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Abstract

Shallow Water Flow (SWF) is a type of geohazard in hydrocarbon exploration in deep-water basins.
This problem occurs in deep-water basins with high sedimentation rates. When the drill hits over-
pressured layers below the seabed, large volumes of water and sand flow along the wellbore and
ultimately, loss of well integrity may occur. This is the first study to review the literature on predict-
ing SWF predrilling from different aspects comprehensively. We also evaluate the SWF problem in
the channel by using 3D seismic data in the South Caspian Basin (SCB) as an example of a deep-
water basin prone to SWF geohazard. The results of the literature show that geological settings with
rapid subsidence are more likely to be associated with SWF. Pleistocene low-stand sands, channels,
slumps, and chaotic zones are more prone to SWF. Compaction disequilibrium, differential compac-
tion, and hyperpressure are the mechanisms of SWF. The most important quantitative criteria for
identifying SWF environments are Vp/Vs and Poisson's ratios, P-impedance (Al), and S-impedance
(SI). Post-stack and pre-stack inversion, seismic stratigraphy, seismic attributes, and geopressure
prediction are the most important techniques for evaluating SWF. The results of post-stack inversion
including low impedance zones and AI<3150 ((m/s).(g/cc)), show SWF problem in the central and
eastern parts of the buried channel in the SCB. The review findings provide a comprehensive under-
standing of SWF geohazard in deep-water basins. As recommended in this review, further review
research should be done to stabilize shallow water flow zone during the drilling operation.

Keywords: Shallow Water Flow (SWF), Caspian Sea, geohazard, overpressure zone, rapid subsid-
ence
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1 Introduction

Shallow drilling hazard evaluation con-
sists of geological and geophysical param-
eters review to reduce the problems that
affect drilling safety. According to
McConnell et al. (2012), three critical is-
sues could affect the safety of shallow
drilling: shallow water flows (SWF), gas
hydrate and gas sands. Shallow water
flows are the most common and crucial
shallow drilling hazard in deep-water ba-
sins (McConnell et al., 2012). These sandy
sediments are formed in deep-water basins
with high sedimentation rates and lack of
consolidation and drainage conditions. As
soon as the drill reaches SWF sands in
submarine drilling, the large volume of
overpressure sands flows to the well and
may destroy the platform, facilities and
drilling rigs. Moreover, it may cause fi-
nancial loss.

The first SWF identification was re-
ported in 1985 (Lu et al., 2005). Some re-
searchers have represented the mecha-
nisms (Alberty et al., 1999; Huffman and
Castagna, 2001), geological setting and
the criteria of SWF  evaluation
(Ostermeier et al., 2002; Lu et al., 2005;
Dutta et al., 2010, 2021). Today, various
methods have been developed for the
identification of SWF sands, such as
Huffman and Castagna (2001), Mallick
and Dutta (2002), Dutta et al., (2010,
2021) and Gherasim et al. (2015). These
methods are used individually or in com-
bination together. Many researchers have
focused on predicting the SWF phenom-
ena using 2D and 3D seismic data
(Huffman and Castagna, 2001; Lu et al,,
2005; Dutta et al., 2010; Zhang et al.,
2018), log types (Ostermeier et al., 2002;
Gherasim et al., 2015) and in situ meas-
urements (Ostermeier et al., 2002). Sev-
eral attempts have been made to obtain
Vp/Vs anomalies for the detection of SWF
zones by pre-stack inversion (Huffman
and Castagna, 2001; Mallick and Dutta,

2002; Dutta et al., 2010). Huffman and
Castagna (2001) detected the potential of
SWF sands by using multicomponent
seismic data and an inverted Vp/Vs ratio.
Due to the cost implications of
multicomponent seismic data (Lu et al.,
2005), various studies have used pre-stack
inversion of conventional 3D seismic data
to estimate quantitative parameters
(Vp/Vs and Poisson’s ratio) (Mallick and
Dutta, 2002; Lu et al., 2005, Dutta et al.,
2021). Although SWF is among the fore-
most common and high-risk geohazards in
deep water around the world and is widely
used in oil exploration studies in deep-wa-
ter basins, no review paper has been pre-
sented about this geohazard yet. In this
study, the qualitative research data were
collected from the different published pa-
pers about predicting SWF problem
predrilling. These studies clarify ambigu-
ous concepts and enhance our knowledge
about SWF. This is the first study to re-
view the different aspects of SWF phe-
nomena, including mechanism, damages,
impacts on drilling wells and their facili-
ties, geological prone areas and identifica-
tion and prediction methods integrately.

This paper is divided into three parts in-
cluding method (section 2), results and
discussion (section 3), and evaluation of
SWF problem in the South Caspian Basin
(SCB) as a case study (section 4). The sec-
tion 3 contains geological setting, mecha-
nisms, identification criteria, and study
methods of SWF sands. The section 4 in-
cludes geology of SCB, data and method,
and results and discussion. In this section,
the criteria for identifying the SWF within
the SCB is examined and the SWF prob-
lem is evaluated by 3D seismic data and
post-stack seismic inversion in this basin.
The South Caspian Basin has been exten-
sively studied for oil exploration and sci-
entific research. It is one of the areas prone
to SWF and has all characteristics associ-
ated with the formation of this geohazard.
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Figure 1. Known areas with SWF potential (Modified after Ostermeier et al., 2002).

Table 1. Sedimentary features associated with the SWF

Stratigraphic Feature/Facies

Authors

Canyon

(Ostermeier et al., 2002; Zhang et al., 2018)

Channel

(Ostermeier et al., 2002; Lu et al., 2005; Dutta et al., 2010; Wu et al.,

2018; Zhang et al., 2018)

Slump, Debris flow

(McConnell, 2000; Lu et al., 2005; Zhang et al., 2018)

Turbidite Sands

(Dutta et al., 2010, 2021)

Other facies such as:
chaotic slope fan facies, channel levee,
mass transport facies, lowstand basin sheet
sands, intraslope fans, levee overbank,
channel splay, structural hyperpressuring

(Huffman and Castagna, 2001; Lu et al., 2005; Dutta et al., 2010;

Shaker, 2016)

2 Method

Different databases were checked for re-
search papers using keywords ‘“shallow
water flow”, “SWF sands”, “SWF zones”,
“shallow geohazards”, ‘“geohazard in
deep-water”, “geology of SWF sands”,
“SWF prediction”, etc. Most published
papers have focused on approaches to
dealing with drilling problems. These
studies are not investigated in this review.
Several studies have been done on mecha-
nisms, geological settings, identification
criteria, and prediction of SWF sands
predrilling. These kinds of studies were
selected in this review. According to the
objectives of this paper, different infor-
mation have been extracted from these pa-
pers reviewed in section 3.

3 Results and discussion

3-1 The geological environment of
SWF zones

SWF occurs in deep continental margin

waters (Zhang et al., 2018). Up to now,
SWF has been reported in the South Cas-
pian Sea, the Gulf of Mexico, the Nile
Delta region, east of the Mediterranean
Sea in the North Sea, the East Coast of In-
dia, the Norwegian Sea, Malaysia, and
North of the South China Sea (Figure. 1).
The geological conditions of this geo-
hazard are very similar to the geological
conditions of gas hydrates (Dutta et al.,
2010). This geohazard occurs in environ-
ments that have tectonic uplift around and
rapid subsidence. The predominant fault
system of the SWF areas is the normal
faults which cause rapid subsidence of the
basin. As a result of rapid subsidence, the
deposition rate of sediments is high in
these basins, one of the requirements of
the SWF-prone area.
Sand formations have been deposited dur-
ing  the Pleistocene low-stands
(Ostermeier et al., 2002; Lu et al., 2005;
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Dutta etal., 2010, 2021). These sandy sed-
iments are found in various stratigraphic
features (Table 1). The buried channels
will be associated with SWF sands if these
features have been overpressured. As the
sea level rises, the channels are covered by
fine-grained sediments. Therefore, SWF
sands are quickly sealed and overpressur-
ized due to overburden stress. These find-
ings were also reported by Dutta et al.
(2021), which categorized geological en-
vironments for SWF sands into three clas-
ses: channel sands, turbidity sands, and ro-
tated slump blocks.

Landslides and slope failure occurrence

is another possible explanation for the ge-
ological environment of SWF in the deep-
water basin. Mass transport deposits
(MTDs) create a topography with an ero-
sional base and a rugose upper surface.
This result is in line with those obtained
by Mcgiveron and Jong (2018). As the sea
level decreases, this topography is filled
with sandy turbidities, resulting in semi-
isolated higher permeability ponds. Also,
the ponds are covered by low permeability
clay as the water level rises. Mcgiveron
and Jong (2018) introduced the sands in-
side these ponds as SWF-prone.

H Compaction Disequilibrium

Overburden:

High depositional rate
Condensed Section:
Low dipositional rate
Low Permenbility seal

Thick Overburden

Differential Compaction

Thin Overburden Mudstone

I e

Figure 2. (a) Compaction disequilibrium (b) differential

compaction (Alberty et al., 1999) (c) hydrological continuity

and the ability to produce fluid can indicate the SWF sand (from Huffman and Castagna, 2001).

3-2 Mechanisms of SWF

Many studies such as Huffman and
Castagna (2001), Dutta et al. (2010),
McConnell et al. (2012) and Shaker
(2015), point out that the SWF occurs in
basins with high sedimentation rates, so
the sediments are unconsolidated, the po-
rosity, permeability and pore pressure of
sediments are high, and the failure
strength is low. Together these results pro-
vide important insights into essential con-
ditions for the formation of a SWF zone:
1) Sand sediments have been deposited
with a high sedimentation rate;

2) Existence of suitable shale/clay seal,;

3) Existence of overpressure within the
sandy zone.

The most important SWF mechanisms re-
lated to the findings include:

1) Compaction disequilibrium (Alberty et
al., 1999);

2) Differential compaction (Alberty et al.,
1999);

3) Structural hyperpressuring (Huffman
and Castagna, 2001; Ostermeier et al.,
2002; Purnomo and Ghosh, 2018).

In the compaction disequilibrium mecha-
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nism, geopressure results from the depos-
ited overburden rapidly. Therefore, this
increases the pore pressure of underlying
porous sediments (overpressure sands).
The transmitted pressure to the SWF zone
is faster than the seal, allowing water to
escape. Weak grain-to-grain contact oc-
curs in these zones due to compaction dis-
equilibrium in SWF sands. Thus, the ef-
fective stress decreases, and therefore, the
pore pressure increases. The conditions of
compaction disequilibrium are shown in
Figure. 2-a (Alberty et al., 1999).

In differential compaction, sandy lenses
are surrounded by silty shale. A sealing
layer covers the silty shale but has no con-
tact with the sandy lens (Figure. 2-b).

Recent sediment deposits called over-
burden apply pressure directly onto the
silty shale (not the sandy lens). This pres-
sure is laterally transmitted to the sandy
lenses and predisposes SWF (Alberty et
al., 1999).

The structural hyper-pressure mecha-
nism referred to as the “centroid effect”
creates a reservoir that causes SWF. Itis a
condition in which the sand is on a slope
or structure and has expanded regionally
(Figure. 2-c). The upper part of the sand
has a higher pore pressure than the sur-
rounding shales, and this pore pressure is
close to the fracture gradient.

The common denominator of all three
mechanisms is that the sedimentation rate
is so rapid that does not allow sediment to
drain.

Seabed topography, mudflows, shallow
structural features, and hydrated gas ex-
plosions are the other causes of SWF
(Shaker, 2016). Expansion of sand aqui-
fers and buoyancy effects are other factors
in the formation of SWF (Dutta et al.,
2010).

The magnitude of shallow water flow
risk is related to seal strength, lithology,
thickness, seal distribution, and buoyancy
effects.

Taken together, these results suggest the
flowchart in Figure. 3 about the SWF
mechanisms.

3-3 Damages and drilling problems
in SWF zones

Until 1998, 123 wells were hit in the Gulf
of Mexico by the SWF, and 24 percent of
them were damaged and unassessed. More
than $ 30 million has been spent on SWF
prevention and $ 137 million on recon-
struction. According to the Fugro
Geoservices (2000) report, 70% of all
deep wells have SWF experience
(Huffman and Castagna, 2001). In a well,
it is estimated that 34% of the cost is spent
on preventing SWF, and 66% is the cost of
repairing it. The costs incurred by SWF
are an essential part of deep-water explo-
ration costs (Ren et al., 2018). This geo-
hazard has been observed in some drilled
wells in the South of the Caspian Sea
(Azerbaijan and Iran).

Among the issues that these types of geo-
hazards create in deep water include
(Alberty et al., 1999; Ostermeier et al.,
2002; Dutta et al., 2010, 2021):

1) Erosion around the casing shoe will
cause the dilation of sands and flow into
the hole and sedimentation within the
ocean floor;

2) Sand washout;

3) Buckling and destruction of the casing;
4) Significant compaction due to the re-
lease of formation fluid, subsidence, and
therefore the creation of large cracks
within the wellhead and crater;

5) Cement failure and cracking in the sur-
rounding wellbore due to low difference in
fracture gradient and pore pressure;

6) Sinking wellhead and conductor;

7) Loss of integrity and control of the well
and finally, its abandonment.

Therefore, evaluating SWF sands prior to
drilling is essential in reducing drilling
risks.
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Figure 5. Timeline of the different methods for SWF studies.

Table 2. Data required for SWF evaluation

Authors Data Types for SWF Investigation
(Zhang et al., 2018) Pre-stack
(McConnell, 2000) Post-stack 2D
(Huffman and Castagna, 2001; Purnomo and Ghosh, 2018) Multicomponent Seismic Data
(Lu et al.,, 2005; Dutta et al., 2010; Singh et al., 2016) Pre-stack 3D
(McConnell, 2000; Dutta et al., 2010; Mcgiveron and Jong, 2018) Post-stack
(Ostermeier et al., 2002; Mcgiveron and Jong, 2018; Zhang et al., .
2018) Sonic
(Ostermeier et al., 2002; Lu et al., 2005; Mcgiveron and Jong, 2018) Gamma Ray Log Types
(Ostermeier et al., 2002; Mcgiveron and Jong, 2018) Resistivity
(Ostermeier et al., 2002) Density
(Ostermeier et al., 2002) Pressure measuring tools
. . . In situ
(Ostermeier et al., 2002) Geotechnical well information Measurements
& Laboratory measurement
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3-4 Data and criteria for SWF evalua-
tion

Table 2 shows the data required for SWF
evaluation based on various research.
Multicomponent seismic data are expen-
sive; therefore, conventional 3D seismic
data is recommended. However, these
data are cost-effective and allow pre-stack
inversion and quantitative velocity analy-
sis, but signal-to-noise ratio may not be
optimal and may require reprocessing.
These results are inline with Dutta et al.
(2021). The gamma-ray log also is used to
separate sand from shale. The low value of
gamma rays usually will indicate sandy
sediments in which SWF zones are pre-
sented if the Vp/Vs ratios are abnormally
high. The resistivity log also shows wash-
out, which is prone to SWF problem.
Dutta et al. (2021) believed that in situ
measurements of elastic properties of
SWF sediments have been very limited

since the SWF zone is related to low ve-
locities of sediments.

Figure. 4 and Table 3 show some criteria
for identifying SWF sands. Among the
mentioned parameters, Vp/Vs ratio is a
key factor for identifying the SWF zone.
Table 2 shows that the value of Vp/Vs ra-
tio and Poisson’s ratio are greater than 4
and 0.46, respectively. However, these
values could vary in different deep-water
basins.

Consistent with the literature (Huffman
and Castagna, 2001; Lu et al., 2005;
Purnomo and Ghosh, 2018; Wu et al.,
2018), SWF sands compared to surround-
ing sediments are characterized by the
high value of Vp/Vs ratio and Poisson’s
ratio. Vp/Vs increases with depth in nor-
mal compacted sands and clay layers but
Vs drops in SWF sediment severely due to
the weak grain-to-grain contact which re-
sults in significantly increase in Vp/Vs ra-
tio.

Table 3. Quantitative criteria for identifying the SWF

Quality Value Parameters Quantity Value Authors
>9.0 (Lu et al., 2005)

Vp/Vs Ratio 4.0-15.0 (Zhang et al., 2018)

5.0-30.0+ (Dutta et al., 2010)

0.46-0.49 (Zhang et al., 2018)

Poisson’s Ratio Approaching 0.5
(0.47-0.495) (Dutta et al., 2010)
. Above Hydrostatic (Dutta et al., 2010)
X Pore Pressure (psi) }
High 2000 psi (Huffman and Castagna, 2001)
Regional Depositional Rate ( mm/yr) >1 (Wu et al., 2018)
. . > 200 psi (Huffman and Castagna, 2001)
Overpressure Formation (psi or MPa)

0.7-0.85 MPa (Zhang et al., 2018)

Overpressure Ratio (4) 0.7-1.0 (Zhang et al., 2018)
38-50 (Huffman and Castagna, 2001;

Porosity (%) Zhang et al., 2018)

40-65 (Dutta et al., 2010)

Shear wave velocity (Vs) (m/s) 100-700 (Dutta et al., 2010)

. . 1550-2000 (Dutta et al., 2010)

Compressional wave velocity (Vp) (m/s)

Low 1560-1900 (Zhang et al., 2018)
S-Impedance (SI) (gcc™'ms~1) 500 (Zhang et al., 2018)
P-Impedance (SI) (gcc™*ms™1) 2200 (Zhang et al., 2018)

. 0-6.0 MPa (Zhang et al., 2018)
Effective stress (MPa) 3
1100 psi (Huffman and Castagna, 2001)
Density (gm/cc) 1.6-2.0 (Dutta et al., 2010)
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Overpressure ratio (A4) is defined as the
ratio of overpressure to effective hydro-
static stress. A ratio close to 1 shows that
fluid pressure is close to the overburden
stress where the pore fluids are bearing the
entire load (Dugan and Flemings, 2002).
The value of zero is for fully drained sys-
tems.

3-5 Geophysical methods for SWF
evaluation

Figure. 5 shows the timeline of SWF study
methods during the past two decades. The
most important methods can be summa-
rized into three groups as follows:

1) Seismic inversion;

2) Seismic stratigraphy and attribute stud-
ies;

3) Pore pressure prediction.

3-5-1 Seismic inversion method
Inversion is a method in which a geologi-
cal model is often obtained from input
seismic data. The importance of seismic
inversion is due to the use of various data
such as seismic, well, and geological in-
formation that increase the resolution and
accuracy of the model. Two typical inver-
sion methods are:

1) Acoustic impedance inversion;

2) Simultaneous inversion.

3-5-1-1 Acoustic impedance inversion
(or post-stack inversion)

The basic concept of seismic data inver-
sion was first proposed to create imped-
ance logs by Delas et al. (1970) and was
studied by other authors such as Lindseth
(1972) and Lavergne (1975). This method
is also used to interpret the stratigraphic
framework (Chopra and Marfurt, 2005).
Geological information, including lateral
changes in lithology and porosity, is en-
hanced by interpreting the seismic data. In
this method, there are two types of input
data for the inversion process. One is seis-
mic data, and the other is the impedance
model which is made by constructing a

model using well logs. The seismic inver-
sion technique is used to determine the
seismic impedance. In a post-stack seis-
mic section, the traces are modeled using
the convolution of the Earth's reflectivity
and bandlimited wavelet (Russell and
Hampson, 2006), so the Earth's reflectiv-
ity in zero offsets is written as follows:

Al —AJj
Rot = _Ali:i"'AIi ; Al= pxV;
where Ry, is the Earth’s reflectivity coef-
ficient at zero offsets. Al is the i imped-
ance of the i layer. p is density and Vp is
the P wave velocity.

Seismic reflection data can be inverted
to P-impedance using the equations pre-
sented in Russell and Hampson (2006).
The acoustic impedance seismic inversion
method has improved recently. It was di-
vided into different groups, including
model-based, sparse-spike, stratigraphy,
and geostatistics, which provide accepta-
ble results (Chopra and Kuhn, 2001).
Singh et al. (2016) used the post-stack in-
version method to identify the SWF zone.

3-5-1-2 Simultaneous inversion (pre-
stack inversion)

Simultaneous inversion extends the post-
stack impedance inversion method to the
pre-stack domain. In the post-stack inver-
sion, seismic reflections are assumed to
cross the boundary between two geologi-
cal layers at zero degrees. In the pre-stack
inversion, the angle of incidence is more
significant than zero, and P wave incidents
are at angle q. The amplitudes of the
waves reflected and transmitted are often
calculated using the Zoeppritz equation
(Zoeppritz, 1919). Various pre-stack in-
version methods have been used to evalu-
ate the SWFs and gas hydrates geohazards
by many researchers (Huffman and
Castagna, 2001; Mallick and Dutta, 2002;
Lu et al., 2005; Dai et al., 2008; Dutta et
al., 2010; Forte et al., 2015; Zhang et al.,
2018). In the simultaneous inversion, the
common depth points (CDP) gathers are
inverted to determine the P-impedance, S-
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impedance, and density (Moghanloo et al.,
2018). Ma (2001) used impedances as a
model parameter instead of reflection co-
efficients and created reliable results. Ma
(2001) also made changes in the equation
of Fatti et al. (1994) by replacing Vs/Vp
with SI/AIL, so the reflection coefficient
R(0) is related to the three parameters Al,
SI, and 6. The SI/AI ratio is not estimated
from the impedance model but is deter-
mined from impedance model of each it-
eration (Fawad et al., 2020).

The pre-stack inversion is useful to the
analysis of the fluid potential of reser-
voirs. As mentioned, the purpose of pre-
stack inversion is to determine the P-im-
pedance, S-impedance, and density
(Hampson et al., 2005). Also, Vp/Vs and
Poisson’s ratios which are the most im-
portant parameters for SWF evaluation,
are extracted from simultaneous inver-
sion.

3-5-2 Seismic stratigraphy and seismic
attributes

Interpretation of sedimentary systems pro-
vides the initial framework for studies and
quantitative assessment of the drilling
hazards potential (Dutta et al., 2010). 3D
seismic data with the creation of horizon
slice and time slice, and also seismic at-
tributes are the best types of seismic data
to review sedimentary patterns and stratig-
raphy (McConnell, 2000). SWF sands are
the result of sedimentation at sea-level
lowstand. Channels, slumps, and debris
flows are the most critical seismic facies
associated with the SWF geohazard. The
SWF evaluation of seismic data is based
on studying the seismic reflectors (seismic
attributes, architecture, amplitude, etc.)
and identifying these sedimentary facies
(McConnell, 2000). Seismic attributes are
an attractive tool for understanding the
subsurface geology of seismic data
(Almasgari et al., 2020). As mentioned
earlier, SWF is a rapidly deposited imper-
meable sealing layer that covers the zones

containing continuous or discrete sand de-
posits. The method of seismic attributes is
also used to identify SWF sands and re-
duce ambiguities (Lu et al., 2005). For ex-
ample, in younger basins, sandy channels
are gaseous sands. They often have a
strong amplitude that is easily identified
by the sweetness attribute, which is useful
for visualizing stratigraphic units such as
channels and slumps (Ghosh et al., 2010;
Dutta et al., 2021). Mud-filled channels
have weak amplitudes, and channel
boundaries are identified by relative am-
plitude changes (Almasgari et al., 2020).
SWF sands are often identified by com-
paring the attributes between the offset
wells and the planned well (Alberty et al.,
1999). Table 4 shows the relevant attrib-
utes to identify SWF sands. Among the
mentioned attributes, Vp/Vs is crucial for
identifying SWF sands. A high value of
Vp/Vs represents the SWF zones. Some
researchers (Lu et al., 2005; Dutta et al.,
2010; Zhang et al., 2018) believe that low
S-Impedance (SI) is the best attribute to
identify SWF potential.

3-5-3 Pressure prediction in SWF
zones

In most deep sedimentary formations,
pore pressures are overpressured and also
are greater than hydrostatic pressure
(Zhang, 2011). Overpressure is often cre-
ated by hydrostatic pressure, compaction
disequilibrium, aqua thermal expansion,
mineral transformation, and tectonic com-
pression (Gutierrez et al., 20006).

The Biot and Terzaghi effective stress
law is the main theory for predicting pore
pressure (Biot, 1941; Terzaghi et al,
1996). Predicting pore pressure is one of
the most challenging tasks in identifying a
SWF zone at 200 feet below the seabed
(Alberty et al.,, 1999). Generally, pore
pressure and fracture pressure play a sig-
nificant role in well design and reservoir
modeling (Mahetaji et al., 2020).

Many researchers (Alberty et al., 1999;
Huffman and Castagna, 2001; Ostermeier
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etal., 2002; Dutta et al., 2010; Singh et al.,
2016; Zhang et al., 2018) have used differ-
ent methods for measuring and predicting
the pore pressure in SWF zones. In various
studies, rock physics analysis has shown
that the SWF zone has very low effective
pressure and extremely high pore pressure

(Dutta et al., 2021). Furthermore, the pres-
sure value in these sands is close to the
fracture gradient (fracture gradient is the
maximum weight of the mud and is a cru-
cial parameter in drilling planning)
(Purnomo and Ghosh, 2018).

Table 4. Related attributes to identify SWF sands

Authors Location of SWF Attribute Type
(Huffman and Castagna, 2001) Gulf of Mexico (GOM)
uetal., ult o ex1co
L 1., 2005 Gulf of Mexico (GOM

(Zhang et al., 2018)
(Purnomo and Ghosh, 2018)

Northern South China Sea
Offshore Malaysia (Malay Basin)

Vp/Vs

(Lu et al., 2005)
(Singh et al., 2016)
(Zhang et al., 2018)

Gulf of Mexico (GOM)
Krishna Godavari basin on the east coast of India
Northern South China Sea

Al (P-Impedance)

(Zhang et al., 2018)
(Lu et al., 2005)

Northern South China Sea
Gulf of Mexico (GOM)

SI (S-Impedance)

Northern South China Sea

(Shen et al., 2018)

ground-penetrating radar
(GPR) attributes
Weighted average frequency
Sweetness

SWF problems are mainly the result of a
narrow window between the pore pressure
and the fracture gradient in SWF sands
(Ostermeier et al., 2002). Direct measure-
ments of formation pressure near the sur-
face are not accurate in SWF zones. Pres-
sure determination in these zones is based
on mud weight, PWD logs, and daily re-
ports (Ostermeier et al., 2002). Logging
while drilling (LWD), measurement while
drilling (MWD), drilling parameters, and
mud logging data are mainly used to pre-
dict the pore pressure during drilling. The
change in pore pressure is often measured
using sonic, resistivity, porosity, and den-
sity logs. Pore pressure effects in these
logs are well defined due to the relation-
ship between porosity, density and also,
electrical and acoustic properties (Chopra
and Huffman, 2006). Moreover, the calcu-
lation of the pore pressure of the formation
is often done by knowing the porosity of
the formation, and therefore, the normal
porosity trend (from well logs).
Quantitative seismic methods that in-
clude effective stress and pore pressure
determination, identify the drilling risk
within the SWF zone and calculate the de-
gree of risk (Dutta et al., 2010). Density

resulting from seismic inversion can be
used to calculate the overpressure (Dutta
et al., 2010). Many researchers (Matthews
and Kelly, 1967; Eaton, 1975; Yan et al.,
2012) have presented the pore pressure
equations of seismic data.

Another method to detect the SWF zone is
overpressure prediction in this zone quali-
tatively. Alberty et al. (1999) and
McConnell (2000) believed that the first
continuous and sealing layer above the
shallow sand zone is identified from seis-
mic data (sealing layers are very bright,
medium to high amplitude, and have re-
gional continuity). Sealing assessment in
seismic data is especially important to de-
tect the presence or absence of overpres-
sure. For instance, acoustic blanking or
other amplitude phenomena within the
sealing layer suggest that the fractures are
local in scale and transmit overpressure. In
contrast, if the sealing layer near the pro-
posed well is fractured, the sand zone be-
low the sealing layer does not have an
overpressure (McConnell, 2000). Also, if
the sedimentation rate within the shallow
zone is more than 500 feet per million
years, the sand under this sealing layer is
under pressure. If the sedimentation rate
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of the shallow zone is smaller than 500
feet per million years, the shallow sands
do not have significant pressure. A
method to identify geopressure using seis-
mic data is to organize isopach maps of the
overburden pressure that covers the
clay/shale sealing layer. Thus, the areas
with geopressure potential are identified
qualitatively (Alberty et al., 1999). About
the overburden assessment, if there is evi-
dence of rapid deposition (such as slumps
and other rapid mass movements) at the
well site, it indicates overpressure within
the SWF zone.

4 A case study: evaluation of SWF in
the South Caspian Basin

4-1 Geology of the South Caspian
Basin

The South Caspian Basin has large hydro-
carbon reservoirs within the Early Plio-
cene production series (Vincent et al.,
2010). This sub-basin extends from the
heights of the Alborz Mountains to the
deepest part of the Caspian Sea (Lahijani
etal., 2019). The maximum water depth of
the South Caspian reaches 1025 meters
(Lahijani et al., 2019). The average pre-
cipitation of sediments from east to west
of the South Caspian Sea increases from
less than 150 mm/y to about 2000 mm/y
(Leroy et al., 2011). Characteristics of the
South Caspian include high deposition
rate of sediments, sediment thickness
above 20 km, low sediment density, low
geothermal gradient, and high-pressure
gradient (Smith-Rouch, 2006), which give
the conditions for the formation of SWF
zone.

An important issue about the South
Caspian Basin is the existence of channels
in this basin. As mentioned earlier, buried
shallow channels are the most facies for
creating the SWF zone. These channels
within the South Caspian Sea are the most
critical geohazards with overpressure and
saturation of water or gas, which causes
many problems in drilling operations

(Karbalali et al., 2018). Therefore, the ne-
cessity to review these channels in identi-
fying SWF within the South Caspian is
quite apparent and must be identified be-
fore drilling operations. The maximum of
SCB tectonic subsidence occurred within
the Pliocene-Quaternary. The value of tec-
tonic subsidence during Pliocene-Quater-
nary reaches 2 km, with a very high sub-
sidence rate (Brunet et al., 1997). The evo-
lution of SCB subsidence consists of two
stages. The first stage is related to the ex-
tension and cooling from the Jurassic to
the Pliocene. The second stage is the rapid
and short subsidence phase during the Pli-
ocene to Quaternary times. This subsid-
ence coincides with the uplift of the Cau-
casus Mountains, Kopeh Dagh Alborz
(Brunet et al., 2003). Due to the rapid sed-
imentation, the sediments are buried under
compaction, allowing the event of mud
volcano (Brunet et al., 2007) and the for-
mation of SWF zones. South Caspian sed-
iments are unconsolidated (Narimanov,
1993) and their average density pgq 1S
about 2500 kg/m® (Brunet et al., 2003).
The subsidence value of SCB is >
2.0 km/Ma and seafloor tempreture and
geothermal gradients are 5.8-6.2° C, and
11-17 C, respectively (Diaconescu et al.,
2001). Therefore, this condition may be a
suitable environment for the formation of
SWF sands and gas hydrate. In the Qua-
ternary, the sedimentation rate increased
only within the Azerbaijan part of the SCB
and reached 2.4 km/My. In the upper Pli-
ocene, the sedimentation rate decreased
after its maximum value (Nadirov et al.,
1997). Aging results also show sedimen-
tation rates between 1.4 to 2.45 mm/yr
within  this basin (Karbassi and
Amirnezhad, 2004).

Due to the tectonic setting, the sedimen-
tation rate is rapid in the subsidence basin.
In that case, it will cause a considerable
thickness of sediments to be deposited
during a short time. Increasing the over-
burden will cause overpressure for-
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mations, which may be a dangerous pa-
rameter in exploratory drilling. According
to previous studies in other parts of the
world, if the sedimentation rate is more
than 150 meters per million years, shallow
water flow (SWF) will be likely. How-
ever, the sedimentation rate in the South
Caspian has been more than this rate. The
SWF geohazard occurs in overpressure
and unconsolidated sands in the South
Caspian Sea. These sandy sediments were
deposited less than half a million years
ago. Due to the geological conditions and
sedimentation history of the Caspian Sea,
there is a possibility of this problem in the
South Caspian Sea. Mousavi-Roubakhsh
(2001) believed that the South Caspian
Basin is one of the regions with abnormal
formation pressure, such as the Gulf of
Mexico. Future exploration plans of this
exploration basin should be adjusted
based on overpressure basins. Therefore,
according to the previous studies in SCB
and the present review study, the South
Caspian Basin has all the standard quality
criteria introduced in section 3 of this pa-
per and has unique conditions for the for-
mation of SWF zones.

4-2 Seismic and log data in the South
Caspian Sea

The seismic data used in this study is 3D
post-stack seismic data with SEG polarity.
The 3D seismic data was acquired with a
bin spacing of 12.5 m (xline direction) x
25 m (inline direction) and a 4 m vertical
sampling interval. The high-frequency
content in seismic data is about 57 Hz,
with the dominant frequency of about
40 Hz. The reflection quality of post-stack
3D seismic data is suitable for the inter-
pretation of faults, horizons, and strati-
graphic features such as channels. Well-

log data includs P-wave and density log.
Density log is not available in the SCB, so
the Gardner equation was applied to create
it.

4-3 Method of SWF evaluation in the

South Caspian Sea

Seismic attributes specified as any calcu-
lation on seismic data that quantify some
features of structural and depositional en-
vironment (Chopra and Marfurt, 2005),
thereby could identify some properties of
interest. In this paper, possible locations of
channels and SWF zones have been iden-
tified by sweetness on the post-stack 3D
seismic data.

Seismic inversion is usually applied to
estimate the earth model (Russell, 1988).
Inversion analysis has been done to select
the different optimization parameters at
well location (Russell and Hampson,
2006). The synthetic seismogram was cre-
ated by convolving the reflectivity and
wavelet derived from density and acoustic
well logs and real seismic data. Nanda
(2016) recommended to extract the seis-
mic wavelet statistically. The generated
seismogram was used for the well-seismic
tie in post-stack seismic inversion to de-
termine the two-way travel-time and the
depth of the target zone. The tie between
the seismic data and synthetic data is rela-
tively good at the well location in the zone
of interest. Incorrect tying well logs to the
seismic data can lead to unreliable models
that reduce the confidence of inversion re-
sults. Then, the initial low-frequency
model (LFM) was applied by interpolating
corresponding well log data (P-wave and
density) along with seismic data. The ini-
tial model was updated until synthetic data
approximated seismic data to obtain the
inverted acoustic impedance.



A review of Shallow Water Flows (SWF) and evaluation of this problem by 3D ...

57

Iﬁum‘

1250m,
&

Figure 6. Different extracted maps of sweetness attribute below H1. (a) 40 ms (b) 50 ms
(c) 60 ms (d) 70 ms.
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Figure 7. (a,b) The initial low frequency model of the P-impedance along inline and xline, respectively. (c,d)
P-impedance sections after post-stack seismic inversion along inline and xline, respectively. Note: P-imped-
ance is decreased in SWF zones.
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Figure 8. Extracted maps of P-impedance (AI) from post-stack inversion below H3 from post-stack inversion
(a) 40 ms (b) 45 ms (c) 50 ms (d) 55 ms (e) 60 ms (f) 65 ms (g) 70 ms (h) 75 ms. Note: a significant SWF sand
zone could be seen at 45 ms to 60 ms below H1 in the central and eastern parts of the channel but from 60 ms

to 70 ms below H1, no SWF problem is observed.
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Two seismic horizons (H1 and H2) were in-
terpreted at a few distances from the top and
base of the channel zone.

4-4 Results and discussion of SWF
evaluation in the South Caspian Sea
Figure. Error! Reference source not found.6
displays different extracted maps of the
sweetness attribute below HI1. Sandy
channel has been observed with hot color
in 50 ms to 70 ms below H1. Therefore,
the channel is located between HI
(800 ms) and H2 (1050 ms), and the target
window is determined for post-stack seis-
mic inversion in this range.

In this study, the post-stack seismic inver-
sion method is model-based with hard
constraint 100%. Figure. 7 shows the ini-
tial model along inline and xline.
According to the initial model (Figures. 7-
a, 7-b) and the selected inversion method,
an appropriate match between real and
synthetic data has been derived from
inversion with minimum misfit error esti-
mates (Figure. Error! Reference source not
found.9).

P-impedance sections (along inline,
xline) of post-stack inversion have been
shown in the SWF zone (Figures. 7-c¢ , 7-
d). The most interesting aspect of Figures.
7-c and 7-d is that low P-impedance layers
(AI<3150((m/s).(g/cc)) which are sur-
rounded by higher impedance layers, are
the most likely parts of the section for cre-
ating SWF. That is related to the inter-
preted channel in Section 4-4-1. In order
to assess the location of the SWF sands in
this channel more accurately, Figure. 8
shows map views of P-impedance

Two Way Time (ms)
Two Way Time (ms)

between the H1 and H2 horizons. In these
map views, from 45 ms to 60 ms below
horizon H1, we predict a significant SWF
sand problem in the central and eastern
parts of the channel. Especially, for 55 ms
below horizon H1, the full channel in-
volves SWF problem. However, we have
not been observed any SWF problem from
60 ms to 70 ms below H1 by post-stack
inversion method.

Low impedance zones
(AI<3150((m/s).(g/cc)) in Figures. 7-c
and 7-d are consistent with low impedance
zones in the map views of the channel. Re-
sults from previous studies by Lu et al.
(2005) and Zhang et al. (2018) pointed out
that the channels are the most important
facies for SWF problem.

5 Conclusion

This review study introduces the problem
of shallow water flow (SWF) and its con-
sequences as a geohazard in hydrocarbon
exploration operations within the deep-
water basin. It refers to the South Caspian
Basin as one of the SWF-prone deep-wa-
ter basins. The main points can be summa-
rized as follows:

- Shallow water flow (SWF) is reported in
different deep-water basins at depths of
100 to 1000 meters below the seabed in
continental margin environments;

- From a geological point of view, the ba-
sins with rapid subsidence and high sedi-
mentation rates are ideal for the SWF
problem. In SWF-prone environments,
sands are mainly related to Pleistocene
and deposited in the channel, slump,
debris flow, turbidity sands, and chaotic

b i
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825 1 i
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975

Two Way Time (ms)
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Figure 9. Real vs. synthetic data and inconvenient error derived from the inversion.
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zone in the lowstand system tract;

- The main reason for SWF sands eruption
is overpressure water in the sandy zone
under the sealing layer. Generally, the
three main mechanisms which are im-
portant mechanisms for creating SWF are:
compaction disequilibrium, differential
compaction and structural hyperpressur-
ing;

- SWF causes buckling of the casing,
washout of the sand zone, loss of well in-
tegrity, and in some cases, destruction of
the platform and abandonment of the well;
- Many quantitative and qualitative criteria
have been introduced to identify SWF
sands. The foremost important are: Vp/Vs
ratio, Poisson’s ratio, formation overpres-
sure, fracture gradient, under compaction,
unconsolidation sediments, P-impedance,
and S-impedance;

- Many methods for studying SWF will be
selected consistent with the type of data
available (seismic data, well logs, and in
situ measurements). These methods in-
clude the seismic stratigraphic method, at-
tributes studies, pre-stack and post-stack
inversion, and pressure prediction in the
SWF zone;

- As one of the world's largest deep-water
basins in hydrocarbon exploration, the
South Caspian Basin is prone to SWF oc-
currence in its various parts. This basin
has suitable qualitative and quantitative
criteria for the SWF problem.

The findings of this study have a number
of important implications for drilling risk
and development plans in deep-water ba-
sins.
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