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Abstract  Pore pressure prediction is one of the 
most critical steps while planning new well delivery 
activity in exploration fields in order to achieve the 
well target by delivering a safe well. It is very impor-
tant to understand the structural and stratigraphic 
complexity that may influence formation pressure dif-
ferences in the study area. Also, it is critical to have a 
range of uncertainty in prediction to mitigate any kind 
of drilling problems and operational risks. In this case 

study, the target is to predict the pore pressure gradi-
ent for four proposed exploration wells in West Nile 
Delta Raven field. The workflow has been applied 
utilizing tilted transverse isotropic seismic velocity 
and a high-resolution full waveform seismic inverted 
velocity. It is important as well to compare differ-
ent methodologies where each one will have its own 
limitations. A manually picked normal compaction 
trend with the conventional Eaton pressure transform 
method was applied and compared with a BP inter-
nal normal compaction trend with a modified Eaton 
(Presgraf) pressure transform method in the Predrill 
prediction. The pre-drill pore pressure is finally com-
pared with the actual measured pore pressure data 
that yields a good match.

Article highlights 

•	 Pore pressure prediction for the Nile Delta explor-
atory HPHT wells is critical.

•	 Pore pressure predicted using both conventional 
Eaton pressure transform, and modified Eaton 
(Presgraf) pressure transform methods.

•	 TTI and high resolution FWI seismic interval 
velocities were used to cover the prediction uncer-
tainty.

•	 Seismic velocity shows the pore pressure ramp, 
but under predict the magnitude of the pore pres-
sure gradient at problematic Messinian interval in 
the Nile delta basin.
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1  Introduction

Raven field is located 60  km offshore in the West 
Nile delta basin, where the water depth is between 
500–700  m. The study area is approximately 500 
km2 as shown in the location map (Fig. 1).

The literature has mentioned several methods 
to predict over pressured intervals pre-drill using 
seismic velocity data (see Eaton 1975; Heppard 
and Albertin 1998; Badri et  al. 2000; Carcione 
and Helle 2002; Sayers et  al. 2002; Chopra and 
Huffman 2006; Sundaram and Jain 2008; Lu et  al. 
2009; Babu and Sircar 2011; Brahma et  al. 2013; 
Karthikeyan et al. 2018; Das and Mukherjee 2020).

The Nile delta basin is not an active tectonic set-
ting. The stress state in the Nile Delta area of inter-
est is interpreted to be extensional in nature, with 
the post-Messinian sedimentary sequence ‘sliding 

down’ into the Mediterranean basin on the near 
flat-lying Messinian evaporitic sequence, resulting 
in extensional faulting above the Messinian Evap./
Anhydritic limestone No salt diapirs, or associ-
ated stress rotations, are observed in the study area. 
Disequilibrium compaction is the main driver for 
the overpressure profile for the shales in the study 
area. The overburden section above the main Mio-
cene-Langhian reservoir can be divided into three 
main stratigraphic sections Post Messinian, Messin-
ian, and Pre-Messinian as per the Nile Delta Strati-
graphic column (Fig. 2), where each section has its 
own geologic structural and stratigraphic complex-
ity to be considered during pore pressure prediction 
as follows:

1.1 � Post Messinian

The Pliocene—Pleistocene starts with a section in the 
field, which mainly consists of shale and sand sedi-
ments deposited in a middle to upper slope environ-
ment. This section is—characterized by:

Fig. 1   Raven field—WND location map—Base map of the proposed exploration well locations
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•	 Geobodies called mass transport complexes 
(MTCs) that consist of mixed shale and sand. 
Drilling MTCs might cause kicks due to the rapid 
deposition as a source of overpressure in isolated 
geobodies. From seismic data, MTCs can be eas-
ily identified due to their characteristically chaotic 
seismic character (Fig. 3a). The rapid sedimenta-
tion of recent sediments has resulted in overpres-
sure in the Kafr el Sheikh (KFS) and the sec-
tion below. In this section, wells must be sited as 
downdip as possible across these faults bounded 
permeable zones.

•	 High pressured, laterally extensive fairways above 
the Kafr el Sheikh formation (Fig. 3b) might cause 
pore pressure communication over long distances 
ranging from 5 to 20  km. The pressure in these 
extensive sands is limited by the fracture gradient 
of the sands further into the basin. If laterally con-
nected, the resulting sand pressures may be below 
the shale pressure in the area of interest. If poorly 
connected, sand pressures are either at shale pres-
sure, or depending on structural complexity, may 
show local lateral transfer. Detailed mapping and 
proper zonal isolation of these features is critical 
for this section to avoid drilling problems.

•	 Structural deformation represented by NE-SW 
trending normal faults that extend vertically from 
Pre Messinian to the seabed across the field are 
easily identified in seismic section (Fig. 3d). 

1.2 � Messinian

In general, the Messinian section sediments are 
deposited in fluvial/deltaic to sabkha and mar-
ginal marine environments (Kellner et  al. 2018). 
At Raven, fluvial channels partly eroded the depos-
ited Evaporitic/ anhydrite beds. The Messinian sec-
tion is one of the problematic sections while drill-
ing deep targeted wells in the Nile Delta. The early 
exploration/appraisal wells in the Nile Delta basin 
showed several pressure kick events turned into 
losses, resulting in sidetracking the wells, which 
added additional cost to the drilling operations. 
The complexity of this section is related to the pre-
served evaporite thickness (Evaporitic/Anhydritic 
limestone) and sometimes associated with Evapo-
ritic/Anhydritic carbonates. These sediments are 
normally of very low porosity or permeability and 

usually work as a strong seal trapping high pressure 
below. In seismic, the Messinian interval itself often 
looks low pressure because anhydrites, Evap./anhy-
dritic limestone and carbonates tend to be very fast 
and hence result in a ’reduction’ in pore pressure 
when converted from velocity to pressure. Seismic 
data resolution is critical in this section where the 
top of the Messenian unconformity surface in some 
areas is not resolvable because of the dramatic vari-
ation in Anhydrite distribution and thickness. This 
variation could mislead the pre-drill lithology pre-
diction, which in turn could result in an unexpected 
kick while drilling (Fig.  3c). The sudden ramping 
up across the Messinian is driven by the fact that 
the presence of Evap./anhydritic limestone pre-
vents the dewatering of the rocks below. When the 
Messinian anhydrites are less well developed, the 
ramp tends to be a little more gradual—but still 
there. It is important as well to adjust the well tra-
jectory though this section to avoid drilling through 
fault tips or any congestion zones between antithetic 
faults (Fig. 3d). These zones tend to be structurally 
complex and may result in losses and wellbore sta-
bility issues.

The Messinian Evap./anhydritic limestone beds are 
near horizontal and of few meters thickness trapping 
fluid (saline water) below but are not associated with 
notable stress changes across or around them. The 
nearshore part of the basin is extensional, and there 
are no indications of diapir formations, that could 
result in stress rotations around the structures.

1.3 � Pre‑Messenian

It is clear from seismic section (Fig. 3) that the entire 
Tortonian/Messinian succession has been eroded by 
compound unconformities (Kellner et al. 2018). The 
Late Serravallian to Early Tortonian is mainly charac-
terized by a sand/shale section of fluvial channel sys-
tems across the field (Fig. 3e).

These channels extend far into the Mediterranean 
and pore pressure is limited by the fracture gradient 
of the sealing formations in the deep basin, there-
fore these channels tend to have lower pore pressure 
(regressed) with respect to the surrounding shales. 
These permeable zones (fluvial channels mostly) 
do not ‘generate’ pressure—they redistribute pres-
sure. The overpressure is generated in the thick shale 
packages in the near shore section of the delta and is 
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transferred through the sand channels into the Medi-
terranean to the North. Because these channels are so 
extensive and the overburden thins quite dramatically 
away from the Nile Delta mouth, the overpressure 

generated nearshore reaches the fracture gradient of 
the overburden further into the Mediterranean and 
allows the overpressure to drain out. This means 
that nearshore, the sand overpressure is less than the 

Fig. 2   Stratigraphy of the 
Nile Delta (modified after 
Saleh 2018); where the 
blue, green and red arrows 
refer to the three expected 
over pressured intervals in 
the area
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shale overpressure and does not constitute an imme-
diate drilling hazard. However, the associated prob-
lem with the lower pressured sands is that the sand 
fracture gradient is lower, which means that in these 
intervals with regressed sands, the drilling window 
is very narrow in some intervals, which may result 
in losses if the drilling mud weight is not optimized.
There are two reason behind the lower fracture gradi-
ent in the pre-Messinian sands:

1.	 pressure regressions (due to extensive lateral dis-
tribution) resulting in a lower fracture gradient.

2.	 The lower stress ratio/K in sands compared to 
shales.

In other intervals, however, the sands are not as 
extensive and hence are at or near shale pressure. 
When drilled close to balance, this may result in 
connection gas events. The Qantara flooding event, 
deposited at the late Langhian due to the rise of sea 
level and is top sealing the main reservoir in the field 
at depth 5000 m tvdss, may show as a pressure ramp 
while drilling. Well-2 did not encounter any drilling 
issues while drilling this section

The available data in the Raven field study area are 
a 3D stacked, six azimuths seismic data volume and a 
high-resolution FWI velocity that can clearly image 
the geologic complexity in the Messinian and Post-
Messinian sections.

Fig. 3   E-W Full Offset Seismic Reflectivity Multi Azimuth 
Section in Depth Along the Proposed Locations for Well-2 and 
Well-3, Where: a on the section refers to a Plio-Pleistocene 
MTC, b highlights Pliocene channels, c highlights thickness 
and lithology variations of the Messinian erosion surface and 
d shows a fault congestion zone,  e example of pre-Messinian 
fluvial channels, location map. The areas of sand facies within 
the fluvial channel systems are highlighted in yellow, areas 

where there is a high probability to penetrate Evap./anhydritic 
limestone is annotated in pink color, black arrows are showing 
the dip direction of faulted beds and the well 2 prognosed loca-
tion is at the downdip extension, dark blue curve to the right of 
well-2 is the projection of the prognosed pore pressure curve 
from the FWI velocity at well-2 location, and the blue, green 
and red arrows refer to the three expected pressure ramps in 
the area



	 Geomech. Geophys. Geo-energ. Geo-resour. (2022) 8:213

1 3

213  Page 6 of 16

Vol:. (1234567890)

In this study, TTI and high resolution FWI inter-
val velocities were used to predict the pore pressure 
along four proposed high-pressure, high-temperature 
(HPHT) exploration wells. A manually defined nor-
mal compaction trend with the Eaton pressure trans-
form equation and the BP internal Presgraf normal 
compaction trend with locally calibrated parameters 
and a modified Eaton (Presgraf) pressure transform 
methods for pore pressure prediction were applied to 
1D seismic profiles. A 3D pore pressure cube using 
the FWI interval velocity was also built using the BP 
internal Presgraf algorithm. This 3D cube is used to 
highlight the higher risk, high pressure intervals that 
need to be avoided in the planning phase of the four 
proposed exploration wells to mitigate the risk to 
drilling operations.

2 � Methodology

2.1 � FWI velocity

(a)	 An initial velocity model was built using the 
velocity measurements within thirteen wells 
across the field.

(b)	 Velocity interpolation between wells and extrap-
olation away from the control points guided by 
the structural framework horizons.

(c)	 The anisotropic parameters β: the tilt angle of 
the polar axis, Vpo: the interval velocity, and the 
Thomsen parameters ε and δ (Thomsen 1986) 
have been estimated.

(d)	 Two tomographic iterations were applied for 
velocity model update. In each iteration the flat-
tening of the CIPs (Common images point) gath-
ers were used to quality assurance and quality 
control the output. The tomographic process was 
applied in the depth domain. At this stage in the 
workflow the target was to create a suitable (ini-
tial) model to use as the starting velocity for the 
full waveform inverted velocity (FWI) process.

(e)	 Shot gathers forward model (synthetics) using the 
initial Tilted Transverse Isotropic (TTI) tomo-
graphic interval velocity (Fig. 4a) as an input for 
the FWI velocity model building were obtained. 
If this initial model is very far from “reality”, 
FWI will not be successful in properly updating 

the velocity. Hence, a reasonable realistic initial 
FWI model was built.

(f)	 Inversion process is translated through the objec-
tive function required to minimize the mismatch 
between the modeled (synthetics) data and 
observed (real seismic) data.

(g)	 The residuals between the shot gather forward 
modeled data and the observed data were calcu-
lated.

(h)	 The final step was to apply the mismatch and 
update the FWI interval velocity model (Fig. 4b).

A depth difference of approximately 100 m 
(328 f t ) at the onset of the lower velocity interval 
was observed between TTI and FWI velocity sec-
tions at Messinian interval where, on FWI data it 
is thinner by ~ 40 m TVT and deeper by the 100 m 
at well-2 proposed location compared to the TTI 
seismic velocity. This thickness and depth variation 
change across the field can introduce uncertainty 
in the Messinian ramp onset depth, magnitude and 
possibly the steepness from one dataset to another. 
To cover the depth uncertainty both velocity cubes 
were considered to predict the pore pressure enve-
lope before drilling.

2.2 � 1D pore pressure prediction

In this study, two types of updated pre-stack depth 
migration (PSDM) seismic velocities were very use-
ful and gave reliable details for the pre-drill pore 
pressure prediction using (1) a manually picked nor-
mal compaction trend with the conventional Eaton 
pressure transform method and (2) a BP internal Pres-
graf normal compaction trend with a modified Eaton 
(Presgraf) pressure transform method, as explained in 
the following steps:

(a)	 Interval seismic velocity profiles were extracted 
every 1  m along the 4 proposed well locations 
from both the TTI and FWI seismic velocities. 
By plotting the interval velocity profiles in f t∕s 
on a normal scale versus the true vertical depth 
(TVD) in ft (Fig. 5) the relation at well-2 loca-
tion shows:
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•	 Increase in velocity with depth following the 
hydrostatic pressure regime in the shallow sec-
tion from 1000 ft down to ~ 4000 ft.

•	 A pressure increase at top of Kafr el Sheikh 
(KFS) formation represented by a decrease 
in the interval velocity between ~ 4200 and 
6000 ft on the TTI and 4656—6656 ft on the 
FWI interval velocity profiles (Fig.  5), where 
the FWI was predicting the over-pressured 
zones ~ 200  m deeper than the TTI seismic 
velocity.

•	 The blue arrow refers to the top of the over-
pressured zone where the interval velocity 
starts to decline from the hydrostatic trend.

•	 The velocity profile along the proposed loca-
tion for well-2 shows a possible over-pressured 
zone at a depth of ~ 6500 ft on TTI and ~ 7200 
ft on FWI (green arrows, Fig. 5).

•	 A pressure increase was clear at the Messin-
ian at a depth of ~ 7750 ft from TTI Seismic 

Velocity and ~ 8420 ft from FWI velocity (red 
arrows, Fig. 5).

•	 Both FWI and TTI seismic velocities were 
observed to be dominated by the lithology and 
rock compaction at the deep reservoir interval, 
where both datasets appeared to be smoothed 
and failed to reflect the gas response at the 
expected reservoir section between (14,200—
14,650 ft).

(b)	 Interval transit time ( Δt ) in (μs∕f t) , which is a 
porosity-dependent parameter (i.e., increases 
with increasing porosity) can be calculated 
from seismic interval velocities in ( m∕s ) across 
the study area applying the following equation 
(Hottman and Johnson 1965):

(1)Δt(�s∕ft) =
0.3048 × 106

Vint

Fig. 4   seismic well section along proposed well-2 location showing TTI (a) and FWI (b) seismic interval velocity in depth domain
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•	 The interval transit time profiles calculated from 
interval seismic velocities are plotted against TVD 
depths in f t.

•	 This plot is used for marking the onset of the over-
pressured zones, where the transit times increase 
with depth (Fig.  6) in the same intervals that 
showed a decrease in the previous interval veloc-
ity plots (Fig. 5).

•	 There is no increase in slowness reflecting gas 
response as expected from the smeared interval 
velocity response at the prognosed reservoir sec-
tion between 14,200 and 14,650 f t.

•	 This plot is also used to estimate the normal com-
paction trendline that is used for the calculation 
of the normal pore pressure gradient. The normal 
compaction trendline can be estimated using the 
slope of the slowness line in the interval inter-
preted as normally compacted (e.g., from ~ 1000 
to 4000 f t in Fig. 6). The risk is that the shallow 
sediments in this interval are already over pres-
sured, and the slope is not fully indicative of nor-
mal hydrostatic pressure, so calibration is gener-
ally required.

(2)
Normal hydrostatic trend (us∕ft)
= slope ∗ depth(ft)

(c)	 The bulk density 
(
�b

)
 , which depends on poros-

ity, matrix type, matrix density, fluid type and 
fluid density can be estimated either in terms of 
interval velocities using (ENI 1999) formula:

 where 
(
�mat

)
 is the density of the rock matrix 

2.66g∕cc , 
(
�f

)
 is the density of the rock fluid 1.01 

g∕cc for water and 0.69 g∕cc for gas (these values are 
defined for the study area and will be different per 
area), 

(
Vint,i

)
 and 

(
Vmat

)
 are the interval and matrix 

velocities of the formation(m∕s) , 
(
�mat

)
 is the density 

of rock matrix 2.66 g∕cc.
Or it can be estimated utilizing the interval transit 

time profile calculated from seismic at the proposed 
well location by applying the following formula (Bel-
lotti and Giacca 1978) which requires an initial lithol-
ogy prognosis along the proposed well location from 
the seismic data observations and geologic under-
standing in the study area.

where 
(
ΔTLog

)
 is the interval transit time calculated 

form seismic interval velocity along the proposed 

(3)�b,i = �mat −
�
1.228 ∗

�
�mat − �f

��
×

⎛⎜⎜⎝

1 −
Vint,i

Vmat

1 +
Vint,i

Vmat

⎞⎟⎟⎠

(4)

�b = �mat −

((
1.228 ∗

(
�mat − �f

))
×

(
ΔTlog − ΔTmat

ΔTlog + ΔTf

))

Fig. 5   Well-2 interval 
velocity profiles and 
seismic velocity display 
extracted along—proposed 
well location- 2 from the 
FWI and TTI seismic veloc-
ities versus TVD depth 
and the manually defined 
normal velocity trendline 
(Red dashed line)
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well location, 
(
ΔTmat

)
 and 

(
ΔTf

)
 are the interval tran-

sit time in the rock matrix and fluid ( μs∕f t).

•	 The interval transit time values used in the study 
are shown in (Table 1) and are based on a lithol-
ogy prognosis at each proposed well location 
based on familiarity with the geologic deposi-
tion in the study area. For example, a distinctive 
appearance of the seismic amplitude with high 
impedance reflects the top of Messinian erosion 
surface in the field.

Gardner empirical Eq. (5) was used as well to pre-
dict the pseudo �b that was less than the outcome �b 
predicted from Bellotti and Giacca (1978) Eq.  (4) 
by a max difference of ~ 0.1 g∕cc and this means 
less estimated overburden stress and less pore pres-
sure prediction and failed to reflect the deep reservoir 
section.

(5)�b = 0.31 × V0.25

P

•	 The seismic velocity failed to reflect the gas con-
tent which impacted the calculated interval slow-
ness (DTCO) across the expected reservoir inter-
val. Bellotti and Giacca (1978) Eq. (4) was used to 
obtain pseudo bulk density �b log along proposed 
well location and it showed a good prediction for 
the sands in the shallow section but, there was a 
limitation to predict correct �b values within the 
expected reservoir interval, where the calculated 
density at the reservoir section was higher com-
pared to the overburden section.

•	 These density variations between the two equa-
tions are expected to have a minor impact on the 
final pore pressure prediction.

•	 Calculated bulk density using Eqs.  (4) and (5) in 
g∕cc , plotted versus TVD depth in f t (Fig. 7).

(d)	 The overburden pressure ( �ovb ), or vertical stress, 
is calculated in psi (Fig. 8) as follows:

Fig. 6   Interval transit time profiles calculated from the FWI 
and TTI seismic interval velocity versus TVD depth in f t along 
the proposed well-2 location. The normal compaction trendline 
(Red dashed line), representing the slowness expected for nor-
mally compacted (hydrostatic) overburden, and the slope of the 

trendline in the four proposed well locations ranged between 
0.4 and 0.6 μs∕f t2 . Arrows indicated the onset of the high tran-
sit time intervals (over-pressured zones). The third track com-
pares the TTI versus FWI estimated interval transit time from 
the seismic interval velocities for proposed well-2 location
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where: (D) is the TVD depth of interest in f t.
(e)	 Finally, pore pressure can be predicted using the 

‘observed’ and ‘normal’ velocity by applying 
Eaton’s equation, as follows:

 where: Ppnormal is the normal hydrostatic pressure. (
Vobserved

)
 is the observed interval velocity of the 

formation in (f t∕s) and 
(
Vnormal

)
 is the velocity that 

would be expected if the rocks were normally com-
pacted in (f t∕s) . Assuming a sea water density of 
1.033 g∕cc and a normal hydrostatic gradient of 
0.4378 psi∕f t (equating to formation water density of 
1.01 g∕cc ) to calculate the Ppnormal.

The PRESGRAF Amoco overburden, normal com-
paction trend and pressure transform models, devel-
oped by Martin Traugott (Heppard et al. 1998), were 
used as another tool to predict pore pressure. The 
Presgraf model is based on a global database and 
has a generic definition of how rocks are expected to 
compact with depth. It allows for trendline calibration 
and adjustment of the parameters for different forma-
tions based on local calibration. The Presgraf method 
inherently applies a generic mean stress calculation 
for a ‘normally stressed environment’ with empiri-
cally based assumptions on the relationship between 
Sv, SHmax and SHmin.

The methodology applied when using the con-
ventional Eaton pressure transform is based on 

(6)Povb =

N∑
i=1

Povb,i =
N

∫
i

0.43346.�b.i.dD

(7)PP = Povb −
(
Povb − Ppnormal

)
.

(
Vobserved

Vnormal

)3

interpreter definition of the normal compaction trend 
for the individual datasets (Fig. 9) and uses Sv rather 
than mean stress to calculate pore pressure.

Pore pressure predicted for the shallow sec-
tion using the TTI velocity showed a wide range of 
uncertainty between the two different methodologies, 
where the observed difference was 2 ppg at depth of 
5000 f t and 1 ppg at depth of 8000 f t . The FWI pre-
diction showed a narrower range of uncertainty as the 
observed difference was 1.3 ppg at depth of 5000 f t 
and no difference at depth of 8000 f t . TTI showed a 
difference of 0.3 ppg while FWI showed a difference 
of 0.5 ppg at the Messinian problematic zone. Along 
the pre-Messinian section between 10,000 f t down to 
15,000 f t , TTI showed identical prediction from both 
methodologies while FWI showed a consistent range 
of uncertainty ~ 1 PPG.

The differences using both methods is mainly the 
result of the difference in the normal compaction 
trend definition. The applied ‘Eaton’ methodology 
used a manually defined Normal Compaction Trend 
(NCT), which is subject to interpreter judgement to 
select where to deviate from the hydrostatic pressure. 
The Presgraf normal compaction trend defines the 
NCT based on generic rock compaction assumptions 
that can be and have been calibrated to regional ana-
logues (Fig. 10).

Having a range in the prediction methodologies is 
important to cover the uncertainty range, especially 
for safe delivery of the first exploration wells in the 
area. By drilling more wells in the field, the actual 
data will be useful for more accurate calibration to 
allow for reducing the uncertainty in the predrill pre-
dictions for future wells.

Table 1   Average interval transit times for different matrix types and fluids in the study area after (Bourgoyne et al. 1991)

Formation Δtmat
(
�S∕ft−1

)

Sandstone 53
Limestone 47.6
Clay/Shale 62.5
Anhydrite 50

Fluids Δtf
(
�S∕ft−1

)

Saline water 189
Brackish water 200
Fresh water 218
Gas 626
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2.3 � 3D pore pressure cube

In this study a 3D pore pressure cube was also gen-
erated to be used to identify the regional pressure 
regimes over the field and to check the well place-
ment locations relative to the over-pressured intervals 
(e.g., KFS and Messinian).

A 3D pore pressure cube was built for the Raven 
field using the Presgraf normal compaction trend 

and pressure conversion, utilizing the high resolution 
FWI seismic velocity. Assuming a sea water density 
of 1.03 g∕cc , normal hydrostatic gradient of 0.4378 
m∕ft , formation water density of 1.01 g∕cc , average 
volume of clay ( V

CL
 ) of 0.45 for and compaction fac-

tor of 5700 across the area.
A 2D pore pressure map extracted as an example 

at the top of the over-pressured Messinian interval 
was integrated with the geologic understanding and 

Fig. 7   A comparison 
between the calculated bulk 
density profiles for FWI 
and TTI seismic velocities 
by applying Gardner, Bel-
lotti and Giacca (labelled 
‘B&G’) equations, where 
arrows refer to onsets of 
pre-defined high-pressure 
zones along the proposed 
well-2 location

Fig. 8   Calculated overbur-
den pressure in Psi for FWI 
and TTI seismic velocities 
plotted versus TVD depth 
along the proposed well-2 
proposed location, the third 
track compares the TTI vs 
FWI estimated overburden 
pressure curves
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colored to reflect the relative pore pressure related 
risk across the field. The 2D map (Fig. 11) shows the 
four well locations optimized to drill this problematic 
interval in a relatively low to moderate pore pressure 
risk zone, allowing them to be drilled with manage-
able drilling mud weights.

Well trajectory optimization in this field is not 
only controlled by avoiding over-pressured areas in 
the shallow section. In some wells the decision will 
be made to drill through an over-pressured area in the 
shallow section with pre-drill mitigation plans not to 
compromise the well’s target location.

3 � Validation of pre‑drill versus post‑drill pore 
pressure

A comparison between the pre-drill predicted param-
eters and the actual measured values were estab-
lished. The plot below (Fig. 12) shows that the calcu-
lated interval transit time from FWI and TTI seismic 
velocities along well-2 only reflects the general trend 
while it is missing the details seen in the higher reso-
lution sonic log data and as mentioned before it failed 
to predict the discovered reservoir.

Fig. 9   Shows the pore pressure calculated using the manu-
ally defined normal compaction trend and the Eaton pressure 
transform equation (red, labelled ‘Eaton’) and the results from 
the Presgraf normal compaction trend and pressure transform 
(green, labelled ‘Presgraf’), assuming a sea water density of 
1.033 g∕cc , Formation water density of 1.01 g∕cc , volume of 
clay ( VCL ) of 0.5 for post Messinian section and 0.45 for Pre-
Messinian section and compaction factor of 5700

Fig. 10   Showing the NCT manually defined in Eaton Method 
versus the defined Presgraf trend which is calibrated to 
regional analogues for TTI and FWI datasets at the proposed 
well-2, where the manually picked trendline is the solid red-
labelled ‘Eaton’ and the trendline generated by Presgraf based 

on the global analogues database is the Solid green- labelled 
‘Presgraf’. The trendlines are giving explanation for the 
observed uncertainty differences in pore pressure prediction 
between both datasets and methods
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The same comparison between the pre-drill esti-
mated bulk density from seismic data and the bulk 
density logs is shown in Fig. 13.

Overall velocity derived densities appeared to be 
too low which would have underestimated the over-
burden compared to actual overburden pressure or 
stress. Shale bulk density calculated using Gardner 
equation was less than the actual shale density logged 
post drilling the well although it gives reasonable 
results at the reservoir section by reflecting the veloc-
ity response. On the other hand, Bellotti and Giacca 
(1978) equation (4) showed a relative better predic-
tion for sand and shale in the overburden section but, 
was underestimating the bulk density compared to the 
actual (RHOB) log, and completely failed to predict 
the reservoir section prediction.

Underestimating the bulk density (RHOB) leads to 
an underestimated overburden stress, which translates 
directly to an equal underestimation of pore pressure 
when using the Presgraf or Eaton pressure transform 
equations. Pre-drill lithology prediction from seismic 
data carries an uncertainty that requires:

(a)	 Calibration of the seismic velocity with the 
exploration wells outcomes, especially across the 
reservoir section.

(b)	 Running a post drilling formation evaluation 
study to modify the average ΔTmat and ΔTf  val-
ues (Table 1) for better prediction using Bellotti 
and Giacca (1978) equation in future well predic-
tions.

(c)	 Calibration of the Gardner equation constants.
(d)	 Acquiring shallow density measurement in order 

to calibrate the shallow section with real data for 
better future PP prediction.

Finally, the pore pressure gradient prediction from 
the two models tested using both seismic velocities 
is compared versus the actual pore pressure gradi-
ent (Fig.  14). The pre-drill model using the region-
ally calibrated Presgraf normal compaction trend 
and pressure transform model shows a good match 
between the pre-drill estimates and the actual pore 
pressure gradient. Due to the early onset of overpres-
sure, it is difficult to manually define the normally 
pressured section and identify exactly what is the 
onset of overpressure.

Of note also is the fact that both pre-drill pres-
sure prediction methodologies fail to fully define 

the Messinian pressure ramp magnitude. The FWI 
data with the Presgraf approach shows the closest fit 
where it succeeded in the onset and ramp magnitude 
prediction down to depth of 8750 f t , but still under-
estimates the actual pressure at the maximum peak of 
the ramp by 0.3 ppg and predicted the maximum peak 
deeper than actual.

On the other hand, the TTI with the Eaton 
approach could predict the depth of the maximum 
peak of the ramp, but still underestimates the actual 
pressure at the maximum peak of the ramp by 0.5 ppg 
and also failed to predict the onset and the magni-
tude of the ramp down from it, which is mostly due 
to the fact that the Messinian consists of a range of 
lithologies that are generally very fast (Anhydrite and 
Carbonates) and as such mask the slower velocities 
associated with overpressure in shales. Equally, the 
velocity data are not able to match the severity (or 
steepness) of the ramp, which is about 1.5 ppg over ~ 
500 ft. This is driven by the limitations on frequency 
content. Although the FWI is of a higher resolution 

Fig. 11   A pore pressure gradient map extracted on top 
Messinian (most critical zone while drilling the Nile Delta 
deep wells) showing the 4 proposed well locations optimized 
in relatively low to moderate risk locations
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compared to the TTI velocity, its dominant frequency 
content is still less than 10 HZ, which is not sufficient 
to detect the details or the exact magnitude of the 
ramp. It is recommended to calibrate the base of the 
Messinian section across in the FWI model using the 
post drilling results from the four exploration wells in 
order to improve the predictability of the maximum 
peak of the ramp for future development wells.

4 � Summary and conclusion

The Raven field study area is located in the offshore 
West Nile Delta basin. The objective of this study 
was to predict the pre-drill pore pressure utilizing TTI 
and high resolution FWI seismic velocities. To cover 
the depth uncertainty of the overpressure onsets both 
velocities were considered. FWI pre-drill seismic 
velocity identified the onset depth of the overpressure 
intervals deeper than the TTI prediction by approxi-
mately 100 m at well-2 location and the thickness of 
the Messinian interval was thinner by ~ 40 m TVT.

Two approaches to defining a normal compaction 
trend (manual and Presgraf model) were used as well 
as two different pressure transform models (Eaton and 

Fig. 12   Calculated interval transit time pre-drill (black curve) 
from FWI and TTI seismic velocities and the actual interval 
transit (DTCO) log data (Blue Curve) acquired post drilling 
well-2 plotted versus TVD depth

Fig. 13   Calculated bulk density from FWI and TTI velocities 
using Gardner equation (Red curve) and (Grey curve) using 
Bellotti and Giacca (B&G) equation versus the bulk density 
(RHOB) log data (green curve) post drilling well-2

Fig. 14   Calculated pre-drill pressure gradients in ppg using 
Eaton (red curve) Presgraf (green curve) in ppg using the FWI 
and TTI seismic velocities compared to the actual post-drill 
pressure gradient (black curve) for well-2 plotted versus TVD 
depth
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Presgraf) were applied, where Eaton was used with 
the manually defined NCT and Presgraf transform 
model with the Presgraf NCT. Normal compaction 
trend definition has the most impact in pore pressure 
prediction calculation. Calibrating all inputs to the 
pre-drill prediction algorithms (i.e., Sonic, density, 
Gardner equation terms, etc.) with the real data col-
lected in the exploration wells is highly recommended 
for better prediction along development wells. The 
pre-drill prediction using the Presgraf algorithm has 
shown a good match between the pre-drill pore pres-
sure gradient estimates and the actual pore pressure 
gradient more than the Eaton approach.

The workflow started with 1D seismic velocity 
profiles at the proposed well locations transforming 
it into 1D pore pressure profiles. A 3D pore pressure 
model for the entire field was built in order to high-
light the areas of potential high operational risk and 
to optimize the well trajectories and the risk mitiga-
tion plan. The Messinian in this field is a problem-
atic interval with a steep and sharp ramp. Although 
the FWI seismic velocity is of a higher resolution 
compared to the TTI velocity both are ‘smeared’ over 
the Messinian interval. Both seismic velocities were 
capable of showing the pore pressure ramp, but both 
TTI and FWI seismic velocities under predict the 
magnitude of the pore pressure gradient at this criti-
cal interval, which requires vigilance while drilling.
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