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Abstract The base of the methane hydrate stability zone (MHSZ) in the Kumano Basin, offshore Japan, is
marked by a bottom-simulating reflection (BSR) on seismic data. At Integrated Ocean Drilling Program Site
C0002, which penetrates this BSR, the in situ temperature profile combined with bulk seawater methane
equilibrium conditions suggest that the base of the MHSZ is 428 m below seafloor (bsf), which is 28m deeper
than the observed BSR (400 m bsf). We found that submicron pore sizes determined by mercury injection
capillary pressure are sufficiently small to cause 64% of the observed uplift of the base of the MHSZ by the
Gibbs-Thomson effect. This is the most thorough characterization of pore sizes within the MHSZ performed
to date and illustrates the extent to which pore size can influence MHSZ thickness. Our results demonstrate
the importance of considering lithology and pore structure when assessing methane hydrate stability
conditions in marine sediments.

1. Introduction

Methane hydrates are found in marine sediments of many deepwater continental margins worldwide. The
formation and persistence of hydrate in these sediments are dictated by methane availability and in situ
pressure, temperature, salinity, gas composition, and pore size [e.g., Tréhu et al., 2006;Waite et al., 2009]. The
depth interval in which hydrate is the thermodynamically stable phase in equilibrium with dissolved
methane is called the methane hydrate stability zone (MHSZ). At the basin scale, the thickness of the MHSZ is
often determined from in situ pressure and temperature trends with the assumptions that pore water salinity
is equal to that of seawater and the influence of pore size may be neglected [e.g., Burwicz et al., 2011;
Wallmann et al., 2012]. The resulting MHSZ thicknesses are often in agreement with other indicators of MHSZ
thickness, such as bottom-simulating reflections (BSRs) observed on seismic data [e.g., Shipley et al., 1979;
Yamano et al., 1982; Foucher et al., 2002; McConnell and Kendall, 2003]. However, local changes in stability
conditions can cause the MHSZ thickness to vary. Such variations have been observed worldwide and are
usually ascribed to high heat and/or fluid flux [e.g., Chand et al., 2008; Hornbach et al., 2008; Crutchley et al.,
2014] or high-salinity pore fluids [e.g., Liu and Flemings, 2006; Daigle and Dugan, 2010].

In fine-grained sediments, pore sizes may be very small (<1μm), and if hydrate forms in these sediments, the
hydrate-water interface will have a high interfacial energy due to its large curvature [Clennell et al., 1999]. This
results in an increased chemical potential difference between water in the pore fluid and hydrate lattice, and
a corresponding decrease in equilibrium temperature called the Gibbs-Thomson effect [Handa and Stupin,
1992; Porter and Easterling, 1992; Henry et al., 1999]. The Gibbs-Thomson effect causes hydrates to form
preferentially in coarser-grained layers within the MHSZ, where the thermodynamic conditions are more
favorable because the pores are larger. An associated increase in methane solubility due to the decrease in
equilibrium temperature can additionally inhibit hydrate formation in small pores because a higher
concentration of dissolved methane is required to precipitate hydrate. This effect has been invoked to model
hydrate distributions at the Cascadia margin and in the Gulf of Mexico [Torres et al., 2008; Malinverno, 2010;
Daigle and Dugan, 2011; Cook and Malinverno, 2013] and has been implicated in apparent BSR uplift in the
Krishna-Godavari Basin offshore India [Collett et al., 2008; Dai and Santamarina, 2014]. In addition to favoring
hydrate formation in coarser-grained layers, the equilibrium temperature depression caused by the
Gibbs-Thomson effect may create a thinner MHSZ than otherwise predicted. This phenomenon was invoked
to explain anomalously shallow BSRs at Blake Ridge [e.g., Ruppel, 1997; Hovland et al., 1997; Henry et al., 1999;
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Liu and Flemings, 2011] and may play a role in determining BSR depth offshore Peru and the east coast of
India [Grevemeyer and Villinger, 2001; Liu and Flemings, 2011]. However, documenting and quantifying the role
of pore size on hydrate equilibrium conditions require measurements of pore size distributions, which are not
routinely performed on marine sediments.

At Integrated Ocean Drilling Program (IODP) Site C0002 in the Kumano Basin, offshore Japan, in situ pressure
and temperature conditions result in a predicted base of the MHSZ ~28m deeper than the BSR observed
in the area. Mercury injection capillary pressure (MICP) measurements were performed on samples from
Site C0002 using standard test protocols [e.g., Daigle and Dugan, 2014]. We used pore size distributions
determined from the MICP measurements (Table S1 in the supporting information) to assess the influence of
pore size on methane hydrate equilibrium conditions. We found that the percolation threshold pore sizes of
the sediments near the base of the MHSZ are small enough to cause a ~18m uplift of the base of the MHSZ,
which is sufficient to explain 64% of the mismatch between the BSR depth and the predicted base of the
MHSZ. Our results demonstrate the importance of understanding pore sizes in hydrate-bearing sediments.

2. Methane Hydrate at IODP Site C0002

IODP Site C0002 is located in the Kumano Basin landward of the Nankai Trough deformation front (Figure 1).
This site is part of the ongoing NanTroSEIZE project, which has the primary goal of understanding the
mechanics of great, tsunamigenic subduction zone earthquakes [Tobin and Kinoshita, 2006]. Site C0002
specifically has been investigated by several IODP expeditions with the intent of penetrating and
instrumenting an active megasplay fault at a depth of ~5500 m below seafloor (bsf) [Kinoshita et al., 2007].
Over the course of these expeditions, full suites of logging-while-drilling (LWD) logs and large volumes of
sediment have been collected.

During IODP Expedition 314, LWD logs were collected at Site C0002 from seafloor to 1401 m bsf. The
compressional velocity curve measured by the seismicVISIONTM LWD tool was used to convert the seismic data
to depth [Expedition 314 Scientists, 2009a]. The logged section includes penetration of the BSR evident on
seismic data at 400mbsf. Above this depth, the presence of hydrates was inferred from increased resistivity and
P wave velocity values, as well as smaller borehole diameter in thin sands that was interpreted to be a result of
hydrate adding mechanical strength to those layers [Expedition 314 Scientists, 2009b; Miyakawa et al., 2014].
No hydrate was inferred from logs below the BSR [Expedition 314 Scientists, 2009b]. During IODP Expedition 315,
cores were collected at Site C0002 from the seafloor to 200 m bsf. Geochemical analysis of interstitial water and
headspace gas from these cores indicated significant amounts of methane (3000–26,000 ppmv) above the BSR,
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Figure 1. (a) Location map showing IODP Site C0002 in the Kumano Basin, offshore Japan. Black line indicates orientation
of seismic profile in Figure 1b. (b) Seismic section at location of Site C0002. The bottom-simulating reflection (BSR) is marked
at 400 m bsf and the dashed line continuing across the LWD data. (c) Gamma ray log. (d) Ring resistivity showing
elevated resistivity values within the methane hydrate stability zone (MHSZ). (e) P wave velocity showing elevated
velocities within the MHSZ and a sudden decrease in velocity at 400 m bsf.
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as well as pore water freshening, which was attributed to
hydrate dissociation during core retrieval [Expedition 315
Scientists, 2009a]. During IODP Expedition 338, cores were
collected at Site C0002 from 204.5 to 505mbsf, covering the
portion of the MHSZ not sampled during Expedition 315.
Geochemical analysis of interstitial water and headspace
gas from these cores indicated pore water freshening and
relatively high methane and propane concentrations above
the BSR. C1/(C2 +C3) (methane/(ethane+propane)) ratios
and isotopic fractionation suggested that the methane
was mainly of microbial origin [Moore et al., 2013]. Overall,
the geochemical and logging data collected during these
three expeditions strongly suggest the presence of hydrate
to a depth of 400 m bsf, with no evidence of hydrate
below this depth.

Based on downhole measurements made with the
advanced piston corer temperature tool from 15 to 159 m
bsf, the geothermal gradient at Site C0002 is estimated
at 40°C/km with an extrapolated seafloor temperature of
2.2°C based on least squares regression of downhole
measurements [Expedition 315 Scientists, 2009a].
Extrapolating the temperature gradient to the BSR depth
of 400 m bsf yields an in situ temperature of 18.2°C. The
seafloor depth is 1936m at Site C0002 [Expedition 314
Scientists, 2009b], and assuming hydrostatic pressure and
average seawater density of 1024 kgm�3 yields an in situ
pressure of 23.46MPa at the BSR. Under these conditions,
with salinity of 3.5 wt % NaCl, the three-phase equilibrium
temperature for methane gas, dissolved methane, and
sI hydrate at the BSR is 19.3°C as determined by the

Colorado School of Mines Hydrates (CSMHYD) program [Sloan, 1990]. This is 1.1°C higher than the in situ
temperature estimated from the temperature measurements. The in situ temperature profile intersects the
CSMHYD-determined three-phase equilibrium temperature at a depth of 428 m bsf (Figure 2) assuming
hydrostatic pressure. The presence of ~0.0004 mol fraction propane, as indicated by headspace gas
analyses [Moore et al., 2013] does not appreciably change the three-phase equilibrium temperature profile
(Figure 2). Some mechanism is therefore causing the uplift of the base of the MHSZ by ~28m (400 m bsf
observed versus 428 m bsf calculated) at Site C0002.

3. The Gibbs-Thomson Effect at Site C0002

When a solid precipitates from solution, the curvature of the solid-liquid interface imparts additional Gibbs
free energy to the solid phase. This additional energy must be overcome to form the solid. For exothermic
reactions such as crystallization of methane hydrate, this requires undercooling below the bulk three-phase
equilibrium temperature. In a cylindrical pore of radius r, the undercooling ΔT3P is given by

ΔT3P ¼ � T3P;b
2γhw

rρhΔHhw
; (1)

where T3P,b is the bulk three-phase equilibrium temperature, γhw is the hydrate-water interfacial energy, ρh is the
bulk density of hydrate, and ΔHhw is the specific latent heat of fusion of hydrate. Hydrate is assumed to be a
nonwetting phase with contact angle of 180° [Anderson et al., 2009]. The undercooling predicted by equation (1)
has been documented in laboratory experiments of hydrate formation and dissociation [e.g., Handa and Stupin,
1992; Uchida et al., 1999, 2002; Anderson et al., 2003a, 2003b].

At the field scale, the Gibbs-Thomson effect alters methane equilibrium conditions in sediments within the
MHSZ. Since lower three-phase equilibrium temperature results in greater methane solubility in pore water

Figure 2. In situ temperature (red) versus depth
within the methane hydrate stability zone (MHSZ).
Three-phase equilibrium curves are shown for pure
methane in seawater (blue) and for methane
+0.04% propane (black dashed line). The predicted
MHSZ base occurs at 428 m bsf where the in situ
temperature profile intersects the equilibrium
temperature curve. The addition of 0.04% propane
causes a negligible difference in predicted MHSZ
base. The observed bottom-simulating reflection
(BSR) occurs 28 m shallower than the predicted
base of the MHSZ.
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[Davie and Buffett, 2001], hydrates are more likely to form in coarser-grained layers in the MHSZ since less
dissolved methane is required in those layers to exceed solubility and precipitate hydrate from solution. This
phenomenon has been included in models to successfully predict observed hydrate saturations from the
Cascadia Margin [Malinverno, 2010; Daigle and Dugan, 2011] and the Gulf of Mexico [Cook and Malinverno,
2013]. This mechanism may also explain the interpretation of enhanced hydrate saturation in sand layers at
Site C0002 [Expedition 314 Scientists, 2009b; Moore et al., 2014]. The decrease in three-phase equilibrium
temperature additionally can cause a decrease in the thickness of the MHSZ, since the in situ temperature
profile intersects the three-phase equilibrium temperature curve at lower temperature and shallower depth
[e.g., Henry et al., 1999].

Quantifying the Gibbs-Thomson effect in marine sediments requires having some measure of pore size.
Previous studies [Henry et al., 1999; Liu and Flemings, 2011] have used pore size distributions determined from
MICP measurements. In this technique, an oven-dried sample is placed under vacuum and immersed in
mercury. Themercury pressure is then incrementally increased from 0 to 379MPa. The incremental volume of
mercury intruded into the sample at a given pressure is transformed to the incremental pore volume at a
given pore size through the Washburn equation:

r ¼ 2γHgacosθHg
PHg

; (2)

where γHga is the interfacial tension of the air-mercury interface, θHg is the contact angle for mercury on
the sample mineral grains, and PHg is the mercury intrusion pressure [Dullien, 1992]. After the maximum
intrusion pressure is reached, extrusion data may be recorded as the mercury pressure is decreased.
Hysteresis in this process can provide information on pore structure and connectivity [e.g., Portsmouth
and Gladden, 1991]. The data for this study were determined from the intrusion data. For more details on
MICP measurements on marine sediments see Daigle and Dugan [2014]. Like equation (1), equation (2)
assumes that the pores are parallel, cylindrical capillary tubes, so the pore radius computed from
equation (2) may be used to assess the Gibbs-Thomson effect in the sediment pore system. Since
sediments have a distribution of pore sizes, a range of equilibrium conditions will be present in any
sample. Liu and Flemings [2011] showed that the pore size distributions of most fine-grained sediments
will allow coexistence of hydrate and free gas in pores of different sizes, with hydrate occupying larger
pores and free gas occupying smaller pores where equilibrium conditions permit. Henry et al. [1999]
adopted a simpler analysis in which the maximum value of the incremental pore size distribution
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Figure 3. (a) Illustration of pore size parameters on pore size distribution determined from MICP measurements.
The sample shown is from 405.59 m bsf. The percolation pore size (rperc) occurs at the maximum of the incremental
pore size distribution. The maximum pore size (rmax) occurs at the largest pore size with a nonzero incremental distribution
value. For this sample, rperc = 0.19 μm and rmax =0.73 μm. (b) Percolation (circles) and maximum (crosses) pore sizes for
samples in the vicinity of the methane hydrate stability zone (MHSZ). The minimum pore size for the occurrence of hydrate
(rmin) determined from equation (3) is shown as a dashed line. The trend of percolation pore sizes crosses the rmin line
around 410 m bsf, while the trend of maximum pore sizes crosses the rmin line around 416 m bsf.
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represents a percolation threshold and therefore a single, characteristic pore size value for the sediment
[e.g., Katz and Thompson, 1986, 1987] (Figure 3a). We use this percolation threshold as a measure of the
pore size for hydrate equilibrium calculations.

Analysis ofMICP data from Site C0002 shows that pore radii at percolation range from0.15 to 0.31μmwithin the
MHSZ (Figure 3b). From equation (1), assuming γhw = 0.027 Jm�2, ρh = 925kgm�3, and ΔHhw = 439 kJ kg�1

[Waite et al., 2009], the relative change in three-phase equilibrium temperature (ΔT3p/T3p,b) in these
samples ranges from �0.04% to �0.10%. To move the base of the MHSZ from 428 m bsf to 400 m bsf,
a decrease in three-phase equilibrium temperature of 1.1°C from 19.3°C to 18.2°C is required, which
corresponds to a relative change of �0.38% in absolute temperature (1.1 K/292.3 K). This corresponds to a
pore radius of 0.04 μm, which is slightly smaller than the pore sizes at percolation determined at Site
C0002 (0.15–0.31 μm; Figure 3b). Hydrate may form in pores larger than the percolation threshold,
although the hydrate will be present as isolated nodules. The maximum pore sizes in these sediments,
determined from the MICP measurements as the maximum pore radius with a nonzero incremental
distribution value, range from 0.27 to 0.82 μm, with a significant decrease in the maximum pore size
across the depth of the BSR (Figure 3b). We compare the maximum pore sizes and percolation pore sizes
with the minimum pore size rmin that will permit the formation of hydrate, determined by rearranging
equation (1) as

rmin ¼ 2γhwT3P;b
ΔHhwρh T3P;b � T

� � ; (3)

where T is the in situ temperature derived from the 40°C/km geothermal gradient. Pores larger than rmin

will permit the formation of hydrate since the decreased equilibrium temperature will still be larger than
the in situ temperature. The trend of the percolation pore sizes intersects rmin around 410 m bsf, while the
trend of the maximum pore sizes intersects the trend around 416 m bsf (Figure 3b). Significant hydrate
volumes are therefore not expected below 410 m bsf, and the pore sizes determined by MICP are therefore
consistent with a ~18m uplift of the base of the MHSZ from 428 to 410 m bsf.

4. Discussion

The ~28m uplift of the base of the MHSZ could also be caused by differences in pore water salinity or
geothermal gradient. Our calculations are based on 3.5 wt % NaCl. For three-phase equilibrium at the
conditions at the depth of the BSR (18.2°C and 23.46MPa), a salinity of 5.4 wt % NaCl would be required to
shallow the base of the MHSZ by 28m under hydrostatic pressure and in the absence of pore size effects.
This corresponds to a chlorinity of 920mM. Aside from a few outliers, the porewater chlorinity values at
Site C0002 reach a minimum of ~250mM at the depth of the BSR [Moore et al., 2013]. Assuming a simple
mass balance model in which dissociation of methane hydrate causes pore water freshening during core
recovery [e.g., Liu and Flemings, 2006], diluting 920mM chlorinity to 250mM chlorinity through hydrate
dissociation would require an initial hydrate saturation of 73%, which is far higher than estimates made
from LWD logs (generally <30% hydrate saturation layers [Miyakawa et al., 2014]). It is therefore unlikely
that salinity differences are the cause of the uplift of the base of the MHSZ.

Variation in the geothermal gradient could also cause uplift of the base of the MHSZ without the
Gibbs-Thomson effect and probably provide the additional 8m of uplift necessary to explain the position
of the observed BSR. In order for the in situ temperature to equal the bulk three-phase equilibrium
temperature at the depth of the BSR (19.2°C at 400 m bsf ), the geothermal gradient would need to
increase to 42.3°C/km, assuming the same seafloor temperature. The standard error of the geothermal
gradient calculated from the downhole temperature measurements is 1.9°C/km. Increasing the
geothermal gradient to 41.9°C/km results in a depth of 406 m bsf for the base of the MHSZ without the
Gibbs-Thomson effect. Heat flow and geothermal gradient generally increase toward the trench
[Harris et al., 2013]. Site C0001, which is ~10 km trenchward of Site C0002, has a measured geothermal
gradient of 44°C/km [Expedition 315 Scientists, 2009b], and a geothermal gradient of either 40°C/km or
41.9°C/km at Site C0002 would be consistent with this trend. We therefore cannot rule out the possibility
of variation in the geothermal gradient causing some of the uplift of the base of the MHSZ at Site C0002,
and this may explain why the observed uplift of the base of the MHSZ is ~8m greater than the uplift
determined from the Gibbs-Thomson effect alone.
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Pore size-induced uplift of the base of the MHSZ has implications for heat flow and geothermal gradient
estimates based on BSR depth. The depth of BSRs has been used to determine heat flow in the Nankai
Trough by assuming that the in situ temperature at the depth of the BSR is equal to the three-phase
equilibrium temperature for methane in seawater [e.g.,Yamano et al., 1982; Hyndman et al., 1992; Ashi et al.,
2002; Martin et al., 2004; Kinoshita et al., 2011]. The resulting heat flow values can have significant
variability due to uncertainties in seismic time-depth conversions, seafloor temperature, and sediment
thermal conductivity [Kinoshita et al., 2011]. The Gibbs-Thomson effect causes the BSR to occur at a lower
temperature than predicted from three-phase equilibrium in seawater, so the predicted heat flow and
geothermal gradient may be larger than the true values. Grevemeyer and Villinger [2001] compared
geothermal gradients predicted from BSR depth with values determined from borehole temperature
measurements at 10 locations around the world and found that the BSR-derived values can exceed the
borehole-derived values by up to 8.5°C/km. The associated error in heat flow depends on the thermal
conductivity of the sediments; however, Grevemeyer and Villinger [2001] estimate that errors in
methane phase equilibrium calculations are the largest contribution to errors in geothermal gradient
(10–20% error), which contribute errors of similar magnitude to heat flow calculations. In the case of
Site C0002, the borehole-derived geothermal gradient is 40 ± 1.9°C/km, while a geothermal gradient
derived from the BSR depth (400 m bsf ), the same seafloor temperature (2.2°C), and the three-phase
equilibrium temperature without the Gibbs-Thomson effect (19.2°C) results in a geothermal gradient
of 42.5°C/km, a 6.3% difference. If the sediments at Site C0002 are representative of the MHSZ in
the Kumano Basin as a whole, BSR-derived heat flow values may be biased ~6% higher than true
values. Such a bias may be indicated in comparisons of BSR-derived heat flow values with those
determined from models and borehole measurements [e.g., Kinoshita et al., 2011, Figure 9; Harris et al.,
2013, Figure 4].

The high pressures used during MICP tests (up to 379MPa) have the potential to cause some sample
disturbance through compression effects. The mercury intrusion pressures necessary to access the
percolation pore sizes range from 2.5 to 7.4 MPa, which for some samples exceeds the in situ vertical
effective stress (1.3–3MPa, determined by integration of LWD bulk density data [Expedition 314
Scientists, 2009b]). This may result in some deformation of the smaller pores. Daigle [2014] analyzed
measurements performed on other shallow marine clays from the Nankai Trough and suggested that
pores smaller than ~80 nm in radius may have been partially closed off to mercury intrusion due to the
high intrusion pressure for pores of that size (>9.3 MPa), resulting in porosities determined by MICP
being significantly lower than those derived by moisture and density (MAD) measurements. However,
the porosity values we obtained from the MICP data (Table S1) are consistent with the MAD porosity
values [Moore et al., 2013] (Figure S1). Similar applications of MICP in soft, deformable materials such as
biochar [Brewer et al., 2014; Hardie et al., 2014] have generally been successful, with little to no
evidence of anomalous porosity or pore sizes due to compression effects. In particular, Hardie et al.
[2014] compared biochar pore sizes determined by scanning electron microscopy with those
determined by MICP and found that both methods yielded consistent results. We conclude therefore
that the MICP-derived pore sizes for the sediments from Site C0002 are representative of the in situ
pore sizes.

5. Conclusions

The observed base of the MHSZ at IODP Site C0002 coincides with the BSR and is located at 400 m bsf.
This is ~28m shallower than the predicted base of the MHSZ based on methane hydrate equilibrium
calculations in seawater and a geothermal gradient of 40°C/km. MICP measurements on samples from Site
C0002 yielded percolation pore sizes of 0.15–0.31 μm in the MHSZ. These pore sizes are sufficiently small
to cause a depression of the three-phase equilibrium temperature for methane that moves the theoretical
base of the MHSZ 18m shallower and much closer to the depth of the observed BSR. This mechanism
has been implicated in anomalously shallow BSRs at other sites worldwide. The additional 10m of uplift
necessary to produce the observed BSR is probably attributable to small uncertainties in geothermal
gradient. Our study provides the most comprehensive assessment of pore sizes within the MHSZ
performed to date and clearly illustrates the influence of pore size on the thickness of the MHSZ in the
Kumano Basin.
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