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Abstract
The purpose of this study is to look into the effects of borehole washouts on log measurements and the resulting error in 
predicting gas hydrate saturation using well logs. We employ logging while drilling (LWD) data from the Indian National 
Gas Hydrate Program's second expedition (NGHP-02) in 2015. The NGHP-02 expedition discovered a significant amount 
of gas hydrate in coarse grain sediments in the Krishna Godavari (KG) Basin while drilling, coring, and logging. Borehole 
collapse or washout at particular depths in the presence of loose sediments impacted downhole log data at a few sites. We 
chose Holes NGHP-02-22A and NGHP-02-23A drilled in Area B of the KG Basin for our investigation and attempted to 
compensate washout effects in density-derived porosity, sonic and resistivity measurements, and the corresponding effects in 
estimating gas hydrate saturation. We use the sand-shale porosity model to remove the washout effects from density-derived 
porosity at washed-out depths. The corrected porosities and washout parameters are then used in rock physics theory to 
remove the washout effects from resistivity and velocity measurements by assuming washed-out zones as vertical fractures 
filled with seawater. We also estimate gas hydrate saturations from resistivity and velocity logs, taking into account both 
pore-filling and fracture-filling distributions. Analyzing velocity and resistivity logs jointly, we obtain fracture-filled poros-
ity as 7.5% and 8% at Hole 02-22A and 02-23A respectively. Estimated saturation compared with that of the pressure core 
measurements show good correlation.

Keywords  Borehole washout · Anisotropy · Fracture porosity · Gas hydrate saturation

Introduction

Gas hydrate, a naturally occurring compound of gas (pri-
marily methane) and water, is recognised as a fuel of global 
interest due to its remarkable potential in reducing the 
energy crisis caused by fossil fuel scarcity. Gas hydrate is 
formed beneath permafrost and marine sediments under suit-
able low temperature and high pressure conditions (Kven-
volden 1988; Sloan and Koh 2007; Makogon 2010; Huang 
et al. 2020). Aside from the potential energy resource, meth-
ane hydrate dissociation can cause marine geohazards such 

as seafloor subsidence, slumps, and slides, as well as global 
climate change due to methane gas emissions into the atmos-
phere (Ruppel and Kessler 2017; Wang et al. 2020). Seismic 
and well log data are commonly used to detect the presence 
of gas hydrate in sediments. Using rock physics theories, the 
velocity and resistivity of the host sediments elevated in the 
presence of gas hydrate can be translated into the amount of 
gas hydrate (Ghosh et al. 2010; Wang et al. 2013; Phillips 
et al. 2014). Several studies have been conducted to charac-
terise gas hydrate-bearing sediments in the KG Basin using 
well logs from the NGHP-01 and -02 expeditions (Jana et al. 
2015, 2017; Ojha et al. 2016; Joshi et al. 2019; Pandey et al. 
2019; Yadav et al. 2019; Singh et al. 2020; Ghosh and Ojha 
2021). But, least attempts have been made in analyzing the 
effects of borehole washout and fracture porosity in estimat-
ing the gas hydrate saturation in this area.

In this study, we investigate the effect of borehole wash-
outs on calculating gas hydrate saturation using velocity and 
resistivity logs at NGHP-02-22A and -02-23A of Area B in 
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the KG Basin. We also try to obtain optimal fracture poros-
ity by jointly analysing resistivity and sonic logs (Liu et al. 
2020). Borehole washout, which is caused by the presence of 
loose and uncompacted sediments, can impact the measure-
ments of numerous physical parameters during downhole 
logging. Because of the borehole fluid intrusion, the density 
measurement is the most affected log. We use sonic and 
resistivity logs to rectify the density-derived porosity, which 
is the most critical parameter for estimating gas hydrate satu-
rations (Marion et al. 1992; Kolterman and Gorelick 1995; 
Lee 2012; Lee et al. 2012). Using resistivity and sonic logs, 
we analyse gas hydrate saturations at holes NGHP-02-22A 
and -02-23A in Area B of the KG Basin, considering the 
impacts of borehole washout as well as anisotropy due to 
fracture-filled gas hydrate. With and without addressing 
borehole washout effects, we notice considerable differ-
ences in gas hydrate saturation estimations. To ensure the 
accuracy of the findings, pressure core readings from Holes 
NGHP-02-22A and -02-23A were compared to the resistiv-
ity and velocity-derived gas hydrate saturations (pore-filling 
and fracture-filling).

Study area and data

The NGHP-01 expedition in 2006 found most of the gas 
hydrate deposits as fracture-fill in the clay-dominated sedi-
ments in the KG Basin (Collett et al. 2008). Whereas, the 
NGHP-02 expedition in 2015 conducted in deepwater of the 
KG Basin found gas hydrate deposits in the coarse-grained 
sand-bearing sediments at many sites (Collet et al. 2014; 
Boswell et al. 2019). The current study is carried out at Sites 
NGHP-02-22 and NGHP-02-23, located in Area-B of the 
KG Basin (Fig. 1).

Area B is characterized by a syncline present along the 
flanks of the regionally prominent anticlinal structure. The 
Site NGHP-02-22 is located off the main axis of the anticline 
at a water depth of 2557 m. At this well location, three holes 
were drilled, where the LWD data were acquired at Hole 
02-22A, conventional coring was done at Hole 02-22B, and 
wireline logging (WLL), vertical seismic profiling (VSP), 
conventional and pressure coring were carried out at Hole 
02-22C. The Site NGHP-02-23 is located along the crest of 
the anticline at a water depth of 2554 m.

LWD data were acquired at Hole 02-23A, conventional cor-
ing was done at Hole 02-23B, and WLL and pressure cores 
were collected at Hole 02-23-C (Waite et al. 2019). At NGHP-
02-22, gas hydrate is distributed as fracture-filling at depths 
ranging from 100 to 190 mbsf, and as both pore- and fracture-
filling at depths ranging from 207 to 290 mbsf, BSR depth 
(Collet et al. 2019; Ghosh and Ojha 2021). At Site NGHP-02-
23, gas hydrate is distributed as fracture-filling at depths rang-
ing from 165 to 198 mbsf and pore-filling at depths ranging 

from 271 to 288 mbsf, BSR depth (Collett et al. 2019; Ghosh 
and Ojha 2021). The caliper, gamma-ray, bulk density, elec-
trical resistivity, sonic velocity, and density-derived porosity 
used in this study at holes NGHP-02-22A and NGHP-02-23A 
are depicted in Fig. 2.

Methodology and results

First, we take into account the effects of significant borehole 
washouts and correct the density-derived porosity. Using 
this corrected porosity, we remove the washout effects from 
observed sonic and resistivity logs, and then calculate gas 
hydrate saturation for both pore- and fracture-filling distri-
butions. For better understanding of the method used in this 
study, a flowchart is shown in Fig. 3. The details of the meth-
ods are briefly described below.

Borehole washout correction

The borehole washouts are indicated by large borehole diam-
eters at various depths noticed from the caliper logs. We con-
sider washed-out zones where the borehole diameter is larger 
than 9 inches for both holes (Fig. 2a, b). Diameter of the drill 
bit used in logging was 8.5 inches. The modified sand-shale 
porosity model (Kolterman and Gorelick 1995) of Marion 
et al. (1992) is used to rectify the influence of these washouts 
on density-derived porosity. The correction in porosity (∆ϕ) 
is calculated as follows, 

(1)
Δ𝜙 = 𝜙sand − y1Vsh

(
1 − 𝜙shale

)
+
(
1 − y1

)
Vsh𝜙shale, forVsh < 𝜙sand,

Fig. 1   Locations of the NGHP-01 (pink-filled circles) and -02 (yel-
low-filled circles) expedition sites in the KG and Mahanadi Basins. 
The zoomed section of the study area (red color rectangle) is shown 
as an inset, where Sites NGHP-02-22 and NGHP-02-23 are indicated 
by the green-filled circles
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Fig. 2   LWD (a) caliper, (b) gamma-ray, (c) bulk density, (d) electrical resistivity, (e) sonic velocity logs and (f) density-derived porosity at Hole 
NGHP-02-22A (top panel) and NGHP-02-23A (bottom panel). The base of gas hydrate stability zone (BGHSZ) is marked by the dashed line
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and,

w h e r e  y1 = Vsh(ymin − 1)∕�sand + 1  a n d 
y2 =

(
Vsh−1

)(
1−ymin

)
∕
(
1−�sand

)
+ 1 , �sand is the sand 

porosity,�shale is the shale porosity. For the marine sedi-
ments the value of ymin can be used as 0.78 (Pratson et al. 
2003; Lee et al. 2012). Vsh is the shale volume computed 
using the gamma-ray log. �sand and �shale are used as 0.62 
and 0.68 at Hole NGHP-02-22A and 0.60 and 0.65 at Hole 
NGHP-02-23A, respectively. The values of �sand and �shale 
are chosen from the corresponding depths of occurring sand 
and shale (clay) with no washout zones. Figure 4 shows the 
corrected density-derived porosities at Hole NGHP-02-22A 
and NGHP-02-23A. For the deriving porosity from density 
logs, the matrix density is used as 2.7 g/cm3

. Next, using 
this corrected-porosity, we correct sonic and resistivity logs.

(2)Δ� = �shaleVsh + �sand

(
1 − y2

)
, forVsh ≥ �sand,

Correction in resistivity log and estimation of pore‑filling 
gas hydrate saturation

The resistivity of the fully water-saturated sediment ( R0 ) 
is calculated as,

where a and m are Archie's constants obtained 
using the crossplot between the formation factor 
( FF = R

O
∕R

w
= a�−m ) and density-derived porosity (ϕ). 

The constants, we obtain as a = 0.58, m = 3.5 at Hole 
NGHP-02-22A and a = 0.82, m = 3 for Hole NGHP-
02-23A (Ghosh and Ojha 2021). The connate water 
resistivity Rw is computed using Arp’s (1953) formula 
( Rw2 = Rw1(T1 + 21.5)∕(T2 + 21.5) ), where, Rw1 and Rw2 
are resistivity of water at the temperature T1 (seafloor tem-
perature) and T2 (temperature at any depth below seafloor). 
Seafloor temperature is 3 °C. and the geothermal gradient 
is 64 °C/km at Hole 02-22A and 70 °C/km at Hole 02-23A. 
The resistivity of the fully water-saturated sediment ( R0 ) is 
corrected by considering the washed-out zone as a vertical 
fracture filled with seawater (Lee et al., 2012; Lee, 2012). 
R0 in the washout zone is expressed (Kennedy and Herrick, 
2004) as,

(3)R0 = aR
w
�−m

,

Fig. 3   Workflow of the methodology used in modeling of borehole 
washouts and fractures

Fig. 4   Porosities derived from the density logs (red curves), the cor-
rected density-porosities (blue curves) and core-derived porosity (yel-
low filled circles) at Hole NGHP-02-22A (top) and NGHP-02-23A 
(bottom). Caliper logs (black curves) with enlarged borehole diameter 
(inch) at various depths indicate the washout zones
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with, V
wash

= �(1 − V
sh
)3 for Vsh < Vth

and Vwash = 0 , for Vsh =< Vth,
where Rsw is the resistivity of seawater (0.4 Ω-m) and, 

RC is the resistivity of clay (5 Ω-m). If Vwash = 1 , the resis-
tivity logging tool records the resistivity of seawater and if 
Vwash = 0 , the tool records the true formation resistivity. The 
volume of washout, Vwash is proportionate to the sand volume 
present in the formation. The calibration factor δ is deter-
mined by matching the theoretical R0 with observed resis-
tivity at depths with no washout and no gas hydrate zones, 

(4)
R0 = (1 − V

wash
)[(�m∕aR

w
) + ((1 − ϕ)V

sh
∕R

c
)] − 1 + V

wash
R
sw
,

which is obtained as 0.5 at Hole 02-22A and 0.55 at Hole 
02-23A. Vth is the threshold volume fraction of shale, below 
which it indicates the uncompacted and above which it indi-
cates the compacted sediments The threshold shale volume 
( Vth ) is obtained from the gamma-ray log by observing a 
trend, which is 0.32 and 0.35 at Holes 02-22A and 02-23A, 
respectively. Figure 5 depicts a comparison of resistivities 
of fully water-saturated sediments without and with washout 
effects at Holes 02-22A and 02-23A. Difference between 
washout corrected R0 (yellow curve in Fig. 5) and theoretical 
R0 (blue curve in Fig. 5) is the correction to the measured 
formation resistivity ( Rt ). Using the corrected porosity and 

Fig. 5   Resistivity of fully water-saturated sediment ( R0 ) without 
(blue curves) and with (yellow), measured resistivities ( R

t
 ) without 

(black curves) and with (red curve) washout correction. Correspond-
ing pore-filling gas hydrate saturation without (green) and with (pur-

ple) washout correction to the measured resistivity at Holes NGHP-
02-22A and NGHP-02-23A. Black circles filled with yellow are gas 
hydrate saturation from pressure core measurements. Density-derived 
porosity used here is corrected for washout
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corrected Rt , we calculate gas hydrate saturation for pore-
filling distribution. The amount of water ( Sw ) present in the 
pores of the sediment is calculated (Archie 1942) as,

where n is the saturation exponent. Amount of gas hydrate 
is calculated as,

We can see a significant difference in saturation estimated 
without (green curve in Fig. 5) and with (purple curve in 
Fig. 5) considering the effects of washouts on measured 
resistivities, within the depth intervals 0–150 mbsf at Hole 
02-22A and 0–70 mbsf at Hole 02-23A.

Correction in sonic log and estimation of pore‑filling gas 
hydrate saturation

For a medium consisting of two components, any elastic 
parameter ( G ) can be calculated (White 1965) as,

where �1 and �2 are the volume fraction of the first and sec-
ond component respectively. For correcting sonic meas-
urements due to washout, we assume a two-component 
medium, one component is seawater-filled vertical fracture 
and another component is the host sediment (Lee et al. 2012; 
Lee 2012). The P-wave velocity ( VP ) is calculated using 
equations in terms of Lame's parameters � and � as,

where A = ⟨ 4�(�+�)
�+2�

⟩ + ⟨ 1

�+2�
⟩−1⟨ �

�+2�
⟩2 , and � = ⟨�⟩,

If the first component is washed-out volume ( Vwash ), then 
�1 = Vwash , which is expressed as,  Vwash = �(1 − Vwash)

3 for 
Vsh < Vth , Vwash = 0 for Vsh =< Vth.

Where δ is a calibration factor, which is determined 
by matching the theoretical VP with observed VP at no gas 
hydrate and no washed-out zone. We obtain δ as 0.88 at 
Hole 02-22A and 0.55 at 02-23A. IfVwash = 1 , the sonic log-
ging tool records the velocity of seawater and ifVwash = 0 , 
the tool records the true formation velocity. The volume of 
washout, Vwash is proportionate to the sand volume present 
in the formation. Threshold shale volume ( Vth ) is used as 
0.32 and 0.35 at Holes 02-22A and 02-23A, respectively. 

(5)Sw =

(
R0

Rt

) 1

n

,

(6)S
h
= 1 − S

w
.

(7)⟨G⟩ ≡ �1G1 + �2G2,

(8)
⟨
1

G

⟩−1

≡

(
�1

G1

+
�2

G2

)−1

,

(9)VP = (A∕�)1∕2,

Parameters used to model the washed-out zones at Hole 
02-22A are P-wave velocity VP1 = 1.5 km/s, S-wave velocity 
VS1 = 0.001 km/s, density �1 = 1.03 g/cm3, for the seawater-
filled fracture and for the host sediment, VP2 = 1.786 km/s, 
VS2 = 0.27 km/s, and �2 = 1.52 g/cm3. While at Hole 02-23A, 
the parameters used are VP1 = 1.5 km/s, VS1 = 0.001 km/s, 
�1 = 1.03 g/cm3 for the seawater-filled fracture and for the 
host sediment,  VP2 = 1.713 km/s, VS2 = 0.21 km/s, and �2 = 
1.652 g/cm3. The parameter δ used in obtaining the wash-
out volume ( Vwash ) is 0.88 at Hole 02-22A and 0.55 at Hole 
02-23A. The volume of shale ( Vsh ) used is derived from 
the gamma-ray log. The threshold shale volume Vth is used 
as 0.32 and 0.35 at Hole 02-22A and 02-23A, respectively. 
Various elastic parameters used in velocity modeling are 
given in Table 1 (Appendix A). We use three-phase Biot-
type equation (Lee and Collett 2009) for calculating veloc-
ity of the host sediment (2nd component). There are many 
theories available in the published literature that relate the 
elevated velocity of the sediments in terms of the amount 
of gas hydrate available in pores (Lee et al. 1996; Ecker 
et al. 1998; Dvorkin et al. 1999, 2003; Helgerud et al. 1999; 
Tinivella 1999; Jakobsen et al. 2000; Dai et al. 2008; Lee 
and Collett 2009; Ghosh et al. 2010). In this study, we use 
the three-phase Biot-type equation (TPBE), which is sim-
ple and provide satisfactory results in highly porous uncon-
solidated marine sediments (Sain and Ojha 2008; Ojha and 
Sain 2013; Lee and Collett 2009; Ojha and Ghosh 2021) 
without considering the anisotropy due to the orientation of 
clay platelets (Ghosh and Ojha 2021). Figure 6 shows the 
comparison of pore-filling gas hydrate saturation with and 
without considering borehole washouts in calculating water-
saturated velocity at Holes 02-22A and 02-23A. We observe 
a substantial difference in the saturation estimated with and 
without considering borehole washout effects. After apply-
ing the washout corrections to sonic and resistivity logs 
measurements we use them to estimate fracture-filling gas 
hydrate saturation at two holes.

Fracture‑filling gas hydrate saturation from velocity 
and resistivity logs

To estimate the amount of gas hydrate deposited as frac-
ture-filling, at first, we should identify those fractures. 
For this, we analyse resistivity-at-bit (RAB) image, RING 
and propagation resistivity and sonic logs. From the RAB 
images (Fig. 7), it is noticed that the identified vertical to 
near-vertical resistive fractures are present in clay-dominated 
sediments at the depth intervals of ∼108–290 mbsf at Hole 
02-22A and from ∼92–255 mbsf at Hole 02-23A.

The LWD propagation (phase and attenuation) resis-
tivity logs (Fig. 8) acquired at Hole NGHP-02-22A and 
-02-23A confirm the presence of RAB image-inferred 
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stratigraphic units with near vertical to vertical gas hydrate 
filled resistive fractures. Figure 8 shows the separation 
between the phase and attenuation resistivity curves, which 
are likely due to the occurrence of resistive gas hydrates in 
the fractures identified from image logs. These separations 
also illustrate that if resistive gas hydrates are present in 
the vertical fractures then the phase resistivity log (P40H 
or P16L) values exceed the attenuation resistivity (A40H 
and A16L) log values at the corresponding depths of high 
angle-gas hydrate filled fractures. Fractures identified from 
the RAB image logs (Fig. 7) and separations observed 

between the propagation resistivity curves (Fig. 8) assure 
the presence of fractures with dip 82º, 80º, 70º, 68º and 52º 
within the depth range of 167–256 mbsf at Hole 02-22A 
and 72º, 68º, 65º, 62º, 58º and 39º within the depth range 
of 106–240 mbsf at Hole 02-23A.

Next, we analyse the presence of fractures by crossplot-
ting the formation factor (resistivity) and sonic log (Fig. 9). 
The trend of both formation factors and velocities (scaled) 
follows each other except at a few depth intervals, which 
are possibly due to the presence of near-vertical to vertical 
fractures (Lee and Collett, 2012).

Fig. 6   Fully water-saturated theoretical sediment velocities ( V
P0 ) 

without (blue curves) and with (dotted yellow) corrected porosity. 
Measured P-wave velocities ( V

P
 ) without (black curves) and with 

(dotted red) washout correction. Corresponding gas hydrate satura-

tion without (green) and with (dotted purple) borehole washouts cor-
rections to the observed velocities are shown at Holes NGHP-02-22A 
and NGHP-02-23A. Black circles filled with yellow are gas hydrate 
saturation from pressure core measurements
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After analysing the presence of fractures qualitatively, 
it is important to know the amount of fractures present in 
sediments. Using only sonic or resistivity logs, it is very 
difficult to quantify the fractures. For this, we crossplot  
formation factors and velocities at two holes (Fig. 10), 
where red dots represent whole data and green dots rep-
resent the mismatched data in Fig. 9. Theoretical curves 
are computed for both pore-filling, and fracture-filling gas 
hydrate with dips 0º and 90º and fracture porosity of 7.5, 7 
and 5% at Hole 02-22A and 8, 6 and 4% at Hole 02-23A. 
From Fig. 10, it is observed that the vertical fractures with 
fracture porosity of 7.5% at Hole 02-22A and 8% at Hole 
02-23A are matching well with mismatched data. Using 
these fracture porosity, we show theoretical responses 
for different dip angles of fractures at Holes 02-22A and 
02-23A in Fig. 11. The presence of gas hydrate-filled frac-
tures in mismatched zones (Fig. 9) is well correlated with 
the fractures identified from the RAB images (Fig. 7). The 
details of the theory for calculating the velocity of gas 
hydrate-filled fractures (Lee and Collett, 2009) are given 
in Appendix A. In Figs. 10 and 11, the water-filled porosi-
ties of 55% at Hole 02-22A and 63% at Hole 02-23A are 
chosen from the corrected density-derived porosity of the 
respective sites. The model parameters used for the frac-
tures filled with 100% gas hydrate are VP1=3.744 km/s, VS1

=1.946 km/s, and �1=0.926 g/cm3. The velocities for the 
isotropic medium composed of water-saturated sediments 
(end-member case 2) are modeled using the three-phase 
Biot type equation with the parameters given in Table 1 
(Appendix A) at Holes 02-22A and 02-23A. For modelling 
of fracture-filling (anisotropic) gas hydrate using resistiv-
ity logs, we consider a medium composed of two compo-
nents, in which component 1 is fracture filled with 100% 
gas hydrate (volume fraction of η and fracture porosity �1 ) 
and component 2 is fully water-saturated sediments with 
the porosity �2 and volume fraction ( 1 − � ). In a fractured 
medium, there are two formation factors (Kennedy and 
Herrick 2004), one parallel to the fracture ( Fh ) and another 
perpendicular to the fracture ( Fv ), which are expressed as,

where the effective anisotropic formation factor is written as,

where � is the fracture angle. Parameters used to model the 
second component (fully water-saturated sediment) are the 

Fh =
1

��m1
1

�1
+

(1−�)�m2
2

�2

andFv =

��m1
1

�1
+

(1−�)�m2
2

�2

�m1
1
�m2
2

(�1�2)

,

(10)Fxx = Fhcos
2� + Fvsin

2
�,

Fig. 7   A section of 360º unwrapped LWD GeoVISION resistivity-at-bit (RAB) image logs and core lithology at Hole NGHP-02-22A (left panel) 
and NGHP-02-23A (right panel). Disc and LC are the short form of discontinuous and low confidence, respectively
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same as those used for isotropic resistivity modeling. The 
formation factor of component 2 (water-bearing sediments) 
can be computed using the recorded resistivity measure-
ments and isotropic Archie's empirical equation. In case of 
fracture, the formation factor is a function of a representative 
porosity �1 , which is not the true porosity of the fracture.

Next, the isotropic and anisotropic modeled responses 
of resistivity and velocity are translated into correspond-
ing gas hydrate saturation. Figure 12 shows the compari-
son of velocity-derived saturations with the pressure core 
observations at Hole 02-22A and 02-23A. Figure 13 shows 
the comparison of resistivity-derived saturation estimates 
with the pressure core observations at Hole 02-22A and 
02-23A. It is observed from Figs. 12 and 13 that the gas 
hydrate saturation obtained using resistivity logs for both 
pore- and fracture-filling match well with the pressure core 
measurements. However, a substantial discrepancy can be 
observed between the velocity-derived saturation estimates 

and pressure-core measurements, which may be due to the 
lower resolution of velocity compared to that of resistivity.

Discussion

In this study, we look into the effects of washout on poros-
ity, velocity, and resistivity measurements taken at the 
KG basin's Holes NGHP-02-22A and -02-23A. Washout 
effects in log measurements are mostly compensated for 
during well log data acquisition and processing. In this 
study, the sand-shale porosity (KG) model is used to cor-
rect the erroneous density-derived porosity log values. The 
effects of washout on velocity and resistivity log responses 
are compensated for in the study using a vertical fracture 
model, with the washout zone assumed to be a vertical 
fracture occupied by seawater. The washout effects on 
velocity logs are found to be more complicated and non-
linear than those on resistivity logs. It is critical for the 

Fig. 8   LWD RING resistivity and propagation resistivity (phase and 
attenuation) measured at low (400 kHz) and high (2 MHz) frequen-
cies at a source-receiver spacing of 16 and 40 inches at Hole NGHP-
02-22A and NGHP-02-23A. Gas hydrate-filled vertical fractures 

(with dip 39°, 52°, 58°, 62°, 65°, 68°, 70°, 72°, 80°, 82°) identified 
from RAB images are encircled in green and depict the separation 
between the propagation resistivity curve at different depths
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quantitative analysis to accurately determine the size of the 
washout responsible for the degradations in the log meas-
urements. The washout compensation model assumes that 
the size of the washout has a direct relationship with the 
sand volume and an inverse relationship with the shale vol-
ume. However, the preceding scenario is not valid if there 
is significant scattering in the volume of shale and caliper 
data. The presence of gas hydrates in washout columns is 
most likely due to uncertainties in Archie's parameters or 
to the effects of washouts at both sites. However, obtaining 
an exact amount of gas hydrate saturation value is difficult 
because there is a large difference between the saturation 
estimated by both the resistivity and velocity-based meth-
ods. Other possible explanations for this significant dif-
ference include the source-receiver spacing relative to the 
washout zone, which varies depending on the tool used 
in logging, as well as the effects of washout size, which 
varies from log to log.

The research also looks into the gas hydrate-filled fracture 
characteristics for different dip angles, as well as the cor-
responding gas hydrate saturation estimates. The estimated 
gas hydrate saturations at the respective sites are comparable 
to the pressure core-derived saturations. According to previ-
ous research, gas hydrate is most commonly found in clay-
dominated sediments as near-vertical to vertical fractures 
(Collett et al. 2008; Cook and Goldberg 2008; Cook 2010; 
Lee and Collett 2012; Liu et al. 2020). The fracture porosity 
is a dominant and significant factor in estimating fracture 
dips and corresponding hydrate saturations (Lee and Collett 
2012). During the modelling of the gas hydrate-filled frac-
tured reservoir, we must choose the porosity of the fracture 
very precisely. However, utilising resistivity and velocity as 
independent quantities will not allow us to make this deci-
sion. So, in Hole 02-22A and 02-23A, we undertake a joint 
analysis of resistivity and velocity characteristics for various 
fracture dips to determine the correct fracture porosity of 

Fig. 9   Plots of formation factors 
and P-wave velocities at Hole 
NGHP-02-22A and NGHP-
02-23A. Mismatched zones 
indicate the probable washout 
effects and presence of near-
vertical to vertical fractures
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7.5 and 8%. Fracture dips exceeding 40º are not included in 
the crossplot of anisotropic model responses of formation 
factor and velocity since they are found to respond similarly 

to vertical fractures. In the resistivity and velocity-based ani-
sotropic numerical model, the volume fraction of fracture is 
assumed to be identical to the volume percent of gas hydrate. 

Fig. 10   Crossplot between anisotropic modelled responses of formation factor and P-wave velocity, assuming fracture porosity of 7.5, 7, 5% at 
Hole NGHP-02-22A and 8, 6, 4% at Hole NGHP-02-23A. Mismatch data refers to Fig. 9

Fig. 11   Crossplot between anisotropic modelled responses of formation factor and P-wave velocity for various resistive fractures with a fracture 
porosity decided as 7.5% at Hole NGHP-02-22A and 8% at Hole NGHP-02-23A. Mismatch data refers to Fig. 9
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RAB images and propagation resistivity curves alone are 
insufficient to detect fracture dips. To correctly verify the 
presence of the gas hydrate-filled fracture dips identified 
using the resistivity and velocity modelling approach, we 
used a combination of LWD RAB images and Propagation 
resistivity curves. Separation between the propagation (phase 
surpassing attenuation) and attenuation (phase exceeding 
attenuation) resistivity responses are observed when resis-
tive gas hydrates are found in near-vertical fractures (Lee 

and Collett 2012). Some resistive vertical fracture dips show 
reverse behaviour (attenuation surpassing phase resistivity 
response) in the investigation, which could be attributable to 
the orientation of the relevant fractures. The volume fraction 
of gas hydrate for both pore and fracture-filling gas hydrates 
are calculated using confirmed fracture porosities at cor-
responding sites and validated with pressure core measure-
ments from two Holes NGHP-02-22A and -02-23A. There 
is a good match between the resistivity-derived gas hydrate 

Fig. 12   Gas hydrate saturation obtained from sonic velocity and pressure cores assuming pore- and fracture-filling distributions at Hole NGHP-
02-22A (left panel) and NGHP-02-23A (right panel)
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saturations and the pressure core measurements at two holes. 
However, there is a significant difference between velocity-
derived gas hydrate saturation estimates and pressure core 
data at NGHP-02-22A and -0-23A. The observed error could 
be: (1) due to the choice of sediment porosities, which has 
a significant effect on the elastic properties of the sediment, 

or (2) effects of the host (pore or fracture) sediments, which 
determine the formation and occurrence of gas hydrates, (3) 
due to the orientation of resistive fractures, and (4) due to 
the presence of higher grain density content than the grain 
density used in our isotropic-anisotropic based rock physics 
models.

Fig. 13   Gas hydrate saturation obtained from resistivity and pressure cores assuming pore- and fracture-filling distributions at Hole NGHP-02-
22A (left panel) and NGHP-02-23A (right panel)
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Conclusions

We model the effects of borehole washouts and resistive frac-
tures using LWD and pressure core measurements from sites 
NGHP-02-22 and -02-23 in the KG basin’s gas hydrate-inferred 
Area-B. The following are the key findings of our study:

Caliper-inferred washout effects in porosity, velocity, and 
resistivity log measurements result in an incorrect estimation 
of gas hydrate saturation. The sand-shale porosity model is 
used to correct the porosity values.

Resistivity and velocity log measurements are corrected 
by assuming the washed-out column to be a seawater-filled 
vertical fracture, for which, we conduct a joint analysis of 
anisotropic resistivity and velocity responses at two sites.

The resistivity-based saturations obtained for various 
fracture dips match pressure core measurements at both well 
locations. Except for a few depths at Hole NGHP-02-22-A, 
the velocity-based saturations show a good match with pres-
sure core measurements. The uncertainties associated with 
parameters chosen, such as sediment porosity, or assump-
tions made for lithology (sand and clay) content, could be 
plausible reasons for this mismatch.

Appendix A: Isotropic velocities

Bulk and shear modulus of the sediments using three-phase 
Biot-type equation (Lee and Collett 2009) are expressed as,

where 1

Kav

=
(�1−�)

kma
+

�w

kw
+

�h

kh
 , �1 =

�as(1+�)

(1+��as)
 , �2 =

�(1+��)

(1+���)
 and 

� =
1+2�

1+�
.

The bulk ( kma ) and shear modulus ( �ma ) of sediment 
matrix are calculated using Hill’s average equation (Hill 
1952). � is the porosity of the sediment,�as = �w + ��h is 
the apparent porosity, �h = Sh� is the gas hydrate saturated 
porosity, �w =

(
1 − Sh

)
� is the water-saturated porosity 

and Sh is the gas hydrate saturation. The value of � is used 
here as 0.12. The consolidation parameter � = �o(do∕h)

1∕3 , 
where �o is chosen as 65 at Hole NGHP-02-22A and 45 at 
Hole NGHP-02-23A by calibrating the theoretical velocity 
of water-saturated sediment with the observed velocity of no 
gas hydrate zones,do is the maximum depth of investigation 
below seafloor and h is the depth below seafloor.

The P-wave velocity ( VP) for the pore-filling gas hydrate 
distribution is written as,

(11)k = kma
(
1 − �1

)
+ �2

1
Kav,

(12)� = �ma

(
1 − �2

)
,

where �b = �s(1 − �) + �w�(1 − Sh) + �h�Sh is the bulk 
density of sediment, �s is the matrix density, �w is the density 
of water and �h is the density of gas hydrate (see Table 1).
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