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S U M M A R Y 

Accurate quantification of natural gas hydrate is essential for resource potential and climate 
impact assessment. Archie’s empirical equations are commonly used to quantify hydrates 
from electrical resistivity measurements. One dominant Archie equation parameters, that is, 
saturation parameter ( n ), is generally assumed to be constant for different hydrate saturation 

range for a given reservoir. However, n actually varies with hydrate saturation and morphology, 
and the exact relationship between n and hydrate saturation or morphology still remains poorly 

understood, leading to great uncertainties in resistivity-derived saturations. Here we investigate 
the effect of hydrate saturation and dominant hydrate morphologies on n using well logs from 

four sites in both fine and coarse-grained sediments: two sites with fluid-displacing hydrate 
(site W11 from the third Guangzhou Marine Geologic Survey; and Mallik 5L-38 well in the 
Mackenzie Delta) and two sites with fracture-filling hydrate (site 10 from Indian National Gas 
Hydrate Program Expedition 01; and site W08 from the second Guangzhou Marine Geologic 
Survey). We calculated n value using Archie’s law with hydrate saturation determined from 

velocity. Our results demonstrate a clear negative relationship between hydrate content and n 

value. Moreover, n estimates from two fracture-filling sites show greater variability compared 

to fluid-displacing sites. At a fracture-filling hydrate site, site 10, various trends between n and 

hydrate saturation are possibly caused by the distinct gas compositions of hydrate. Our results 
demonstrate that significant effects of hydrate morphology and saturation on n that are site 
specific, and can be used to enhance the accuracy of gas hydrate quantification. 
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 I N T RO D U C T I O N  

atural gas hydrates exist as ice-like solid compounds formed under
uitable high-pressure and low-temperature conditions if sufficient
as (mostly Methane) and water is available, and are found glob-
lly in terrestrial permafrost and offshore sediment (Kvenvolden
993 ). Gas hydrate has been of interest as a clean energy resource
or decades but significant challenges still remain for commercial
roduction (Milkov et al. 2003 ; Collett et al. 2009 ). On the other
and, hydrate dissociation is usually evaluated as a potential cause
or geohazards such as landslides. Gas products of the dissocia-
ion can contribute to global warming and impose challenges to
he environment if it releases into the atmosphere (e.g. Kvenvolden
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
 Lorenson 2001 ; Paull et al. 2008 ). Recently, artificial gas hy-
rate has been assessed as a possible solution for carbon dioxide
equestration (e.g. Sahoo & Best 2021 ; Yu et al. 2021 ). 

Hydrate grains can distribute in distinct modes (i.e. morpholo-
ies) within a rock or sediment composed of mineral grains and
ore fluid. Holland et al. ( 2008 ) studied the morphology of natural
as hydrate from core samples, categorizing it into two types: (i)
uid-displacing (i.e. pore-filling, hydrate grains replace the pore
uid) and (ii) grain-displacing (hydrate grains replace solid min-
ral grains). Experiments on synthetic hydrate and petrophysical
nversion from field measurements further indicate or imply a
umber of subtypes of hydrate microstructure. For example, fluid-
isplacing hydrate can (i) fill in the pore, (ii) bond the mineral grains
oyal Astronomical Society. This is an Open Access
https://creativecommons.org/licenses/by/4.0/), which
the original work is properly cited. 1
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(i.e. cementing morphology), (iii) float within pore space with- 
out contact with sediment grains (i.e. pore-floating) or (iv) be part 
of the solid matrix (i.e. pore-bridging, load-bearing), while grain- 
displacing hydrate in fracture-dominated reservoirs may accumulate 
in the shape of (i) nodules or (ii) veins normally aligned to minimum 

principal stress (Dai et al. 2012 ; Sahoo et al. 2018a ) and are com- 
monly associated with fine grained sediments (Booth et al. 1998 ). In 
natural systems, so far, the load-bearing and vein-like (i.e. fracture- 
filling) morphologies are the most common fluid-displacing and 
g rain-displacing for ms of hydrate, respectively (e.g. Helgerud et al. 
1999 ; Dai et al. 2008 ; Kim et al. 2013 ; Collett et al. 2015 ; Sha et al.
2015 ). 

The amount of natural gas hydrate is usually estimated from 

hydrocarbon-sensitive geophysical properties, for example, electri- 
cal resistivity and/or elastic wave velocity (Li & Liu 2016 , 2020 ). 
The nonlinear relationship between hydrate content and electrical 
resistivity, as described by the relations of Archie ( 1942 ), largely 
relies on an empirical saturation parameter n . For gas hydrates, 
both laboratory measurements and field studies show that n usu- 
ally varies from reservoir to reservoir. For example, a saturation 
exponent n = 1.9386, determined from an analogue experiment on 
ice-bearing sediment (Pearson et al. 1983 ), was commonly used 
to quantify the hydrate at several marine and permafrost sites (e.g. 
Paull et al. 1996 ). Santamarina & Ruppel ( 2008 ) and Dallimore et al. 
( 1999 ) estimated n = 1.6 was the best fit for electrical conductivity 
of tetrahydrofuran hydrate formed in sand, silts and clay samples. 
Cook & Waite ( 2018 ) employed calibrated n values ranging from 

1.5 to 2.5 to interpret the resistivity anomalies induced by fluid- 
displacing hydrate within two isotropic coarse-grained reservoirs. 
Theoretical modelling for vein-like hydrates deposited in fracture- 
dominated reservoirs (e.g. Kennedy & Herrick 2004 ), where the 
resistivity is sensitive to the direction of measurement, indicated a 
wider range of n between 1.25 and 7. Various factors can account 
for the site-specific saturation exponent within hydrate-bearing sed- 
iment. Experimental and theoretical investigations have shown that 
non-hydrocarbon factors such as host sediment properties (pore 
shape, pore connectivity, clay content) and fluid distribution mode 
can significantly affect the saturation exponent (e.g. Worthington & 

Pallatt 1992 ; Schön 1996 ; Sen 1997 ; Wildenschild et al. 2000 ). 
Additionally, for a given site, the Archie parameters vary with hy- 

drate saturation and morphology. Modelling of Spangenberg ( 2001 ) 
indicated the factors determining the saturation exponent n may vary 
between distinct hydrate morphologies: (i) n for disseminated fluid- 
displacing hydrate-bearing sediment can largely depend on grain 
size and grain size sorting as a result of capillary effects (Clennell 
et al. 1999 ), and (ii) the value of n for nodular or horizontally layered 
grain-displacing hydrate-bearing sediment relies on the relationship 
between porosity and formation resistivity factor (i.e. Archie’s ce- 
mentation exponent m ). However, many of the field studies use a 
single value of n for the whole hydrate saturation range at a given 
site (e.g. Collett et al. 2003 ; Collett & Lee 2005 ; Riedel et al. 2006 ; 
Wang et al. 2011 ), which is not always correct. Moreover, only a 
handful studies have accounted for the changes of n with hydrate 
saturation. For example, recent work by Cook & Waite ( 2018 ) us- 
ing field data from Mallik 5L-38 and Gulf of Mexico showed n 
varies with Sh giving n = 2.5 ± 0.5 for coarse-grained sediments 
with hydrate saturation above 40 per cent. They also point out that 
‘if possible, n should be calibrated using reservoir-specific data’. 
Overall, the mechanisms that control how hydrate-related factors 
(e.g. hydrate content and morphology) impact the saturation expo- 
nent have not been fully understood from either field or laboratory 

measurements. 
In this work we aim to investigate the effect of the two most 
dominant hydrate-related factors affecting the saturation exponent, 
namely hydrate saturation and hydrate morphology. We look at 
both coarse-grained and fine-grained sediments and aim to provide 
a mathematical relationship between n and Sh . We use downhole 
logs collected from four reservoirs where either fluid-displacing or 
fracture-filling hydrate were observed. Site 10 from the Indian Na- 
tional Gas Hydrate Program Expedition 01 (NGHP01) in the Bay 
of Bengal, and well W08 in the South China Sea from the second 
Guangzhou Marine Geologic Survey (GMGS2) were selected as 
examples of fracture-filling reservoirs, while the Mallik Gas Hy- 
drate Production Research Well, Mallik 5L-38, in Canada, and well 
W11 in the South China Sea from the third Guangzhou Marine Ge- 
ologic Survey (GMGS3) are used as examples of fluid-displacing 
reservoirs. First, we use the velocity logs from those depth inter- 
vals where hydrates were present to calculate the hydrate satura- 
tion using well-established rock physics models. These elastic wave 
velocity-derived hydrate contents are then used as input to calculate 
the saturation exponents from electrical resistivity measurements 
using Archie’s equation. Finally, cross-plots of saturation exponent 
and hydrate saturation are employed to illustrate the dependence 
of saturation exponent on morphologies and hydrate content. We 
also investigated the influences of conductive clay particles and 
uncertainties in calculations on n values. 

2  H Y D R AT E  S AT U R AT I O N  

E S T I M AT I O N  

Besides the electrical resistivity, other geophysical measurements 
such as elastic wave velocity and nuclear magnetic resonance 
(NMR), as well as geochemical measurements of chloride concen- 
tration, can provide independent estimates of gas hydrate saturation. 
Estimation based on velocity data largely depends on the concep- 
tual model (i.e. rock physics model) that links the petrophysical 
properties, here the composition of the pore content, to the rock 
elastic properties. When utilizing rock physic models for hydrate 
quantification, parameters and petrophysical properties involved in 
modelling should be carefully selected as they can also significantly 
affect the predicted velocity. In contrast, for NMR tools, pressure 
core and chloride concentration the measurements mainly relate 
to the hydrate content, independent of the pore-scale interactions 
between gas hydrate and the host sediments; therefore, they are 
assumed to be able to provide more accurate concentrations of in 
situ gas hydrate than information derived from seismic or sonic ve- 
locities (e.g. Lee 2007 ). However, during downhole surveys, NMR 

logging, pressure core and chloride measurement are not usually 
deployed due to the high operational and time costs and failure risk 
(Coates et al. 1999 ). Moreover, chloride concentrations from core 
samples tend to be quite dispersed in-depth. Inspired by the method 
of Cook & Waite ( 2018 ), here we propose to calculate the hydrate 
saturation from sufficient velocity measurements, and then employ 
them for further n calculation only if these saturation estimates 
match the predictions from available NMR or salinity data. 

2.1 Saturation from velocity 

Rock physics models specify the relationships between rock petro- 
physical and elastic properties, and are commonly used to obtain 
hydrate saturation from velocity measurements. In hydrate-bearing 
sediment, the geometry of hydrate grains (i.e. morphology) is an 
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Table 1. Constants involved in velocity modelling. 

Constituent K (GPa) G (GPa) ρ(g cm−3 ) Source 

Quartz 38.4 44.1 2.66 Pabst & Gregorová ( 2013 ) 
Clay 20.9 6.85 2.58 Helgerud et al. ( 1999 ) 

Gas hydrate 8.3 3.54 0.924 Helgerud et al. ( 2009 ) 
Sea water 2.3 0 1.02 Cook & Waite ( 2018 ) 

Figure 1. Compressional wave velocity ( VP ), porosity, resistivity and hydrate saturation at site Mallik 5L-38. Measured VP and resistivity are from original 
drilling report (Collett, Lewis, Dallimore 2005 ). We calculated porosities from the LWD density log. The hydrate saturations estimated from NMR-density 
porosity are from Kleinberg et al. ( 2005 ) and shown as blue dots. We calculated the background VP and resistivity ( VP and resistivity of the sediments 
after replacing hydrates with brine) and showed them in blue curves. We estimated the hydrate saturations from velocity and shown them in the red curve. 
Three noteworthy gas hydrate-bearing intervals, as highlighted in grey, are 891–931, 942–993 and 1069–1107 m. The mean of absolute difference between 
velocity-derived Sh and NMR-density-derived Sh is 8 per cent. Tortuosity coefficient a and cementation exponent m for Archie’s law are 0.65 and 2.23, 
respectively. 
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ssential element when designing a rock physics model (e.g. Hel-
erud et al. 1999 ); an inappropriate conceptual model could result
n a large deviation between velocity-derived and in situ hydrate sat-
rations (e.g. Lee & Collett 2009 ). Here, we use two morphology-
elated rock physics models to quantify the hydrate in four reservoirs
here each accumulates either fluid-displacing or fracture-filling
ydrate. 

.1.1 Fluid-displacing sites 

vorkin et al. ( 2000 ) investigated the elastic properties of sed-
ments hosting fluid-displacing hydrate by proposing four effec-
ive medium models, which assume the hydrate (i) floats within
he pore fluid (pore-floating), (ii) constitutes part of the solid

atrix with mineral grains (load-bearing), (iii) coats the mineral
 rains (g rain-coating) or (iv) cements the mineral g rains at g rain
ontacts (contact-cementing). Different from the empirical time-
verage-relation by Wyllie et al. ( 1956 ) or its adjustment to hydrate-
earing soft sediment (weighted time-average-relation) by Lee et al.
 1996 ), these morphology-related models are based on first princi-
al physics (Dvorkin & Nut 1998 ) and require limited parameters
o recalibrate when applied in a new reservoir. Of these models, the
oad-bearing type has been widely validated by both laboratory and
eld measurements from marine and permafrost environments (e.g.
leinberg et al. 2005 ; Santamarina et al. 2015 ). Here we employ

his model to quantify the fluid-displacing hydrate at sites Mallik
L-38 and W11, GMGS3. 

Using the porosity log and constant parameters listed in Table 1 ,
e calculate the background (hydrate-free) VP at both sites (see
lue curves in the first logs of Figs 1 to 3 ). The procedure has been

art/ggaf448_f1.eps
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Figure 2. Compressional wave velocity ( VP ), porosity, resistivity and hydrate saturation at site W11, GMGS3. LWD VP and resistivity data are from Qian 
et al. ( 2018 ). We calculated the background VP and resistivity ( VP and resistivity of the sediments after replacing hydrates with brine) and showed them in blue 
curves. We calculated porosities from the LWD density log. Hydrate saturations calculated from chloride concentration are from Qian et al. ( 2018 ) and shown 
as blue dots. We estimated the hydrate saturations from velocity and shown them in the red curve. The hydrate-bearing interval used in this study, as indicated 
by the grey zone, is from 116 to 201 mbsf. The mean of absolute difference between velocity-derived Sh and NMR-density-derived Sh is 6 per cent. Tortuosity 
coefficient a and cementation exponent m for Archie’s law are 1.78 and 1.57, respectively. 
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illustrated by Tian & Liu ( 2021 ). At Mallik 5L-38, three typical gas 
hydrate-bearing intervals (shown as grey zones in Fig. 1 ) are indi- 
cated by the obvious deviation between the background and mea- 
sured VP (Collett & Lee 2005 ). Massive gas hydrate (a maximum 

saturation of ∼90 per cent) is predicted from velocity measurements 
in all three intervals. At the other fluid-displacing hydrate site, W11 
from GMGS3, the predicted background VP in Fig. 2 conforms well 
to the measured VP , except within the interval from 116 to 201 
m below seafloor (mbsf), where a significant velocity increase is 
attributed to gas hydrate occurrence. The good agreement of the 
measured and calculated velocities in the hydrate-free zones con- 
firms that the formation is well described by the chosen parameters. 
A large amount of hydrate, with saturation up to 60 per cent, is 
estimated from the velocity within the hydrate-bearing interval. 

2.1.2 Fracture-filling sites 

Fracture-filling hydrates at sites GMGS2-W08 and NGHP01-10 
mainly appear in the shape of veins or tubes but form under different 
mechanisms (Cook et al. 2010 ; Luo & Cao 2023 ). For site NGHP01- 
10 fracture-filling hydrates are present almost exclusively in one 
depth interval, slightly above and unconnected to the base of the gas 
hydrate stability zone (GHSZ). This suggests that, in situ microbial 
gas is inferred gas source for such vein-like hydrates (Cook & 

Goldberg 2008 ). In contrast, at site GMGS2-W08 fractures provide 
the path for gassy fluid migration; free gas from deeper locations 
possibly supplies the gas for hydrate accumulation (Sha et al. 2015 ). 
Vein-like hydrates in reservoirs usually result in the anisotropy 
of rock elastic and electrical properties. Lee & Collett ( 2009 ) char- 
acterize the hydrate-induced elastic anisotropy using a two-layer- 
laminated, transversely isotropic model, in which the hydrate and 
background sediment constitute two individual layers. In that model 
the anisotropic elastic wave velocities are computed using a spe- 
cific average form of pure hydrate moduli and background sediment 
moduli (i.e. White 1965 ). Generally pure hydrate elastic moduli 
are calibrated by laboratory measurements (e.g. constants shown 
in Table 1 ). In the case of the brine-saturated part, we compute 
its moduli using the scheme from Dvorkin et al. ( 2000 ), which 
we used for fluid-displacing hydrate at Mallik 5L-38 and W11- 
GMGS3 as well. We chose not to model the properties of the 
brine-saturated part with another commonly used scheme, a modi- 
fied Biot model by Lee ( 2008 ), because increasing differences be- 
tween rock physics models for fracture-filling and fluid-displacing 
hydrates would contribute to more uncertainties in the derived 
saturations. 

In addition to the porosity and mineral properties (listed in 
Table 1 ), fracture dip is required in the elastic modelling of 
fracture-filling-hydrate in sediment. Core samples observations and 
resistivity-at-the-bit images at site NGHP01-10 indicated that frac- 
tures filled with hydrate are usually sub-vertical, with high-angle dip 
(e.g. Lee & Collett 2009 ; Cook et al. 2010 ). At site GMGS2-W08, 
near-vertical fractures are inferred to be part of a venting system, 
and free gas below the gas hydrate stability zone moves upwards 
through these pathways. During the migration process, a proportion 

art/ggaf448_f2.eps
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Figure 3. Compressional wave velocity ( VP ), porosity, resistivity and hydrate saturation at site 10, NGHP01. Wireline VP log was collected at Hole 10D 

while LWD resistivity was measured at Hole 10A (Lee & Collett 2009 ). We calculated background VP and resistivity ( VP and resistivity of the sediments 
after replacing hydrates with brine) and showed them in blue curves. We estimated porosities using the wireline density log at Hole 10A. We calculated 
hydrate saturations from chloride concentration are shown as blue dots. We also calculated the hydrate saturations from velocity and shown them in the 
red curve. The hydrate-bearing interval used in this study, as indicated by grey zone, is from 58 to 134 mbsf. The mean of absolute difference between 
velocity-derived Sh and NMR-density-derived Sh is 10 per cent. Tortuosity coefficient a and cementation exponent m for Archie’s law are 4.19 and 0.46, 
respectively. 
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f the free gas can form the sub-vertical hydrate veins and thick
ydrate layers (Sha et al. 2015 ). Given these demonstrations, in this
ork we assume hydrate veins and layers are vertical to fracture
ormal when estimating hydrate saturation from velocities at both
ites. 

For site NGHP01-10, one logging while drilling (LWD) hole,
ole 10A, and one wireline logging hole, Hole 10D were drilled
ith closely spaced. Given a much shorter time lapse between
rilling and data collecting for LWD measurements, we choose
WD rather than wireline logs for hydrate saturation estimation.
owever, a comparison between measurements from Hole 10A

nd 10D have shown that LWD velocities are much lower than
ireline velocities at hydrate intervals but approach wireline ve-

ocities within hydrate-free intervals. The possible reason could
e the hydrate dissociation caused by drilling disturbance (Lee
 Collett 2009 ): drilling process can possibly cause the hydrate

issociation, and the released free gas can significantly lower the
WD P -wave velocity measurements. Regarding the biased LWD
elocity, we employ the wireline velocity from Hole 10D to es-
imate hydrate saturation. However, velocity at Hole 10D can-
ot be used to calibrate the parameters of rock physics model
e.g. coordination number) as it was only collected at hydrate
ntervals. In contrast, LWD velocity measurements at Hole 10A
overed both hydrate-free and hydrate-bearing intervals; there-
ore, we use P -wave velocity within hydrate-free intervals at
 T  

t  
ole 10A to calibrate model parameters before hydrate saturation
alculation. 

In Fig. 3 , the velocity log at site NGHP01-10 is only available
rom 58 to 134 mbsf, a narrower interval than that of other down-
ole measurements such as resistivity and porosity. In this velocity-
vailable interval the estimated background VP is much lower than
easured VP , indicating possible hydrate presence in this depth

ange. Results from downhole resistivity measurement further con-
rm it: high gas hydrate accumulation, indicated by significant re-
istivity increase, can be inferred between 30 and 360 mbsf. Using
he velocity measurements from 58 to 134 mbsf, site NGHP01-10,
e estimate the in situ hydrate concentration which ranges from 10
er cent to 55 per cent. 

At the other fracture-filling hydrate site, GMGS2-W08, the pre-
icted hydrate-free VP and measured VP coincide very well at shal-
ow and deep depths, but diverge within the middle interval, from
5 to 98 mbsf. Hydrate presence accounts for the divergence be-
ween the measured and calculated logs. From velocity difference
e estimated the hydrate content for this interval, which varies from
 per cent to 51 per cent. 

.2 Saturation from nuclear magnetic resonance, pressure 
ore and geochemistry measurements 

he difference between density-derived and NMR-derived porosi-
ies can reflect the hydrate content (e.g. Kleinberg et al. 2005 ) as

art/ggaf448_f3.eps
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(i) porosity measured by the NMR tool is highly related to the 
water porosity (the ratio of the volume of water to the volume of 
whole rock) and (ii) porosity derived from density measurements is 
the sum of water porosity and gas hydrate porosity (the ratio of the 
volume of gas hydrate to the volume of whole rock). Besides, a geo- 
chemical analysis, the measurement of pore fluid chloride concen- 
tration, is widely employed to provide accurate hydrate saturation 
estimates (e.g. Froelich et al. 1995 ; Hesse 2003 ). Gas hydrate satu- 
rations can also be estimated from the pressure core using the total 
amount of gas released during the depressurization experiment and 
the dissolved methane gas in the pore water under the assumption 
of a thermodynamic equilibrium (Lee & Collett 2009 ). On chloride 
concentration profile collected from recovered samples, hydrate is 
usually indicated by abnormally low chlorinity since hydrate disso- 
ciation freshens the pore fluids during core recovery. 

Only the NMR log was collected at site Mallik 5L-38, while 
the chloride concentration was measured from the core samples at 
sites GMGS3-W11 and NGHP01-10. Both the pressure core and 
geochemistry measurement on core is available at site W08 during 
GMGS2. Hydrate contents estimated from available NMR, pressure 
core test and geochemistry measurements, as plotted by blue dots 
in Figs 1 to 3 , are generally consistent with the velocity-derived hy- 
drate concentrations. Given that, we consider these velocity-derived 
hydrate contents are reliable and hence can be used at all sites for 
further saturation exponent calibration. 

3  E S T I M AT I O N  O F  B A C KG RO U N D  

R E S I S T I V I T Y  R 0  

The background geological formation’s resistivity, denoted R0 , in 
hydrate-bearing intervals is usually derived using Archie’s law and 
the resistivity collected in hydrate-free intervals, assuming that the 
pore water is the only conducting phase. According to Archie’s 
equation shown below (Archie 1942 ), R0 largely depends on the 
host sediment properties such as sediment porosity and brine con- 
ductivity: 

R0 = a Rw 

φm 

, (1) 

where a is the Archie tortuosity coefficient, Rw is the formation wa- 
ter resistivity at reservoir temperature and pressure, m is the Archie 
cementation exponent and φ is the sediment porosity calculated 
from density measurements. 

Resistivity of in situ pore water Rw in eq. ( 1 ) is mainly a function 
of the temperature and dissolved salt content within the pore waters. 
In the case of seafloor sediment with known pore water temperature 
and salinity, Rw could be obtained by interpolating the measurement 
data provided by International Critical Tables of Numerical Data 
( 1928 ). Then an empirical relationship is commonly employed to 
derive the Rw within subseafloor sediment at a certain depth (Arp 
1953 ): 

Rsubseafloor 
w = Rseafloor 

w 

Tseafloor + 7 

Tsubseafloor + 7 
, (2) 

where Tseafloor and Tsubseafloor are seafloor and subseafloor Fahren- 
heit temperatures, respectively. Tsubseafloor could be calculated using 
available data for Tseafloor and the geother mal g radient. Rsubseafloor 

w and 
Rseafloor 

w denote the pore water resistivities for seafloor and sub- 
seafloor sediments, respectively. These salinity and temperature pa- 
rameters at all research wells except Mallik 5L-38 are given in Ta- 
ble 2 . Mallik 5L-38 is an exception as the Rw there is more complex 
than other sites. Although previous studies of site Mallik 5L-38 (e.g. 
Collett & Dallimore 1998 ) have demonstrated sediments at depths 
from 200 to 2000 m have an average pore-water salinity about 10 
parts per thousand (ppt), measurements from recovered cores show 

a highly variable pore-water salinity ranging from 1 ppt to up to 
45 ppt (Matsumoto et al. 2005 ). In that case, a single salinity value 
would no longer be suitable to use. Here we employed the Rw pro- 
vided by Collett & Lee ( 2005 ), who determined the baseline of Rw 

using a combination of downhole logs and pore-water salinity from 

core samples. 
Using a and m determined from eq. ( 1 ) and Rw estimated from eq. 

( 2 ), we calculate the background resistivity R0 for all depth points. 
As shown in Figs 1 to 4 , the hydrate-free intervals indicated by 
resistivity measurements and R0 are consistent with those intervals 
predicted by velocity measurements and background velocities. 

4  E S T I M AT I O N  O F  S AT U R AT I O N  

E X P O N E N T  

Based on the calibrated R0 , we then obtain the saturation exponent 
according to the rearranged Archie second law: 

n = − log ( IR ) 

log ( 1 − Sh ) 
= log ( R0 /Rt ) 

log ( 1 − Sh ) 
, (3) 

where Rt represents the measured resistivity of the hydrate reser- 
voir, Sh is the hydrate saturation estimated from velocities (see 
Section 2.1 ). IR is the resistivity index, the ratio of the resistivity 
of the partial water-saturated rock (water saturation Sw = 1 −Sh ) to 
the resistivity of fully electrolyte-saturated reservoir rock. Eq. ( 3 ) 
is generally useful for a given rock sample under the Archie ex- 
perimental conditions, that is, fluid is required to be high-salinity 
(NaCl) brine with Sw > 15 per cent (Worthington & Pallatt 1992 ). In 
addition, low velocity-derived Sh (e.g. less than 10 per cent), mostly 
resulting from small gaps between estimated background VP and 
measured VP for brine-saturated sediments, can yield abnormally 
high n values according to eq. ( 3 ). Given these demonstrations, we 
only use the resistivity data with Sh ranging from 10 per cent to 85 
per cent for further investigations. 

5  D E P E N D E N C I E S  O F  S AT U R AT I O N  

E X P O N E N T  

Fig. 5 depicts cross-plots of n and Sh for hydrate-bearing sediments 
at the four different sites. It can be seen that, for all sites, the increase 
of hydrate saturation generally results in decrease of the saturation 
exponent, especially for vertical-fractured sites NGHP01-10, and 
W08, GMGS2. In terms of the relationship between Sh and n , we 
tried three fitting strategies, linear, power function and exponential 
function regression for all four sites. R -squared values for n esti- 
mates are shown in Table 3 . For sites Mallik 5L-38, W11, GMGS3 
and W08-GMGS2, power function is the best fitting for the largest 
R -squared value. However, at site NGHP01-10, the trends between n 
and hydrate saturation within 58–95 mbsf (Interval I), 95–125 mbsf 
(Interval II) and 125–134 mbsf (Interval III) are quite distinct. We 
employ three fitting strategies for Intervals I–III independently, and 
find that the best fitting for Interval I is the power function but for 
Intervals II–III is the exponential function. 

The n value estimates for fracture-filling sites are generally much 
higher and more scattered than those from fluid-displacing sites. 
For the two fluid-displacing hydrate sites, Mallik 5L-38 and W11- 
GMGS3, the estimated saturation exponents are generally under 
10. Site Mallik 5L-38, with a wider range of hydrate saturation, 
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Table 2. Salinity and temperature parameters used for Rw estimation. 

Sites 

Seafloor 
temperature 

(◦C) 

Geothermal 
gradient 

(◦C km−1 ) 
Salinity 

(ppt) Source 

W11, GMGS3 4.82 54.9 32 Qian et al. ( 2018 ) 
NGHP01-10 6.5 45 32.5 Lee & Collett ( 2009 ) 
W08, GMGS2 4 45 35 Wang et al. ( 2016 ) 

Figure 4. Compressional wave velocity ( VP ), porosity, resistivity and hydrate saturation at site W08, GMGS2. LWD VP and resistivity data were from Sha et al. 
( 2015 ). We calculated background VP and resistivity ( VP and resistivity of the sediments after replacing hydrates with brine) and showed them in blue curves. We 
calculated porosities from the LWD density log. We also calculated the hydrate saturations from velocity and showed them in the red curve. Hydrate saturations 
calculated from chloride and pressure core data are from Qian et al. ( 2017 ) and shown as blue and green markers, respectively. The hydrate-bearing interval 
used in this study, as indicated by grey zone, is from 65 to 98 mbsf. The mean of absolute difference between velocity-derived Sh and non-velocity-derived Sh 

( Sh from chloride and pressure core) is 11 per cent. Tortuosity coefficient a and cementation exponent m for Archie’s law are 0.84 and 4, respectively. 
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s estimated to have more dispersed saturation exponents than site
11-GMGS3. As demonstrated in Fig. 6 , 86.86 per cent of n es-

imates at site W11-GMGS3 are between 1 and 2, while the figure
or site Mallik 5L-38 is merely 48.98 per cent. From the histograms
n Fig. 6 we also observe that the n interval, from 1.5 to 2, is the
ange with the highest relative frequency for both sites, in accord
ith the n range suggested by Cook and Waite ( 2018 ). In the case of
ertical-fracture-filling hydrate, n predictions from sites NGHP01-
0 and GMGS2-W08 primarily vary from 3 to 30. Histograms in
ig. 6 indicate n at site NGHP01-10 is within much lower inter-
als compared to that at site GMGS2-W08. For example, at site
GHP01-10, 61.1 per cent of n predictions are under 10 while 87.9
er cent of the n estimates for site GMGS2-W08 are higher than 10.

It is noteworthy that n predictions at sites NGHP01-10 and
MGS2-W08 are far beyond the range suggested by previous labo-

atory measurements for hydrocarbon-bearing samples (e.g. Schön
996 ). We assume it could result from the unusual behaviour of
ydrate at sites NGHP01-10 and GMGS2-W08: hydrates primarily
resent in the fractures, and therefore, they grow following a certain
irection, turning the sediment into an anisotropic medium which
ew laboratory works have investigated. 
Hence, we propose a new theoretical approach to interpret the n
alues from sites NGHP01-10 and GMGS2-W08. For both fracture-
lling sites the electrical property for n calibration was RING resis-

ivity logged during drilling. This logging-while-drilling tool was
ocated directly above the drill bit and used two transmitter coils and
 number of electrodes to obtain several resistivity measurements.
he upper and lower transmitter coils produce currents in the collar

hat meet at the ring electrode (Collett et al. 2015 ). In a vertical
ell with vertical fractures such as sites NGHP01-10 and GMGS2-
08, these currents would generally propagate perpendicularly to

he borehole and fracture planes (Cook et al. 2010 ). Consequently,
ediment hosting vertical-fracture-filling hydrate can be seen as a
eries configuration of hydrate-free layer and hydrate layer in terms
f resistivity measurement, that is, a hydrate free sediment layer on
op of a hydrate filled layer. Eq. ( 4 ) below can be used to demonstrate
he formation resistivity Rt : 

Rt = Rhyd Vhyd + R′ 
0 (1 − Vhyd ) , (4) 

here Rhyd and Vhyd represent the resistivity and volume fraction
f vein-like hydrate, respectively. Slightly different from the back-
round resistivity R0 in Section 3 , R′ 

0 is not the resistivity of the
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Figure 5. The saturation exponent versus hydrate saturation at sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, GMGS3 (fluid-displacing), (c) NGHP01-10 
(fracture-filling) and (d) W08, GMGS2 (fracture-filling). We tried three fitting strategies, linear, power function and exponential function regression for all four 
sites. R -squared values for n estimates are shown in Table 3 . The solid lines are the fitting results with the largest R -squared values. 

Table 3. R -squared values for regression results of saturation exponent at four sites. 

Sites 
Intervals 

(mbsf) 

R2 for a linear 
function 

( n = aSh + b) 

R2 for a power 
function 

( n = aSh 
b + c) 

R2 for a exponential 
function 

( n = aebSh + c) 

Mallik 5L-38 891–931 
942–993 

1069–1107 

0.070 0.087 0.073 

W11, GMGS3 116–201 0.053 0.067 0.056 
NGHP01-10 58–95 0.597 0.762 0.698 

95–125 0.526 0.554 0.560 
125–134 0.514 0.557 0.562 

W08, GMGS2 65–98 0.307 0.375 0.338 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/1/ggaf448/8327622 by guest on 19 January 2026
whole rock with the hydrate part replaced by brine, but only denotes 
the resistivity of the hydrate-free part within the in situ sediment. 
Since the hydrate veins displace and compact the surrounding sed- 
iment during hydrate growth (Spangenberg 2001 ), the φ used for 
deriving R′ 

0 (see eq. 1 ) is no longer the initial porosity of the sedi- 
ment φinitial (void volume prior to the hydrate presence) but instead 
the porosity φ is given by the expression 

φ = φinitial ( 1 − Sh ) 

1 − φinitial Sh 
. (5) 
In this work φinitial is defined as the average of porosities derived 
from density logs. Moreover, the resistivity of pure hydrate Rhyd in 
eq. ( 4 ) is debatable. Laboratory results from Davidson ( 1983 ) indi- 
cated that synthetic pure methane hydrate could be a highly electrical 
resistive medium, while Camps et al. ( 2008 ) demonstrated hydrate 
decreases the bulk resistivity as fluid ions excluded from the hydrate 
structure during hydrate formation can promote an interconnected 
network of saline pore channels. Based on previous studies, Cook 
et al. ( 2010 ) loosely constrained the Rhyd for fracture-filling hydrate 
in the Krishna-Godavari Basin by a wide interval, from 50 to 1200 
�m. Herein, we model the Rt as a function of hydrate saturation 

art/ggaf448_f5.eps
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Figure 6. The distribution of saturation exponent estimates for sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, GMGS3 (fluid-displacing), (c) NGHP01-10 
(fracture-filling) and (d) W08, GMGS2 (fracture-filling). The label for y-axis, relative frequency, denotes the number of n values falling in a particular bin 
divided by the total number of n estimates. 
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sing two exponentially growing Rhyd values, 1 and 1000 �m, and
R′ 

0 predicted by modified eq. ( 1 ). These theoretical Rt values then
an be employed to estimate the n value from eq. ( 3 ). In this case,
 can be expressed as follows: 

 =
log 

(
a Rw 

φm 
initial 

)
− log 

[
Rhyd φinitial Sh + a Rw (

φinitial −φinitial Sh ) 
1 −φinitial Sh 

)m 

]

log (1 − Sh ) 
. (6) 

We then compare these theoretical n values and n estimated from
eld data at sites NGHP01-10 and W08-GMGS2 (Figs 5 c–d). As
emonstrated in Figs 7 (a) and 9 , the n values predicted from field
ata indicate Rhyd values are between 1 and 1000 �m at both sites.
oreover, using the n expression in eq. ( 6 ) and the least-squares

egression fitting strategy, we estimate the pure hydrate electrical
esistivities for sites W11, GMGS3 and NGHP01-10. In Figs 7 (a)
nd 9 , the resistivity-model-derived nonlinear trends (solid lines)
oincide with the n estimates from Archie’s equations (circles). Fur-
hermore, using the resistivity model for homogeneous distributed
ydrates by Spangenberg ( 2001 ), we estimate four constant n (blue
ashed line in Fig. 5 ) for all hydrate sites in this study. As shown,
he resistivity-model-derived n values are quite close to the n esti-
ates from Archie’s equations at two fluid-displacing hydrate sites,

ut are much lower than the n estimates from Archie’s equations
t two fracture-filling hydrate sites. Results above further confirm
hat anisotropy induced by fractures is the reason why n values es-
imated at sites NGHP01-10 and W08-GMGS2 follow a nonlinear
rend and are much higher than the n suggested by previous studies
n fluid-displacing hydrate. 
At site NGHP01-10, the trends between n and hydrate satura-
ion within 58–95 mbsf (Interval I), 95–125 mbsf (Interval II) and
25–134 mbsf (Interval III) are quite distinct. To test whether dif-
erences in fracture dip angles can possibly contribute to these
ultiple trends, in Fig. 7 (b) we show the n values for samples with

ifferent fracture dips, in which the fracture dips were estimated
sing Schlumberger’s GeoFrame log analysis software. However,
o obvious relationship between the fracture dip and n value can
e observed. On the other hand, using the n expression in eq. ( 6 )
nd the least-squares regression fitting strategy, we estimated the
ure hydrate electrical resistivities for Intervals I–III. As shown in
ig. 7 (c), the hydrate resistivity estimated from Interval I is the
ighest among the three, followed by Intervals III and II. 

We speculate that different trends among Intervals I–III are pos-
ibly caused by the distinct gas compositions of hydrate. Organic
eochemical studies show that abundant CH4 and CO2 gas were
ollected from site NGHP01-10, and the concentration of CH4 gas
rom headspace for core samples is 0.37 to 5.13 times that of CO2 

as within 58–134 mbsf (Collett et al. 2015 ). Assuming that CH4 

nd CO2 are the main gas components within hydrates, the pro-
ortion of CO2 in the gas mixture generally varies from 25 per
ent to 75 per cent according to the concentration data. In this
ase, the formation of CO2 hydrate is possible, since the hydro-
tatic pressure and temperature at interval 58–134 mbsf are above
he phase boundaries for CO2 and CH4 gas hydrates (as indicated
n Fig. 8 ). Moreover, we calculate the ratio of CH4 to CO2 gas
oncentration from headspace for core samples and show the cor-
esponding n in Fig. 7 (c). As depicted, n for samples with high gas
oncentration ratio coincides with the trend calculated with high
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Figure 7. Saturation exponents predicted by the model and measurements at fracture-filling site NGHP01-10. (a) saturation exponents within Inter- 
vals I–III. (b) saturation exponents for samples with different fracture dips. (c) saturation exponents for samples with different ratios of CH4 to 
CO2 gas concentration. (d) the ratio of CH4 to CO2 gas concentration versus depth. Curves in (a–c) represent the saturation exponent calculated 
from eq. ( 6 ) using various pure hydrate resistivity. The best pure hydrate resistivities estimated from Intervals I–III are 102 . 57 , 101 . 77 and 101 . 99 , 
respectively. 
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hydrate resistivity. We think the reason for that is the difference 
between CH4 hydrate and CO2 hydrate resistivities: CH4 hydrate 
exhibits much higher electrical resistivity than CO2 hydrate (Lim 

et al. 2017 ; Stern et al. 2021 ). We also analyse the variation of 
gas concentration ratio vesus depth. In Fig. 7 (d), the mean of ratio 
for Interval I is the highest, followed by Intervals III and II, which 
are consistent with the results of estimated hydrate resistivities in 
Fig. 7 (a). 
6  D I S C U S S I O N  

Fig. 4 show anomalous porosity log which has porosities up to 
100 per cent. These density-derived porosities are probably too 
high, may be due to free gas which is not accounted for in the log- 
interpretation, this is why the background velocities and resistivities 
are lower than one would expect from the general trend of velocity 
and resistivity with depth. Moreover, low background velocities 
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Figure 8. Hydrate phase boundary of CO2 and CH4 gas mixture at dif- 
ferent compositions predicted by PVTsim (modified from Aminnaji et al. 
2024 ). Red line shows the hydrostatic pressure and temperature at different 
depth at site NGHP01-10. Reservoir temperature is estimated using seafloor 
temperature and geothermal gradient shown in Table 2 . 

Figure 9. Saturation exponents predicted by the model and measurements 
at fracture-filling site W08, GMGS2. Curves represent the theoretical sat- 
uration exponent calculated with various assumptions on resistivity of the 
pure hydrate layer. The best pure hydrate resistivity for all samples is 102 . 33 . 
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etween 56 and 63 mbsf are actually caused by a carbonate platform
Zhang et al. 2014 ). 

Archie’s equation was originally developed for isotropic me-
ia. In this study, we also use the Archie theory to derive the n
or anisotropic sediments at sites NGHP01-10 and GMGS02-W08
here hydrates exist as sub-vertical veins. Therefore, n estimates
f these two sites are the ‘apparent’ saturation exponents. We also
ote that the works of Kennedy & Herrick ( 2004 ), who demonstrated
heoretically the electrical anisotropy induced by the heterogeneous
aminated medium, may be less viable for interpretation of n within
racture-filling hydrate-bearing sediment, since some parameters
n this theory (e.g. saturation and cementation exponents for pure
ydrate layer) are difficult to determine. 

Classic petrophysics holds that the Archie saturation exponent,
 , is constant for a given clean sample of reservoir rock (i.e. Archie
xperimental conditions). However, a number of cases have indi-
ated n can vary with pore water saturation (e.g. Swanson 1985 ;
ongeron et al. 1989 ). In this study, we performed a comprehensive
nalysis of velocity and resistivity logs collected from four hydrate
eservoirs, showing that n can decrease with the hydrate content,
specially when hydrate forms or fills in vertical fractures. As a
esult, significant errors will occur if a constant n is still adopted
o estimate the hydrate saturation from resistivity. For example, for
our data sets used in this work, if we assume an intermediate IR 

shown as green lines parallel to the X-axis in Fig. 10 ), the use of a
xed n can result in over 20 per cent deviation in Sh or Sw predicted
rom resistivity (as shown by � Sw ). Specifically, the � Sw values
or sites Mallik 5L-38 and GMGS3-W11 reach 31 per cent and
0 per cent, respectively. The � Sw values at sites NGHP01-10 and
MGS2-W08 are 30 per cent and 25 per cent, respectively. 

.1 Factors affecting the estimated saturation exponent 

t should be noted that the dependence of n on hydrate morphology
nd concentration can be affected by various non-hydrate factors.
or example, uncertainties from the variables and parameters in-
olved in eq. ( 3 ) may influence the n estimates. Fur ther more, clay
inerals within host sediment may contribute to the rock electrical

onductivity (Waxman & Smits 1968 ; Ruffet et al. 1995 ; Schön
996 ; Revil & Glover 1998 ), complicating the saturation exponent.

.1.1 Surface conductivity through clay particles 

resence of clays can complicate electrical conductivity in shaly
ands. Excess ions in a diffuse double layer around clay particles
rovide current conduction pathways along the clay surface in ad-
ition to the current flow by ions diffusing through the pore fluid
Schön 1996 ; Mavko, Mukerji & Dvorkin 1998 ). Given that con-
uctivity of such clay surface layers relies on the brine conductivity,
he relationship between the overall conductivity of saturated shaley
ock and brine conductivity is no longer the linear function demon-
trated by original Archie’s law (eq. 3 ). A number of conductivity
odels have been proposed to account for this composite con-

uctivity within partial-brine-saturated shaley sands, among which
orthington ( 1985 ) summarized the models used in well logging.
owever, most of these downhole-measurement-based models are
nable to provide physical insights and a complete illustration of
onductivity for all ranges of brine conductivity, except for the
axman–Smits model (Waxman & Smits 1968 ) and its modifica-

ions. Here we choose this Waxman–Smits theory to account for
oth surface and bulk conduction: 

 = log ( F Rw ) − log ( Rt ) − log ( ( 1 + Rw B Qv / ( 1 − Sh ) ) ) 

log ( 1 − Sh ) 
, (7) 

B = 4 . 6
(
1 − 0 . 6e−1 /( 1 . 3Rw ) 

)
, (8) 

Qv = CEC 

( 1 − φ) ρg 

φ
, (9) 

here CEC is the cation exchange capacity and ρg is the density of
ost sediment grain. The formation factor F = a 

φm . B denotes the
verage mobility of the ions. 

In Fig. 11 we compare the saturation exponents estimated from
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Figure 10. Potential deviation in water saturation (or hydrate saturation) resulted from an erroneous n at sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, 
GMGS3 (fluid-displacing), (c) NGHP01-10 (fracture-filling) and (d) W08, GMGS2 (fracture-filling). The intermediate IR values used in (a–d) (see horizontal 
green lines) are 10, 100.3 , 10 and 102.5 , respectively. 
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the original Archie’s law (eq. 3 ) and from our modified theory 
(eqs 7 –9 ). As shown, the clay-effect-considered n is slightly higher 
than the bulk-conduction-only n . We can explain it by eq. ( 3 ): clay 
layers can provide additional charge carriers, decreasing the back- 
ground resistivity and elevating the associated n estimates. Eq. ( 3 ) 
also indicates the impact of the conductivity of clay particle on the 
n reduces with the increasing hydrate content, which can be one of 
the reasons why n is more dispersed under lower hydrate saturations 
at all four sites. In addition, the host sediment of fracture-filling hy- 
drate tends to be more shaley than that of fluid-displacing hydrate 
due to the nature of hydrate formation (Dai et al. 2012 ). This ap- 
pears to contradict the fact that gaps between n values calculated 
from two empirical equations (triangles in inset of Fig. 11 ) are more 
significant at two fluid-displacing hydrate sites. In fact, these gaps in 
n estimates only depend on the relationship between the pore water 
conductivity and intrinsic surface conductivity: the more significant 
the former is than the latter, the more negligible the clay effect is 
(Revil et al. 2014 ). Overall, for the four sites in this study, the sur- 
face conductivity does not significantly change the dependence of 
n on the hydrate morphology as illustrated in Section 5 . 

6.1.2 Uncertainty in hydrate saturation estimation 

To estimate saturation exponent from Archie’s equations, in this 
work we employ rock physics models to derive hydrate saturations 
from velocity measurements. However, these predictive elastic mod- 
els which link rock petrophysical properties to elastic properties are 
imperfect, which potentially results in discrepancies between the 
velocity-derived Sh and in situ Sh . Given that difference between 
velocity-derived Sh and reference Sh (illustrated in Section 2.2 ) 
available at three sites ranges from 1 per cent to 5 per cent, we set 
two biased Sh by elevating and lowering the original Sh by a con- 
stant value 5 per cent to investigate the sensitivity of n to the error 
in Sh estimates. From Fig. 12 we observe that, for all four sites, an 
underestimated Sh can lead to an overestimated n , and vice versa. 
Similar to surface conductivity discussed in Section 6.1.1 , for fluid- 
displacing sites the impact of the biased Sh on the derived n also 
decreases with the Sh . Overall, when using a slightly deviated Sh for 
n estimation, the dependence of the n on the hydrate morphology, 
as we concluded in Section 5 , remain applicable. 

6.1.3 Uncertainty in background resistivity determination 

Background resistivity R0 also affects n values throughout the cal- 
culations in Section 4 . Various factors can account for the potential 
deviation between the R0 simulated by eq. ( 1 ) and in situ sediment 
resistivity prior to the hydrate accumulation. For example, deter- 
mination of Rw in Section 3 is always an ambiguous process due 
to the subjective Archie parameters a and m . Herein, we investi- 
gate the sensitivity of n to the potentially biased R0 using three 
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Figure 11. Effect of clay surface conductivity on saturation exponent at sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, GMGS3 (fluid-displacing), (c) 
NGHP01-10 (fracture-filling) and (d) W08, GMGS2 (fracture-filling). Red and black dots in main figures represent saturation exponents estimated from the 
electrical models with Waxman-Smits theory and without (original Archie’s equations) considering the clay surface conductivity, respectively. It is noted that 
the red dots in (c)–(d) are hardly visible because they almost superimpose on black dots. Inset figures show the percentage change of n when considering clay 
surface conductivity. Clay contents are obtained from gamma logs. 
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ossible background resistivities modified from R0 . The values of
 calculated using 1.1 ∗R0, R0 and 0.9 ∗R0 (Fig. 13 ) indicates that
rchie’s law with underestimated background resistivity can pre-
ict a slightly higher n , and vice versa. For sites Mallik 5L-38 and
11-GMGS3 the impact of such erroneous background resistivity

n the n reduces with hydrate saturation. This can be one of the rea-
ons why n is more dispersed under lower hydrate saturation at these
wo fluid-displacing sites. Similar to the conductive clay particles,
he effect of a biased background resistivity could be negligible
ompared to that from hydrate morphology (fracture-filling versus
uid-displacing). 

.2 Evidence from laboratory experiments 

ontrolled laboratory experiments on synthetic hydrate samples
an provide insights into the physical properties of natural gas
ydrate-bearing sediments and hydrate accumulation mechanisms
e.g. Sahoo et al. 2018b ; Li et al. 2022 ). Resistivity measurements
n different hydrate formation stages (i.e. multiple hydrate sat-
rations) have been conducted in the laboratory to calibrate the
aturation exponent (e.g. Schön 1996 ). Here, we investigate the sat-
ration exponent using laboratory measurements on two types of
ost sediment: (i) synthetic fractured sandstones (Liu et al. 2023 ),
nd (ii) sandy sediments sample from the South China Sea (Chen
t al. 2013 ). Resistivity experiments from other studies (e.g. Sa-
oo et al. 2018a ; Chen et al. 2022 ) are not discussed here be-
ause (i) the sizes of these data sets are quite small, or (ii) sample
esistivity was not continuously measured during the hydrate for-
ation (i.e. data within certain hydrate saturation intervals were
issing). 
For the experiment conducted by Chen et al. ( 2013 ), the sample

s the sandy sediment from the South China Sea with a particle
ize of 60–100 mesh. The pore fluid prior to the hydrate presence
as 3.5 per cent salinity water. Methane hydrate was formed un-
er a constant temperature of 5.6 ◦C and a differential pressure of
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Figure 12. The effect of uncertainty of velocity-derived hydrate saturation on saturation exponent at sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, GMGS3 
(fluid-displacing), (c) NGHP01-10 (fracture-filling) and (d) W08, GMGS2 (fracture-filling). Saturation exponents in main figures are estimated with original 
or modified velocity-derived Sh . Inset figures show the percentage change of n due to Sh uncertainty. 
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7.27 MPa. Using the original Archie’s law (eq. 3 ), the saturation 
exponent was estimated for the hydrate-bearing sediment with Sh 

ranging from 0 per cent–45 per cent. Fig. 14 depicts the variation of 
n with the hydrate saturation Sh . As shown, n experiences a slight 
fluctuation at low saturations. Once hydrate occupies 28 per cent of 
the pore space, n becomes less dependent on Sh and remains about 
1.5 thereafter. The overall trend of n (linear least-squares regression 
line) indicates a negative dependence on the hydrate saturation, in 
accordance with the field evidence from sites Mallik 5L-38 and 
GMGS3-W11 (Figs 5 a and b). However, because of the distinct 
host sediment properties, the empirical equation of n versus Sh is 
different from the results at sites Mallik 5L-38 and GMGS3-W11. 

In another laboratory experiment, Liu et al. ( 2023 ) made sil- 
ica sandstones with penny-shaped fractures (porosity, fracture den- 
sity and mean grain size are about 25.7 per cent, 6.2 per cent 
and 0.089 mm, respectively) by placing certain paper discs on 
several parallel layers before compacting them into a consoli- 
dated block. Two cylindrical plugs were then cored from this 
block in different directions (along fracture planes and perpen- 
dicular to fractures). Here, we employ the resistivity from the 
sample with fracture plane perpendicular to the measurement 
direction, for the purpose of reproducing the natural fracture- 
filling hydrate which tends to fill the sub-vertical fractures 
(e.g. Lee & Collett 2009 ). 

From Fig. 14 we can see that, at low Sh , n fluctuates significantly 
due to the possible calculation errors or temperature variations. Af- 
ter hydrate saturation exceeds 15 per cent, the n steadily increases 
from 1.03 to 2.32 (final Sh = 30 per cent). The overall n , com- 
pletely different with the results from two fracture-filling hydrate 
sites (Figs 5 c and d), increases with hydrate saturation. One possi- 
bility accounting for it can be the transition between various hydrate 
morphologies: hydrate can primarily form in the pore space at early 
growth stages while it gradually displaces grains in the fracture 
planes as saturation increases. Moreover, saturation exponent for 
this hydrate-bearing fractured sandstone varies within a much nar- 
rower and lower interval compared to the field results (Figs 5 c and 
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Figure 13. Effect of uncertainty of background resistivity on saturation exponent at sites (a) Mallik 5L-38 (fluid-displacing), (b) W11, GMGS3 (fluid- 
displacing), (c) NGHP01-10 (fracture-filling) and (d) W08, GMGS2 (fracture-filling). Saturation exponents in main figures are estimated with original or 
biased R0 . Inset figures show the percentage change of n due to R0 uncertainty. 
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). A possible explanation for such discrepancy is the distinct mech-
nisms of fractures in host sediments for natural and synthetic hy-
rates. Field evidence indicates fractures in natural-hydrate-bearing
ediment can be formed when the capillarity force between hydrate
nd fluid phases exceeds effective pressure (Dai et al. 2012 ); there-
ore, they are usually fully saturated with natural hydrates. In con-
rast, fractures within the artificial sample of Liu et al. ( 2023 ) existed
rior to the hydrate formation. In this case, the hydrate may no longer
i) be the only component within the fracture space or (ii) merely ac-
umulate within the fractures, complicating the saturation exponent.
herefore, fur ther laborator y experiments should be designed to re-
roduce the fracture-filling hydrate in natural systems to gain better
nderstanding. 
i  
 C O N C LU S I O N S  

n this work, we used downhole logs from sites Mallik 5L-38,
MGS3-W11, NGHP01-10 and GMGS2-W08 to illustrate the de-
endence of Archie’s saturation exponent n on two gas-hydrate-
elated factors, hydrate saturation and hydrate morphology. We
btained three power function trends, n = 0 . 26 ∗ S−0 . 82 

h + 1 . 57 ,
 = −11 . 99 ∗ S−0 . 03 

h + 13 . 27 and n = 2 . 41 ∗ S−1 
h + 6 . 71 for sites

allik 5L-38, W11-GMGS3 and W08-GMGS2, respectively. For
ite NGHP01-10 we obtained a power function trend n = 0 . 48 ∗

S−1 . 7 
h + 5 . 6 for intervals from 58 to 95 mbsf, and two exponential
unctions n = 52 . 88 ∗ e−6 . 83 ∗Sh − 0 . 83 and n = 2 . 32 ∗ e−5 . 4 ∗Sh +
 . 44 for 95–125 and 125–134 mbsf, respectively. These results
ndicate n decreases with the hydrate saturation in both cases,
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Figure 14. Laboratory evidence of the dependence of saturation exponent 
on hydrate saturation. Measurements in a synthetic sandstone sample with 
aligned fractures (Experiment I, Liu et al. 2023 ) and a sample of South China 
Sea sandy sediment (Experiment II, Chen et al. 2013 ) are shown as black 
circles and red triangles, respectively. Linear least-squares regression fitting 
results are shown as different coloured lines. Correlation coefficients for 
regression results of Experiment I and II are 0.2528 and 0.7943, respectively. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/1/ggaf448/8327622 by guest on 19 January 2026
becoming more pronounced when hydrates fill vertical fractures, 
for example, sites NGHP01-10 and GMGS2-W08. Moreover, re- 
sistivity measurements from sites with fine grained sediments or 
vertical-fracture-filling hydrates yield more dispersed and larger n 
compared to those from sites with coarse grained sediments with 
fluid-displacing hydrate (Mallik 5L-38, GMGS3-W11). The rea- 
son for that is possibly the fracture-induced-anisotropy. Therefore, 
when using Archie’s equation for hydrate saturation estimation, we 
recommend a variable n , depending on hydrate morphology and 
concentration. 

We also estimate the n value from available continuous-recorded 
data collected during the formation of synthetic hydrates. For fluid- 
displacing hydrates, the n estimated from laboratory experiments 
negatively correlates with the hydrate concentration, consistent with 
the results from downhole measurements at sites Mallik 5L-38 and 
GMGS3-W11. However, because of the difference between the for- 
mation mechanisms of natural and synthetic vein-like hydrates, 
neither the n value nor its trend from a synthetic fractured sand- 
stone sample accord with the results from sites NGHP01-10 and 
GMGS2-W08. 
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