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ABSTRACT

Bandwidth extension (BE) increases the vertical resolution enabling the 

interpretation of thin sandstone formations that are below tuning on the original data. 

Seismic attributes analyses reveal the structural heterogeneities of the reservoir. Pre-stack 

inversion for acoustic impedance shows the complex stratigraphy in Delhi Field. Time- 

lapse interpretation illuminates the CO? flow path and the channel geometry in the field 

using the post-stack inversion for acoustic impedance.

Delhi Field is located in the northeastern Fouisiana. Structurally, it is flanked by 

the North Fouisiana Salt Basin (NFSB) to the west, by the Monroe uplift to the north and 

by the M ississippi Interior Salt Basin (MISB) to the southeast. The field has been 

undergoing CO 2 injection for enhanced oil recovery program since November 2009 and 

the source of the CO 2 is the Jackson Dome which is located to the east of the field. Delhi 

Field is complex stratigraphically and consists of a combination of various channels and 

bars. The sandstone formations of interest are the Fower and Upper Cretaceous Paluxy 

and Tuscaloosa sandstones of the Holt-Bryant Group. The Tuscaloosa sandstones are 

thin, below seismic resolution, and, in places, interconnected with the older Paluxy 

sandstone. It is difficult to map these sandstones individually on normal bandwidth 

seismic data. Hence, the data was reprocessed and bandwidth extended (BE) by Geotrace. 

Bandwidth extension extrapolates the missing frequencies in the bandwidth of the P- 

wave seismic data that were filtered by the earth. A few quality control steps were run on 

the BE data to determine the authenticity of the added frequencies. The BE data helped in 

picking the tops and bases of the thin Tuscaloosa sandstones on the seismic data. Seismic 

Attributes like coherency and amplitude envelope show the presence of faults in the 

region. These faults contribute to the heterogeneity in the reservoir.

RCP shot a multicomponent seismic survey in June 2010. The P-wave component 

of this survey was used as the monitor for the time-lapse analysis in the field. Denbury’s 

2008-10 merged P-wave dataset was used as the baseline survey. Both the datasets were 

bandwidth extended. Cross-equalization was done on the datasets to remove the non-



repeatable noise in the data. The normalized root mean square (NRMS) value of the 

datasets decreased from an average o f about 0.9 to 0.4 after cross-equalization. Acoustic 

impedance inversion using the model-based inversion algorithm was performed on both 

the baseline and the monitor surveys using the same initial low frequency impedance 

model to study the changes in P-impedance with CO 2 injection. The field underwent 

water injection for more than 50 years, and a decrease in acoustic impedance is expected 

with the injection of CO 2 . Fluid substitution modeling using Gassm ann’s equation was 

done to quantify the changes in P-impedance with C 0 2 replacing brine. It was observed 

that about 15 to 20% decrease in acoustic impedance is seen when only 5 to 10% of CO 2 

replaces brine in the Paluxy formation. This observation agrees with the anomalies 

around the injector wells in the field. About a 7% decrease in P-impedance is observed 

with the increase in pore pressure from 1400 to 2200 psi. This observation agrees with 

the anomaly below the OWC and it can be inferred that the reservoir pressured up fast 

with the injection of CO 2 while all the production wells were shut in. The amplitude 

difference between the baseline and the monitor surveys also shows that the middle of the 

Paluxy sandstone may be by-passed while the CO 2 is rising up-dip. Time-lapse anomalies 

also show the channels in the field.
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Chapter 1

INTRODUCTION

1.1 Background

Delhi Field is located in the northeastern Louisiana (Figure 1.1). It is surrounded 

to the west by the North Louisiana Salt Basin (NLSB), to the north by the Monroe uplift 

and to the southeast by the M ississippi Interior Salt Basin (MISB). The field has been 

undergoing CO 2 injection since 2009 and the source of the CO 2 is the Jackson Dome 

which is located to the east of the field (Figure 1.2).

Delhi Field was discovered by C. H. M urphy Jr. and Sun Oil Company in 1944. It 

is also known as the “W est Delhi” mainly because of its geographic location in regards to 

the “Delhi on the east” and “Big Creek” to the west (Bloomer Jr., 1946). W est Delhi is 

about 15 miles long and 2 to 2.5 miles wide. Its original oil in place (OOIP) is about 357 

MMBB. The primary recovery from 1944 to 1953 was about 49 MMBbl while secondary 

recovery from 1953 to 1980 was about 143 MMBbl. The cumulative production was 192 

MMBbl with a recovery factor of 54% of the OOIP. The peak production was 17,500 

BOPD in 1970. The production stopped around 2005 (Figure 1.3). However, there was 

still a great amount of residual oil left in the field. A tertiary recovery method was needed 

to recover that oil.

Denbury Resources Inc. acquired leases in Delhi Field to start the enhanced oil 

recovery (EOR) project using CO 2 injection. Denbury owns the biggest source of CO 2 in 

the region, the Jackson Dome, and hence had an advantage for this project. The phase one 

of the CO 2 injections started in November 2009, at the time when the recovery was only 

18 BOPD. The first oil production associate with EOR project started in March 2010 

(when the expected start was in mid 2010).
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Figure 1.3: Production history data of Delhi Field before the tertiary recovery started 
(Modified from Denbury Resources Inc.).

By April, the gross oil production had increased to 200 BOPD (Evolution Petroleum 

Co.). This early recovery implied that the reservoir has a high permeability zone between 

the injectors and the producers.

The Reservoir Characterization Project (RCP) at Colorado School of Mines was 

given the task of monitoring the CO? flood in 2009. The main objective of the project 

was to look for flow baffles and barriers in the field. To accomplish this objective, the 

plan was to integrate the geological studies based on well logs and core data with the 3D 

and 4D seismic interpretations to devise a plausible reservoir model for simulation. There 

were around 80 to 100 old wells in the field with SP and resistivity logs. Denbury 

acquired a few 3D seismic surveys in March 2008, January 2009, June 2009 and March 

2010 in the western part of Delhi Field. RCP acquired a 3D 3C survey in June 2010 

covering an area of about 4 sq. miles. The locations of the surveys are shown in Figure

1.4 as well as the phase-1 CO] injector and producer wells.
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background (Sun Oil Co. and Denbury Resources Inc.).

1.1 Structural History and Stratigraphy

Delhi Field is situated in the southern periphery of the Monroe uplift, which is a 

regional uplift feature in northeastern Louisiana and the adjacent areas of Mississippi and 

Arkansas. According to the available well data, it was a part of the development of the 

larger structural features in the region. Figure 1.4 (a) shows a paleo-geographic map of 

the Tuscaloosa formation in and around the Delhi field. The deltaic lobe of the Monroe 

uplift did not reach the maximum regressive phase boundary unlike the Sabine uplift. 

The M onroe uplift is located almost entirely within the Mississippi alluvial valley. Its 

features are covered by thick Q uaternary  alluvium which is about 250 ft thick in places. 

The Monroe gas fields are producing in the region. The youngest Tertiary rock in the 

Delhi area is the Cockfield formation of Upper Clairborne age. They are underlain by the 

lower Clairborne sediments (Cook M ountain, Sparta and Cane River) and a section of 

W ilcox (Lower Eocene) and M idway (Paleocene) formations (Figure 1.5). Beneath the
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UPLIFT & EROSION

D o w n d ip  d e lta ic  lobe  

tru n ca tin g  against th e  

m axim u m  regressive phase  

b ou ndary

REGRESSIVE PH A SE: ENDS WITH 
EAGLE FORD UNCONFORMITY

Figure 1.4 (a): Paleo-geographic map of the Tuscaloosa showing the downdip deltaic 
lobe truncating against the maximum regressive phase boundary (Modified from Oliver, 
1971).

NW

Figure 1.5: A generalized stratigraphie section of the Cretaceous formations in Delhi 
Field (Denbury Resources Inc.).
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Monroe Gas rock, one can see a gap in formation especially in the lower Upper 

Cretaceous and Upper Cretaceous sediments, which was caused by local erosional 

periods caused during the upwarping of the Monroe uplift. This period of (intensive) 

erosion marks the interval between the Paluxy (Lower Cretaceous) and Tuscaloosa 

(lower Upper Cretaceous) formations, causing a truncation of beds as old as the Lower 

Cretaceous Glenn Rose Formation. Tuscaloosa unconformably overlies the Glenn Rose 

Formation where this truncation occurred (Figure 1.5). To the north, the Tuscaloosa beds 

are truncated by the Monroe gas rock unconformity. Above the Tuscaloosa, a better 

defined epoch of uplift and erosion marked by the overlap of the Upper Cretaceous 

Monroe gas rock is present. The eroded area has a large width which is indicative of a 

long halt in deposition and the continuous deposition of the Monroe gas rock upon the 

eroded surface depicts that the sedimentation was slowing down in the region (Bloomer 

Jr., 1946).

The Clayton limestone/chalk of the Paleocene Midway Group lies conformably 

over the M onroe gas rock. It is found throughout the Monroe uplift area except at 

Richland, where the M idway clays rest directly upon the lower Upper Cretaceous 

Tuscaloosa formations. In most areas, the M idway clays are transitional with Clayton 

limestone and a sequence of W ilcox and Claiborne sediments overlie them.

The upwarping of the Monroe uplift brought about a series of stratigraphie traps 

that are now the key producing zones in the Delhi field. The producing zones are found 

where the Tuscaloosa and the Paluxy Formations are unconformably overlain by the 

Monroe gas rock. The Monroe gas rock makes a great seal of impervious rocks that 

prevents any updip migration of hydrocarbons. The Tuscaloosa beds overlap and form 

common reservoirs with the older Paluxy Formation and also share a common oil-water 

contact. The oldest producing zone is the upper Lower Cretaceous Paluxy Formation of 

the Holt-Bryant Unit. The Paluxy is micaceous and fine-grained. Its average thickness is 

between 20 and 30 feet. The Tuscaloosa is more massive and has well-rounded quartz 

grains. Its thickness ranges from 35 to 85 feet (Figure 1.6) (Bloomer Jr., 1946). Earlier, it 

was known to be barrier sandstone but according to the interpretation, its signature shows

6



Figure 1.6: Type log of the Holt-Bryant Unit in Delhi Field (Modified from Bloomer Jr., 
1946); the Tuscaloosa sandstones are further divided into TUSC 1, 3, 5, 7, 8 and 9 
formations which are not shown on this type log.

that it may be of river-dominated deltaic origin. The Tuscaloosa sandstones are divided 

into various thinner sandstones like TUSC 1, 3, 5, 7, 8 and 9. Of these TUSC 9 is known 

to be of a wave-dominated deltaic nature like Paluxy Formation (N. Silvis, Personal 

Communication).

The structure of the top of Clayton limestone is shown in Figure 1.7. One can 

notice a slight dip towards the southeast direction in the Delhi area. The isopach map of 

the Holt-Bryant sandstone reservoir is shown in Figure 1.8. The map is based on the 

effective net pay thickness. The OWC is found in the lower end of the reservoir below 

the zero net pay contour.
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The common OWC is found at about 3286 ft TVDss in the Holt-Bryant reservoir. The 

porosity of these sandstones ranges from 20 to 25%. The highest porosities are 39%. The 

permeability of these rocks is also high and averages 1400 mD. Since the sandstones 

share a common OWC, they are considered as one reservoir system, even though there 

are a number of separate sandstones that are obviously interconnected at various points. 

However, each sandstone has its own reservoir properties and geometry which introduces 

a problem for the tertiary recovery of oil today.



Chapter 2

SEISMIC RESOLUTION AND THIN BEDS

2.1 Introduction

According to Widess, a thin bed is one that is below l/8 th of a dominant 

wavelength of the seismic data. This limit is reduced to around l/4 th of the wavelength 

when the predominant frequency of the incident wavelet and the signal-to-noise ratio are 

not particularly high. The tuning thickness of seismic data is the thickness threshold 

below which the beds cannot be resolved. The tuning thickness depends both on the 

dominant frequency of the data and the seismic velocity. The seismic velocity cannot be 

controlled since it depends on the subsurface geology and usually shows an increasing 

trend with depth. Therefore, the only factor that can be altered to decrease the tuning 

thickness is frequency (Chopra, et al, 2006). There are methods commonly used in 

seismic processing to increase the frequency content of the seismic data. These include 

inverse Q-filtering, spiking deconvolution and spectral whitening. Inverse Q-filtering 

restores the high frequencies that are lost due to the hi-cut filtering effect of the earth 

when the seismic wave propagates in depth. Though these methods have been effective in 

increasing the useable frequency bandwidth of the data, they tend to boost the noise when 

the S/N ratio is not very high (Smith, et al, 2006). Many techniques have been introduced 

and researched since W idess frequency model to understand the limit of resolution and to 

see if this limit can be pushed further than l/8 th of a wavelet. Pierle claimed that the form 

of the wavelet keeps changing below the tuning thickness; only the length of the wavelet 

remains constant. The form of the wavelet corresponds to the slope of the wavelet. Pierle 

demonstrated that the slope of the wavelet keeps changing even below the tuning 

thickness and this property of the wavelet can be used to detect beds thinner than the 

tuning thickness. Hence, geophysicists have always tried to exploit the limit of vertical 

resolution through various means. The seismic amplitude and frequency vary below the 

limit of resolution and, if exploited aptly, can help in detecting beds thinner than tuning 

(Chopra, et al, 2006).



2.2 Thin Sandstones in Delhi

The Holt-Bryant Unit in Delhi Field unconformably underlies the Clayton Chalk 

and M onroe Gas Rock. The Holt-Bryant interval is divided into Paluxy sandstones that 

are unconformably overlain by the sandstones of the Tuscaloosa age. The Paluxy sands, 

for the most part, have a resolvable acoustic impedance contrast with the underlying 

shales to be detected by normal frequency, so they can be easily mapped. The term 

“normal frequency” is a relative term that depends on factors like the depth of the 

reservoir, the signal-to-noise ratio, the acquisition and processing parameters, etc. The 

Holt-Bryant sandstones are situated at 3000-3500 ft TVD, at which depth the seismic 

resolution is generally good. The processing of the seismic data had achieved a dominant 

frequency of about 50 Hz, which helped in mapping the base of Paluxy sands and the top 

of the Clayton limestone. Unfortunately, this dominant frequency is insufficient for 

distinguishing the tops and the bases of the thin Tuscaloosa (TUSC) sandstones, each 

averaging around 35 feet and making very low acoustic impedance contrast with each 

other. In most areas throughout the field, the TUSC sandstones are below the seismic 

resolution. Mapping these TUSC sandstones is vital for understanding the complex 

stratigraphy and the reservoir heterogeneity in the region. Furthermore, the delineation of 

the CO 2 flowpath and determining future potential well locations depend on how well the 

structure and stratigraphy of these sandstones are understood. Resolving the TUSC 

sandstones is the primary motivation for extending the resolution in this field.

2.3 Seismic Bandwidth Extension

In lieu of boosting the high frequencies to exploit the seismic resolution limit, a 

relatively novel technique of extending the seismic spectral bandwidth has been gaining 

ground in the industry. Different techniques are used to extrapolate the seismic 

bandwidth to whiten the frequency spectrum. These techniques include the sparse-spike 

deconvolution, continuous wavelet transform, etc. The Delhi data in this study was 

processed by Geotrace who use the latter technique for bandwidth extension. The purpose 

of bandwidth extension is to recover both the lower and the higher frequencies that were

12



removed from earth’s reflectivity during transmission. In a way, it is similar to inverse Q 

filtering. A priori information and the limit of resolution can help in recovering these lost 

frequencies (Smith, 2008). The limit of resolution can be from l/4 th of a wavelength to 

l/8 th of a wavelength, depending on the signal-to-noise ratio of the data.

2.3.1 Continuous Wavelet Transform (CWT)

The continuous wavelet transform or CWT is defined as the convolution 

of a time s e r ie s / ( t )  with the scaled (s) and translated (r)  wavelet which is also 

called the daughter wavelet as it is derived from the mother wavelet ip (Smith, et al, 

2008).

w  (t ’s) = t r  f(y  vîü v  * O dt Eq- <'2 A '>

W here (*) represents the complex conjugate.

The process is continuous and redundant so it can be run for a practical number of times 

till a satisfactory analysis of the time series is made. By using the time-series analysis of 

the CWT, one can compute harmonics and sub-harmonics of a frequency bandwidth of a 

seismic wavelet. The harmonics are the multiples of the fundamental frequencies of the 

seismic wavelet whereas the sub-harmonics are the fractions of the fundamental 

frequencies. The harmonics are added to the higher end of the spectrum while the sub

harmonics are added to the lower end of the spectrum. Only those frequencies which 

correspond to the reflectivity of the seismic data are added to the seismic bandwidth, just 

like in the process of convolution. The fundamental frequencies that are chosen for 

computing harmonics or sub-harmonics are called pivot frequencies. The harmonic 

frequencies are computed by using an octave above each pivot frequency. The process is 

repeated for sub-harmonic frequencies but using an octave below. Theoretically, 

harmonics and sub-harmonics can be added till the Nyquist frequency limit and the 0 Hz 

limit respectively, although in practice the bandwidth extension is limited to less than

13



Nyquist frequency. The time series and the seismic trace are reconstructed after the 

continuous wavelet transform process (Smith, et al, 2008).

2.3.2 Dominant Frequency

The amplitude spectra before and after bandwidth extension of the merged (2008- 

2010) and the RCP (2010) surveys are shown in Figures 2.1 and 2.2 respectively. Notice 

the addition of frequencies both to the lower and the upper ends of the frequency 

spectrum. Extending the bandwidth of the frequency spectrum essentially increases the 

dominant frequency of the data. There are a number of ways to determine the dominant 

frequency of the data. One of them is to extract a statistical wavelet from the seismic data 

and calculate the frequency by inverting the time period of the wavelet. A statistical 

wavelet was extracted from each of the datasets within the same time interval and the 

same range of inlines and crosslines before and after bandwidth extension (Figures 2.3 

and 2.4). The wavelets were created with a length of 200 ms and zero phase rotation. The 

time between two periodic events of a wavelet is called the time period (T) of the 

wavelet. The dominant frequency is the inverse of this time period as is shown in the 

figures. Notice the difference in the dominant frequencies before and after bandwidth 

extension. The RCP survey shows a higher dominant frequency of 125 Hz and hence has 

a spikier wavelet after BE than the merged survey. This may be attributed to the fact that 

even before BE the RCP survey has a higher S/N ratio than the merged survey.

2.3.3 Wedge Models

The simplest way to see how the change in dominant frequency can improve the 

seismic resolution is through wedge models. The wedge models shown in Figure 2.5, 2.6 

and 2.7 were created using well 140-1. Zoeppritz equation was chosen to compute the 

synthetic model. Three Ricker wavelets of dominant frequencies 50 Hz, 83 Hz and 125 

Hz were created. The frequencies were chosen based on the calculated dominant 

frequencies in the previous section. The wavelets were convolved with the P-impedance

14
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Figure 2.1: Frequency bandwidths from the merged 2008-2010 survey before (left) and 
after bandwidth extension (right); the amplitudes were extracted within 800-1100 ms, 
Inline=1019 and Xline=1001-1379. The red rectangles show the range of useable 
frequencies in the data.
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Figure 2.2: Frequency bandwidths from the RCP (2010) survey before (left) and after 
bandwidth extension (right); the amplitudes were extracted within 800-1100 ms, 
Inline=1019 and X line=l 134-1249. The red rectangles show the range of useable 
frequencies in the data.
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Figure 2.3: Statistical constant phase wavelets extracted from the merged (2008-2010) 
survey within 800-1100 ms, Inline=1019 and X line= l001-1379 before bandwidth 
extension (top) and after bandwidth extension (bottom); the red arrows show the time 
periods of the wavelets.
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Figure 2.4: Statistical constant phase wavelets extracted from the RCP (2010) survey 
within 800-1100 ms, Inline=1019 and X line=l 134-1249 before bandwidth extension 
(top) and after bandwidth extension (bottom); the red arrows show the time periods of the 
wavelets.
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Figure 2.5: W edge model created with a Ricker wavelet of 50 Hz frequency using logs 
from well 140-1 ; The tuning thickness is 36 feet shown by the vertical dotted line.
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Figure 2.6: W edge model created with a Ricker wavelet of 83 Hz frequency using well 
140-1 ; The tuning thickness is 16 feet shown by the vertical dotted line. Additional 
reflectors start to appear at this frequency. From the well log data, the reflector falls 
around the same time as TUSC 7 base.
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Figure 2.7: W edge model created with a Ricker wavelet of 125 Hz frequency using well 
140-1 ; The tuning thickness is 6 feet shown by the vertical dotted line. More reflectors 
start to appear at this frequency. The TUSC 7 base reflector can be seen a lot more 
vividly (black dotted line) at this frequency.

log of well 140-1 within the selected depth range of 3100-3500 ft and the time interval of 

800-1000ms and output as a synthetic wedge model. This interval covers the reservoir 

zone. The interval between the top of Clayton and the base of Paluxy was chosen to be 

modeled in detail. The top of the zone was fixed and the depth-time table was 

recomputed from the zone. The tuning thickness is shown as the horizontal axis from 0 to 

100 feet with 10 feet intervals. The figures clearly show a decrease in tuning thickness 

with the increase in dominant frequency. Also, with the increase in frequency, the 

detectability improves as well. At 50 Hz frequency, only the more continuous horizons 

like Clayton and the base of Paluxy can be identified. However, as the frequency is 

increased to 83 Hz and 125 Hz respectively, additional reflectors can be seen within the 

reservoir interval. At the well 140-1 location, the depth of TUSC 7 base from the surface 

is around 905 ms. On the wedge models for 83 Hz and 125 Hz, a peak can be seen around 

905 ms that does not show in the wedge model for 50 Hz. One can infer from this 

observation that extending the bandwidth of the data enables the detection of the tops and 

the bases of the thin Tuscaloosa sandstones.
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2.3.4 QC of the Bandwidth Extended data

Now that it has been established through modeling that the bandwidth extension 

does help increase the vertical resolution of the seismic data, the next step is to quality 

check the data before it can be used for interpretation. The main issue with bandwidth 

extension is to determine whether the added frequencies are real or merely artifacts. 

Some common methods of quality checking the BE data are time and phase matching, 

filtering back the BE data to the input data’s frequency bandwidth and the most important 

of all, tying with wells. I will discuss these QC steps in the following paragraphs.

2.3.4.1 Time and Phase Matching

While adding the frequencies to the seismic spectrum, the output of the BE 

process must have the same phase as the input data and a negligible time shift, if any. 

Figure 2.8 shows a bandwidth extended part of inline 1019 overlying the input data. For 

most of the reflectors, one does not see a phase shift. If there is a slight time shift due to 

the BE process, it can be checked by filtering back the BE data to the original data’s 

bandwidth.

To check if the bandwidth extension process is reversible, one must filter back the 

BE data to the original data’s bandwidth. If the input data can be reproduced, one can 

conclude that the BE process did not apply any time or phase shift to the data. Based on 

the bandwidth of the original data, a bandpass filter of 0-17-72-108 was applied on inline 

1019 of the RCP 2010 survey. The filtered section was overlain on the input section 

(Figure 2.9). For most parts, there is no phase or time shift between the input and the 

filtered section. Figure 2.10 shows a difference between the input and the filtered BE data 

of Figure 2.9. The time difference between the surveys falls between the range of -1 ms 

and +1 ms which is within the allowable error range for the continuous wavelet transform 

process.
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2.3.4.2 Seismic-to-well ties

The bandwidth extension adds frequencies to the data to ultimately increase the 

vertical resolution. To check if those added frequencies are real, the bandwidth extended 

seismic data is calibrated with the well data. The well ties were made using an extracted 

wavelet from the seismic data within a radius around the well. The wavelet was then 

convolved with the product of the sonic and the density logs to create a synthetic 

seismogram. Some people also use bandpass wavelets that have the frequency range of 

the BE seismic data for creating the synthetic seismograms. However, the extracted 

wavelet must give the best results as it is the closest representation of the data. Figure 

2.11 shows the seismic-to-well ties for both the merged (2008-2010) and the merged 

(2008-10) BE datasets using well 169-5. The wavelets used for the creation of the 

synthetic seismograms are shown below the well ties. The wavelets were extracted from 

the seismic data within a specified radius around the well location. As expected, the BE 

data has a wavelet of higher frequency and the it is spikier than the non-BE data in the 

amplitude spectrum. The red line in the frequency spectrum shows the phase of the 

extracted wavelets. The phase is fairly stable for almost all the frequencies in the BE data 

wavelet. A notch can be seen around 75 Hz frequency mark but we see that notch in the 

non-BE data as well. It proves that the BE process does not change the phase of the input 

data a lot. The input data has a higher correlation coefficient (94%) between the synthetic 

and the seismic data than the BE data (73%). 73% is a very reasonable well tie for a 

seismic data of such high frequency. Moreover, the peak on the BE data at 910 ms 

corresponds with the high acoustic impedance value on the log. The non-BE data does 

not show that event.

2.3.5 Conclusion

Bandwidth Extension has helped increase the seismic resolution in Delhi. 

Nevertheless, one cannot completely prove that there are no artifacts being added with 

the BE process. However, the close correlation of the BE events with the impedance log 

is encouraging. The RCP 2010 survey shows better BE data than the merged survey. This
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Figure 2.11: Well 169-5 tied with the merged (2008-10) (upper left) and merged (2008- 
10) bandwidth extended data (upper right); blue trace: synthetic seismogram created 
using the wavelet shown below the ties; The correlation coefficient of merge survey is 
94% while that of the BE data is 73%.

may be due to the better quality o f the input RCP survey which corresponds to a better 

fold and high signal to noise ratio. The subsequent chapters shall show how the BE data 

can help in the 3D and 4D interpretation of the field.
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Chapter 3 

3D Interpretation

3.1 Introduction

This chapter covers the structural and stratigraphie interpretation done on the P- 

wave data acquired in the Delhi Field. Denbury acquired two 3D surveys in 2008 and 

March 2010. The 2008 survey was acquired in the western part of the field while the 

2010 survey covered most of the eastern part (Chapter 1: Figure 1.3). The surveys were 

merged and reprocessed by Geotrace to get the bigger picture of the reservoir in the area. 

You can see the gross sandstone map in the background of Figure 1.3. The main target of 

interpretation in the field is the Holt-Bryant reservoir that consists of the Paluxy and the 

Tuscaloosa sandstones of Cretaceous age. Paluxy and Tuscaloosa are unconformably 

connected to each other and are further overlain by the Clayton unconformity. Clayton 

limestone/chalk forms a regional up-dip seal for these sandstones and it is in conformable 

contact with M onroe gas rock. These sandstones have been producing for more than 50 

years in the region (refer to Chapter 1). The Paluxy and the Tuscaloosa share a common 

oil-water contact (OWC), which implies that all these sandstones are connected. As noted 

in Chapter 2, the Paluxy is thick enough throughout the field to be interpreted easily on 

normal seismic frequency data. However, the Tuscaloosa sandstones are thin, 

interconnected and hard to distinguish from each other. Bandwidth extension was done 

on the merged survey by Geotrace to increase the resolution of the seismic data. 

Interpretation was done on the bandwidth extended data to see whether the bandwidth 

extension actually helped with mapping the thin Tuscaloosa sandstone bodies.
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3.2 Well-to-Seismic Calibration

Before one can start picking horizons on a seismic data, it is vital to know what 

the peaks and the troughs of the seismic data represent. The well log data contains the 

rock properties information that can help us interpret the seismic traces. Since the well 

data is measured in depth while the seismic data is acquired in time (unless a depth- 

converted seismic volume is available), it is vital to have a time-to-depth relationship 

between the two. This time-to-depth relationship is provided by either the VSP data, the 

checkshot data or by the dipole sonic logs in the wells. The sonic log along with the 

density log is used to create an acoustic impedance log. Based on the acoustic impedance 

log, a reflectivity series is created. This reflectivity series is convolved with a wavelet 

that is closely representative of the seismic data under observation, to create a synthetic 

seismogram. This synthetic seismogram is then used to tie the well picks (tops and bases 

of the reservoir beds) with the actual seismic wiggles. This forward modeling procedure 

also helps in defining the polarity of the data. The data is said to be of normal polarity if 

the top of the sandstone (soft) aligns with the trough and the base of the sandstone or the 

top of the shale (hard) is aligned with the peak on the seismic data.

Unfortunately, most of the time, the sonic logs, the checkshot data or the VSP 

data are not acquired in the field, mainly due to economic constraints. Delhi Field has 

more than a hundred wells that were drilled since the time the field was discovered in the 

1940s. Most of these wells have only SP and resistivity logs. Some new wells have been 

drilled in 2009 mostly in the RCP survey area, and they have GR, density, compressional 

and shear sonic logs. About ten wells in total have P-sonic logs at present. However, only 

5 of them have both sonic and density logs. These 5 wells were used to calibrate the log 

data with the seismic. Well 159-1 is the only well in the field with checkshot data. There 

are a couple of wells with VSP data but they were not made available during the course 

of this research. Since the Holt-Bryant sandstones lack continuity from well to well, it 

was hard to pick them on seismic with only 5 calibrated wells. Hence, about 80 wells 

were used for a detailed interpretation of the sands. The location of these wells are given 

in Figure 3.1.

27



1 m ile

Figure 3.1: The location of the wells used to tie to the seismic data. The blue squares 
show the lease boundary that Denbury Resources owns in the field.

The first task was to tie all 80 wells to the seismic data. One can derive pseudo 

sonic logs from density logs using G ardner’s equation (Adcock, 1993). However, most of 

the wells in this field do not have density logs. Other means were researched to create the

sonic from different types of logs. In case of wet clastic rocks, the resistivity correlates

well with P-wave velocity (Hampson & Russell, 1999). Delhi Field fits in this criterion 

because it was flooded with water for more than 50 years. Faust’s equation was used, 

which is an empirical relationship between the resistivity and P-wave velocity, to create 

pseudo sonic logs from the resistivity logs (Adcock, 1993). The equation is given below:

Fp =  a x  (D x # y  Eq. (3.1)

W here Vp is the P-wave velocity, R is the resistivity from the log, D is the depth, and a 

and c are constants. The default values for a and c, 1948.0 and 0.16667, were used in this 

case. Hence, the equation used was:

Fp =  1948.0 x  (D x  K)0 i6667 Eq. (3.2)
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Figure 3.2 shows a comparison among an actual compressional sonic log, a transformed 

sonic log using Faust’s equation and a transformed sonic log using Gardner’s equation. 

The Faust’s P-wave log agrees more than G ardner’s P-wave log when compared with the 

real P-wave log. Also, the sandstone formations in Delhi are unconsolidated, occurring at 

an average depth of 3200 feet, which favors the Faust-derived resistivity too. In case of 

consolidated rocks at deeper intervals, one would expect the Faust sonic log to 

overestimate the travel time by about 11 ps/ft as compared to the actual sonic log 

(Adcock, 1993). However, within the Tuscaloosa sandstone interval, the Faust sonic log 

is different from the real sonic log. This may be due to the presence of glauconite in the 

Tuscaloosa sandstones that causes the resistivity log to show lower values than one 

would expect for hydrocarbon-filled sandstones (Silvis, 2011). On the other hand, the real 

sonic log is not affected by glauconite. However, above the reservoir zone, one does not 

experience a similar trend amongst either of the logs and our main concern at this point is 

to tie the reservoir zone with the seismic.

Figure 3.3 shows well 160-1 tied to the seismic data using the transformed P- 

wave velocity log from the resistivity log. A correlation coefficient of about 80% was 

achieved between the synthetic and the real seismic data. Similarly, most of the wells 

with the Faust transformed sonic logs gave fairly good ties with the seismic data. 

However, a few did not tie well possibly due to either their limited logging depths, the 

quality of the resistivity logs or the absence of density logs for acoustic impedance. Most 

of the older wells in the field do not go deeper than the reservoir zone. This makes the 

tying even more difficult. Moreover, as mentioned earlier, P-wave log does not always 

agree with the resistivity-transformed P-wave velocity. In addition to that, the density 

logs are not available for all the wells either to create an acoustic impedance log. In the 

absence of a density log, Gardner’s equation can be used to derive the density log from 

the P-wave log. However, if the pseudo P-wave log is not of good quality, one cannot 

expect a reliable pseudo density log either. In some cases, an average value of bulk 

density can be used within the depth interval for which the synthetic seismogram is being 

produced. However, it does not give the actual picture of the density variation for that 

interval either. All these factors add to unreliable ties. Nevertheless, the presence of 

numerous wells made this problem a little easier.
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Figure 3.2: Well 169-5: Comparison between the real P-wave log and the transformed P- 
wave logs; notice the Faust P-wave correlate more with the real P-wave than Gardner’s 
P-wave. However, within the Tuscaloosa interval, the P-wave log is different from the 
Faust P-wave log.
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Figure 3.3: Well 160-1 showing the P-wave log created from resistivity log using Faust 
equation; notice the good tie between the synthetic (blue) and the real seismic (red) data 
using the new sonic log.

3.3 Picking Horizons

After tying the wells, the next step was to pick various stratigraphie horizons. 

Figure 3.4 shows an arbitrary line from the bandwidth extended merged seismic volume. 

The SP logs of the tied wells are shown on the line. The horizons for the Clayton, the top 

and the base of Paluxy and the top of TUSC 7 are shown on the line. Tuscaloosa is 

divided into several thinner sandstones like TUSC 1, TUSC 3, TUSC 5, TUSC 7, TUSC 

8 and TUSC 9. These sandstones are hard to distinguish from one another because they 

are thin and connect with each other. On a seismic trace volume, it is hard to distinguish 

them although the resolution has been increased. Later, it will be shown how inversion to 

acoustic impedance made the sands easier to distinguish.
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3.4 Seismic Attributes and Structural Interpretation

Once the horizons are picked on the seismic, the horizon slices were created with 

different seismic attributes for geological and structural interpretation. One of the most 

commonly used attribute for geometrical interpretation is coherency. The coherency 

attribute is used for edge detection. It can detect continuity and discontinuity in the 

seismic volume. The discontinuities could be either faults, fractures, channel edges or 

unconformities, etc. A coherency volume was created using the merged survey. A 2 ms 

RMS average map was then created using the coherency volume centered at the top of 

Clayton unconformity (Figure 3.5). Three significant faults (encircled in red) can be seen 

on the central and the northeastern parts of the field. These faults penetrate through the 

top of Clayton and Monroe gas rock and continue deeper into the Ferry Lake Anhydrite. 

Figure 3.6 shows 2 ms RMS average map created from a coherency volume centered at 

the Ferry Lake Anhydrite horizon. To further investigate these faults through the 

reservoir or below the Clayton unconformity, a strike line was extracted showing an 

amplitude envelope attribute (Figure 3.7). Amplitude envelope also helps in detecting 

faults and unconformities amongst several other things (Sheriff, 1981). 5 faults clearly go 

deep down below the anhydrite. Three of the faults marked in red are shown on the map 

below the vertical section. All three of those faults go through the Paluxy zone. Fault 

recognition is vital in this area because they could cause geomechanical effects on the 

reservoir and also hinder the CO 2 movement through the field.

TUSC 7 horizon (Figure 3.4) was also mapped to see if there is any trace of 

faulting through it as well. Figure 3.8 shows an amplitude map of the top of TUSC 7. 

Discontinuous bar-like high amplitude features can be seen, but no faulting. Such features 

are usually indicative of river-dominated deltaic depositional environment. River- 

dominated delta forms discontinuous bar sandstones and the channels are always straight, 

in contrast to being meandering or braided. An amplitude map of the base of Paluxy is 

shown in Figure 3.9. The contours are overlain to give more definition to the structural 

features. A few meandering channel-like features, shown in hot colors, can be observed
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Figure 3.5: RMS average map of a coherency volume with a 2 ms window centered at 
Clayton showing faults towards the center and northeast.

Figure 3.6: RMS average map of a coherency volume with a 2 ms window centered at 
Ferry Lake Anhydrite showing faults to the northeast.
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Figure 3.7: Arbitrary line of an amplitude envelope attribute volume showing faults in the 
top figure; the bottom Figure shows an incoherency map of the base of Paluxy showing 
the location of the arbitrary line, the faults that penetrate the base of Paluxy and the RCP 
survey area in pink box. The red faults on the vertical section are encircled in red on the 
incoherency slice.

35



O  I n j e c t o r  w e l l s  

0  P r o d u c e r  w e l l s  

1 mile

Figure 3.8: Amplitude Map of the top of TUSC 7 from the merged BE survey showing 
bright sandstone bodies in red but no fault signatures; the black circles are the phase-1 
injector and producer wells for both Paluxy and TUSC 7.
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0  P rod u cer  w e lls

Figure 3.9: Amplitude map of the base of Paluxy from the merged BE survey showing SW-NE 
trending meandering channel-like features in hot colors; the contours show the amplitudes; 
RCP area is shown in black polygon.
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in the middle of the map. Such channel geometry is different from that of TUSC 7 

mentioned earlier. Paluxy could have formed in a wave-dominated deltaic environment, 

which is characterized by meandering channels and more continuous sandstone 

deposition (Meckel, personal communication).

An isochron map is a time-thickness map. An isopach map is a depth-thiekness 

map. The isopach of the Holt-Bryant reservoir was shown in Chapter 1. The isochron is 

shown in Figure 3.10. It was created between Clayton limestone horizon and the base of 

Paluxy, which is essentially the base of the reservoir in this study. A consistently 

thickening trend can be observed in the southeast direction, which relates to the southeast 

wedge nature of the reservoir. The dip direction is to the southeast. The reservoir is 

thinning updip due to the wedge created by the multiple unconformities (Figure 1.5).

A cross-section through the strike direction of the field was created using SP logs 

for six wells (Figure 3.10 (a)). The black lines show the interpreted picks for the top and 

the base of the sandstone package on the logs. Notice the decrease in thickness in the 

southwest direction. The thickness trend explains the lateral discontinuity of the reservoir 

in the strike direction. This observation helps in understanding the geometry of the 

reservoir sandstones in the field, indicated in Figures 3.8 and 3.9 and will be discussed 

further in Chapter 6.

3.4.1 Inversion for Acoustic Impedance

Inversion is another seismic attribute that outputs rock properties from the seismic 

trace data using the information from the well logs and/or cores. Many rock properties 

like acoustic impedance, shear impedance, density, P-wave velocity, S-wave velocity, 

Y oung’s modulus, Poisson’s ratio, Lambda-Rho, Mu-Rho, etc. can be estimated from the 

seismic data by inversion. In this section, inversion for acoustic impedance done on the 

bandwidth extended data of the merged (2008-10) survey will be discussed. The acoustic 

impedance is a product of seismic velocity and density. The seismic reflectivity of the P- 

wave data depends on the contrast of acoustic impedance. The tuning effect is caused by
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Figure 3.10: Isochron between Clayton unconformity and the base of Paluxy

the wavelet of the seismic data. To remove the tuning effect, the wavelet is removed from 

the seismic data by inversion. The inversion was done on post-stack P-wave data by 

Geotrace. It was a data-driven, discrete, recursive inversion as opposed to model-based 

inversion discussed in Chapter 6. The output of the inversion was scaled to high 

frequency filtered logs and then it was combined with a low frequency impedance model 

to extend the bandwidth of the data at the lower end of the seismic spectrum, for a 

broadband acoustic impedance inversion. The main issue with the bandwidth extended 

seismic input is that its inversion output is usually not very stable. To check for its 

stability, a few QC measures were taken before the inversion volume was used for 

interpretation.
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Figure 3.10 (a): A cross-section in the strike direction of the field showing the thickest 
sandstone on the SP logs in the middle and the thickness decreasing on either sides of the 
strike direction. The location of these wells is shown in the basemap to the upper right.

3.4.1.1 Correlation with the impedance logs

A composite or average impedance trace was derived from the acoustic 

impedance volume for each well. The composite trace is extracted around each well 

location within a specified radius. In this case, the radius consisted of the inlines and the 

crosslines that contributed to one trace in each direction around the well. An RMS error is 

calculated between the impedance volume trace and the impedance log trace. The RMS 

error is defined in the following formula:

RMS error = l e r r °r2 Eq. (3.3)
V/ Z iin pu t sam ples^

W here the error of the sample is the difference between the impedance volume trace and 

the impedance log trace over a specified analysis window for that well and the input
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samples are simply the number of samples used within the analysis window. Well 169-5 

is shown in Figure 3.11. An RMS error of 1112.2 is observed. Figure 3.12 shows the 

RMS error between the impedance trace extracted at each of the well location and the 

corresponding well log trace. The correlation between well 140-1 and the impedance log 

is not very good because the well is located in the overlapping part of the merged survey. 

Hence, it has the effect of CO 2 injection in the volume, while the well was drilled prior to 

CO 2 injection. Except for wells 179-4 and 198-4, the RMS error is less than 2000 which 

is good.

3.4.1.2 Synthetic Error

Another way of quality checking the inversion is to create a synthetic volume 

from it. Since, this inversion was a result of integrating the seismic trace to get relative 

acoustic impedance; its synthetic was created by taking the first derivative of the 

inversion volume. If the synthetic looks similar to the input seismic volume, the inversion 

can be considered reliable (Figure 3.13). The synthetic looks quite similar to the input 

seismic volume.

3.4.1.3 Interpretation

Once the authenticity of the inversion on the BE data was established, the volume 

was used for structural and stratigraphie interpretation. Figure 3.14 shows a line from the 

inversion volume showing the complex stratigraphy of the reservoir. The inversion shows 

the continuous Paluxy sandstone and the common OWC below which the Paluxy has a 

high impedance value than above it, signifying the presence of wet sands. One can also 

see the thin and the discontinuous Tuscaloosa sandstone bodies. There is a local 

unconformity that the TUSC makes below the regional seal, the Clayton unconformity. 

The lines tell us that bandwidth extension and inversion help us see the thin sandstones 

that were below resolution before.
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Figure 3.11: Comparison of the impedance trace from the inverted volume and the 
impedance log from well 169-5; the correlation is very good within the reservoir zone.
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Figure 3.12: RMS error profile between the impedance trace and the impedance logs 
from 6 wells in the area.
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Figure 3.13: The input seismic data (left) and the synthetic seismic derived from the 
inversion (right) are shown. The synthetic looks similar to the input seismic data.
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Figure 3.14: A line through the inversion volume showing various structures in the field.
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Figure 3.15 shows a dip line through the inversion volume. Laterally discontinuous 

Tuscaloosa sandstone bodies, signatures of transgressive bar sandstone geometry, can be 

seen in the figure. A strike line through the inversion volume showing connecting Paluxy 

and TUSC 7 sandstones is shown in Figure 3.16. Notice the thinning of the sandy 

signatures on either side of the strike direction, as was observed in Figure 3.10 (a). The 

well that is located at the connecting zone is a TUSC 7 producer. Such connecting zones 

can be mistaken for a thick sandstone package that is stratigraphically consistent on the 

SP log. Also, they can cause the CO 2 that is injected into Paluxy to rise into TUSC 

instead of completely sweeping the Paluxy formation. This observation is described more 

in Chapter 6.

Further investigation was done to see whether the acoustic impedance signature of 

the reservoir agrees with the well logs. The thickest sandstones are found towards the 

west central of the field. Technically, these sandstones should show the thickest and the 

lowest acoustic impedance signature on the inversion volume. Figure 3.17 shows two of 

the wells with the thickest sandstone interval. However, the acoustic impedance does not 

recognize the thickness of the sandstone packages. There are lots of variations in the 

acoustic impedance values within a thick sandstone body. Hence, it can be inferred that 

acoustic impedance may not be the best formation thickness indicator. Vp/Vs can better 

distinguish the lithologies and fluids in Delhi Field (Mustafayev, 2010). However, if the 

data is of lower resolution, it is difficult to distinguish one sandstone type from another. 

Bandwidth extension overcomes the resolution issues but still shows that acoustic 

impedance may not be the best indicator of sandstone thicknesses in this field. Chapter 6 

will cover the time-lapse analysis of this field which further enhances the sandstone 

geometry with CO 2 movement using acoustic impedance inversion.
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Figure 3.15: A dip line through the inversion volume showing laterally discontinuous 
Tuscaloosa sandstone bodies.
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Figure 3.16: A strike line through the inversion volume showing connecting Paluxy and 
TUSC 7 sands.
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Figure 3.17: SP (grey) and resistivity (white) logs overlain for two of the wells; notice the 
thick sandstone signature of SP and the high resistivity implying presence of 
hydrocarbons. However, the acoustic impedance value does give a thick low impedance 
interval for the thick sand.
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Chapter 4

FLUID SUBSTITUTION MODELING

4.1 Introduction

To study the effects of CO? injection with time-lapse, it is important to model the 

changes in rock properties with different fluid saturations and pressure changes. Delhi 

Field was flooded with water for more than 50 years since 1946. In November 2009, the 

CO? injection had begun to enhance the tertiary recovery of residual oil in the field. Fluid 

substitution modeling using G assm ann’s equation was done on well 140-1 to study the 

effects of CO? saturation under different pressure conditions. Phase-1 pattern of CO? 

injection for Paluxy and TUSC 7 are shown in Figure 1.4 in Section 1.1. When the 

injection started, the producer wells were shut in for about 4 months for the purpose of 

pressuring up the reservoir. The initial reservoir pressure below the OWC was about 1427 

psi, in the middle of the reservoir around 1800 psi and up-dip towards the seal was about 

2200 psi. Hence, different scenarios of saturation changes under different pressure 

conditions were modeled. The fluid properties used for modeling are given in Table 4.1. 

The rock properties used were the default for a sandstone formation. The core analysis 

for actual mineral and matrix properties could not be done before this study. However, it 

is recommended to do the fluid substitution on actual matrix properties in future. The 

modeling was done within the Paluxy interval of well 140-1. Paluxy is a clayey sandstone 

formation with poorly sorted grain size. Gassm ann’s equation assumes that the sand 

grains are well-sorted and well-rounded. This was another assumption that had to be 

made for the modeling.
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Table 4.1 : Fluid properties used for modeling.

Temperature 135 F

Oil Gravity 41 API

Gas Gravity 0.65

Gas-Oil Ratio (GOR) 404 SCF/STB

Salinity 80,000 ppm

Bubble Point Pressure 1519 psi

4.2 Gassmann’s Equation

Gassm ann’s equation used in this study is given as follows:

/ K d r y \ 2

Ksat =  K dry  +  ^ J ™ inKdry Eq. (4.1)
K f i ^ K m i n ^ K m i n 2

W here Ksat is the bulk modulus of the saturated rock, Kdry is the bulk modulus of the rock 

without fluid, Kmjn is the bulk modulus of the mineral and 0  is the porosity of the rock. 

Kfj is calculated under different pressure and temperature conditions. Porosity is obtained 

from the neutron porosity log. The values of Kdry and Kmjn used were the default values 

for quartz; 30 GPA for Kdry and 36.6 GPA for Kmin. The assumption is that the sandstone 

has 100% quartz, which is not entirely true. However, this assumption was used for 

modeling purposes. Along with the Ksat, the bulk density of the rock also changes with 

the change in fluid. A change in bulk modulus and density causes a change in P-wave 

velocity and the P-impedance of the rock, based on the following equation:

Vp = Eq. (4.2)

W here Vp is the P-wave velocity, p is the shear modulus of the rock and p is the bulk 

density of the rock. P-impedance can be calculated from the product of Vp and p. The 

density o f CO 2 is sensitive to different pressure conditions. Tables 4.2 (a) and (b) show
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the different densities and bulk moduli for CO 2 and brine under different reservoir 

conditions in the field. The values were calculated using FLAG2010 software. CCVs 

density doubles in value from 1427 to 2200 psi and the bulk modulus increases 6 times, 

whereas the density and the modulus of brine remain constant. CO 2 is found as a super

critical fluid under such temperature and pressure conditions (Figure 4.1). Supercritical 

fluid is present both in liquid and gaseous phase. The yellow line in the phase diagram 

shows the minimum pressure and temperature conditions found in the reservoir. The 

intersection falls in the super-critical fluid phase in the diagram.

4.3 Acoustic Impedance Modeling

The change in acoustic impedance under different reservoir conditions were 

calculated when CO 2 is replacing brine. Figure 4.2 shows the change in acoustic 

impedance against different reservoir pressures with 5% to 10% of CO 2 replacing brine. 

In actual, the CO 2 is replacing oil along with brine in the field, which causes the oil 

production in the wells. However, the highest P-impedance change is observed when CO 2 

replaces brine. Though the CO 2 and the oil are not miscible under the present reservoir 

conditions, the fluid properties of the two are still quite similar to be detected on P- 

impedance properly. The biggest decrease in acoustic impedance occurs with only 5 or 

10% of CO 2 entering the system. As more CO 2 saturates the rocks, the P-impedance 

change becomes relatively stable. This is because the CO 2 as a gas causes the fizz gas 

effect which causes a sharp decrease in P-wave velocity with very small amounts of gas, 

be it under any pressure condition. Note that the pressure is effective pressure (Figure 

4.2). Pro4D software’s fluid replacement modeling (FRM) module was used to do the 

fluid substitution modeling. Pro4D inputs the reservoir pressure but outputs effective 

pressure. Effective pressure is the difference between the overburden pressure and the 

pore pressure (reservoir pressure). The total overburden pressure is the product of the 

pressure gradient and the depth to the reservoir. The reservoir pressure is obtained from 

the pressure gauges in the field that read the bottom-hole pressure. The overburden 

pressure gradient is assumed to be 1 psi/ft throughout the overburden section in this case.
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Table 4.2 (a): CO 2 properties under different pressure conditions.

No. T P Velocity Density Modulus
*F PSI ft/s g/cc MPa

1 135 1427 748.9 0.3518 18.33
2 135 1800 816.4 0.4607 28.53
3 135 2200 1186.5 0.6406 83.79
4 135 2400 1299.3 0.6927 108.64

Table 4.2 (b): Brine properties under different pressure conditions.

No. Salinity NaCl KC1 CaC12 T P Velocity Density M odulus Resistivity

ppm % % % *F PSI kft/s g/cc G Pa CM
1 80000 100 0 0 135 1457 5.3979 1 .0394 2.8136 0.0508
2 80000 100 0 0 135 1800 5.4114 1.0403 2.8302 0.0508

3 80000 100 0 0 135 2200 5.427 1.0414 2.8496 0.0508

4 80000 100 0 0 135 2400 5.4348 1.042 2.8593 0.0508
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Figure 4.1: Phase diagram of CO?; yellow line shows the minimum pressure and 
temperature conditions in the reservoir; Modified after
http://maritzaperez6270.files.wordpress.com/2010/02/630px-carbon dioxide pressure- 
temperature phase diagram-svgS.png.
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Figure 4.2: Percentage change in acoustic impedance with the addition of CO 2 under 
different pressure conditions.

The Kelly Bushing (KB) elevation of well 140-1 is 100 feet while the surface elevation is 

84 feet. The measured depth from KB to the point of observation within the reservoir is 

3405 feet. From the surface, the depth is 3405 -  (100 - 84) = 3389 feet. Hence, the 

thickness of the overburden is 3389 feet. M ultiplying 3389 feet with 1 psi/ft gives 3389 

psi of overburden pressure. If the pore pressure or reservoir pressure is 1800 psi, the 

effective pressure will be 3389-1800 = 1589 psi. With the increase in effective pressure, 

there is an increase of P-impedance by about 7% from 1400 to 2400 psi effective pressure 

which corresponds to the pore pressures of 1921 psi to 921 PSI (Figure 4.3) and with an 

increase in pore pressure, there is a decrease in P-impedance. The reservoir pressure 

never went lower than 1400 PSI during production so an effective pressure of 1921 psi 

gives us about 2 to 3 percentage of increase in AI from 1400 PSI. This is the change in 

pressure expected with the production around the producer wells, which will be further 

discussed in Chapter 6.

50



AI%  change w ith  effective pressure for CO  
replacing brine

10% C02

24001400 1600 1800 2000 
Pressure (psi)

2200

Figure 4.3: Percentage change in acoustic impedance with the increase in effective 
pressure for CO 2 replacing brine.
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Chapter 5 

CROSS-EQUALIZATION

5.1 Introduction

RCP acquired a multi-component seismic survey in June 2010 in Delhi Field. 

This survey was initially meant to be a baseline survey for the time-lapse analysis of the 

CO 2 injection which had started in November 2009. However, the acquisition got delayed 

due to unfavorable weather conditions in the field and the survey was ultimately used as a 

monitor survey. Denbury’s 2008 3D survey was used as the baseline survey. In my thesis, 

the baseline survey is the merged 2008-2010 survey which was reprocessed by Geotrace. 

The monitor survey is the P-wave data of the RCP 2010 3D 3C survey which was also 

reprocessed by Geotrace. The location of these surveys is shown in Figure 1.4 in chapter 

1. The Phase-1 injectors and producers pattern is present within the RCP area. Before the 

time-lapse interpretation could be done on these surveys, the time-lapse processing called 

cross-equalization was required to improve the repeatability of the surveys and to remove 

any dissimilarity that may be due to the differences in acquisition and processing. 

However, during reprocessing, Geotrace re-gridded and re-binned both the surveys. Also, 

since both the surveys were bandwidth-extended, the frequency content was quite similar 

as well (Table 5.1). A good measure of repeatability between two datasets is the 

normalized root mean square (NRMS) attribute. The NRMS formula is given below:

W here at and bt are seismic traces for different surveys within a given window (C-b). The 

formula for RMS is given below:

NRMS =
2*R M S(at-bt)

Eq. (5.1)
RMS(at)+ RMS(bt)

Eq. (5.2)
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Table 5.1 : Processing parameters for the base and the monitor surveys reprocessed by 
Geotrace.

merged 2008-2010 survey RCP 2010 survey
Acquired Jan 2008 and March 2010 Acquired June 2010
Reprocessed August 2010 Reprocessed Jan 2011
82.5 X 82.5 bin size 82.5 X 82.5 bin size
Datum: Sea level; Replacement Velocity: 
6000 ft/sec

Datum: Sea level; Replacement Velocity: 
6000 ft/sec

Prestack Kirchoff Time Migration Prestack Kirchoff Time Migration
Bandwidth Extended: 8/12-150/160 Bandwidth Extended: 8/16-150/160
Original filter: 8/12-50/60 Original Filter: 8/16-110/120

W here N is the number of samples within the time interval ti-t, and xt is the seismic trace 

amplitude. Low NRMS value, close to zero, implies good repeatability while a high 

NRMS value, above 1.4 or V2 implies complete non-repeatable or random surveys 

(Mohammad, 2010).

Figures 5.1 shows the NRMS map above the reservoir window (300-700ms) and 

Figure 5.2 shows the NRMS map within the reservoir zone (800-1100ms) before cross

equalization. The average NRMS value does not go above 0.85 to 0.95 for most of the 

area in either of the zones. The Hampson-Russell application Pro4D was used to cross- 

equalize the monitor survey with the baseline survey.

5.2 Survey Re-gridding

Geotrace re-binned and re-gridded the surveys since the surveys had different 

geometries. The RCP survey is about 4 sq. mile while the merged survey covers about 35 

sq. mile (Figure 1.4). PRG4D required rebinning the surveys as a first step in cross

equalization. Once the surveys were rebinned, the areas of the highest non-repeatability 

were excluded before further processing was done on the datasets. Figure 5.1 shows the 

zone with high NRMS value of 2 at the corners of the survey. These zones contain the
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P ositive  S eism ic  A m plitude

Figure 5.1: NRMS map between RCP 2010 (monitor) and merged 2008-2010 (baseline) 
surveys within the overburden zone (500-800ms) before cross-equalization; the black 
polygon encloses the zone with the highest repeatability. The histogram of the NRMS is 
shown to the right. The zone outside the polygon will be excluded in cross-equalization 
to get a better NRMS value.

P ositive  S eism ic  A m plitude

Figure 5.2: NRMS map between RCP 2010 (monitor) and merged 2008-2010 (baseline) 
surveys within the overburden zone (500-800ms) before cross-equalization after 
excluding the non-repeatable edges; the black polygon is the zone with the highest 
repeatability. The histogram of the NRMS is shown to the right. The average NRMS has 
decreased after excluding the non-repeatable edges.
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baseline survey traces but no monitor data. Hence, before further processing could be 

done on the datasets, the high NRMS zone was cut out. The black polygon shows the 

outline where the surveys were cut to exclude the highly non-repeatable areas. Figure 5.2 

shows the NRMS map of the same time window as Figure 5.1 but without the non- 

repeatable edges. The average NRMS value has improved or decreased after the 

exclusion.

5.3 Spectral Shaping

The process of spectral shaping modifies the time, frequency and phase spectra of 

the monitor survey to match those of the baseline survey. Figure 5.3 shows the base and 

the monitor surveys’ spectra before the filter is applied. Since both the surveys were 

bandwidth extended to similar frequency content, one does not see a great deal of 

difference in the frequencies of the surveys. Nevertheless, a slight time and phase shift as 

well as a difference in amplitudes can be seen. The window length chosen for the filter is 

700 ms starting at a shallow “marker horizon 1” (Figure 5.4), which includes the time 

interval above and within the reservoir. A constant time window is not a good idea in 

such a scenario because the reflectors are not completely horizontal and the designed 

filter should honor the subsurface structure. The reservoir zone is included in this step 

because one wants to get rid of the differences that are due to acquisition and processing 

(or false differences) while preserving the production-related ones. To design the shaping 

filter, the W einer-Levinson algorithm is used which helps derive a shaping operator by 

matching the cross-correlation lags of the base survey and the monitor survey to the auto

correlation lags of the monitor survey. Once the filter is designed, which is like a wavelet, 

it is convolved with the monitor survey (Tran, et al., 2003). The shaping filter is shown in 

Figure 5.5. Since the reservoir zone was included in designing the filter, a global average 

scale was used to preserve the trace by trace differences. The averaging method used is 

called “zero-phase frequency matching” . Zero-phase frequency only matches the 

frequency contents of the surveys. A maximum of 20 ms of time-shift was allowed to 

achieve maximum correlation. The correlation threshold chosen was 0.5, which meant
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Figure 5.3: The time and frequency spectra of the base survey and the monitor survey 
extracted above the reservoir zone (500-800ms) before the shaping filter was applied.

that the traces below correlation coefficient of 0.5 would not be employed in designing 

the filter. Within the reservoir zone, a correlation coefficient lower than 0.5 is expected 

due to production. Hence, we do not want to alter the changes with production in the 

reservoir. About 72% of the traces contributed in designing the zero-phase frequency 

filter. The maximum correlation found was 0.9. The comparison of wavelets before and 

after the shaping filter is shown in Figure 5.6. The shaping filter has improved the 

matching but there still remains an amplitude difference between the monitor and base 

surveys. This may be due to the fact that the filter was designed within a window starting 

at a horizon plus a time window ending below the reservoir zone, while the spectra have 

been extracted from a static time window of 300 ms above the reservoir zone. Since, the 

shaping filter process is an iterative process, another iteration can be run to get the best 

match between the spectra. For the second iteration, the global averaging method of “full
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Figure 5.5: Shaping filter designed within a window of 700 ms below marker horizon 1 ; 
the global averaging method used was a combined method of full matching and zero- 
phase frequency averaging.
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Figure 5.6: The time and frequency spectra of the base survey and the monitor survey 
(500-800ms) before and after shaping filter was applied. The base survey spectrum and 
the monitor survey spectrum match a little better after the shaping filter, especially within 
the higher frequencies.

m atching” was chosen, which tries to match the frequency, frequency-dependent phase 

and average amplitude of the two surveys. The maximum allowed time shift was 8 ms 

with a correlation threshold of 0.5 within the same time window as for the first iteration. 

The spectrum after the second iteration is shown in Figure 5.7. The spectra match a little 

better after the second iteration but there is still room for improvement.

5.4 Static Time Shift

This step determines how much time shift is required to get maximum cross

correlation between the base and the monitor surveys (Mohammad, 2010). This time a 

window of 300 ms above the reservoir starting at the marker horizon 1 was chosen to 

avoid removing the changes within the reservoir. A maximum time shift of 8 ms was 

selected to get the highest correlation. This is also an iterative process and can be
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Figure 5.7: The time and frequency spectra of the base survey and the monitor survey 
(500-800ms) after 1st and 2nd iterations of the shaping filter. The spectra match better 
after the second iteration, especially in the lower frequencies.

repeated till a low time-shift and high cross-correlation are achieved. Figure 5.8 shows 

the results of the first iteration. Zones o f high correlation and very low time shifts can be 

seen in the central part of the survey area. Also, on the vertical section of the monitor 

survey, the baseline horizons seem to be falling into their correct positions after the static 

time shift. A maximum time shift of +-3 ms is still required near the edges of the surveys 

to get a correlation as high as 0.9 between the surveys. So, the next iteration has a 

maximum allowable time shift of 4 ms within the same window above the reservoir. 

Figure 5.9 shows the results after the second iteration. The required time shift is close to 

zero now. The correlation has improved too but only slightly.
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marker  hor izon  1

Figure 5.8: First iteration of static time shift above the reservoir zone (marker horizon 1 + 
300 ms); maximum time shift of +-3 ms is required now to achieve maximum correlation.
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Figure 5.9: Second iteration of static time shift above the reservoir zone (marker horizon 
1 + 300 ms); the shift is close to zero after the second iteration. The cross-correlation has 
improved slightly as well.
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5.5 Time-Variant Time Shift

Time-variant time shift is also a type of time shift applied to the monitor data to increase 

repeatability. However, unlike the static time shift applied earlier, a sliding window is 

employed to define the operator. I created a cross-correlation volume based on the entire 

data that shows zones of low correlation and high time shifts. A sliding window of 100 

ms was chosen starting at 0 ms, with a window sampling interval of 2 ms. The process 

creates a time-shift volume and a cross-correlation coefficient volume and designs a time- 

shift operator. The time-shift operator is applied to the monitor survey to remove the 

time-variant time shifts in the data. However, at this point, the time-shift operator consists 

of all the data points that need to be shifted in time to correlate with the baseline survey. 

A filter needs to applied to this operator that excludes all those data points in the operator 

that have low correlations and very high time-shifts. In other words, those data points are 

used that have high correlation and reasonable time-shifts when compared to the baseline 

survey. Using the time-shift volume and the cross-correlation volume, a filter is created 

that excludes the samples in the data that have low correlation and unreasonably high 

time shifts (Figure 5.10). The density map shown below the filter demarcates the zone of 

the highest density of sample points. Figure 5.11 shows the difference between the time- 

shift operators before and after the filter was applied. It is clear that a big time-shift was 

not required to begin with. However, the shift has been reduced to nearly zero after the 

filter.

5.6 Cross-Normalization

Cross-normalization is the process in which one balances the amplitude difference 

due to acquisition and processing. This step is tricky because it can also add artifacts. 

Hence, it is recommended to exclude the reservoir zone while creating the operator. The 

operator window was chosen to be of 100 ms length, starting at 100 ms time. The 

sampling interval between the windows was chosen to be 2 ms. The reservoir zone 

window (800 to 1100 ms) was excluded in the scaler estimation. This is mainly done to 

preserve the amplitude differences caused by production.
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Figure 5.10: V-shaped filter (top) based on the highest correlation and reasonable time 
shift (+-3.5ms) within the zone having the highest density of samples shown in black 
triangle (bottom).
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Time shift operator before filtering

Time shift operator after filtering

Figure 5.11: The difference in 3D time-shift operator before and after the V-shaped filter; 
a significant decrease can be seen especially in the shallow zone.
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5.7 Results after Cross-Equalization

A common practice while doing cross-equalization processing is to examine the 

difference (monitor-base) volume after each processing step. In the overburden zone, one 

likes to see low amplitude random noise that is not correlated with the geology at all. 

W ithin the reservoir zone, one wishes to see more coherent signals (Rickett and Lumley, 

2001). Figure 5.12 shows the difference sections before and after cross-equalization, 

showing the overburden zone only. The difference approaches zero in the cross-equalized 

section.

Another measure of repeatability, as mentioned in Section 5.1 is normalized root 

mean square (NRMS). Figure 5.13 shows NRMS map taken from a 100 ms window 

below the marker horizon 2 (Figure 5.4) within the overburden. The average NRMS has 

decreased from 0.75-1.00 to 0.50-0.75. The NRMS maps within the reservoir zone are 

also shown in Figure 5.14. The average NRMS decreases from 0.5-0.9 to 0.3-0.7 after 

cross-equalization. There are zones of high NRMS values around the wells where one 

expects to see changes with the injection of CO 2 and production. However, there is high 

repeatability in the middle of the reservoir, which could mean that the middle is being 

bypassed by CO 2 . Hence, the various steps taken to cross-equalize the monitor dataset 

with the baseline dataset have helped improve the repeatability and enhance production- 

related changes in the reservoir.
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Figure 5.12: Vertical slices from M onitor-Base difference sections before and after cross
equalization, showing the overburden where most of the processing was done to preserve 
the changes related to production in the reservoir. The difference approaches zero for 
most of the overburden zone after cross-equalization.
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Figure 5.13: NRMS maps and histograms within a 100 ms time window below the 
marker horizon 2 (see Figure 5.4 fo r  location) within the overburden zone. The 
repeatability has improved with cross-equalization.
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Figure 5.14: NRMS map and histogram within the reservoir zone. The repeatability has 
improved with cross-equalization. However, some zones of low repeatability around the 
wells are observed where one expects to see changes with production and injection. The 
middle of the reservoir shows high repeatability. This could mean that the middle of the 
reservoir is being bypassed.
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Chapter 6

ACOUSTIC IMPEDANCE INVERSION AND TIME-LAPSE 

6.1 Introduction

As mentioned in Section 1.1, the Delhi project was based on the enhanced oil 

recovery using CO 2 injection in the field. The CO2 injection began in November 2009. 

CO 2 injection in a sandstone reservoir brings about changes in the rock properties that 

can be studied using the seismic, well and/or core data. The fluid changes in the reservoir 

affect the P-wave velocity, the density and the bulk modulus of the rocks. One can 

retrieve the rock properties information by inverting the seismic data using the well logs 

in the field. In this study, post-stack inversion for acoustic impedance of the bandwidth 

extended P-wave data was done both on the baseline (merged 2008-2010) survey and the 

monitor (RCP 2010) survey. The algorithm used for the inversion was model-based and 

H ampson-Russell’s Strata application was used to run the inversion algorithm. This 

inversion was chosen after a few trial runs with other inversion algorithms like sparse- 

spike inversion algorithms (linear-programming and maximum-likelihood). However, 

sparse-spike inversion essentially works best on band-limited data and since the data 

under consideration was bandwidth extended, sparse-spike inversion produced non

geologic and very thin layers. Also, sparse-spike inversion, like colored inversion, is most 

useful when the a priori knowledge of the geology is limited. In this case, I already have 

a fairly decent idea of the stratigraphy and the structure of the reservoir and hence, I can 

confidently create an initial impedance model using the well logs.

6.2 Model-based inversion

The hierarchy of the model-based inversion process for impedance is illustrated in 

Figure 6.1. The inputs for the inversion process are shown in red font: horizons, well log 

data and seismic data. This type of inversion consists of a forward model to create a
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Figure 6.1 : Hierarchy of a model-based impedance inversion (Modified from Young, 2006).
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synthetic seismic data. The synthetic seismogram is created using an initial impedance 

model from the well log data and the picked horizons on seismic. These horizons should 

tie perfectly with the well picks for an accurate initial model. The impedance model is 

then convolved with the extracted representative wavelet from the seismic data. The 

convolution results in synthetic seismic data. The difference between the observed 

seismic data and the synthetic seismic data is taken. If the difference or the error is small 

enough, the process is stopped and the impedance model is saved. If the error is large, the 

process is repeated with a new impedance model, which is convolved with the wavelet 

and so on. This is an iterative process that stops when the condition of a reasonably low 

error is met. One can choose the number of iterations to be run for the inversion.

The initial impedance model also assists in adding the missing low frequencies in 

the data. Since the seismic data is usually band-limited, it lacks frequencies lower than 

10/15 Hz. Although, the data in this case is bandwidth extended, it still lacks frequencies 

lower than 10 Hz. For that matter, the initial impedance model has a lo-cut/lo-pass 

frequency of 10/15 Hz. Model-based inversion for impedance divides the data into 

blocks. The smaller the block size, the larger is the resolution of the inversion. However, 

small block size takes more computation time and it can be too dependent on the well log 

impedance rather than the seismic data. The inversion can also be hard-constrained based 

on the impedance from the well logs. This is done to prevent the inversion output to 

digress too much from the well log impedance model. The constraint is based on what 

percentage of the deviation can the inversion have from the initial model. Different 

percentages were tried for getting the best results. In the end, the 100% constraint, i.e. the 

inversion can deviate from the initial model by 100%, agreed the most with the 

impedance logs.

6.2.1 Low Frequency Impedance Model

The model-based inversion for impedance algorithm relies on an initial model 

based on the sonic and the density logs from the well log data. This model serves two 

purposes: to give an initial impedance model for constraining the inversion iterations and
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to provide the low frequencies that are missing in the seismic data. Although the seismic 

data under observation was bandwidth extended, a process by which one can add sub

harmonic frequencies to the lower end of the frequency spectrum, the frequencies lower 

than 10 Hz are still absent in the data. To compensate for those frequencies, the initial 

model was created with a hi-cut/ lo-pass filter of 10/15 Hz. There are four wells in the 

RCP area that have sonic and density logs: 140-1, 159-1, 159-2 and 169-5 (Figure 6.2). 

W ells 159-1 and 159-2 are in very close proximity. Well 159-1 is the only well with 

checkshot data in the field, so one can confidently believe the tie it makes with the 

seismic. The initial model is based on the product of sonic velocities and bulk densities 

present in the selected wells using the key horizons in the seismic data. The horizons 

basically act as markers for tying the key events on the well log data with the seismic. In 

this case, four horizons (M arker Horizon 2, Clayton, Base Paluxy and Ferry-Lake 

Anhydrite) were used that are continuous throughout the area. Clayton and the base of 

Paluxy are shown as strong peaks on the seismic and the synthetic seismograms (Figure 

6.3). The locations of the horizons on the baseline seismic data are shown in Figure 6.4. 

M arker Horizon 1 and Ferry Lake Anhydrite do not pass through the well 169-5 logging 

interval. However, they were still used to get a realistic earth model both above and 

below the reservoir zone respectively. The model is shown in Figure 6.4. A clear wedge 

in the model between the Clayton and the base of Paluxy horizons can be seen that is 

typical of the Holt-Bryant reservoir geometry in the field.

6.2.2 Wavelet Estimation

Estimating the wavelet from the seismic data is a crucial step in post-stack 

inversion. Wells 140-1, 159-2 and 169-5 were used to estimate the wavelets for both the 

baseline and the monitor surveys. The wavelets were extracted from a time window of 

750 ms to 1000 ms which is within the reservoir zone. The window is selected based on 

the total depth of the wells as well. Only well 140-1 goes deeper than 950 ms in the field 

so the wavelet extraction window did not extend below 950 ms. A seismic trace or a

71



o #

1 6 9 -5

1 mile
W ells w ith P-sorjic log

Figure 6.2: Basemap showing the location of the wells used for creating the low 
frequency initial impedance model within the RCP survey area (black polygon). The 
black filled and hollow circles are all the wells in the RCP (monitor) area. The wells 
encircled in red contain P-sonic and density logs.

composite of seismic traces is extracted within a selected radius around each well. A 

wavelet is created based on each composite trace which is the average of traces around 

each well. A full wavelet option was selected which lets the well log data determine the 

amplitude and phase of the wavelet. This option is challenging in that the well-to-seismic 

tie has to be really good. There should be good events tying between the two. In this case, 

the Clayton unconformity and the base of Paluxy horizons are two key reflectors that tie 

well (Figure 6.3). If the ties are not good, the created wavelet can have an unstable phase 

in the higher frequencies. Those higher frequencies can be zeroed out depending on the 

spectrum of the data itself. If the amplitude of those high frequencies in the seismic 

spectrum is less than a quarter of the maximum amplitude, those frequencies can be 

eliminated from the wavelet (Hampson & Russell Ltd., 1999). The wavelets are shown in 

Figure 6.4 (a) and (b). These wavelets were used to create the synthetic seismograms for 

each of the wells for the purpose of calibrating with the seismic data.
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Figure 6.3: Synthetic Seismogram of well 169-5; a composite seismic trace is shown in 
red while the synthetic trace is shown in blue; notice the strong peaks that align perfectly 
with the top of Clayton unconformity and the base of Paluxy Formation.
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Figure 6.4 (a): Time and Frequency Spectrums of the wavelet extracted from the baseline 
survey to invert for P-impedance; the red line on the frequency spectrum shows phase of 
the wavelet.
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Figure 6.4 (b): Time and Frequency Spectrums of the wavelet extracted from the monitor 
survey to invert for P-impedance; the red line on the frequency spectrum shows phase of 
the wavelet.

Although, the monitor survey was cross-equalized with the baseline survey, there 

still remains a difference in frequencies and amplitudes between the extracted wavelets. 

This is mainly because two of the wells 140-1 and 159-2 chosen for wavelet extraction 

are within the zone where one would expect to see changes with time-lapse. Well 140-1 

is a Paluxy injector well and is also present in the overlapping part of the merged survey. 

Well 159-2 is a Paluxy producer well in the phase-1 pattern. The wavelets will be used to 

create the synthetic seismograms by convolution with the P-impedance model. In actual 

practice, the average of the four wavelets was computed, since the software requires 

that only a single wavelet be used to invert the seismic.

6.2.3 Horizons

Four horizons were used to create the low frequency impedance model. They are 

shown in Figure 6.5. The horizons give a better sense of the real earth model to the initial 

impedance model. Different layers of impedance are created based on the horizons, as 

can be seen in Figure 6.6.
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Figure 6.5: Arbitrary line going through wells 169-5, 159-2, 159-1 and 140-1 in the RCP 
area showing the key horizons used in the low frequency model. The location of the line 
is shown in the map to the top left. The well logs shown in red are Gamma Ray logs.
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Figure 6.6: Initial Low Frequency P-impedance Model showing the horizons that were 
used to create it.



6.2.4 Error Analysis

There are two ways of analyzing the error in model-based inversion. First one is 

to compare a composite impedance trace from around one of the wells that was used to 

create the low frequency model and compare it with the log impedance trace. The second 

one is to do a comparison between the synthetic seismogram created by convolving the 

wavelet with the impedance model, and the actual seismogram. The difference in logs is 

expressed as RMS error (Eq. 3.1). The seismograms are compared on the basis of 

correlation coefficient. Figure 6.7 shows the error analysis for well 159-2 for the baseline 

inversion. The RMS error between the inversion trace and the log impedance trace is 

1427 which is not very high. The impedance log has been bandpass filtered to 0-0-50-60 

Hz because the actual frequency of the log data is a lot higher than the inverted data. 

Notice the small difference between the synthetic and the actual seismograms. The 

correlation coefficient is 0.99. Figure 6.8 shows the RMS error profile for all the sonic 

log wells used in inversion. The highest difference encountered is for well 140-1. This is 

mainly because this well lies in the overlapping part of the merged survey so it has effects 

of CO 2 injection. Figure 6.9 shows the correlation profile for all the wells with the 

baseline survey. The correlation is close to 1 for all the wells.

One can also quality check the inversion by overlaying the impedance log on the 

inversion volume itself. Figure 6.10 shows well 169-5 overlain on the inversion volume. 

Since, the log data is of much higher frequency than the inverted impedance data, it is 

filtered back to lower frequency. Figure 6.11 shows the same log after bandpass filtering. 

The correlation is much better now. One can also create a synthetic volume by 

convolving the inverted volume with the extracted wavelet. If the synthetic is similar to 

the input seismic, the inversion is considered good.

6.2.5 Inversion on Monitor Data

The same procedure of model-based inversion was applied on the monitor survey 

too. The same initial model and the horizons were used as for the baseline survey. This is
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Figure 6.7: Error analysis of the inversion done on the baseline survey with the initial low 
frequency impedance model using the wavelet shown in Figure 6.6 (a). Well shown here 
is 159-2. A very small difference between the synthetic and the observed seismograms is 
observed. The impedance log has been filtered back to 0-0-50-60 Hz.
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Figure 6.8: Error profile for all the three wells showing the RMS difference error between 
the log impedance and the inverted impedance; the highest error is for well 140-1. This 
could be because well 140-1 lies in the overlapping part of the merged survey and the 
wavelet extracted around it has the effect of CO 2 injection.
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Figure 6.9: Correlation between the synthetic and the observed seismograms of the 
baseline survey for each well. The correlation coefficient is close to 1 which means that 
the synthetic is very similar to the actual seismogram.
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Figure 6.10: A line from the acoustic impedance inverted baseline volume with the P- 
impedance log from well 169-5 overlain. The well log has a higher frequency than the 
inverted P-impedance volume.
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Figure 6.11: A line from the acoustic impedance inverted baseline volume with the P- 
impedance log from well 169-5 overlain. The P-impedance log has been filtered back to 
match the frequency of the P-impedance inverted volume. A much better tie of the 
seismic with the log data is achieved.
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Figure 6.12: Error analysis of the monitor survey with the initial low frequency 
impedance model using the wavelet shown in Figure 6.6 (b). Well shown here is 169-5. A 
very small difference is seen between the synthetic and the observed seismograms. The 
impedance log has been filtered back to 0-0-50-60 Hz. The RMS error between the 
inverted and the original impedance logs is greater than for the baseline survey. This is 
mainly because of the effect of time-lapse with CO? injection.
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done for time-lapse purposes. Keeping the same initial model tells us how different the 

m onitor’s impedance is from the initial model. Figure 6.12 shows the error analysis for 

well 169-5 with the monitor survey. The RMS error has increased as compared to the 

baseline survey, which is expected after production changes in the field. Figure 6.12 

shows the RMS error profile for all three wells. Well 159-2 shows the highest error 

because it is a Paluxy producer well. The production had started in March 2011 and this 

survey was shot in June 2011. Hence, one would not expect a very good tie. Well 140-1 

is also a Paluxy injector well. Figure 6.14 shows the correlation profile between the 

synthetic and the real seismic data. The correlation is even better than the baseline 

survey’s. This confirms the validity o f the extracted wavelet used to convolve with the 

impedance inversion volume to create the synthetic volume.

6.3 Time Lapse Analysis

After cross-equalization (chapter 5), I created a volume based on the amplitude 

difference of the monitor and the baseline surveys. Figure 6.15 shows an arbitrary line 

through the difference volume. The line goes through two of the Paluxy injectors and one 

of the TUSC 7 injectors. There are anomalies seen around the injectors. At the base of 

Paluxy, there is an increase in amplitude. This is logical because the base is a peak and 

with the addition of CO 2 the peak’s amplitude will increase do the increase in acoustic 

impedance contrast. Hence, by subtracting base from monitor, one should see a positive 

value of amplitude. Along the top of Paluxy, a negative change in amplitude can be seen 

because the top is a trough. The trough’s amplitude also increases with CO 2 injection and 

hence, gives a negative difference. Also, one does not observe a big difference in 

amplitude around the Paluxy producer. This could mean that either the Paluxy is not 

being swept completely or the pressure has been maintained even after production, so 

there is no change in P-impedance. The TUSC 7 injector shows a similar trend of change 

in amplitude. A positive increase in amplitude at the base and a negative increase at the 

top of TUSC 7 can be observed. There is also a negative change in amplitude above the 

top of Paluxy around the well 148-2. This observation confirms the connectivity of the
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Figure 6.13: Error profile for all the three wells showing the RMS difference error 
between the log impedance and the inverted impedance of the monitor survey; the highest 
error is for well 159-2 which is an injector well. The monitor survey has the effects of 
CO 2 injection which are seen in the wavelet extracted from the data while the log was 
obtained prior to CO 2 injection
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Figure 6.14: Relative difference between the synthetic and the observed seismograms of 
the monitor survey for each well. The correlation is close to 1 which means that the 
synthetic is very similar to the actual seismogram.
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in the phase-1 injection pattern. The effect o f CC^can be seen around the injectors.

sandstone formations discussed in Chapter 3. The CO 2 seems to be moving up into the 

Tuscaloosa formation and causing the change in amplitude.

The P-impedance inverted volumes are subtracted (monitor -  base) to see the 

quantitative changes in P-impedance with CO? injection and pressure changes. Figure 

6.16 shows a P-impedance percentage difference map on the base of Paluxy. There is a - 

16% change below the OWC that may mean that the CO 2 is leaking into the aquifer. This 

magnitude of percentage change is expected when CO 2 replaces brine according to the 

fluid substitution modeling presented in Chapter 5. However, the model also says that 

about a -3% change in P-impedance occurs with the increase in pore pressure from 1400 

psi to 1800 psi. Hence, this anomaly could be a result of both the CO 2 and the reservoir 

pressure increase. There is a no difference zone in the middle of the Paluxy. It is an 

indication that Paluxy is being bypassed by the CO 2 and not being swept efficiently. 

There are some positive impedance changes around the producer wells updip where the 

oil, water and CO 2 are being produced. The initial reservoir pressure around the producer 

wells was 1800 to 2200 PSI. With production, it went down to 1400 PSI. The positive 

change indicates the drawdown in reservoir pressure with production. The change is 

almost around 6% which agrees with the fluid substitution model. The southwest part of
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Figure 6.16: P-impedance percentage difference map with a 2 ms window centered at the 
base of Paluxy with the production data from June 2010 overlain; the black dashed line is 
the oil-water contact; notice the negative impedance change below the OWC. The lighter 
yellow color shows area where Paluxy is not being swept completely.

the field has no wells to account for the changes that are seen there. New well locations 

can be exploited in that part to study the effects of CO 2 on production and pressure. A 

fault was interpreted in the southern part of the Paluxy interval (Figure 3.7). This fault 

can act as a conduit or a seal for the CO 2 movement. Further investigation needs to be 

done to exploit the role of that fault in the reservoir heterogeneity and the time lapse 

analysis.

Figure 6.17 shows a TUSC 7 P-impedance percentage difference map. The CO 2 

seems to be going updip from the injector to the producer well, shown in white.
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Figure 6.17: P-impedance percentage difference map at TUSC 7 top; the white triangles 
are TUSC 7 injectors and the white circles are TUSC 7 producers; the black polygons 
show the flow paths of CO 2 .

illuminating a straight channel signature in TUSC 7 zone. The black polygons show the 

flow path of CO 2 causing -15 to -21% of impedance change. The CO 2 flow path and 

pressure increase show us the geometry of the channel system in the area too. As was 

observed in Figure 3.10 (a), the thickness of the sandstones varies in the strike direction. 

The same heterogeneity can be observed here in the strike direction. The trend is more 

continuous in the dip direction (NW-SE) which is expected of a river-dominated deltaic 

environment.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Bandwidth extension on Delhi Field seismic data increased the vertical resolution 

of the P-wave data. However, care needs to be taken about determining the authenticity 

of the added frequencies. It was noticed that the BE done on the RCP (2010) survey 

passed all the QC tests while that done on the merged (2008-2010) survey showed a little 

bit of time and phase shift. This may be due to the better fold coverage and more 

sophisticated acquisition parameters of the RCP survey. Based on this observation, one 

can conclude that the bandwidth extension process works better on a good quality data. A 

question comes to mind then why is there a need for bandwidth extension if the data 

quality is already good or the signal-to-noise ratio is already high. Since, this process 

only increases the vertical resolution of the data and not the lateral resolution, the lateral 

discontinuities like faults could be seen on the non-BE data as well. However, BE data 

helped significantly in picking the tops and bases of Paluxy and Tuscaloosa sandstone 

intervals. For 3D interpretation, it was found that the acoustic impedance (AI) might not 

be the best rock property to distinguish amongst the various Ethologies. The AI signature 

did not agree well with the thick sandstone intervals on the logs.

There are numerous faults in Delhi Field, which typically go deeper than the 

reservoir interval. A few of them penetrate the overlying Clayton unconformity. These 

faults could be crucial in the geomechanical assessment of the field, as the fault through 

the seal could mean loss of pressure and/or CCE A subtle graben structure can also be 

seen between the faults as well as a flower structure. The faults became more prominent 

when different instantaneous seismic attributes were used. The coherency attribute made 

the discontinuities stand out on the horizon slices. Amplitude envelope also helped detect 

faults in the vertical sections. A distinct fault in the RCP area needs to be investigated for 

correctly delineating CO 2 flowpath.
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The base of the reservoir (Paluxy) makes a wedge updip with the top of the 

Clayton. This could be seen in the isochron created between the Clayton and the base of 

Paluxy. The seismic signatures of the Tuscaloosa sands, especially the middle TUSC 

(TUSC 7) are like thin and discontinuous bar sands. The channel features in the 

Tuscaloosa are those of straight channels. These signatures show that Tuscaloosa 

originated in a river-dominated deltaic environment. Paluxy, on the other hand, showed 

meandering channel signature and has more continuous bar sandstone suggesting a wave- 

dominated deltaic environment.

Cross-Equalization helped remove the non-repeatable noise between the monitor 

and the baseline surveys. Since both the surveys were bandwidth extended, there was not 

a great deal of frequency or phase difference between the two. The process of time- 

variant time shift helped remove the time shifts in the monitor data. The horizons aligned 

well with the monitor survey reflections after the time-shift was removed. The correlation 

coefficient was increased to 0.8-0.9 in the overburden zone.

Fluid substitution modeling helped quantify the changes in rock properties with 

the addition of CO 2 and differences in pressure in the system. The highest decrease in P- 

impedance percentage (about -25%) is observed when only 5 to 10% of CO 2 replaces 

brine under any pressure condition. W hereas, a -7% decrease in P-impedance is 

encountered when the reservoir pressure increases from 1400 to 2200 psi. Some 

assumptions were made to use the G assm ann’s substitution equation. Firstly, Paluxy is a 

well-sorted well-rounded sandstone and secondly, due to the lack of core-derived rock 

properties, the default values for Kmin and Kdry were used assuming that the mineral 

was 100% quartz.

Model-based inversion of acoustic impedance worked in this field as compared to 

other methods because o f the presence of some good seismic events tying with the well 

data. The initial model was reliable. This inversion heavily depends upon the quality of 

the well-ties, the horizons and the extracted wavelets.

Time lapse analysis shows the effect of CO 2 injection around the injector wells. 

One cannot see an anomaly around the Paluxy producers in the difference volume. This
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could imply two things: either Paluxy is not being efficiently swept or the pressure is 

maintained even after production from the well so that there is no difference in P- 

impedance. P-impedance shows the most change when CO 2 enters the system, but not as 

much as when the pressure is decreased or increased slightly. The production data and the 

P-impedance maps show that there is a high permeability zone from the middle of the 

Paluxy up-dip that caused an early gas cut in the wells. The CO? might be moving updip 

from the Paluxy injector to the Tuscaloosa interval. The time-lapse also enabled the 

delineation of channels especially in the Tuscaloosa interval. The channel geometry 

confirms the reservoir heterogeneity experienced in the field.

7.2 Recommendations

• Bandwidth extension on pre-stack data can help in A VO analysis for detecting the 

fluids in the far offsets. However, the bandwidth extension process needs to be further 

investigated to see why it gave better results on the RCP data than the Denbury survey.

• Since BE only increases the vertical resolution, more processing steps like PSDM 

may help increase the lateral resolution. PSDM may help see the possible lateral 

discontinuities, like faults and fractures, in the field that are causing hindrance to proper 

sweeping of the reservoir.

• Geomechanical studies need to be done in the field to understand the role of 

faulting in the stress regime of the area. Also, the CO 2 fluid flow needs to be 

investigated more based on the location of these faults.

• The core-derived rock properties need to be incorporated for a more efficient fluid 

substitution modeling.

• The time-lapse results are encouraging. Another 4D survey in the RCP area will 

help this investigation further. Also, new well locations in the southwest part of the RCP 

area may tell us more about the production and pressure changes with CO2 injection in 

Paluxy. An injector well might help better sweep the middle of the Paluxy zone which is 

being by-passed at present.
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•  M ulti-component seismic data can provide answers that P-wave data alone 

cannot. Some o f those answers may be the variations of density and pressure in the field. 

This can be done by a shear impedance inversion. Shear data is more sensitive to 

pressure changes than P-wave data.

• A better geologic model based on the seismic investigations is required which will 

ultimately help the reservoir simulation results.
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