the 

Morrow Sandstones tend to be near acoustically invisible within the host shale, 

and those that are not generally have poor reservoir properties due to diagenetic 

cements (Wilson, 2002 and Mark, 1995).  Additionally, the high permeability and 

high porosity sandstones tend to be quite thin and well below seismic resolution.  

By using seismic inversion to transform the data into an acoustic impedance 

volume resolution can be enhanced allowing for the identification of these 

sandstones.  This thesis involves the investigation of acoustic impedance and its 

application to Morrow Sandstone exploration and flood development at Postle 

field in Texas County, Oklahoma.  Two P-wave seismic surveys, shot 9 months 

apart, have been inverted for acoustic impedance and used for the static and 

dynamic reservoir characterization.    
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Seismic inversion for acoustic impedance can be used to help 

characterize and monitor a reservoir under a tertiary recovery flood.  Acoustic 

impedance has the benefit over seismic reflectivity data in that it can be related 

back to lithology and changes due to fluid injection.  Acoustic impedance is often 

calculated from corresponding sonic and density well-logs, but not all wells have 

these logs.  Additionally, the reservoir heterogeneity in Postle field requires more 

control than from existing well locations alone.  Acoustic impedance volumes can 

be created through inversion of P-wave seismic volumes and well control 

(density and sonic logs).  The accuracy of the acoustic impedance volumes is 

verified by comparing the inverted acoustic impedance near the wellbore with the 

well-log acoustic impedance.  The acoustic impedance volumes have been used 

to create a gross sandstone distribution map from which potential drilling 

locations have been identified.  The time-lapse data aids in the prediction of high 

porosity sands which are difficult to distinguish using static characterization due 

to their similar acoustic impedance with shale.   Additionally, the time-lapse 

acoustic impedance data in combination with geology and engineering 

information have been used to identify low permeability zones and to make 

recommendations to enhance production.   
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1.2 Postle Field 

Postle field in the Oklahoma Panhandle (Figure 1.1) is currently operated 

by Whiting Oil and Gas Corporation based in Midland, Texas.  The target 

reservoir is the Pennsylvanian Upper Morrow A Sandstone (Figure 1.2).  The 

Morrow Formation sits unconformably atop the Chester Limestone and 

conformably beneath the Atoka Limestone (Rascoe and Adler, 1983) (Figure 

1.2).  After deposition of the Chester, sea level dropped placing the present day 

Postle field area on the edge of a low-stand basin (Al-Shaieb et al. 1994) (Figure 

1.3), and also allowing for the formation of incised valleys in which the Morrow 

was deposited.  Deposition was affected by glacio-eustatically controlled 

fluctuations in sea level as well as pulses of tectonism associated with 

continental collision between North and South America (Jobe, 2010).  The typical 

Morrow is a shale package with 5% valley-fill sands (Sonnenberg, 1985). The 

angular texture of the Morrow sediments indicate an immature proximal source 

(Jobe, 2010) with the Sierra Grande Uplift, the Apishapa Uplift, the Cimarron 

Arch and the Keyes Dome (Figure 1.3) being potential sediment suppliers (Van 

Evera, 2004).  

In Postle field, each valley-fill sandstone package has been given its own 

name, A, A1, A2, etc, with the A being the youngest and the shallowest.  Wiley 

(2009) and Jobe (2010) give excellent descriptions of the geology and different 

sandstone packages present in Postle field which are summarized here.  The 
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Morrow A fines upwards from a poorly-sorted cobble to a well-sorted fine- to 

medium-grained sandstone (Jobe, 2010).  The Morrow A Sandstone has been 

divided into four facies by Jobe (2010) (Figure 1.4).  The reservoir is mainly 

comprised of two facies: the dominant-discharge fill and the dominant discharge 

basal lag which have the highest porosity and permeability values (Jobe, 2010) 

(Figure 1.4).  The intra-channel belt abandonment and subordinate discharge 

channel-fill facies may create both lateral and vertical barriers or baffles to flow.  

The Morrow A Sandstone dips gently to the southeast and ranges from 0-100 

feet thick with an average of 45 feet gross thickness within the RCP study area 

(Wiley, 2009).  Drilling depths to the Morrow A Sandstone range from 6,100 to 

6,200 feet.   

Also present in HMU are the Morrow A1, A2, and A3 Sandstones.  The A1 

is interpreted to be an estuarine deposit and is only present in the southwest of 

the study area (Wiley, 2009).  Penetrations into the A1 are few because it has 

typically been water wet.  The A2 and A3 are also estuarine in nature but have 

proved to be difficult to identify and correlate in the RCP study area (Wiley, 

2009).  The Morrow B Sandstone is the top sandstone of the Lower Morrow 

Formation (Figure 1.2).  The Morrow B Sandstone was deposited as one 

northwest-southest trending deposit that is geographically restricted.  It ranges 

from 0-80 feet thick and averages 40 feet thick in the southwest portion of the 

study area (Wiley, 2009).   
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Figure 1.1. Postle field is located in Texas County of the Oklahoma panhandle.  
The RCP study area resides with the Hovey Morrow Unit (HMU).  (Modified from 
Whiting Oil and Gas Corporation, 2008). 

1.3 RCP Overview  

The Colorado School of Mines Reservoir Characterization Project Phase 

XII, in conjunction with Whiting Oil and Gas Corporation and the consortium 

sponsors, acquired two 9-C multi-component surveys in March and December of 

2008 over a 6.25 square mile area (Figure 1.1) within the Hovey Morrow Unit 

(HMU) of Postle field.  The goals are  to monitor fluid movement within the 

reservoir, identify reservoir parameters that affect fluid flow, and help to optimize 
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field management with the proactive recognition of barriers and conduits.  There 

are a total of 15 students from geology, geophysics, and petroleum engineering 

working on the reservoir characterization of the RCP study area in Postle field.     

 

 

Figure 1.2.  Stratigraphic column and type log showing the Pennsylvanian 
Morrow Sandstones and the target reservoir, the Upper Morrow A Sandstone 
(Jobe, 2010). 
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Figure 1.3. Paleogeographic map of the Postle area during the Pennsylvanian 
(Jobe, 2010). 

1.4 Previous Work 

Wilson (2002) worked on seismic delineation of the Morrow Sandstone  in 

Eva South field, Texas County, Oklahoma, about 25 miles west-southwest of 

Postle field.  His work concluded that the P-wave reflectivity data alone was not 

sufficient to delineate the Morrow Sandstone in Eva South field.  However, he 

was able to identify the sandstone using converted waves.  Similarly, Blott (1997) 

and Rampton (1995) demonstrated the use of shear wave seismic data to 
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identify the Morrow Sandstone reservoir in Sorrento Field, Colorado.  My work 

will show that seismic inversion for acoustic impedance has improved the utility 

of the P-wave seismic data so it too can be used for sandstone detection and at 

a much lower cost than multi-component data.   

Herawati (2002) used sparse-spike and model-based inversion for 

acoustic impedance to successfully monitor the CO2 flood in Weyburn field, 

Saskatchewan.  With the time-lapse data, she was able to identify areas of CO2 

fingering that were aligned with directional permeability which enabled improved 

CO2 flood management. 

Mohammad (2010) has used the Postle field P-wave datasets to perform 

dynamic reservoir characterization.  He normalized the December 2008 survey to 

the March 2008 survey to account for changes in amplitude, phase, frequency, 

and time.  The normalized December 2008 survey will be used for the acoustic 

impedance time-lapse study. 

Colored inversion was the method of choice in this thesis; it was also 

applied by Lancaster and Whitcombe (2000) and proved to be a fast and robust 

inversion algorithm.  The time-lapse inversion was coupled as was shown 

nesecary by Sarkar et al. (2003).   
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Figure 1.4.  Core description of four cores in HMU using four facies to describe 
lithology.  Modified from Jobe (2010). 

1.5 Seismic Data 

Two 9-C multi-component seismic surveys were acquired over the RCP 

study area.  The baseline survey was acquired in March 2008, and the monitor 

survey in December 2008.  The work presented here will concern the P-wave 

data acquired (Table 1.1).  Due to delays in acquisition of the March 2008 
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survey, only half the vibrate points were able to be acquired.  All shots were 

acquired in the December 2008 survey.  Processing of the data was done by 

Fairfield Industries Inc. in Denver, Colorado.  The processing of the first survey 

was redone in parallel with the second survey (Table 1.2) after the addition of the 

data provided by the second survey revealed a better statics solution.  There are 

two post-processing versions of the December 2008 survey available, one with 

all the shots for static characterization, and one with half the shots for time-lapse 

studies.  A merge of both the surveys is also available for static characterization. 

 

Table 1.1.  Survey parameters for P-wave seismic data acquired over RCP study 
area in March 2008 and December 2008. 
Survey Parameters March 2008 December 2008 

Sources  
Source spacing 
Source Lines 
Source Line Spacing 

960 (1920 planned) 
220 ft (110 ft planned) 
16 
880 ft 

1920 
110 ft 
16 
880 ft 

Receivers 
Receiver spacing 
Receiver Lines 
Receiver line spacing  

1920 
110 ft 
16 
880 ft 

1920 
110 ft 
16 
880 ft 

Source  Vertical Vibrator Vertical Vibrator 

Sweep 8-120 Hz linear sweep, 10 sec 
duration, 6 sweeps 

8-120 Hz linear sweep, 10 sec 
duration, 6 sweeps 

System I/O System IV, 2 ms sample 
rate 

I/O System IV, 2 ms sample 
rate 

Survey Layout Orthogonal  Orthogonal  

Offset 6,500 ft (usable)  6,500 ft (usable)  

Bin Size 55 ft x 55 ft 110 ft x 100 ft 
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Table 1.2. Processing flow of March 2008 and December 2008 reflectivity data. 
1. Reformat data from field media 

2. Separate out P-wave source and Vertical phone component 

3. Assign survey coordinates and build geometry 

4. Binning field data to 110 X 110ft grid 

5. Apply minimum phase filter 

6. Compute and apply surface consistent vibrator and receiver domain amplitude 
corrections 

7. Apply True Amplitude Recovery scaling of t1.8 (where t = time) 

8. Compute and apply Spiking/Predictive deconvolution, 160ms gate, 1% white noise 

9. Apply 2 passes of source and receiver surface consistent residual statics 

10. Kill questionable sources and traces 

11. Apply Spectral Whitening, 6-70hz 

12. Apply normal moveout 

13. Apply mute 

14. Apply 500ms time variant scalar, mean, with 50% overlap. 

15. CDP stack, Offsets 0-6500ft. 

16. Move to final datum, 3400ft, Replacement Velocity 10,000ft/sec. 

17. Apply Spectral Whitening, 10-70hz, 8hz bands, 400ms window 

18. Apply FXY filter 6-70hz 

19. Apply TXY filter 7-79ms/trace  

20. Apply 500ms Time variant scalar, RMS, 50% overlapping gates. 

21. Apply trace scalar, gate 500-3000ms. 

22. Apply Post Stack Kirchhoff curved ray migration using interval velocity field. 

23. Apply post stack TXY filter.  Model steep dipping noise trains and subtract from data.  
Rejected Limits 3-99ms. 

24. Apply Butterworth Bandpass filter, 10Hz-70Hz, 18db/oct ramp 

25. Apply 500ms Time variant Scalar, mean, 50% overlapping gates. 

26. Trace equalize, gate 500-1500ms 

1.6 Production History 

Primary production of the HMU started in 1962, with a subsequent water 

flood in 1974.  By 1998, unit-wide production dropped to a little over 100 barrels 

of oil per day (Figure 1.5) from only the 15-1 well (personal communication, 

Wehner, 2009).    Historically, the largest oil production occurred from the 

southern portion of the survey area, the largest water production from the middle 
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of the survey area, and the largest gas production from the northern up-dip 

portion of the survey area (Figure 1.6).   To date, the RCP study area has 

produced 9.7 MMbbl of oil and 10.1 Bcf of gas and 86 MMbbl of water 

(waterflood injected).  This is only 40% of the estimated 27-45 MMbbl of original 

oil in place (Heris, personal communication, 2009).  Whiting Oil and Gas 

Corporation bought the unit from ExxonMobil Corporation in 2004 and began a 

miscible CO2 flood using an inverted 5-spot injection pattern in late 2007 to target 

the remaining oil saturation and potential unswept thin sands.  The injector wells 

are on a Water-Alternating-Gas (WAG) scheme in which CO2 and water are 

alternately injected for approximately two months each.  The actual time periods 

vary well-to-well depending on injection rates.  Water is injected in addition to 

CO2 to prevent localizing fingering by slowing the rapid movement of the more 

mobile CO2 front.  Due to the tertiary recovery efforts, daily oil production rate 

continues to rise (Figure 1.5).   
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Figure 1.5.  Production history of RCP study area (Heris, 2009).  
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Figure 1.6.  Oil, water, and hydrocarbon gas production since study area 
discovery in 1962 (Created from data provided by Whiting Oil and Gas 
Corporation, 2008). 
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CHAPTER 2 

INVERSION 

 

2.1 Introduction to Inversion 

Difficulty detecting the Morrow Sandstone due to its low acoustic 

impedance contrast has provoked several companies to investigate the use of 

multi-component data over Morrow reservoirs.  While shear-wave data certainly 

adds to reservoir characterization, this study has determined that seismic 

inversion for acoustic impedance can help improve the utility of the P-wave data 

for reservoir characterization.  Acoustic impedance inversion can also be used to 

monitor pressure and saturation changes associated with fluid injection and 

extraction in the reservoir to optimize field production. 

Inversion is necessary to improve sandstone seismic detectability in the 

RCP study area where the Morrow A Sandstone is less than 100 feet thick and 

well under seismic tuning thickness.  Hill (2005) showed the addition of the low-

frequency model in an inversion enables detection of beds up to three times 

thinner than the tuning thickness.  This improved detectability enables the 
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interpretation of horizons corresponding to the Morrow A Sandstone which are 

difficult to track in the seismic reflectivity data.      

 Seismic inversion for acoustic impedance enables the discrimination of 

different lithologies (mainly sandstone vs. shale) based on their acoustic 

impedance ranges.  Although the impedance contrast in the Morrow is small, an 

acoustic impedance volume will permit the discrimination of the presence of the 

Morrow Sandstone and allow it to be mapped laterally.  The Morrow Sandstone 

acoustic impedance is approximately 5-10% higher than the overlying Morrow 

Shale (Figure 2.1) because the P-wave velocity in the sandstone is sufficiently 

greater to overcome the inverse density relationship.  Higher porosity sandstones 

exhibit lower acoustic impedance, meaning they have less of a contrast with the 

shales and may be more difficult to discriminate from the static impedance 

volume alone.   

2.2 Inversion Theory 

Seismic inversion is used to minimize tuning effects and increase 

bandwidth which enables the improved interpretation of layer properties (Latimer 

et al., 2000).  Tuning effects are minimized by removing the vibroseis wavelet 

introduced during seismic acquisition and processing.  Bandwidth is extended 

with the addition of well control which restores the low-frequency component that 
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is missing in the seismic data.  Detailed reviews of inversion theory for reservoir 

characterization can be found in Herawati (2002) and Lorenzen (2000) and are 

summarized here.   
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Figure 2.1. Cross plot showing Morrow Shale and Morrow A Sandstone have 
partially overlapping distributions of acoustic impedance.  Log values taken from 
well 24-4.   

 

A seismic trace is the result of a seismic source wavelet traveling from the 

Earthôs surface to reflectors at depth and back to the surface recording 

equipment.  This process can be expressed mathematically as a convolution: 
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s(t) = w(t) * r(t) + n .                  (2.1) 

Where s(t) is the recorded seismic trace, w(t) is the source wavelet, r(t) is the 

reflectivity series, and n is noise. 

A reflectivity series is a sequence of reflection coefficients in time.  

Reflection coefficients are intrinsic in a layered earth due to the difference in 

acoustic impedance of lithologically different layers:   
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Where RC is the reflection coefficient, AI is the acoustic impedance, ɟ is density, 

V is velocity, and i = layer number. 

Acoustic inversion if the problem of estimating r(t).  Due to earthôs 

frequency filtering character and the input wavelet, the seismic wavelet, and 

therefore, the seismic trace are bandlimited despite the reflectivity series being 

broadband.  On land, the wavelet and seismic trace often only contain 

information from 10-60 Hz (Oldenburg et al., 1983).  The lack of high and low-

frequency data and the addition of noise cause an underdetermined problem to 

which there is no unique inversion solution.   

The missing frequency information below 10 Hz is the most critical in 

solving for acoustic impedance (Oldenburg et al., 1983).  The solution is to 

simultaneously restore the low frequencies by creating a low-frequency model 
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that reflects the true geology and boost the low frequencies with the use of an 

operator applied to the seismic data.  There are several different ways to create 

the low-frequency model.  Lindseth (1979) built a low-frequency model based on 

velocity analysis.  Galbraith and Millington (1979) used well-log information to 

build a low-frequency model.  This study uses the same approach as Galbraith 

and Millington, building the low-frequency model from the sonic and density logs 

within the seismic area.   

Because solving for acoustic impedance is an underdetermined problem, 

several assumptions are made to arrive at an impedance profile.  The first 

assumption is the earth is a 1-D layering of different homogeneous lithologies.  

For each 1-D seismic trace there is a corresponding 1-D impedance profile.  The 

effects of scattering, noise, and multiples are assumed to have been addressed 

in the data processing.  Equation (2.2) represents the zero-offset reflection 

coefficient and, and as such, does not include an offset dependence.  It is 

assumed the seismic data are zero offset to move forward with the inversion, 

although Wiley (2009) did notice Class I AVO response off the Morrow A 

Sandstone (Figure 2.2). 
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Figure 2.2.  Class I AVO response off the Morrow A Sandstone in the March 
2008 seismic reflectivity data (Wiley, 2009). 

2.3 Introduction to Colored Inversion 

The colored inversion algorithm was selected to invert the reflectivity data 

because it is computationally fast and best resolved the Morrow Sandstone for 

reasons discussed later in this chapter.  Colored inversion is similar to a 

bandlimited inversion and works by deriving an operator that transforms the 

seismic amplitude spectrum to that of one similar to the well-log acoustic 

impedance spectrum with a -90° phase change (Lancaster and Whitcombe, 

2000).  The addition of the -90° phase change alone is helpful in thin-bed 

interpretation because it eradicates the dual polarity of the thin-bed response 

allowing for improved imaging of thin-bed geometry, impedance profiles, and 

lithology (Zeng et al., 2005).  Colored inversion was applied to the merge of the 
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March and December 2008 surveys, and the March 2008 and the cross-

equalized December 2008 surveys for static and dynamic characterization 

purposes using the workflow shown in Figure 2.3 and will be described in the 

following sections. 

 

 

Figure 2.3.  Workflow used to invert seismic data to obtain acoustic impedance 
volumes. 
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2.4 Creating Missing Logs 

Acoustic impedance is the product of density and velocity; therefore, these 

two logs are needed to create the low-frequency acoustic impedance model.  

Within the RCP study area there are 22 density logs and 42 sonic logs, but only 

one well with both a sonic and density log.  Gardnerôs Equation (Gardner et al., 

1974) was used to create the 33 missing density logs: 

Density = (0.23) X (P-wave Velocity) 0.25 .      (2.3) 

Equation 2.3 describes the relationship between a large number of different brine 

saturated rock types (Gardner et al., 1974).  The coefficients in Equation (2.3) 

are justified in this area as they are  able to predict the Atoka Limestone and 

Morrow A Sandstone density with only 3.2% and 2.6% error, respectively (Figure 

2.4).  Equation 2.3 under-predicts the density of shale causing the acoustic 

impedance to be 6.7% low.  This error is within an acceptable range because the 

range of density is smaller than the range of velocity.  This error could be 

minimized by deriving ñshaleò coefficients to use in Gardnerôs Equation to predict 

the density of the known shale sections.  It was not possible, however, to derive 

reliable Gardner coefficients for the RCP study area since only one well exists 

with both a sonic and density log.   
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Figure 2.4.  Comparison between logged density and created Gardner density 
and the resulting acoustic impedance profiles using a common velocity log.  

2.5 Wavelet Estimation 

Proper wavelet estimation is necessary for obtaining a reliable seismic 

inversion.  The wavelet is a function of the seismic source, filtering and scattering 

of the earth, and the processing applied to the reflectivity data.  Wavelet 
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estimation is an underdetermined problem because all of the above factors plus 

noise are unknowns.   

A wavelet can be extracted directly from the seismic alone or using 

additional well-log data.  Extraction using the well-logs did not prove to be a 

viable way to estimate the wavelet with the Postle data set.  Most of the well-logs 

available have been digitized from raster logs.  As a result, only short digital log 

intervals, mostly starting at the Atoka limestone and ending at the Morrow A 

Sandstone, are available.  The short log intervals did not provide enough 

information to consistently estimate the amplitude and phase of the wavelet from 

well to well.  Wavelet extraction from the seismic data assumes earthôs reflectivity 

spectrum is white, random, and stationary and that the autocorrelation and the 

seismic amplitude spectrum of the seismic trace and the wavelet are similar 

(Brown et al., 1996 and Yilmaz, 2001).  The wavelet is assumed to be zero 

phase (after vibroseis correlation), but in reality the phase of the data will vary 

throughout the survey (Ziolkowski et al., 1998).   

The wavelet used in this inversion was extracted between the Atoka 

Limestone and Mississippian Limestone horizons, approximately a 100 ms 

window which completely encase the reservoir.  While it is known that 

attenuation will cause the wavelet to change with depth, it is assumed not to be a 

limiting factor over this constrained interval.  Several additional wavelets were 

extracted from the seismic reflectivity data using different windows and different 
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window lengths.  The wavelet chosen was selected because it had the broadest 

bandwidth (Figure 2.5).  This wavelet was used to tie all the well-logs in the area 

to the seismic data (Figure 2.6).  Due to the short log interval, the well-logs were 

only able to be tied to the Morrow Shale trough.  To assess the quality of the well 

tie, a correlation coefficient between the synthetic seismic trace and the actual 

seismic trace is derived over the interval where the well-log is present.  From this 

analysis a majority of the wells may feature a well tie with significant uncertainty.  

Only the most reliable well ties will be used for quantitative seismic analysis. 
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Figure 2.5.  Wavelet extracted from seismic data at reservoir interval and 
resulting frequency spectrum showing the bandlimited nature of the seismic data 
and poor peak frequency. 

2.6 Colored Inversion Operator 

The colored inversion operator is created to transform the seismic trace 

into a corresponding impedance trace with the addition of a -90°phase change in 

the frequency domain.  First, the acoustic impedance spectrum is determined by 
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plotting the well-log acoustic impedance against frequency on a log-log scale and 

using least squares to fit a curve that characterizes the spectrum as:  

AI (f) = c * f Ŭ  ,                                                (2.2) 

where AI is the acoustic impedance spectrum, c is the intercept, f is the 

frequency spectrum, and Ŭ is the gradient (Lancaster and Whitcombe, 2000). 

Next, the seismic spectrum is derived from the seismic traces around the well 

bore.  The operator spectrum is then calculated to shape the seismic spectrum to 

that of the acoustic impedance spectrum.  The operator spectrum was only 

calculated between 5-65 Hz as not to inadvertently boost noise.  The operator 

spectrum plus a -90° phase change is the colored inversion operator (Figure 

2.7).  The colored inversion operator is convolved with each seismic trace to 

create a relative acoustic impedance volume (Figure 2.8).  While the colored 

inversion operator successfully broadened the bandwidth of the of the seismic 

reflectivity data on both ends of the frequency spectrum (Figure 2.9), the Morrow 

Sandstone remains difficult to distinguish.  The addition of a low-frequency model 

will further help to resolve the sandstone.   

2.7 Low-frequency Model 

Introducing the low-frequency model will continue to broaden the 

amplitude spectrum and provide a zero-Hertz component to transform the 
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relative values of acoustic impedance into absolute values, enabling improved 

detection and resolution of the reservoir sands.  The low-frequency acoustic 

impedance model is built from the sonic and density logs with the interpolation 

guided by horizons picked off the seismic reflectivity data.  After tying all the wells 

to the seismic data, 17 wells with a seismic to well-log correlation coefficient of at 

least 0.55 and logs extending to at least the Morrow A3 Sandstone were selected 

to build the low-frequency model (Figure 2.10).  The resulting acoustic 

impedance volumes are only valid between the Atoka Limestone and Morrow A3 

Sandstone picks because this is the shortest log interval used to create the low-

frequency model.   

For the interpolation between the well locations three potential algorithms 

were considered: 

- Inverse distance weighted: applies the maximum weight at the well 

location and decreases the weight to zero at other locations; 

- Triangulation: connects neighboring well bores with triangles and only 

connected well locations contribute to the interpolation between; and 

- Kriging: uses a linear variogram to apply a weight of interpolated points 

between the wells.   

Because the distribution of the wells suitable to use in the low-frequency 

model is not uniform, triangulation and kriging produced discontinuities in the 
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model.  Inverse distance weighting provided the smoothest interpolation of the 

low-frequency information between well locations (Figure 2.11).  A smooth 

interpolation is ideal because the geometry of the Morrow reservoir within the 

study area is structurally simple.  Four horizons were used to guide the 

interpolation between the well-logs (Figure 2.11).   

Figure 2.12 shows an analysis comparing the acoustic impedance from 

the well-logs with the acoustic impedance from the inversion volume.  The high 

correlation between the log impedance and the inversion impedance, especially 

in the blind wells, gives good confidence in the inversion.  The correlation is not 

unity due to the higher dependence on the seismic than the low-frequency model 

when creating the impedance trace.   

2.8 Time-lapse Inversion 

Several different workflows exist for time-lapse inversion.  Sarkar et al. 

(2003) recommended inversions of time-lapse seismic datasets be coupled to 

prevent artifacts that may lead to incorrect time-lapse interpretations.  They 

achieved this by using the inversion of the baseline survey as the input model for 

the inversion of the monitor survey.  Lorenzen (2000) coupled the inversion 

through the use of the same low-frequency model for both the base and the 

monitor survey.  Similarly, the inversion presented here was coupled through the 
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use of a common low-frequency model and wavelet derived from the merge of 

the March and December surveys.  After the inversion was applied to both data 

sets, the March 2008 volume was subtracted from the normalized December 

2008 volume to show changes in acoustic impedance related to production and 

injection.   

2.9 Different Inversion Algorithm 

A model-based, generalized linear inversion algorithm was also attempted 

with the Postle dataset, but did not resolve the sandstone or match the well data 

as well as colored inversion (Figure 2.13).  Further, the acoustic impedance of 

the ñMorrow Sandstoneò in the model-based inversion averages 26,000 

(ft/s)*(g/cc) (Figure 2.13, bottom right) which is the acoustic impedance of the 

shale in well-log 24-4 (Figure 2.1).  In the colored inversion the Morrow 

Sandstone averages 29,500 (ft/s)*(g/cc) (Figure 2.13, top right) which is the 

correct value for the sandstone (Figure 2.1).  Model-based inversion is an 

iterative process that modifies the model to better match the seismic data until 

the acceptable threshold is met (Cooke and Schneider, 1983).  Model-based 

inversion is highly dependent upon the initial low-frequency model to arrive at an 

acoustic impedance volume.  Due to the short digitized log interval and limited 

number of wells with sonic and density logs, the low-frequency model is not 

reliable enough for model-based inversion.  An additional advantage of the 
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colored inversion algorithm is the reduction in computing time relative to model-

based inversion.  In a time-lapse project where products must be delivered in a 

short time span as to impact the engineering immediately, the faster colored 

inversion proves to be much more valuable.   

2.10 Conclusions 

Seismic inversion for acoustic impedance resolved a response from the 

Morrow Sandstone which is difficult to interpret in the seismic reflectivity data.  

The limited well data required many logs to be estimated using Gardnerôs 

relationship, the wavelet to be estimated from the seismic, and the selection of a 

colored inversion algorithm.  The baseline and monitor surveys were inverted 

with the same wavelet and background model as a means of coupling the 

inversion.  The baseline and time-lapse acoustic impedance volumes can now be 

used for static and dynamic reservoir characterization, which is the subject of 

Chapters 3 and 4, respectively. 
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Figure 2.6.  Synthetic well tie for well 24-4 showing well tied to seismic at Morrow 
Shale trough.  Correlation coefficient is between the synthetic seismic trace 
(blue) and the actual seismic trace (red) over the time interval between the 
horizontal yellow lines.   
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Figure 2.7.  Colored inversion operator used to transform seismic reflectivity 
traces into relative acoustic impedance traces.  Note the -90 degree phase 
change. 
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Figure 2.8. Cross section through relative acoustic impedance volume, after the 
colored inversion operator has been applied and before the low-frequency model 
has been introduced.  White ticks on gamma ray logs indicate top and base of 
Morrow A Sandstone.   

 

 

Figure 2.9. Frequency spectrum of data before and after colored inversion 
operator was applied.  Colored inversion boosted both low and high frequencies.     
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Figure 2.10. RCP study area, 17 wells shown in blue were used to create low-
frequency model. Black outline indicates the injection and production pattern, the 
injecting wells are at the center of the patterns and the producing wells are at the 
crosses.   
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Figure 2.11.  Data in color is the low-frequency model (horizons shown were 
used to create model).  The wiggle traces are seismic reflectivity data.  Model is 
only valid between interpolated Atoka Limestone and Morrow A3 surfaces.   
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Figure 2.12.  Comparison between acoustic impedance log (blue) and inversion 
log trace (red).  Wells 21-4 and 24-1 were used in low-frequency model, well 24-
4 was not. 

 

 




































































































