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Abstract

Water production is the main production problem in WDDM concession
in Nile delta. Water comes in surprisingly so fast with high rates. This comes
from the underestimation of the aquifer description. Usually aquifer is
estimated “guessed” and modeled as numerical aquifer. Unfortunately stacked
seismic reflection data doesn’t help so much in mapping aquifers. Water sands
reflectivities appear as much dimmer amplitudes. If seismic can give a hand
in this it would be priceless knowledge. The study area, Sequoia gas field, is
located in West Delta Deep Marine (WDDM) concession. It is about 70
kilometers to the North East offshore Alexandria.

The rock physics model suggests that, the intercept and the gradient of
a shale-to-shale interface are close to those of shale-to-water interface.
However the shale-to-gas interface has about the same magnitude (but
opposite polarity) of shale-to-water however the gradient is much higher. So
when the seismic CDPs are stacked, gas sand amplitudes dominates the picture
and the water sands lie in the same color range of the shales. In order to
overcome this problem, we need to go back to the pre-stack data and invert
them for the physical properties, so their effect on the post-stack can be
separated, analyzed and used for the seismic facies classification.

AVO simultaneous inversion inverts pre-stack seismic into elastic
properties; compressional impedance, shear impedance and density. The
products of AVO simultaneous inversion can be coupled with other wire-line
logging data via Bayesian classification, so seismic sections can be
transformed into geologic cross-sections with meaningful facies codes. Then
water sands can be discriminated from other facies existing in the field so they
can be delineated, mapped and modeled in the 3D static models. The Bayesian
classification outputs gave a reasonable match to the actual facies found in the
wells of the study area.

Keywords: Water production, AVO simultaneous inversion and Naive
Bayesian Classification






CONTENTS

AcCKnowledgments .....cccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiinne s i
N o151 1 = o1 SRS R \
L] (=T | £ vl
LISt OF FIQUIES oot X1
LiSt OF TADIES oo XVX
I | 01 1 oo 11 o4 [ o SRS 1
1.1 Location Of StUAY Ar€a .......cccccveiiiiieiieiiece et 1
1.2 AIM OF STUAY ..o s 2
1.3 AVAIIADIE DALA.......ccieieiiiiieiee e 2
1.4 Methodology and WOrkflow ...........ccocveiiiiiiiieiccc e 2

2 Regional Geological SEtting ..........ccccoeviiiiiiiieiieiic e 4
P22 R 1 1 T [T 1 (o o ISR 4
2.2 STALIGIaPNY ..o 4
2.2. 1PTE-IMIOCENE. ... et eeieieete ettt nneeneens 6
A V[T SO 7
2.2.3 PlIOCENE 10 RECENT .....cvviiecieeiieie e 7
2.2.3.1 Kafr El Sheikh FOrmation..........ccccooceviniinininieese e 8
2.2.3.2 El Wastani FOrmation ..........cccocceveeeneneniniene e 8
2.2.3.3 Mit Ghamr FOrmMation ..........cccooereereienieie e 8

2.2.4 PIEISEOCENE ....cviviiiieie sttt 9

2.3 StruCtural SEtEING.......cocieiiieieie e 9
2.3.1 ROSetta FAUIt ..o 10
2.3.2 EaSt-WESE FaUILS .....oceeiieiiiisie e 11

2.4 TeCtoNIC EVOIULION ....ocvveieie e 11
2.5 FIEId GROIOGY ...t 13



3 ROCK PRYSICS.. oottt 17

T8 10T [ 1T o] o ISR 17
3.2 Theoretical BaCKground ............coviiieiiiiiiiiie e 17
3.2.1 ElGStiC PrOPertieS .....cccvccuviiiiiii ettt 17
3.2.1.1 Bulk Modulus- Incompressibility (K)........cccooveviiiiiiiiiieinns 18
3.2.1.2 Shear Modulus — Rigidity () c.ccovevvereerieenieeriienieeie e sie s 18
3.2.1.3 Lame’s Constant (L) .....ceeieeerieeiiieeiiiie e siessiee e siee e 18
3.2.2 SEISMIC PrOPEITIES ..ocvviiviiiiviciie ettt 19
3.2.2.1Compressional Velocity (VP) ........cccceveniiiiiiiiiinicce 19
3.2.2.2 Shear VElOCItY (VS) ..ccvoiiieiieiiecie st 19
3.2.2.3 P0iSSON'S RALIO (0) ..vvevveevvieiieiiie et 19
3.2.2.4 Lambda RhO ArIDULES........ccoviiiiiiieeeeee e 20
3.2.3 ANISOtropiC ProPertieS ......coccvviiiiieiie e 20
3.2.4 AVO MOdeling TNEOIY ...c.vociiiiiiiiiiie e see st 20
3.2.4.1 Shuey’s ApproXimation ...........ccceevvereereiiesiiesie e see s 22
3.2.4.2 Aki-Richard ApproXimation ..........cccccevvevieenenieenesie e 23
3.2.5 AVO ANalySIS TNEOIY ....ocviiiiiiiieiiesiie s 23
3.3 POINE MOTEIING ...t 26
3.4 Facies INterpretation .........ccoovvieiereieisiseseee e 28
3.5 Finding Best DisCrimination SPACES ..........ccceevereeriereereenieseseeeeneeenes 28
4 AVO INVEISION coviiiiiiiiieieete et 33
4.1 AVO INVErSION TNEOMY....cc.icviiieiie et 33
4.1.1 Fatti Modification of Aki-Richard’s Equation ............c.cccceruennee. 34
4.1.2 Expressing Reflectivities in Impedances..........cccooveveivviiieiiennnn, 34
4.1.3 Fatti Modification of Aki-Richard’s Equation ............c.ccccervenee. 36
4.1.4 Convolution as a Matrix Multiplication ............ccccecevvveviieiecinennn. 36
4.1.5 Final Inversion Formula FOrm..........ccoooiiiiiiiiiciec e 37
4.2 Wavelet EXIraCtioN .........ccoiiiiiiiieiisieecsee e 41



4.3 Angle Stacks ConditioNing..........cocoveriereiiniieese e 44

4.3.1 Frequency FIltering.......ccoooeieiieiee e 46
4.3.2 Events Alignment (Trim StatiCS) ........ccuvvvreererierinrieieseneenie e 47
4.3.3 Amplitude Balancing/Scaling..........cccccoovevvviiieiieiiciiesec e 48
4.4 Initial Model BUIldiNg.........ccoooiiiiiiiiiece e 51
4.4.1 Initial Model GEOMELIY .....c.ccviiieiiece e 51
442 WEII DALA......coviieiiiiiiesee e 51
4.4.2.1 Well Data Lateral Interpolation ...........ccccceveviveviieiienieeinanns 51
4.4.2.2 Well Data Vertical Extrapolation...........ccccccevcveviiiniiiiiininns 52
4.4.3 Initial Model Layering.......cccoovieiieiieiie e 52
4.4.4 Initial Model Frequency Content...........ccoovvveeiieniiniiesee e 53
4.4.5 Initial Model Parameters SUMMAry ..........ccocovvenineneisinnene e 55
4.5 Inversion Parameters Optimization ...........ccccovvireneneieisise e 55
A4.5.1 WaAVEIELS SEL.....ccvieiieiiecieee e 55
4.5.2 Constraining Relationships..........cocevviiiiereieiesee e 55
4.5.3 Pre-whitening Method ..........cccooveeiiiiiicene e 59
A58 SCAIAIS......ccuieieiie et 60
4.5.5 INVersion SeNSItIVITIES. .......cocvieiiiiiiiiieee e 60
4.6 INVEISION OULPULS ....eveeiviiiiecieeie ettt 68
Facies ClasSifiCatioN ..........ccccveereiiiieiese e 75
5.1 INTrOAUCTION ... 75
5.2 Theoretical BaCKground ..........ccccviieiieiiiniiieiieiie e 76
5.2.1 Bayesian ClasSifiCation............cccoueiiriiieiiieiieseeie e 76
5.2.1.1 Theory Mathematical Development ...........ccccoecevviiiiniiinns 76
5.2.1.2 Applied Intuitive Understanding of the Theory..................... 77
5.2.2 PCA TREOIY ...ttt 79
5.2.2.1 POINtS PrOJECTION ....oveviiiieiiciesiee s 80
5.2.2.2 FINAING PCAS.....oiiiiiiie e 82



5.2.2.3VarianCe ThEOIY ......ccueviiiiieiee et 83

5.2.2.4 Singular Decomposition Theory ........cccoceevveverereneerienesene 84

5.3 Principal Component ANalYSIS........cccoeiieiieiieiieie e 85
5.4 Properties Distributions & Distributions Modeling ............ccccceeeneene. 87
5.5 Classification at WellS...........ccooviiiiiiiiiiiee e 90
5.6 Classifying AVO Inversion VOIUMES ........cccocveviieniniiiieeie e 92

6  Summary and CONCIUSIONS .........ccccueirriiieiere e 100
APPENAIX A ettt nreenes 103
Data QC ... s 103
A.1 Check-Shots EdItiNg ........ccccveiveriiinieieiiseeese s 103
A.2 Check-Shot COrreCtION........cccuviiiiiiiie e 105
APPENIX B .. 110
AV O INVEISION ..ottt 110
B.1 Wavelet EXTraCtion ..........cccovieiieiene e 110
B.2 AVO Synthetics and Selecting Base Case Wavelets Set.................. 114
B.3 Angle Stacks Conditioning — Events Alignment (Trim Statics)....... 121
B.4 Amplitude Balancing (Scaling) ........ccccccevviiiiiiieiieiiece e 127
RETEIENCES ... e 130



List of Figures

Figure 1-1: Sequoia 0Cation MaP. ......ccccvviieiiieiieiie e 1
Figure 1-2: Study WOrKFIOW..........oooviieeiiee e 3
Figure 2-1: Generalized Lithostratigraphic Column of the Nile Delta area

(EGPC, 1994).....ciiiiiiiesie et 5

Figure 2-2: Nile Delta tectonostraigraphy showing key stratigraphic and
tectonic events and hydrocarbon occurrences.(Dolson et al., 2005)

....................................................................................................... 6
Figure 2-3: Main fault trends of the Nile Delta. Modified from (Abd EIl Aal et
al., 2000). c.eiiieiiiece s 10
Figure 2-4: The faults, anticlines, and convergence arcs are compiled by Abd-
AAN (2012). ..o e 13
Figure 2-5: stratigraphic column of WDDM Nile delta (Nigel cross et al,
2009). 1.ttt 14
Figure 2-6: Geological model of Sequoia gas field. It is an early Pliocene
slope channel. (Nigel cross et al, 2009). ........ccccovvviiniiniieinene. 15
Figure 2-7: Sequoia reservoir architecture (Nigel cross et al, 2009). ........... 15
Figure 2-8: A is amplitude map between the top and base surfaces, B is the
top two-way time interpretation.............ccocvvvveeienenecicscneen 16
Figure 2-9: Pressure vs. depth for the four wells, shows that the Northern
wells are of different pressure than the Southern ones. .............. 16
Figure 3-1: Bulk Modulus of a rock. Modified from European Space Agency.
..................................................................................................... 18
Figure 3-2: Shear Modulus of a rock. Modified from European Space Agency.
..................................................................................................... 18
Figure 3-3: Wave Reflection and Transmition of waves. After Hampson and
Russell Software manual guide v. 9/R1.7. ......cccovvviieiiiiinneen, 21
Figure 3-4: AVO classes related to clastics geologic setting. After Rocky
Roten et al (2014)......ccooiieiieiieiie e 24
Figure 3-5: Intercept versus gradient crossplot displaying location of AVO
classes. After Rocky Roten et al (2014)......ccccccevvvevieiiineeiianns 26

Figure 3-6: Intercept gradient plot for three interfaces from a point model. 27
Figure 3-7: Amplitude versus angle plot for the three point interfaces.
Reflectivities modeled by Shuey’s equation. ...........cccevevvernrennen. 27

Xl



Figure 3-8: Quality check of the visually-re-interpreted facies and original
NMR interpretation for ROSetta-10. ..........cccoovvirenienerniicrieen, 29
Figure 3-9: Vp/Vs ratio vs. P-impedance cross-plot of Rosetta-10 data colored
by NMR original facies (Left) and re-interpreted one (right).....29
Figure 3-10: Vp/Vs ratio vs. P-impedance cross-plot of all wells colored by

FACIES. ot 30
Figure 3-11: Poisson’s ratio vs. P-impedance cross-plot of all wells colored
DY FACIES. ..o 31
Figure 3-12: Lambda*Rho vs. P-impedance cross-plot of all wells colored by
FACIES. oot 31
Figure 3-13: Mu*Rho vs. P-impedance cross-plot of all wells colored by
FACIES. ot 31
Figure 3-14: Mu*Rho vs. Lamda*Rho cross-plot of all wells colored by
FACIES. oot 32
Figure 3-15: S-Impedance vs. VpVs ratio cross-plot of all wells colored by
FACIES. oot 32
Figure 4-1: Convolution EXamPpPle. ......ccceiiiiiiiiiieiie e 37
Figure 4-2: Constraining the inversion by the deviations from the background
L =11 RSSO 38
Figure 4-3: AVO simultaneous inversion Workflow. ............cccocceviviiveinenne. 41
Figure 4-4: Wavelets extraction WOrkflow. ...........cccccovvvniini i 42
Figure 4-5: Averaging of best extracted wavelets per well in both time (top)
and frequency (bottom) domains. .........cccecvevieiiiiiesieeieese e 43

Figure 4-6: Comparison between the AVO synthetic and the raw seismic
gather at Rosetta-10 well location, (Peak is soft kick = downward
decrease of impedance = bIUE)........cccvvvveiii e 44
Figure 4-7: Comparison between AVO response for the top reservoir at
Rosetta-10 well on the AVO synthetic (left) and raw seismic
gather (right), (amplitude balancing step, Positive value = soft kick
= peak = downward decrease in acoustic impedance). ............... 45
Figure 4-8: Angle gather conditioning Workflow ..............ccocoiiiiiiinnnn, 46
Figure 4-9: Amplitude spectra of seismic gather volume before (top) and after
(bottom) applying the low-pass filter displayed in transparent
orange in the top graph........ccceceieieiie i 47

Xl



Figure 4-10: Log panel for Rosetta-10 showing effect of frequency filtering
and trim statics on the seismic angle gather, (Peak is soft kick =
downward decrease of impedance = blue)..........cccoceviiiieinenns 49
Figure 4-11: Amplitude balancing EQUations...........ccccceeveveneiieniene s 49
Figure 4-12: AVO gradient analysis of the top gas at Rosetta-10 well
comparing AVO response before (left) and after (right),
(amplitude balancing step, Positive value = soft kick = peak =

downward decrease in acoustic impedance). ..........cccevevverrennens 50
Figure 4-13: The effect of conditioning the layering to the horizons............ 53
Figure 4-14: Effect of high-cut frequency filtering of well log data in building
the initial Model. ..o 54
Figure 4-15: Summary of the optimum initial model parameters. ............... 55
Figure 4-16: LnZs vs. LnZp plot on the left and LnDn vs. LnZp on the right.
Shows that there are some off-trend points.........cccccevevvieeiienns 57

Figure 4-17: cross-plot between sonic and shear transit time sonic data, color-
coded by facies and symbol-coded by wells, shows that the

anomalous points belong to Sapphire-1 well. ... 58
Figure 4-18: Seismic cross section across three wells, displays thinner
overburden in Sapphire-1 10CatioN. ........ccccovvrveieiinicesineen 58
Figure 4-19: Inversion parameters sensitivities SUMMary. .........cccceevevvenne. 62
Figure 4-20: Inversion trials desCription..........ccocovevenenieniene e 63

Figure 4-21: inversion errors yardsticks of the 24 inversion experiments after
scaling to the maximum error found, color-coded by red (highest
error) and green (lowest error). It shows that the lowest errors

experiments are of number 16 and 22...........cccocevvveiiiinnnene, 64
Figure 4-22: inversion analysis of Rosetta-8, in red is the inversion output and
in blue is the well data...........ccccooveeiiiii 65
Figure 4-23: inversion analysis of Sapphire-1, in red is the inversion output
and in blue is the well data. ...........cooooievieiiiiiee 66
Figure 4-24: inversion analysis of Rosetta-10, in red is the inversion output
and in blue is the well data. ..........cccocveivereriiinniee e 67

Figure 4-25: Inverted P-impedance section at Rosetta-8 location, the colored
strip in the gap is the P-impedance from the log data, black log is
GR, DIUE IS TESISHIVILY. ...cvviiiiiiecie e 69

X1



Figure 4-26: Inverted P-impedance section at Rosetta-10 location, the colored
strip in the gap is the P-impedance from the log data, black log is
GR, DIUE IS TeSISHIVILY. ...cviiiiiiecie e 69
Figure 4-27: Inverted P-impedance section at Sapphire-1 location, the colored
strip in the gap is the P-impedance from the log data, black log is
GR, DIUE IS TeSISLIVILY. ...cviiiiiiecic e 70
Figure 4-28: Inverted S-impedance section at Sapphire-1 location, the colored
strip in the gap is the S-impedance from the log data, black log is
GR, DIUE IS TeSISLIVILY. ...cveiviiie e 70
Figure 4-29: Inverted S-impedance section at Rosetta-8 location, the colored
strip in the gap is the S-impedance from the log data, black log is
GR, DIUE IS TeSISLIVILY. ...cviiiieiecic e 71
Figure 4-30: Inverted S-impedance section at Rosetta-10 location, the colored
strip in the gap is the S-impedance from the log data, black log is
GR, DIUE IS TESISTIVILY....cviiiciiciee e 71
Figure 4-31: Inverted Density section at Rosetta-8 location, the colored strip
in the gap is the density from the log data, black log is GR, blue is
FESISTIVILY . .o 72
Figure 4-32: Inverted Density section at Rosetta-10 location, the colored strip
in the gap is the density from the log data, black log is GR, blue is
FESISTIVITY . .oveeeie st 72
Figure 4-33: Inverted Density section at Sapphire-1 location, the colored strip
in the gap is the density from the log data, black log is GR, blue is
FESISTIVITY. .ot 73
Figure 4-34: Inverted VVp/Vs section at Rosetta-10 location, the colored strip
in the gap is the Vp/Vs from the log data, black log is GR, and blue
IS TESISTIVILY. 1ovviiiieiic e 73
Figure 4-35: Inverted Vp/Vs section at Rosetta-8 location, the colored strip in
the gap is the Vp/Vs from the log data, black log is GR, and blue
IS TESISTIVITY. 1vveiiiiieie e e 74
Figure 4-36: Inverted Vp/Vs section at Sapphire-1 location, the colored strip
in the gap is the Vp/Vs from the log data, black log is GR, and blue

IS TESISTIVITY. 1ovieiieiiie e e 74
Figure 5-1: Example of 2D data SCatter. .........cccocvererrviieniiie e 80
Figure 5-2: Projecting a point into a specific direction. ...........ccceeevvernenne. 80
Figure 5-3: Projecting a point onto other basis..........cccccooeveiviiviiiereneiee 81

X1V



Figure 5-4: Modeling Vp/Vs ratio distributions for the three rock types; A for
shale, B for brine sands and C is for gas sands. Modeled
distributions are iN OraNQE. ......cvcvveerieeie e 88

Figure 5-5: Modeling S-impedance distributions for the three rock types; A
for shale, B for brine sands and C is for gas sands. Modeled

distributions are iN OFaNQE. ......cvevvierieeieiie e 88
Figure 5-6: Summary of the raw distributions on left and modeled
distributions ON FgNt. ..o 89

Figure 5-7: Bayesian classification result in summation curve on right, with
the raw facies on the next left one, color-coded similarly but a bit
lighter for the classification probabilities...........ccccccooeviieiiinnnenn, 91
Figure 5-8: Example of misinterpretation, where the gas sand properties are
just anomalous or extremes in statistical terms. The point values

are in red lines in the raw distributions. ............cccoeeiiiiiiinnnn, 91
Figure 5-9: Bayesian classification probabilities compared to GR and
resistivity log at the blind well (Sapphire-1).......cc.ccccevviiiinnne. 92

Figure 5-10: Water sand probability cube across the three wells high
probability is in red, gamma ray log is on the left of each well path
and resistivity on the right of each well path. Low GR at Rostta-
10 in the red circle are in a casing Shoe. .........cccccevvvviiieciiecnnenn, 93

Figure 5-11: Gas sand probability cube across the three wells high probability
is in red, gamma ray log is on the left of each well path and
resistivity on the right of each well path. Low GR at Rostta-10 in
the red circle are in a casing Shoe. ........cccocvvveieiiiinccreceee, 94

Figure 5-12: Shale probability cube across the three wells high probability is
in blue, gamma ray log is on the left of each well path and
resistivity on the right of each well path. Low GR at Rostta-10 in
the red circle are in a casing Shoe. .........cccccoveiiiiiiiiciecn, 94

Figure 5-13: Base case seismic facies probability line across the three wells,
gamma ray log is on the left of each well path and resistivity on
the right of each well path. Low GR at Rostta-10 in the red circle
are iN a casing SNOB. ......ccoviiiiie i 95

Figure 5-14: Zoomed seismic facies cross sections at Rosetta-8 in A,
Sapphire-1 in B and Rosetta-10 in C, dashed lines are the horizons
interpretations of Top gas, base gas and base channel from top to
DOTEOM. oo 95

XV



