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Introduction
Several estimates of natural gas hydrate content from electrical methods tends to be
higher than those based on elastic methods (Table 1). One possible reason of this
discrepancy is the co-existence of methane gas and hydrate. Methane gas-bearing
sediments and methane hydrate-bearing sediments have different P- and S-wave
velocities but have similarly high resistivity. The density of methane in free gas is less
than the density of methane in hydrate at shallower water depths (e.g., less than c. 1250
m depth for the Arctic Ocean), so methane content could be over-predicted by electrical
methods and under predicted by seismic methods. Such over prediction from electrical
method was also seen in laboratory studies performed at the National Oceanography
Centre (NOC)/University of Southampton. We infer that this deviation is because all
methane gas is not converted to hydrates. The dominant mechanism of this coexistence was attributed to formation of hydrate shell around methane gas bubble. In
my previous STSM in Feb 2016 at GFZ, Potsdam we also observed such over estimation
of hydrate saturation from resistivity methods during hydrate formation in laboratory
in sand.
The other possible reason for discrepancy between hydrate saturation estimate from
electrical and elastic methods could be a limitation of the rock physics relationship
used for estimating saturation. Archie’s empirical law (Archie, 1942) is generally used
to estimate hydrate content from electrical resistivity (Timothy S. Collett et al., 2003;
Cook & Waite, 2018; Goswami, 2009; Shankar & Riedel, 2011; Weitemeyer et al., 2006,
2011). The Archie’s law depends on empirical parameters, which needs to be estimated
independently from laboratory measurements resistivity on a reservoir sample with
different partial water saturation (Archie, 1942). Hence, estimating these parameters
independently from multiple measurements is not always possible. One of the
parameters, the saturation exponent, n = 1.9 has been measured for ice-bearing sands
and is widely used within the hydrate community (Cook & Waite, 2018 and references
there in). Cook and Waite (2018) calculated n =2.5 ± 0.5 from resistivity and P wave
velocity logs of sandy interval from Mallik hydrate drilling (e.g., Dallimore et al., 2005).
Spangenberg, (2001) modelled variation of n with hydrate saturation, and found n
varies with water saturation.
The objective of this STSM was to study the variation of n with sediment lithology and
water saturation. We choose to use publicly available natural gas hydrate drilling data
of Mallik 5L-38 well 2002 (e.g., Dallimore et al., 2005). Hydrate saturation was
determined from Nuclear Magnetic Resonance logs. This hydrate saturation was then
used to determine n from resistivity logs.
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TABLE 1. HYDRATE SATURATIONS FROM RESISTIVITY AND SEISMIC/SONIC
METHODS
Location

Hydrate Saturation (%)
Resistivity

References

Comments

Seismic/
Sonic

Good Weather Ridge, Taiwan
Hikurangi Margin, NZ

15-16

0-10

1, 2

Seismic: broad area

~34

~25

3, 4

Maximum

5

ODP Leg 204, USA
Site 1244
Site 1245

6.5 ± 3.9

10.2 ± 3.7

7.9 ± 5.5 4.5

10.4 ± 5.6

± 2.8

6.1 ± 3.2

Site 1247
Kumano Basin, Japan
Nyegga, Norway
Vestnesa Ridge, Norway

0-80

0-30

6

Parts of well

38

14-27

7, 8

In chimney

20-30

~11

9, 10

Outside chimney

Note: 1 Schnurle et al., 2004; 2 Hsu et al., 2014; 3 Fohrmann and Pecher, 2012; 4 Schwalenberg et al.,
2010; 5 Lee & Collett, 2006; 6 Miyakawa et al., 2014; 7 Attias et al., 2016; 8 Plaza-Faverola et al., 2010; 9
Goswami et al., 2015; 10 Hustoft et al., 2009.
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2 Methodology
2.1
Data
The research well Mallik 5L-38 was drilled to a depth of about 1166m in the outer
Mackenzie Delta in north western Canada in 2001-2002 (Figure 1). High
concentrations of gas hydrates were known to be stored in sandy layers in the depth
interval between 900m and 1100m at this site e.g., Dallimore et al., 2005). The
scientific program included around 200m of coring, downhole measurements,
geophysical field experiments, gas geochemical analysis, and microbiological
investigations. Gas hydrates quantification was based on core analysis and well log
interpretation. NMR logging was carried out using the Schlumberger Combinable
Magnetic Resonance(CMR) tool (Kleinberg et al., 2005). Resistivity data was collected
using High Resolution Lateral Log tool (HRLT) (Timothy S. Collett & Lee, 2005).

Figure 1: Map showing the location of Mallik well location. After Bauer et al.,
(2015)

2.2

Neural Network Clustering

The clustering of downhole logging data can be used to derive a lithological profile along the
strata covered by the measurements in a borehole (e.g., Bauer et al., 2015). In our study
such a clustering approach was followed to identify the GH bearing sediments in a first step,
and to sub-divide these GH bearing strata into different litho-types in a second step. This
would allow us to define specific relationships between electrical properties and GH
saturation for each individual litho-type found in the cluster analysis.
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For the clustering of the Mallik data we used a neural network-based method which is called
“Self-Organizing Maps” (SOM, Kohonen, 2001). The approach is completely data-driven and
is based on unsupervised learning. No a priori knowledge regarding the number of clusters
is required and no assumptions on the statistical properties of the data are made. In our
investigation we applied the SOM method developed by Bauer et al. (2008, 2015).
As a first step in the workflow, the downhole logging data were converted into a set of data
patterns. One particular data pattern is represented by a number of measured parameters
which were determined for a given depth. In principle, a large number of parameters is
available to form the data patterns. After tests we decided to use GH saturation, Neutron
porosity, Gamma ray, and NMR T2 distribution curves. In the second step, the data were
analysed by unsupervised learning to find clusters of patterns with similar properties. Each
cluster is interpreted as a distinct litho-type based on the petrophysical signature and by
comparison with coring information. A color coding is used to show the depth distribution
and to illustrate the petrophysical signature of each litho-type.

2.3

Archie’s Equation

We choose to use a modified Archie’s equations (Archie, 1942; Winsauer et al., 1952) because
it is the most widely used approach for estimation of hydrate saturation from borehole logs
and CSEM models [e.g Table 9 in Waite et al., 2009 and references there in]. The Archie’s
equations were originally developed from experimental studies of sand and sandstone
samples with porosity ranging from 10 to 40 % and brine salinity from 20 to 100 g/L.
1
(1)
𝜌𝑜 𝑛
𝑆𝑤 = (

𝜌

)

where 𝑆𝑤 is brine saturation, 𝜌 is the measured log resistivity of the gas hydrate bearing
depths, n is a saturation exponent and 𝜌𝑜 is resistivity of fully saturated depths. This
method has been used earlier to estimate gas hydrate saturation from resistivity logs at
other locations such as the Black Ridge (T S Collett, 1998; Timothy S Collett & Ladd, 2000).
We used 𝑆𝑤 estimated from NMR and used it to calculate n.
3

Results

We calculated 𝜌𝑜 by least square fit of measured resistivity at those depths which were fully
water saturated. Then we used gas hydrate saturation from NMR to calculate n using
equation 1 (Figure 2). Unlike the general assumption of a constant n, we see that the n
varies with water saturation. Modelling of n with water saturation also showed variation,
while magnitude of change depended up on the grain size, bound water layer, hydrate
morphology, etc (Spangenberg, 2001). Glover, (2017) showed an example the significant
effect of even a small variation of 0.1 in n = 2.
5

Figure 2: Archie’s saturation exponent n at different water saturation. Water
saturation is 1- Hydrate saturation. Hydrate saturation was derived from NMR
measurements.
To understand the dependence of n on lithology, we used clustering. Clustering was
done based on NMR, Gamma Ray, Porosity and hydrate saturation (Figure 3). After
clustering, we again calculated n for each group (Figure 4).
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Figure 3: Clustering of downhole logging data (GH saturation, Neutron porosity,
Gamma ray, NMR) measured in Mallik 5L-38. Four litho-types were found within
the GH bearing sediments. Color-coded depth distribution and petrophysical
signature for each litho-type.
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a)

b)

c)

d)

Figure 4. Archie’s saturation exponent n at different water saturation for different
clusters (a) cluster 1, (b) cluster 2, (c) cluster 3 and (d) cluster 4. Water saturation is 1Hydrate saturation. Hydrate saturation was derived from NMR measurements.
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Future collaboration and possible publication from this STSM.
Archie’s law is widely used for resource estimation of hydrates from resistivity data.
This study was done on Mallik 5L-38 well, but study in other gas hydrate drilling and
field scale is necessary to understand the Archie’s saturation exponent in more details.
Future collaboration could help in doing this study at other gas hydrate drilling sites. In
this work, clustering was done using few properties, while other properties could also
8

be used. Other properties which could be considered include seismic parameters (sonic
P and S velocities, Poisson_’s ratio, absorption), electrical measurements, geochemical
parameters, amongst many others. This could help in understanding the application of
Archie’s law for hydrate quantification in field scale which has may have different
lithology, which is the main goal of this COST Action. Before this COST Action does field
production of hydrate, it would be helpful to test the use of Archie’s law in a field scale.
This future collaboration could not only help this COST action but also help the global
scientific understanding of hydrate quantification from resistivity. Study of different gas
hydrate logging data with different types of sediments and a wider spectrum of
hydrate saturations would be necessary. If we will be able to provide these
measurements in the future collaboration it will result in a publication.
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Confirmation by the host institution of the successful execution of the STSM
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