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ABSTRACT

Remote determination of the hydrate content of marine sediments remains a challenging problem.
In the absence of boreholes, the most commonly used approach involves the measurement of P-
wave velocities from seismic experiments. A range of seismic effective medium methods has
been developed to interpret these velocities in terms of hydrate content, but uncertainties about
the pore-scale distribution of hydrate can lead to large uncertainties in this interpretation. Where
borehole geophysical measurements are available, electrical resistivity is widely used as a proxy
for hydrate content, and the measurement of resistivity using controlled source electromagnetic
methods shows considerable promise. However, resistivity is commonly related to hydrate
content using Archie’s law, an empirical relationship with no physical basis that has been shown
to fail for hydrate-bearing sediments. We have developed an electrical effective medium method
appropriate to hydrate-bearing sediments based on the application of a geometric correction to the
Hashin-Shrikman conductive bound, and tested this method by making resistivity measurements
on artificial sediments of known porosity. We have adapted our method to deal with anisotropic
grains such as clay particles, and combined it with a well-established seismic effective medium
method to develop a strategy for estimating the hydrate content of marine sediments based on a
combination of seismic and electrical methods. We have applied our approach to borehole
geophysical data from Integrated Ocean Drilling Program Expedition 311 on the Vancouver
Island margin. Hydrate saturations were determined from resistivity logs by adjusting the
geometric factor in areas of the log where hydrate was not present. This value was then used over
the entire resistivity log. Hydrate saturations determined using this method match well those
determined from direct measurements of the methane content of pressurized cores.
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NOMENCLATURE m  cementation

a  tortuosity r  grain radius

G Geometric factor f  volume fraction of the pore fluids
L mean free path length Peeo geometrically altered resistivity
[;  deviated path length pcpe final effective resistivity

I,  un-deviated path length



pus Hashin-Shrikman  conductive
bound
oy conductivity of the pore fluids
oys Hashin-Shrikman conductive conductivity
bound
oy, conductivity of the solid grains

@. critical porosity

resistivity

INTRODUCTION

Gas hydrates are known to affect the physical
properties of the sediment in which they form.
Hydrate can increase the seismic velocity by
replacing the pore fluids and by cementing the
grains together. Hydrate also increases the
electrical resistivity of the sediments by replacing
the conducting pore waters and by blocking pores.
The degree of the increase depends on the
morphology of the hydrate. This work presents a
seismic velocity and electrical resistivity effective
medium model to interpret sediments in terms of
their porosity, microstructure and gas hydrate
saturation. We then apply these models to velocity
and resistivity borehole data collected during
IODP exp. 311 on Cascadia margin to determine
the gas hydrate saturations of the sediments.

SEISMIC MODEL

Two-phase effective medium modelling

After reviewing several different methods of
calculating the seismic properties of an Effective
Medium we decided to use the combined self-
consistent approximation and differential effective
medium (SCA/DEM) method developed by Sheng
[1,2] and Hornby [3]. The self-consistent
approximation (SCA) and the differential effective
medium (DEM) methods determine the effective
bulk and shear moduli of a medium from the
individual components and the geometric relation
between those components. Both methods embed
inclusions of one material, which may have a
variety of shapes, within another material.

The grains and pore fluid in clastic
sediments are generally both fully interconnected
at all realistic porosities. It is therefore necessary
to use a bi-connected effective medium to model
such sediments. If a sediment is assumed to be bi-
connected at all porosities then individually
neither the SCA nor the DEM can model it. The
SCA goes through a bi-connected stage at
porosities of 40-60% [1,4] but not at other
porosities, and should not be used at porosities
greater than 60%. The DEM allows the micro-
structures to be modelled but it is completely

dependent on the starting medium. If the starting
medium is solid and fluid inclusions are added, the
solid will remain interconnected at all porosities
and the fluid will remain isolated. Therefore one or
other of the phases is always interconnected and
the other is isolated at all porosities preventing the
DEM to represent bi-connected sediment.

Sheng [1] used a combination of the SCA
and DEM to model a system in which the solid
portion of the medium can be load-bearing while
the fluid portion remains totally interconnected.
This method was developed for sandstones. It
starts by calculating the effective bulk and shear
moduli for a two phase medium at a critical
porosity (¢.) using the SCA method. The moduli
calculated using the SCA method are entered into
the DEM technique which then calculates the
moduli at all other porosities. Since the DEM
preserves the microstructure of its starting medium
the final effective medium must also be
interconnected at all porosities. Figure 1 shows the
change in P-wave velocity with porosity of the
SCA/DEM method with 2 different ¢.. It shows
the ¢, has a huge effect on the effective P-wave
velocity and therefore choosing the correct critical
porosity is very important. Sheng [1,2] determined
the critical porosity from Archie’s [5] equations
for resistivity; the critical porosity is related to the
tortuosity (@) and cementation (m) by:

a= —3% ml (1)
2¢C

Sheng [2] uses values of 1 for tortuosity
and 2 for cementation. These are generally
accepted values for calculating the resistivity of a
clean sandstone and give a critical porosity of 0.5.
For our purpose the Sheng method has two
problems.

(1) We are trying to model sediment in
general and not sandstone; a loose sediment has no
cementation and therefore m should be equal to
1.25, resulting in a critical porosity of 1 if a =1.
This cannot be the case since there can be no bi-
connection when there is no solid.

(2) Since Archie’s is an empirical relation,
the a and the m coefficients do not have direct
physical meaning, although they do tell something
about the nature of the medium.

Comparing the P-wave  velocities
calculated using a critical porosity of 0.5 with
velocities measured from experimental data
(Figure 1), we can see that the combined
SCA/DEM method predicts velocities that are



~0.75 kms™ too high at ~0.35 porosity. Therefore
we need another method to determine the critical
porosity that fits the data better and is not reliant
on empirical constants. Greer [6] defines the
critical porosity as the point at which the effective
medium loses shear strength. Using the SCA
method as defined by Willis [7] the effective
medium loses its shear strength at ~60% porosity.
Setting the critical porosity at this point provides a
much better fit to experimental data than using the
50% critical porosity suggested by Sheng (Figure
1). In terms of Archie’s equation, tortuosity,
calculated using Equation (1) for a critical porosity
of 60% and assuming a cementation of 1 (i.e., no
cementation) is 0.666, well within the normal
range of 0.35-4.78 [8].
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Figure 1. Comparison of the P-wave velocities
computed using the SCA, DEM and the combined
SCA/DEM with different critical porosities and P-
wave laboratory data. P-wave velocity errors for
the experimental data are not shown because they
are smaller than the markers used in the plot. The
velocity errors are estimated to be 0.6% and the
porosity errors 3.4%.

Three-phase effective medium modelling

In order to add hydrate into the material we use the
method developed by Jakobsen et al. [9]. To
model non-load bearing hydrate the effective
medium model is initially composed of just pore
water and grains. The SCA/DEM method is used
to calculate the bulk and shear moduli of the 2-
phase effective medium. Hydrate is then added in
small increments by the DEM method until the
prescribed hydrate concentration is achieved. The
hydrate only replaces the fluid phase, so amounts

of fluid equal to the amount of hydrate added must
be removed. The solid grain volume fraction
remains the same. The hydrate has the same aspect
ratio and orientation as the solid phase. The
hydrate simply forms a second set of inclusions
within the model with different moduli to those of
the first set. However, hydrate inclusions remain
isolated from each other at all concentrations.

To determine the effective moduli of a
load bearing hydrate phase within the sediments
we again use the approach of Jakobsen et al. [9].
The method is similar to that for non-load bearing
hydrate, except the roles of the hydrate and the
pore fluids are reversed. The SCA/DEM method is
first used to calculate the effective moduli of a
medium containing hydrate and solid, with hydrate
taking the place of the pore fluid. The fluid is then
added into the effective medium using the DEM
method and remains isolated at all porosities.
Figure 2 shows the changes in P-wave velocity as
hydrate saturation and porosity changes for both
the load bearing and non-load bearing methods.

ELECTRICAL MODEL

Hashin-Shtrikman bounds

In order to jointly interpret seismic and electrical
data the seismic and electrical models must be
compatible. The most common method to interpret
resistivity data is to use Archie’s [5] equation.
However this equation uses empirical constants
that have no direct physical meaning. To move
away from Archie’s equation, we have developed
an electrical model based on the Hashin-Strikman
(HS) electrical conductive bound [10]. In this
model the resistivities of the individual
components, the volume fraction of the
components, and the geometry of the individual
components relative to each other are defined in a
similar manner to that of the seismic effective
medium model.

The Hashin-Shtrikman (HS) bounds [10]
are effective conductivity bounds that give the
narrowest possible bounds without defining the
geometry between components of a two-phase
medium. The conductive bound represents the
minimum resistivity the isotropic composite can
have. This occurs when the fluid (conductive
phase) is totally interconnected and the solid
(resistive phase) is totally isolated. The HS
conductive bound is given as:
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Figure 2 Change in P-wave velocity with hydrate
saturation and porosity for the non-load bearing
model (top) and the load bearing model (bottom).
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where, pys and oys are the effective resistivity and
conductivity of the composite medium, o, and oy
are the conductivity of the solid grains and the
fluid respectively and g represents the volume
fraction of the fluid phase.

Geometric factor

The presence of grains in a fluid affects the
resistivity in several ways: (1) The grains reduce
the cross-sectional area of conduction through
which the current must flow. This reduction means
that the amount of current that must flow through
the resistive phase is increased, and is accounted
for in the HS bounds. (2) Since in general the
current is no longer directly aligned with the
ambient electric field there is an increase in the
‘path-length’ as the current will preferentially
travel around the grains rather than through them.
(3) The grain density influences the proportion of
the path length that is deviated in order to travel
around the grains and the proportion of the path
length that is not deviated. This section will
investigate the latter two points and will develop
an effective medium model that takes into account
all three points.

To address point (2) we introduce a
geometric factor (G) to account for the increase in
electrical path length caused by the presence of
grains in the fluid. The electric current will take
the shortest available route through the sediment
but this is longer than the actual length of sediment
because the current must go around the grains. It is
assumed that when the current encounters the
grain it will travel around the grain until it reaches
a point at which it can continue in the fluid along
the same path (Figure 3). The geometric path
length is the ratio of the deviated path length (/;) to
the un-deviated path length (/;) around the grain.
The current will not encounter grains at the same
point on each grain and therefore must be
calculated at every point over the grain cross-
section to produce an average geometric factor.
The geometric factor is then applied to the oy,
effectively reducing the o; and increasing the final

effective resistivity.
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where, p,., is the effective resistivity of the
medium where the geometric factor is applied in
full.

Mean free path length

The geometric factor cannot simply be applied to
the HS conductive bound at all porosities because
as this would cause the estimated resistivity of the



medium to be greater than the resistivity of the
fluid at 100% porosity. Therefore a method is
needed to determine the percentage of the fluid to
which the geometric factor must be applied, so that
at 100% porosity the geometric factor is equal to
unity.

Current lines

Y
Figure 3 Deviation of current as it passes a
spherical grain.
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The current will spend a certain proportion
of the total path length deviated around the grains,
with the remainder of the path length un-deviated.
The individual proportions will depend on the
porosity of the sediment. Calculating the
proportions of the total length that the current
spends deviated and un-deviated allows us to
navigate between the geometrically altered bound
and the conductive HS bound. To calculate the
average distance between the grains (L), an
adapted version of the mean free path, which is
used in the kinetic theory of gases to calculate the
average distance between molecule collisions, can
be used.
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This can then be used with [, to determine what
percentage of the total length the current spends
going around the grains. Because L and /, are both
proportional to the radius of the grains, the un-
deviated and deviated proportions are independent
of the grain size. These proportions can now be
used to navigate between pyg and pg., to give a
final effective resistivity.

“4)

! {LQJ{L(I_QJJ -
Perr P HS L P geo L
Adding hydrate
As with the seismic modelling, hydrate can be
added into the model in two ways. In the first case
gas hydrate is modelled as isolated grains within
the fluid. The resulting change in resistivity is due
to the replacement of the conducting pore fluids
only and not the blocking of pore throats. In the
second case the hydrate replaces the pore fluids
and blocks pore throats so that the conducting
fluid exists as isolated droplets within the medium.
This blocking causes higher resistivities than in the
first case.

To model the case where hydrate lies
within the pore spaces, the hydrate is modelled as
a second set of grains within the effective medium.
As with the sediment grains the gas hydrate has a
much higher resistivity than the fluid. The current
will pass primarily through the fluid and not the
hydrate. Therefore we adjust the volume fraction
of the fluid to exclude that of the hydrate. We now
effectively have only one grain type in the
effective medium. The resistivity of this grain type
is based on the relative proportions of the hydrate
and grain solid resistivities. This is a relatively
simplistic approach to obtain a grain/hydrate
mixture resistivity, but can be used because the
final effective medium resistivity is quite
insensitive to the resistivity of the solid.

An alternative effective medium model for
the distribution of hydrate is one in which the
hydrate blocks the connections between adjacent
pore spaces. Modelling this case can again be
achieved in two steps. First a two-phase effective
medium is calculated in which only hydrate and
grains exist, similar to the starting model of the
load-bearing seismic model. Although the
resistivity of the hydrate is high compared to the
pore fluids, it is many orders of magnitude lower
than the grain. Therefore the electrical current will
preferentially travel through the hydrate in the
same manner as it travels through the fluid in the
fluid/grain case. Then fluid is then added to the
required porosity using the HS resistivity bound.

APPLICATION TO CASCADIA MARGIN
SEDIMENTS

Integrated Ocean Drilling Program (IODP)
Expedition 311 took place in September—October



2005. The area under investigation was the
accretionary prism of the Cascadia Subduction
zone off the coast of Vancouver Island (Figure 4).
The accretionary prism is the result of the Juan de
Fuca plate subducting under the North American
plate. This location is well known for the
widespread abundance of gas hydrates in the
continental margin sediments and has been the
subject of numerous geophysical studies [11, 12,
13, 14, 15] The principle objective of the
expedition was to constrain geological models for
the formation of gas hydrates in subduction zone
accretionary prisms. This objective required high-
quality data on the vertical and regional
concentrations and distributions of gas hydrates
within the accretionary prism. To this end four
sites (U1325, U1326, U1327 and U1329) were
drilled and cored along a transect perpendicular to
the margin (Figure 4). These sites represented four
different stages in the evolution of the gas hydrate
stability zone. A fifth site (U1328) was drilled at
an active cold vent near site U1327.

At each site logging while drilling
(LWD), coring and wireline logging took place,
apart from site U1329 where wireline logging was
not accomplished. In general 4-5 boreholes were
drilled at each site labelled A-E. The first borehole
drilled at each site (Borehole A) was solely
dedicated to LWD measurements. These
measurements included resistivity, porosity,
natural gamma ray and density. Boreholes B-E
were used for sediment coring and then wireline
logging. The cored sediments were subject to a
suite of shipboard measurements. These included
core temperature measurements using IR images
immediately after core retrieval, physical
properties measurements, sediment lithology
descriptions, interstitial water (IW) geochemistry
analyses and void gas geochemistry. The physical
property measurements included non-contact and
contact resistivity, velocity, shear strength, and
moisture and density (MAD) analysis where wet
and dry density and porosity can be measured.
Wireline logging measurements, which often took
place in the same borehole as the coring, included
resistivity, porosity and P- and S-wave velocity.

Hydrate saturation from resistivity logs

To determine the hydrate saturation of the
sediments the pore fluid and porosity must known.
Porosity, which was measured by several
techniques, was determined from the Density
LWD log. This log was chosen rather than the

neutron log because it matched the discreet MAD
samples taken from the core. Fluid resistivity was
determined from chorinity and downhole
temperature measurements, and the equations of
Fofonoff [16].

Hydrate saturations were calculated using
the geometric path-length non-pore-blocking
effective resistivity model (0Gpruon-biock) @S Opposed
to the pore blocking model (pgprpicr). Resistivities
calculated using the pore blocking method were
far too high when compared to the formation
resistivities measured in the logs.
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Figure 4 General location of IODP Expedition 311
drilling transect (red line) near the previous ODP
Sites 889/890 off the coast of Vancouver Island. A
bottom-simulating reflector is present on ~50% of
the mid-continental slope (shaded area) [17].

To use the geometric path-length non-
pore-blocking effective resistivity method an
aspect ratio must be used within the equations.
However, in continental margin sediments the
average aspect ratio is very difficult to determine
and the alignment of the grains is also problematic.
To determine a sensible aspect ratio and geometric
factor we first look at the resistivity log and
determine depths where hydrate is not believed to
be present. Hydrate is unlikely to be present below
the BSR or where resistivity has not increased
above background levels. Figure 5.A shows
potential depth intervals without hydrate on the
resistivity log for site U1327. An aspect ratio is
then determined so that the resistivity gives a
hydrate saturation of zero for these areas. This



aspect ratio and corresponding geometric factor
can then be applied to the whole log. Figure 5.D-F
shows predicted hydrate saturations using different
possible aspect ratios and geometric factors.
Figure 5.D shows an aspect ratio that is too high
and gives high hydrate saturations throughout the
sediment column even at depths where hydrate
cannot be present. Figure 5.F shows the hydrate
saturations when too low an aspect ratio is used
leading to an underestimation the hydrate content.
Figure 5.E shows the results when the aspect ratio
is adjusted so that zero hydrate saturation is
predicted for the background resistivity, leaving an
interval of increased hydrate saturation which
corresponds to the resistivity increase on the
resistivity log.

Hydrate saturation from velocity logs

To use the SCA/DEM method to solve for hydrate
saturation the porosity, individual moduli of the
components and the grain aspect ratio must be
known. The porosity and aspect ratio values used
are the same as those used for the resistivity
calculations. The bulk and shear moduli of hydrate
and brine are well constrained. The composition of
the grains in the matrix is important when
determining the hydrate saturation from the
seismic velocities. Hobro et al. [13] use a sediment
grain composition of 35% clay, 20% quartz and
45% feldspar to determine hydrate saturations.
Chen [18] and Riedel er al., [19] use a much
higher clay fraction of 85% with the rest of the
sediment being composed of quartz. Based on
smear slide data obtained from the cores, we use a
sediment composition that is predominantly clay
(~80%) with smaller amounts of quartz, feldspar
and biogenic opal. The bulk and shear moduli of
clay are very hard to measure due to the small size
of the grains. Clay bulk modulus values between
20 GPa and 50 GPa have been reported [20]. A
bulk modulus of 20.9 GPa and a shear modulus of
6.9 GPa commonly have been used to interpret
seismic velocity data [21, 22] and are used here.

Hydrate saturations

Figure 6 shows the LWD and wireline derived
hydrate saturations for both velocity and resistivity
across the margin transect (sites U1326, U1325,
U1327 and U1329). Wireline measurements are
made after the borehole has been drilled, unlike
the LWD measurements. Therefore the time delay
and/or the disturbance to the sediments may cause

some discrepancy between the two logging
measurements.

At site U1326 both the wireline and the
LWD resistivity logs record the maximum hydrate
saturation at 90 m below the sea floor, well above
the predicted BSR. At this point the predicted
hydrate saturation is approximately 90%. This
observation is contrary to the predictions of
numerical models such as that of Hyndman and
Davis [23] and of Buffett & Archer [24] of
maximum hydrate saturation just above the BSR.
Throughout the rest of the sediment column the
mean hydrate saturation is 9%. Maximum hydrate
saturation occurs much deeper in the sediment
column at site U1325. It occurs between 190 m
and 230 m depth and is just above the BSR.
Maximum hydrate saturation occurs at site U1327
in a very distinctive band between 120 and 140 m
depth (Figure 6). Hydrate saturations calculated
from the LWD resistivities indicate that the
saturations are approximately 70% in this area.
The very high hydrate saturation is not seen to the
same extent in the wireline logging calculations
where hydrate saturations of approximately 20%
are inferred. Table 1 gives a summery of the gas
hydrate saturations for each to the sites.

L\‘;’D Wirzline Vp Vs
Usligs 0.02 0.04 0.02 | 0.02
Usl‘g 6 | 009 0.07 0.19 | 0.06
Usli§§7 0.06 0.11 007 | 0.11
Uslifigs 0.06 0.06 0.03 | 0.07
Usll;§9 0.06 ) ) )

Table 1. Mean gas hydrate saturations throughout
the logged sedimentary columns at each of the
sites calculated using the SCA/DEM model and
the Geometric Path-Length Effective Resistivity
model.

Hydrate saturations appear to steadily
increase with depth at site UI329A. A saturation
of 40% is inferred at a depth of 200 m, well below
the predicted BSR depth of 129 m. At all of the
sites hydrate is inferred to be present below the
BSR. The BSR depth is well constrained in this
area and is unlikely to be incorrect by more than
10 m, so another explanation must be sought. A



possibility is that free gas is present in the
sediments below the BSR. Free gas also causes the
resistivity of the sediments to increase. The
geometric path-length model assumes that the
changes in resistivity are due solely to the
presence of hydrate, but free gas would have a
similar effect. Sonic log studies of data obtained
during ODP Exp. 146 indicate that some free gas
must be present beneath the BSR in the region of
site U1327 and U1328. MacKay er al. [25]
estimate free gas concentrations of 1-5% to
account for the low velocities observed below the
BSR. Figure 6 also shows velocity derived gas
hydrate calculations for each of the sites across the
transect. There are unfortunately no velocity data
available for site U1329.

Hydrate saturations appear to be very
laterally discontinuous across the transect. Even
within the same site, different boreholes show very
different hydrate saturations. Site U1327 is a
prime example. The LWD resistivities indicate a
thick zone of high hydrate saturation which does
not appear on the velocity or the resistivity
wireline logs. The LWD logging always was
measured in a separate borehole to the wireline
logs. These boreholes were generally about 20 m
apart, indicating a high degree of heterogeneity in
the sediments. The prediction that the maximum
hydrate saturations should occur just above the
BSR does not seem to be the common case along
this transect. Maximum hydrate concentrations
occur higher in the sediment column at most of the
sites.

Downhole logging data from a previous
expedition (ODP exp. 146, sites 889/890) in the
same area has been used to determine the gas
hydrate saturations. Saturations may reach up to
30% of the pore space in a region 100 m above the
BSR [26, 27 28]. Other estimates have put the
hydrate concentrations at 20-35% [29, 30]. If such
concentrations exist then they are far higher than
other margins studied [31]. Blake Ridge
saturations are thought to be less than 10% [32]
and Hydrate Ridge they are thought to be less than
5% [33]. Ussler & Paull [34] estimated much
lower hydrate saturations from the chorinity data
from Exp. 146. Gas hydrate saturations have
recently been recalculated from the Exp. 146
logging data and the chorinity data by Riedel e? al.
[31] indicating hydrate values of 5-10%. Using a
three-dimensional topographic seismic study
Hobro et al. [13] estimate an even lower mean
hydrate saturation of 2% with a maximum hydrate

saturation of 15%. Yuan & Edwards [35] used EM
methods to determine hydrate saturations near
ODP site 889A (near IODP sites U1327 and
U1328). They estimate that the hydrate saturation
is 17-36% 100m above the BSR. Chen [18] also
derives hydrate saturation using the data collected
during Exp. 311. Chen’s [18] values of mean
hydrate saturation are similar to the values
obtained during this work although different
models were used. Data from Exp. 311 using the
above methods indicate that the hydrate
saturations vary from a few percent to a maximum
of 60% of the pore space in some very localized
areas. Seismic methods put the average hydrate
saturation at 2-19% across all the sites. Electrical
methods estimates for the average hydrate
saturations range from 2-11% across all of the
sites. Results from the analysis in this work
indicate that hydrate saturations on the Cascadia
margin are towards the lower end of the range of
reported hydrate saturations.

For completeness data from site U1328
were also analyzed. Site U1328 was drilled at a
cold vent off the transect line. It has been
identified as a cold vent by vertical seismic
blanking and is associated with near-surface faults
[19,36]. The area has also been extensively cored
[37,38]. These cores sampled massive gas charged
hydrates. However due to the stiff hydrate
preventing further penetration of the sediments the
thickness of the massive hydrate cap could not be
established [38]. This area has also been the
subject of EM studies that indicate high
resistivities at the vent site [35,39]. As a result gas
hydrate was expected to be concentrated in the top
few metres as a cap over the sediments. Hydrate
saturation calculated here from the resistivity
LWD log is approximately 40% at the surface and
decreases with depth until it disappears completely
by 50m below the sea floor (Figure 6). Comparing
the wireline resistivity derived hydrates saturations
to those from the LWD shows a similar overall
pattern. The wire line log misses the top 55 m of
the sediment column which is why the high
hydrate saturations are not observed on the
wireline log. The velocity data indicates that there
is very little hydrate along the entire length of the
log. However the velocity log also misses the top
55m of the sediment column.

CONCLUSION
Non-load bearing gas hydrate is present at each of
the sites. Apart from site U1325 the hydrate does



not appear to be concentrated just above the BSR
as suggested by Hyndman & Davis (1992). Gas
hydrate saturation was low (2-9%) at all sites apart
from Site U1326 where a mean gas hydrate
saturation of 14% was calculated. Hydrate
calculations for the cold vent site were similar to
those determined by Riedel et al., (2005) although
peak hydrate saturation in the very top sediments
were calculated to be approximately 80%. Mean
gas hydrate saturations calculated using the
methods described above indicates that hydrate
saturations are towards the lower end of estimates
put forward in the literature for this margin.
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Figure 5. Logging and gas hydrate saturations (calculated from the geometric path-length effective
resistivity method) for site U1327. (A) LWD resistivity logs; (B) Density porosity log; (C) Resistivity of
the pore fluid; (D) Gas hydrate saturation calculated using a geometric factor of 1.17 and aspect ratio of 1;
(E) Gas hydrate saturation calculated using a geometric factor of 6.9 and aspect ratio of 0.1; (F) Gas hydrate
saturation calculated using a geometric factor of 13.6 and an aspect ratio of 0.05.



= S
c
S
©
© 5 z
S 819
- quog . >
i) °s , ©
= 5 O
7} 21 R
- (@]
@
- 9]
e e\
JMJ\ L N R \ °
o o o o o
'3 o 0 o v
-~ N ~N (3 [32]
Gsquwiydeg
T T - A
c
S
]
o] =1
2 3
e [ q92 e
Q g
= ES
(2 T
@
©
V]
1 —_— I I I I o
o o o o o o (=] o
wn o wn o Tel (=] wn
-~ -~ N N @ ™
(4)squ) ydeq
T T T T T A
c
S
~ 2 E
S 2 E 3
= o » 1]
s I=2>>( oy
o) ! °s
= 1 ES
w f T
3
LAY \..‘ [0} k3]
ISV
FIARS A TN &
=) o o =3 1=
S I} S Ire) )
39 N ™ ™ S'_—
(1squ) pydeg
£
T T T - <2
@©
c 2
S
s
- =
©
® n
- L Y
) S
i 2
(2] I
@
©
9]
A__gﬁ_l‘ ‘
W /"*_w.._—:&-_n‘ f MR °
o o o o o o o
w wn o wn o w0
v -~ N N ™ el
(1squ) pydeg
T T T -
c
S
s
© E
P> 3
) 2]
-~ -4 L
) °s
= 2
(%] I
12
@
9]
Kk (\ A M"\&
a ’\l v ‘7 Naare X S0 ‘,. N o ¥
o o ——

(4squ) yydea
Figure 6. Gas hydrate saturations determined using the LWD resistivity logs and the wireline velocity and
resistivity logs.



