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Abstract The degree of gas hydrate saturation at Integrated Ocean Drilling Program
(IODP) Site C0002 in the Kumano Basin, Nankai Trough, was estimated from loggingwhile-drilling logs and core samples obtained during IODP Expeditions 314 and 315.
Sediment porosity data necessary for the calculation of saturation were obtained from both
core samples and density logs. Two forms of the Archie equation (‘quick-look’ and ‘standard’) were used to calculate gas hydrate saturation from two types of electrical resistivity
log data (ring resistivity and bit resistivity), and a three-phase Biot-type equation was used
to calculate gas hydrate saturation from P-wave velocity log data. The gas hydrate saturation baseline calculated from both resistivity logs ranges from 0% to 35%, and that
calculated from the P-wave velocity log ranges from 0% to 30%. High levels of gas hydrate
saturation (>60%) are present as spikes in the ring resistivity log and correspond to the
presence of gas hydrate concentrations within sandy layers. At several depths, saturation
values obtained from P-wave velocity data are lower than those obtained from bit resistivity data; this discrepancy is related to the presence of free gas at these depths. Previous
research has suggested that gas from deep levels in the Kumano Basin has migrated up-dip
towards the southern and seaward edge of the basin near Site C0002. The high saturation
values and presence of free gas at site C0002 suggest that a large gas flux is flowing to the
southern and seaward edge of the basin from a deeper and/or more landward part of the
Kumano Basin, with the southern edge of the Kumano Basin (the location of site C0002)
being the main area of fluid accumulation.
Key words: Chikyu, Expedition 314, Expedition 315, free gas, gas hydrate, Integrated
Ocean Drilling Program, Kumano forearc basin, logging data analysis, Nankai trough, Site
C0002.

INTRODUCTION
Gas hydrates are (i) a potential future energy
resource, (ii) a cause of submarine geohazards,
and (iii) a key factor in global climate change
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(Kvenvolden & Keith 1993). Sediments containing
methane hydrates are characterized by specific
pressure–temperature conditions that occur in
regions of permafrost and beneath the sea at outer
continental margins (Kvenvolden 1988); for
example, gas hydrates are widely distributed
in accretionary prisms and overlying forearc
basins in subduction zones (Yamada et al. 2014),
doi:10.1111/iar.12064
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accretionary prisms of the Middle American
Trench (Kvenvolden & McDonald 1985), offshore
of Costa Rica (Shipboard Scientific Party 1997),
and along the Cascadian margin (Tréhu et al. 2003;
Expedition 311 Scientists 2005). Gas hydrates in
subduction margins have also been identified in the
Nankai Trough offshore from Japan, based on the
presence of bottom-simulating reflectors (BSRs;
e.g. Ashi et al. 2002; Baba & Yamada 2004). The
identification of areas of gas hydrate accumulation
and migration of hydrate-forming fluids in accretionary prism and overlying forearc basin
sequences is therefore one of the most important
areas of research in the subduction zone offshore
from Japan. Our aim in this paper is to estimate
how much gas hydrate is concentrated, and to
reveal the dynamics of free gas that forms gas
hydrate, in the Kumano forearc Basin, Nankai
Trough.
Previous scientific drilling expeditions have identified the presence of gas hydrates in the Nankai
Trough, located to the southwest of the Japan
islands. These gas hydrates are located in the toe
of an accretionary prism off Muroto (Taira et al.
1992) and offshore from the mouth of the Tenryu
River (e.g. Tsuji et al. 2004). The Nankai Trough
accretionary prism and the Kumano forearc Basin
have massive gas hydrate in their formations
(e.g. Bangs et al. 2010; Kinoshita et al. 2011). The
NanTroSEIZE drilling program of the Integrated
Ocean Drilling Program (IODP) undertook investigations across the Nankai Trough accretionary
prism and the Kumano forearc Basin, employing
the drilling vessel Chikyu (e.g. Expedition 314
Scientists 2009a; Expedition 319 Scientists 2010),
including drilling into gas hydrate-bearing sediments of the Kumano Basin (Kinoshita et al. 2009;
Fig. 1).
Recent research conducted as part of the
NanTroSEIZE program identified both the source
and location of gas for the gas hydrates in the
southern or seaward region of the Kumano Basin.
Doan et al. (2011) determined that free gas is generated by organic-rich layers at IODP Site C0009
(Fig. 1), landward from the edge of the basin, and
suggested that this free gas migrates upwards and
accumulates within tilted layers of coarser sediments. This is consistent with the characteristics
of logging undertaken at the seaward edge of the
Kumano Basin at IODP Site C0002 (Saito et al.
2010; Fig. 2), although the actual amount of gas
hydrate in this area is still unknown. Here, we
present new calculations for the saturation of gas
hydrate in sediments at the seaward edge of the
© 2014 Wiley Publishing Asia Pty Ltd

Kumano Basin at Site C0002; these data reveal
fluid migration pathways and fluxes at the edge of
the Kumano Basin.

MATERIALS AND METHODS
DATASET

A well-developed BSR has been imaged by
seismic data obtained at IODP Site C0002 in the
Kumano Basin (Fig. 1). Logging-while-drilling
(LWD) logs recorded during Expedition 314
provide comprehensive in situ information on the
nature of gas hydrate at this site (Expedition 314
Scientists 2009a; Tobin et al. 2009; Fig. 2). Four
primary logging units were defined in addition to
two zones within logging Unit II, and gashydrate-bearing zones were defined on the basis
of logging data, and labeled Zone A (Table 1;
Expedition 314 Scientists 2009a). During Expedition 315, drilling penetrated the uppermost
1400 m of the Kumano Basin sequence, and cores
were obtained from both the basin sedimentary
sequence and the underlying accretionary prism.
However, no core samples were obtained from
depths of 200–400 m below the seafloor during
either Expedition 314 or 315, which are depths at
which gas hydrates are present at this site. The
LWD electrical resistivity and P-wave velocity
(Vp) logs from Site C0002 indicate the presence of
gas hydrate at LWD depths of 218.1–400.4 m
below the seafloor (LSF) (Zone A, logging Unit
II; Expedition 314 Scientists 2009a).
Here, we focus on calculating the degree of gas
hydrate saturation in the Kumano Basin at Site
C0002, using data from LWD logs obtained during
Expedition 314. These calculations require estimations of some parameters, such as porosity, bulk
modulus and shear modulus, using core samples
obtained during Expedition 315 from above and
below the hydrate-bearing zone. The caliper log
from Hole C0002A was used to estimate borehole
conditions (Fig. 2A), and the degree of gas hydrate
saturation was estimated primarily from loggingderived ring and bit resistivity (Fig. 2B,C, respectively) and Vp data (Fig. 2D). Ring resistivity is
a focused lateral resistivity measurement with a
vertical resolution of 2–3 inches (5–7.5 cm) and
a depth of investigation of 7 inches (17.8 cm;
Expedition 314 Scientists 2009b), whereas bit
resistivity is the resistivity between the lower
portion of the logging tool and the drilling bit, with
a vertical resolution of 12–24 inches (30.5–61.1 cm)
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Fig. 1 The locations of NanTroSEIZE Sites C0002 and C0009 (modified after Expedition 319 Scientists 2010). (A) Location of IODP Expedition 314 and
315 in the Kumano Basin. Site C0002 is marked by a red dot, and the location of Site C0009 is marked by a green square. The inset map on the upper right
indicates a plate-tectonic framework of the Japanese islands and locations of IODP Expedition 314 and 315 sites (rectangle). (B) The locations of Site C0002
and Site C0009 within a seismic profile across the Kumano Basin offshore from the Kii Peninsula. The dashed yellow line is the location of bottomsimulating reflectors (BSR). VE, vertical exaggeration.

and a depth of investigation of 12 inches (30.5 cm;
Expedition 314 Scientists 2009b). The Vp values
are the inverse of the measured compressional
wave slowness, and have a vertical resolution of ca.
24 inches (61.1 cm) and a depth of investigation of
12 inches (30.5 cm). Sediment porosity data were
obtained from a measured density log (Fig. 2E)
and core samples (Fig. 2F) (Expedition 315
Scientists 2009), and measured formation temperatures (Fig. 2G) (Expedition 315 Scientists
2009) were used to estimate thermal gradient at
Site C0002. Core-derived grain density data
(Expedition 315 Scientists 2009) were also used to
calculate density-derived sediment porosities.

POROSITY

No core samples were obtained from depths of
200–400 m below the seafloor during Expedition
315; as such, we generated sediment porosity data
using a power law regression line fitted to data
obtained from drillcore data above this interval
(Fig. 2F). In addition, bulk density log measurements were used to calculate sediment porosities
using the standard relationship between density
and porosity (Expedition 314 Scientists 2009b):

φ=

(ρm − ρb )

(ρm − ρ f )

(1)

© 2014 Wiley Publishing Asia Pty Ltd
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Fig. 2 Physical properties at Site C0002. (A) Caliper log from Hole C0002A (red = caliper values >9.5 inches). (B) Ring resistivity log from Hole C0002A
(black line) and projected R0 baseline (red line). (C) Bit resistivity log from Hole C0002A (black line) and projected R0 baseline (red line). (D) P-wave velocity
log from Hole C0002A. (E) Sediment densities (solid lines) from the downhole density log at Hole C0002A; crosses show core-derived wet bulk densities
(red discrete points) at Holes C0002B and C0002D. (F) Core porosities (crosses) and average sediment porosities (solid lines) obtained using a power law
function at Holes C0002B and C0002D. (G) Downhole temperature (crosses) at Hole C0002D with measurements fitted using a linear regression (black
line). (H) Sediment porosity derived from density log data (black line) and average core sample porosities (grey line). CSF, core depth below seafloor. The
depth of the BSR (400.4 m LSF) is shown by the shaded region. LSF, logging-while-drilling depth below seafloor.

Table 1 Logging units and zones at Site C0002 (Expedition 314 Scientists, 2009). LSF = LWD depth below seafloor
Depth (m LSF)
0–135.5
135.5–218.1
218.1–400.4
400.4–481.6
481.6–547.1
547.1–830.4
830.4–935.6
935.6–total depth

Logging unit

Zone

Interpreted lithology

A

Unconsolidated sandy/silty mud
Hemipelagic
Hydrate-bearing zone
mud and
silty/sand
Potential gas zone
turbidites

I
II
B
III
IV

© 2014 Wiley Publishing Asia Pty Ltd

Mudstone
Deformed sand/silty turbidites

Description
Basin sediments

Accretionary prism
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where ρb is measured density, ρf is seawater
density, and ρm is grain density. Seawater density
(ρf) was assumed to be constant and equal to
1.024 g/cm3 (Blum 1997). The average grain densities (ρm) in Units I–IV were 2.68, 2.68, 2.70, and
2.68 g/cm3, respectively (Expedition 315 Scientists
2009).
GAS HYDRATE SATURATION

A total of eight different gas hydrate saturation
calculations were used to enable the comparison of
results obtained by different methods and to
obtain more robust quantitative results. Two forms
of the Archie equation (Archie 1942) were used to
calculate gas hydrate saturation using the two
types of electrical resistivity data (ring resistivity
and bit resistivity) obtained during the study:
the ‘quick-look’ Archie (Fig. 3A) and ‘standard’
Archie (Fig. 3B) forms. In addition, a three-phase
Biot-type equation (TPE) (Leclaire et al. 1994;
Carcione & Tinivella 2000; Lee 2007) was used to
estimate gas hydrate saturation values from the
Vp data (Fig. 3C). This approach of comparing gas
hydrate saturation values obtained from resistivity
and Vp measurements ensures that the derived
saturation values are both robust and quantitatively meaningful.
The first gas hydrate saturation calculation
method uses the modified ‘quick-look’ Archie log
analysis technique (Collett & Ladd 2000). Resistivity log (Rt) measurements from Site C0002
(Fig. 2A) were used to calculate seawater saturation (Sw) values using the following modified
Archie relationship:

⎛R ⎞
Sw = ⎜ 0 ⎟
⎝ Rt ⎠

1

n

(2)

where R0 is the resistivity of a sedimentary section
that contains seawater (Sw = 1.0) and n is an
empirically derived constant. The parameter n
depends on lithology and is typically 1.9386
(Pearson et al. 1983); a value of n = 2 was used in
this study (Lee & Collett 2011). Gas hydrate and
natural gas saturation (Sh) is defined as

Sh = 1.0 − Sw

(3)

Ring and bit resistivity data from hydrate-free
parts of Units I and III were used to project R0
trend lines (Fig. 2B,C).
The second resistivity log method is based on
the ‘standard’ Archie equation:

⎛ aR ⎞
Sw = ⎜ m w ⎟
⎝ φ Rt ⎠

1

5

n

(4)

where Rt is the resistivity of the formation
obtained from logging data as either ring or bit
resistivity, a is a tortuosity coefficient, Rw is the
resistivity of seawater, ϕ is porosity, m is a cementation coefficient, Sw is seawater saturation, and n
is the same saturation exponent used in the ‘quicklook’ Archie equation (Eqn 2). Values of 1.0 and 2.3
were used for a and m, respectively; these values
are based on resistivity-based porosity estimates
and total porosity measurements undertaken on
core samples from Site C0002 (Conin et al. 2011).
The ‘standard’ Archie equation was used with two
different sets of sediment porosity data; the first
calculation uses an average core porosity obtained
from a regression line fitted to the core-derived
porosity data (Fig. 2F), and the second uses sediment porosity obtained directly from the density
log (Fig. 2H).
The electrical resistivity of seawater is Rw = 1/c,
where c is the electrical conductivity of seawater
that is estimated as:

c = 2.803 + 0.0996T ( Ω −1 m −1 )

(5)

where T (°C) is the temperature of seawater
(Shipboard Scientific Party 1995). The seawater
temperature at Site C0002 was determined using a
linear regression fitted to formation temperatures
(Fig. 2G).
Saturation values were also estimated using Vp
log data. The relationship between gas hydrate
and P-wave velocities can be modeled using a TPE
(Leclaire et al. 1994; Carcione & Tinivella 2000;
Lee 2007) and by assuming that gas hydrate acts
as a load-bearing component within sediments. We
used a simplified TPE (Lee 2008) to calculate
velocities for the gas hydrate-bearing sediments;
details of the TPE used for gas hydrate-bearing
sediments are given in Lee and Waite (2008) and
Lee (2007, 2008). The Vp of gas hydrate-bearing
sediments (Vp) was calculated as follows:

Vp =

k + 4μ 3
ρb

(6)

where k and μ are the bulk and shear moduli of the
gas hydrate-bearing sediments, respectively, and
ρb is the bulk density of the gas hydrate-bearing
sediments. The bulk density of the sediment is
calculated using:
© 2014 Wiley Publishing Asia Pty Ltd
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A. Hydrate saturation from “quick-look” Archie equation.
Resistivity without hydrate (R0)
Ring resistivity
Bit resistivity

Hydrate saturation

B. Hydrate saturation from “standard” Archie equation.
Formation
temperature

Seawater
resistivity

Estimated
temperature

Ring resistivity
Bit resistivity
Archie constants
(a, m)

Porosity

Hydrate saturation
with averaged core porosity

Averaged porosity

Density

Hydrate saturation
with density-log-derived porosity

Density-derived porosity
Grain density

Porosity calculation
C. Hydrate saturation from the three-phase Biot-type equation
Vp velocity
Consolidation parameter (α)
Bulk modulus and
shear modulus (Kma,μma)

Relative abundance of
sediments

Porosity

Averaged porosity

Hydrate saturation
with averaged core porosity

Density-derived porosity

Hydrate saturation
with density-log-derived porosity

Density
Grain density

Porosity calculation
Fig. 3 Schematic illustration of flow charts for the calculations employed to estimate gas hydrate saturation values during this study. (A) ‘Quick-look’
Archie equation. (B) ‘Standard’ Archie equation. (C) Three-phase Biot-type equation. Values in the shaded boxes were measured during Expeditions 314
and 315 (Fig. 2).

ρb = ρma (1 − φ) + ρw φ (1 − Ch ) + ρh φCh

where ρw is the density of seawater, ρh is
the density of pure hydrate, ρma is the matrix
density, ϕ is porosity, and Ch is the gas hydrate
saturation.
The bulk and shear moduli of the gas hydratebearing sediments using the simplified TPE are
given by Lee (2008) as, respectively:
© 2014 Wiley Publishing Asia Pty Ltd

k = Kma (1 − β p ) = β 2p Kav
μ = μ ma (1 − βs )

(7)
where

(β p − φ) φ w φh
1
,
=
+
+
Kav
Kma
K w Kh
φ (1 + α )
φ (1 + γα )
β p = as
, and βs = as
.
(1 + αφas )
(1 + γαφas )

(8)
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Table 2 Relative abundances of total clay minerals, quartz, plagioclase, and calcite obtained by X-ray diffraction analysis
(Expedition 315 Scientists 2009) and the constants used in our modeling († = Lee 2002; ‡ = Helgerud et al. 1999; § = Mavko
et al. 1998). SVD, singular value decomposition

Bulk modulus (Gpa)
Shear modulus (Gpa)
Abundance calculated from SVD
normalization factor

Water

Hydrate

Total cray

Quartz

Plagioclase

Calcite

2.29
–
–

6.41†
2.54†
–

20.9‡
6.85‡
47

36.6§
45.0§
27.8

75.6§
25.6§
23.2

76.8§
32.0§
2.1

and where ϕw is the porosity with water-saturated
pore spaces, ϕh is the porosity with hydratesaturated pore spaces, and α is a consolidation
parameter (Lee 2005; Pride 2005), and:

γ=

1 + 2α
and φas = φ w + εφh .
1+α

(9)

The parameter ε accounts for the reduced
impact of hydrate formation relative to compaction
in terms of stiffening of the host sediment framework. Lee (2007) concluded that ε could be treated
as a constant (ε = 0.12) when modeling the velocity
of gas hydrate-bearing sediments with negligible
site-to-site variability. The parameters Kma, Kw,
and Kh in Equation 8 are the bulk moduli of grains,
seawater, and gas hydrate, respectively, and μma is
the shear moduli of the grains (Table 2); note that
Kma and μma include the bulk and shear moduli of
gas hydrate and are computed using the average
formula of Hill (1952), provided in Helgerud et al.
(1999). The relative abundances of total clay minerals, quartz, plagioclase, and calcite within core
samples were determined using X-ray diffraction
(XRD) analyses (Expedition 315 Scientists 2009),
and the XRD-derived average mineral contents of
gas hydrate-bearing Unit II were used to estimate
Kma and μma values. The bulk and shear moduli of
each material are given in Table 2 (Mavko et al.
1998; Helgerud et al. 1999; Lee 2002). We derived
the values Kma = 34.5 GPa and μma = 17.1 GPa,
as estimated using the average formula of Hill
(1952).
As described by Lee (2005), α is estimated to fit
Vp measurements in hydrate-free zones adjacent
to hydrate-bearing sands. The upper part of Unit
II may contain gas hydrate, and Zone B (481.6–
547.1 m LSF) has high caliper values, suggesting
hole enlargement and poor log data. The deep
burial below Zone B suggests that these sediments
may be highly consolidated, and as such, the log
data from below the BSR but above Zone B is the
most suitable during use in estimating the α value.

An α value of 19 was obtained by fitting Vp values
between 434 and 463 m LSF, using a hydrate saturation value of zero. In addition, the TPE was used
with two different sets of sediment porosity data
(i.e. average core and density log porosities), as
was the case for the ‘standard’ Archie calculation
(Fig. 2H).
Any differences in the saturation values
between those estimated from ring and bit resistivities and those estimated using Vp values
suggest that free gas may be present. Resistivitybased gas hydrate saturation value estimates were
obtained using seawater saturation values estimated from Archie’s equation and Equation 3,
indicating that resistivity gas hydrate saturation
estimates are a combination of both hydrate and
free gas. Conversely, the presence of free gas
results in lower Vp values (e.g. Lee & Collett 2006)
and therefore underestimates in gas hydrate saturation values derived from Vp in free-gas-bearing
zones. In addition, large amounts of free gas can
result in negative saturation values estimated
from Vp values. This indicates that Vp-derived
saturation values are lower than those obtained
using resistivity data in free gas-bearing zones
and, in severe cases, Vp data may yield negative
apparent saturation values in zones where free gas
is present. We assumed that free gas might be
present where Vp-derived saturation values were
both negative and were at least ca. 20% lower
than saturation values estimated using resistivity
data.

RESULTS
POROSITY

The average porosity of the core samples was
calculated using a power law least squares
approximation:

φ = 2 × 10 −7 z2 − 4 × 10 −4 z + 0.6283

(10)

© 2014 Wiley Publishing Asia Pty Ltd
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where z is depth below the seafloor. Average porosity values vary from 63% near the top of the hole to
43% at the bottom of the basin (Fig. 2F).
Density log porosity calculations for Site C0002
yielded values ranging from ca. 90% at the top of the
hole to ca. 40% at the bottom of the basin (Fig. 2H).
However, washouts can cause borehole enlargements, which can lead to overestimates of porosity
values derived from the density log, primarily
because the density logging tool considers the drilling fluid density to be the formation density. The
effects of possible washouts were statistically analyzed in the interval from the upper part of Unit II
to Zone A (135.5–400.4 m LSF), one of the depth
zones in which we calculated gas hydrate saturation
values. This approach determines correlation coefficients (r) for the relationship between borehole
diameter obtained from caliper values and the
density porosity using the following equation:
n

r=

∑ (xi − x ) ( yi − y )
i =1

n

n

∑ (xi − x ) ∑ ( yi − y )
i =1

2

(11)
2

i =1

where (xi, yi) is a pair of data (caliper value and
porosity derived from the density log at a given
depth, respectively), x and y are the arithmetic
means of the caliper value and the porosity derived
from the density log, respectively, and n is the
number of measurements used. A positive correlation coefficient indicates that at larger hole sizes
(i.e. large caliper values), density porosity values
are greater, suggesting that enlargements in a hole
have a significant effect on density porosity values;
on the other hand, a negative correlation coefficient indicates that at larger hole sizes, density
porosity values are lower, suggesting that enlargements of a hole have an insignificant effect on the
density porosity. The absolute value of the correlation coefficient indicates the strength of these
possible relationships. The correlation between
hole size and density porosity is shown in Figure 4,
and calculated correlation coefficients are given in
Table 3. These correlation coefficients are positive
throughout the interval from the upper part of
Unit II to Zone A, with low absolute values (0.22),
suggesting that a larger hole size results in an
increase in the measured density porosity,
although the overall effect of increases in hole size
is minimal. This is supported by the fact that at
depths where hole diameters are <9.5 inches, the
correlation coefficient is −0.11; this negative and
very low correlation coefficient suggests that any
© 2014 Wiley Publishing Asia Pty Ltd

Fig. 4 Correlation diagram comparing caliper values with porosity
values derived from density log data; blue dots indicate low caliper values
(<9.5 inches) and red crosses indicate high caliper values (>9.5 inches).

Table 3 Calculated correlation coefficients in the interval
from the upper part of Unit II to Zone A (135.5–400.4 m
LSF). The correlation coefficient shown in the ‘Total’
column is calculated from the entire caliper dataset and the
porosity derived from density log, whereas the correlation
coefficient shown in the ‘Low caliper values’ column is calculated using porosity values and low caliper values only
(<9.5 inches), and the correlation coefficient shown in the
‘High caliper values’ column is calculated using porosity
values associated with high caliper values (>9.5 inches) only

Correlation
coefficient

Total

Low caliper
values (<9.5″)

High caliper
values (<9.5″)

0.22

−0.11

0.74

enlargement of the hole by washouts does not significantly affect density porosity values if the
overall hole diameter is <9.5 inches. By comparison, the correlation coefficient at depths where
hole sizes are >9.5 inches is 0.74; this positive and
high correlation coefficient indicates that washouts
that have increased hole diameters to >9.5 inches
significantly affect density porosity values. Thus,
data from depths at which hole diameters are >9.5
inches must be carefully assessed to see if density
porosities and associated hydrate saturation estimates are accurate.
GAS HYDRATE SATURATION

Gas hydrate saturation values were estimated
using the eight different approaches outlined
above. Unit I is characterized by calculated apparent saturation values of <0% in all cases, probably
reflecting the poor condition of the borehole
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Fig. 5 Gas hydrate saturation calculated from ring resistivity log values using three different methods. (A) ‘Quick-look’ Archie equation. (B) ‘Standard’
Archie equation using average core porosity. (C) ‘Standard’ Archie equation using measured porosity. (D) Caliper log. The depth of the BSR (400.4 m LSF)
is shown by the shaded region. LSF, logging-while-drilling depth below seafloor.

(caliper values >9.5 inches). Logging tends to
underestimate the formation resistivity and Vp
values of large intervals within the borehole, yielding underestimates of gas hydrate saturation
values. Given this, we focused on the distribution
of gas hydrate from the top of Unit II to beneath
the BSR (135.5–450 m LSF) in the Kumano Basin
(Figs 5–7); at these depths, caliper values are <9.5
inches, although some high-value spikes are
present (Figs 5D,6D,7C). We conclude that calculated saturation values are only minimally affected
by borehole washout, indicating that the saturation values obtained during this study are reliable.
Saturation calculated using ring resistivity

Gas hydrate saturation values calculated using the
‘quick-look’ approach and ring resistivity values
vary from 0% to 10% in the shallow parts of the
borehole (<258 m LSF), before gradually increasing to ca. 30% at depth below 260 m (Fig. 5A).
Some saturation spikes with values of >60% are
also present at depths below 280 m LSF (Fig. 5A).

Gas hydrate saturation values obtained using the
‘standard’ Archie equation, average core porosities, and ring resistivity values vary from 0% to
10% in the shallow parts of the borehole (<258 m
LSF), before gradually increasing to ca. 35% at
depth of 260 m LSF (Fig. 5B). Some saturation
spikes with values of >60% are also present at
depths below 280 m LSF (Fig. 5B). The ‘standard’
Archie equation using density log-derived porosities and ring resistivity values also yields gas
hydrate saturation values of 0% to 10% at depths
above 258 m LSF, increasing gradually with depth
to ca. 35% (Fig. 5C). Some saturation spikes with
values of >60% are evident at depths >280 m LSF;
the number of spikes calculated using this
approach is higher than that obtained using
average core porosities (Fig. 5C), and maximum
gas hydrate saturation values at these depths are
ca. 80% (Fig. 5B,C).
Saturation calculated from bit resistivity

The general trend and magnitude of gas hydrate
abundances estimated from bit and ring resistivity
© 2014 Wiley Publishing Asia Pty Ltd
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Fig. 6 Gas hydrate saturation calculated from bit resistivity log values using three different methods. (A) ‘Quick-look’ Archie equation. (B) ‘Standard’
Archie equation using average core porosity. (C) ‘Standard’ Archie equation using measured porosity. (D) Caliper log. The depth of the BSR (400.4 m LSF)
is shown by the shaded region. LSF, logging-while-drilling depth below seafloor.

logs are similar, although changes in calculated
saturation values with depth determined using bit
resistivity values are relatively moderate compared with those determined using the ring resistivity log.
The gas hydrate saturation values calculated
using the ‘quick-look’ approach and bit resistivity
vary from 0% to 10% in the shallow parts of
the borehole (<258 m LSF), before gradually
increasing to ca. 30% at depths below 260 m LSF
(Fig. 6A). By comparison, the ‘standard’ Archie
equation combined with average core porosities
and bit resistivity data yielded gas hydrate saturation values of 0% to 10% in the shallow parts of
the borehole (<258 m LSF), gradually increasing
with depth to ca. 35% (Fig. 6B). The ‘standard’
Archie equation combined with density logderived porosities and bit resistivity data also
yielded gas hydrate saturation values of 0% to 10%
at depths above 258 m LSF, gradually increasing
with depth to ca. 35% (Fig. 6C). Sharp saturation
spikes with values of >60% observed in the ring
resistivity-based saturation values are not present
in the bit resistivity-derived saturation data.
© 2014 Wiley Publishing Asia Pty Ltd

Gas saturation calculated from Vp data

The gas saturation values calculated using the
TPE and both average and density log porosities
are very low (ca. 0%) at depths <230 m LSF
(Fig. 7), but gradually increase with depth to ca.
30% (Fig. 7). The gas hydrate saturation values
calculated using the TPE and density log porosities are more variable than those obtained using
average porosity values.
DISCUSSION
A detailed pattern of hydrate accumulation is
evident from the distribution of estimated hydrate
saturation values. Calculated saturation values
based on density log-derived porosities are highly
variable for both the ‘standard’ Archie and
the TPE approaches (Figs 5C,6C,7B). The use of
average porosity tends to mask localized variations
within complex geological systems (Collett & Ladd
2000), indicating that variations in saturation
values calculated using density log porosities
might reflect the detailed distribution of gas
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Fig. 7 Gas hydrate saturation values calculated using the Vp log and
two different porosity measures. (A) A three-phase Biot-type equation
using average core porosity. (B) A three-phase Biot-type equation using
measured porosity. (C) Caliper log. The depth of the BSR (400.4 m LSF)
is shown by the shaded band. LSF, logging-while-drilling depth below
seafloor.

hydrates within the turbidite sequences encountered during drilling. The ring resistivity-derived
saturation values are very high (>60%) at certain
depths, a feature that is not observed in saturation
values calculated using bit resistivity and Vp log
data. This discrepancy may reflect differences in
the vertical resolution of ring resistivity, bit resistivity, and Vp log data. The ring resistivity log has
higher vertical resolution, meaning that use of
these data may enable the detection of thin gashydrate zones within sandy layers (Saito et al.
2010).
Saturation values calculated using Vp data are
markedly lower than those calculated from both
bit and ring resistivity logs at depths just beneath
the BSR (400–430 m LSF). This difference may
reflect the existence of free gas in this depth interval, a finding that is consistent with results of previous studies (Expedition 314 Scientists 2009a;
Saito et al. 2010).
The Vp- and density porosity-derived saturation
values are ca. 20% lower than values obtained
using bit resistivity data, and are in fact negative
at several depths above 400 m LSF (e.g. 309–
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321 m LSF; Fig. 8). The fact that the vertical resolution and the depth of investigation is nearly the
same in both the Vp and bit resistivity data means
that these discrepancies are not related to differences in vertical resolutions or the depths of investigation. Moreover, the negative saturation values
derived from the Vp data cannot be the result of
differences in measurement methods between Vp
and bit resistivity logging, and the caliper values
are sufficiently small that any borehole washout
effects are negligible. This suggests that these discrepancies are partly caused by the presence of
free gas at these depths.
This unusual existence of free gas above the
BSR can constrain the mechanisms of hydrate
accumulation at Site C0002 and at the southern
and seaward edge of the Kumano Basin. Free gas
coexisting with gas hydrate in the gas hydrate stability zone above the BSR has been reported elsewhere (e.g. Milkov et al. 2004; Netzeband et al.
2005; Lee & Collett 2006), and Lee and Collett
(2006) suggest that gas hydrates may coexist with
free gas throughout the gas hydrate-bearing zone
in the absence of a double BSR within the Hydrate
Ridge area, offshore Oregon, USA, with free gas
produced either by the dissociation of gas hydrate
during drilling and/or gas transport along fractures and faults. Although dissociation of gas
hydrate during drilling may have occurred at Site
C0002, any dissociation is assumed to be minor as
logging data were obtained with LWD immediately after drilling, and both bit resistivity and Vp
measurements were undertaken deep in the formation (Expedition 314 Scientists 2009b). In addition, the bit resistivity measurement instrument
was attached just above the drilling bit and the Vp
measurement instrument was placed just above
the former (Expedition 314 Scientists 2009b), with
both measurements undertaken shortly after the
drilling. Gas hydrate dissociation during drilling
supposedly migrates from the borehole wall
towards the interior of the formation. Even if dissociation begins immediately after drilling, it is
unlikely that the dissociation migrated to the deep
interior of the formation prior to the bit resistivity
and Vp measurements, given the short interval
between drilling and data acquisition. This indicates that the effect of gas hydrate dissociation on
bit resistivity and Vp measurements is negligible.
An alternative process for the formation of coexisting free gas and gas hydrate above the BSR is
large fluxes of gas along fractures and faults. A
high gas flux would induce rapid gas hydrate formation in the hydrate stability zone above the BSR
© 2014 Wiley Publishing Asia Pty Ltd
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and lead to the coexistence of free gas and gas
hydrate, primarily as a result of seawater being
incorporated into gas hydrates (Suess et al. 1999)
and/or the presence of high salinity seawater
(Milkov et al. 2004). Doan et al. (2011) analyzed
sonic data obtained at Site C0009, ca. 20 km northeast of Site C0002, and suggested that biogenic gas
produced from organic-rich layers in the deep
Kumano Basin migrates upward and accumulates
within tilted layers of coarser sediments, including
migrating up-dip towards the southern or seaward
edge of the Kumano Basin, in the vicinity of Site
C0002. A large number of landward-dipping faults
(Gulick et al. 2010) and landward-dipping potentially high-permeability sand layers (Saito et al.
2010) are located in the seaward Kumano Basin.
The accretionary complex that underlies the
Kumano Basin may have supplied a large amount
of formation fluid along thrust faults episodically
(Yamada et al. 2014), and such deep fluids may also
transport hydrocarbons. This structural setting is
favorable for the transportation of large amounts
of gas from the deep Kumano Basin, and suggests
© 2014 Wiley Publishing Asia Pty Ltd

that the coexisting free gas and gas hydrate identified in this study may be the result of the transport of large volumes of gas from the deep and/or
landward part of the Kumano Basin along fractures, faults, and high-permeability sand layers
(Fig. 9).

CONCLUSIONS
Resistivity logging-derived gas hydrate saturation
values at IODP Site C0002 in the Kumano Basin,
Nankai Trough, Japan, range from 0% to 35%,
with saturation values calculated using Vp log data
ranging from 0% to 30%. Spikes in resistivityderived saturation values (>60%) are also present
and possibly indicate the presence of high concentrations of gas hydrates in thin sandy layers.
The existence of free gas in the study area is
inferred from low Vp-derived saturation values
beneath the BSR (400.4 m LSF). In addition, the
fact that Vp-derived gas hydrate saturation values
above the BSR are lower than those derived from
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Fig. 9 Schematic illustration of free gas migration at the southern edge
of the Kumano Basin in the vicinity of Site C0002. Blue arrows display free
gas migration paths through NW-dipping sediments and faults; red lines
indicate NW-dipping faults; the green line indicates the BSR. Most of the
gas exist as gas hydrate and consequently small amount of free gas can
exist (small blue arrows), though all of the gas exist as free gas (large blue
arrows) below the BSR. mbsl, meters below sea level. Black lines are
interpretations of the seismic profile in Figure 1 (modified after Expedition
319 Scientists 2010). VE, vertical exaggeration.

resistivity data indicates the presence of free gas.
These high saturation values and the presence of
free gas at site C0002 suggest that a large gas flux
is taking place from deep and/or landward parts of
the Kumano Basin at its southern and seaward
margin.
The degree of gas hydrate saturation in the
Kumano Basin at Site C0002 is ca. 30% (maximum
values of ca. 80%), which is equivalent to or higher
than that at other hydrate-bearing sites, such as in
permafrost in Canada (Mallik 5L-38), at Mount
Elbert in Alaska, in the Gulf of Mexico, within the
northern Cascadia margin (Lee & Waite 2008), and
in the Nankai Trough offshore from the mouth of
the Tenryu River (e.g. Tsuji et al. 2004). These
high saturation values are probably the result of
the accumulation of free gas at the southern edge
of the Kumano Basin; this gas was derived from
elsewhere within the vast Kumano Basin and
migrated along landward-dipping faults and highpermeability landward-dipping sand layers.
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