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Introduction to Hydrates

Gas Hydrates are solid petroleum, formed under low
temperature and high pressure condition, which has great
amount of potential energy store inside it. Building blocks of
gas hydrates consist of gas molecules surrounded by a cage
of water molecules. Structurally this situation is similar to ice
clathrates except that the crystalline structure of gas hydrates
is stabilized by the guest gas molecule.
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Summary

Gas hydrates are crystalline solids with molecular structure similar to that of ice, also known as clathrates and are
formed under high pressure and low temperature condition. Gas Hydrates contain immense amount of energy - almost
twice of energy contained in fossil fuels. Large reserves of hydrates have been found all over the world. Normally, gas
hydrates can be identified by a Basement Simulating Reflector (BSR) in a seismic section. Well logging also plays an
important role in characterizing gas hydrate deposits. Data collected from Mount Elbert in North Slope of Alaska shows
occurrences of hydrates under permafrost region. In this place almost 100ft of gas hydrate deposits have been found. In
another case study of Keathley Canyon, site 151 in the northern Gulf of Mexico, it is seen that open mode fractures control
the presence of natural gas hydrates in water saturated clays. High-angle hydrate-filled fractures are the most common
mode for gas hydrate occurrence at this site. This paper reviews the use of well logs for study of gas hydrates.

Gas hydrates are formed where water and suitable
size 'guest' gas molecules are present under high pressure
and low temperature conditions. They are mostly found in
deep sediments of an ocean, under permafrost regions and in
deep glacial ice. Gas hydrates are also found near to land
surface in permafrost region because of its low temperature.
The gas hydrate occurrence map is shown in figure 2.

The main controlling factors of gas hydrates stability
are temperature and pressure as shown in a simple phase
diagram in figures 3 and 4.

Stability of gas hydrates require low temperatures
and high pressures which are found at a water depth of  200 to
300m or more. However, in the example shown in figure 4, it is
found around 1200 to 1300m depth depending on sedimentFig.1 Structure of  gas hydrate molecules (Collett, http://energy.

cr.usgs.gov/energy/oilgas/dis cont.gas.html)

Fig. 2 Worldwide occurrences of gas Hydrates (Kvenvolden, 2004)



GEOHORIZONS July 2009/39

depth and temperature condition. Generally, at high pressure
the hydrates are stable around 200C. Also the stability of gas
hydrates increases with introduction of gas molecule as its
melting point  increases with pressure. Stability also varies
with water depth. In  sediments the temperature increases
quite significantly with depth and beyond 300m below the
sea floor the temperature becomes too warm (>250C) for
hydrates to be stable even at high pressure.

The phase boundary curve in figure 4 separates the
stable zone of gas hydrates on the left side from the unstable
zone on the right. The hydrothermal line gives water

temperature whereas the geothermal line gives sediment
temperature which increases with depth. The base of gas
hydrate stability zone indicates the last limit of gas hydrate
formation; beyond it hydrates are not found. Changes in
geochemical condition also shift (locally) the pressure-
temperature-phase boundary. Higher salinity restricts hydrate
formation causing the phase boundary to shift to left and
presence of small amount of other natural gases (CO2, H2S,
higher Carbon such as C2H6) with increase stability of hydrate,
shifts the curve to the right.

Identification Of Hydrates

The change in physical properties of sediment due
to presence of hydrates and underlying free gas enable
detection of hydrates. In this respect two primary properties
are seismic velocity and electrical resistivity. These properties
have been used in seismic survey and down hole logs,
respectively. Because hydrates have high seismic velocity,
sediment velocity is increased by inclusion of a hydrate layer.
On the other hand, partial replacement of pore fluid by hydrates
does not much alter the density of the layer. Hence, impedance
contrast across a hydrated layer is  mainly due to velocity
contrast.

For marine occurrences Bottom Simulating Reflector
(BSR) is the most common indicator of gas hydrates. It occurs
at the base of hydrate stability zone i.e. top of underlying free
gas layer. BSR runs parallel to the sea bottom and cuts  across
flat or dipping stratigraphic reflectors. BSR is produced due
to strong negative impedance contrast between the high
velocity sediment containing hydrates and underlying low
velocity sediment containing free gas. This always gives a
negative reflection with respect to seafloor which is shown in
figures 5 and 6.

Fig. 3 Pressure vs. temperature phase diagram for a simple methane
hydrate (Source: Collett,http://energy. cr.usgs.gov/energy/
oilgas/discont.gas.html).

Fig.4 Phase equilibrium diagram for free gas and methane hydrate
for pure water and pure methane system (Source: Collett,
http://energy.cr.usgs.gov/energy /oilgas/discont.gas.html)

Fig. 5 A synthetic seismogram showing a seafloor reflection resulting
mainly from the density contrast and BSR arising mainly due
to velocity contrast between the hydrate layer and free gas
underneath it. (Source: Hyndman and Dallimore, 2001).
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BSR also can form where there is only a small volume
of the hydrates and only small quantity of free gas in the
underlying layer because even a small amount of gas reduces
velocity significantly.  On the other hand, as we shall see
presently, in some cases, BSRs are not visible even where
there are proven gas hydrate deposits.

Well Log Analysis

Hydrates can also be detected by conventional well
log data. In Artic permafrost area no BSR has been found
because the impedance contrasts between hydrates and
underlying free gas are either not sufficient or not abrupt. In
such cases, identification of gas hydrates has been done by
well logs - by high velocity in bore hole sonic log, high
resistivities in electrical logs and by high mud gas. Some logs
important in a study of hydrates are:  Density porosity logs,
Neutron porosity logs, Resistivity logs, and  Borehole sonic
logs. Here only the first three logs have been considered.

Theoretical Background

Gas hydrate is an insulator, so a high resistivity value
will be recorded in hydrate saturated sediments. Gamma ray
log  measures the natural radioactivity (K, Th, U) of the
formation material. Generally, in a hydrocarbon bearing zone
very less Gamma ray value has been found.

The neutron porosity log measures the hydrogen
density or hydrogen index - the ratio of the concentration of
hydrogen atoms per cubic cm in the material, to that of the
pure water at 750F. The log responds to hydrogen in clay
mineral as well as clay bound water. Thus, it yields a porosity
estimate higher than the in situ porosity.  Still, neutron porosity
log can be used as a gas indicator. It has been found that
neutron porosity log significantly decreases in a free gas

saturated zone as it has a lower hydrogen index than pore
water. By contrast, the density tool measures the intensity of
scattered gamma ray at a fixed distance from the source. This
intensity is smaller, the larger the number of collisions
experienced by a photon, hence higher the electron density
(electron density is proportional to the density of formation.).
Hence smaller response yields higher formation density.
Density derived porosity log yields a higher porosity estimate
in free gas intervals because the density of gas is much lower
than the density of pore water. So, a cross plot of these two
logs will create what is known as a FOOTBALL type structure
in a free gas zone.

Gas Hydrate Saturation

a) Density-magnetic resonance method

Gas hydrates contain abundant hydrogen, in both
its water and methane fractions. According to the principles
of magnetic resonance, NMR well logging tools respond
qualitatively to pore space liquid water, but not to gas hydrate
because NMR is insensitive to hydrogen in solid. As hydrates
are invisible to NMR,  a convenient method for estimation of
hydrate saturation is to use Density-Magnetic Resonance
(DMR) method. This method (Kleinberg et al., 2005) uses
Gamma-Gamma density log porosity (DPHI) and the magnetic
resonance apparent porosity (TCMR) to derive True porosity
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HIω = Hydrogen index of water =1
HIh = Hydrogen index of methane

Hydrate = 0
ρω = The density of water =1.0 g/cc
ρ h = The density of gas hydrate

= 0.91g/cc
ρma = The density of sand matrix
ρ h = The NMR polarization correction of gas hydrate.

Ph is irrelevant since it only appears in combination
with HIh, whose value is zero for hydrates.

Fig. 6 An example of a strong BSR on a seismic section showing a
negative reflection waveform, opposite to that of the seafloor
(Source: Hyndman and Dallimore, 2001).
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b) Resistivity method (Archie's Equation)

Gas hydrate saturation Sh can also be calculated
using Archie's equation. Some assumptions are involved in
Archie's equation which are as follows-

1. Measured resistivity must be a function of water
resistivity, the sediment resistivity, and an insulator
in the pore space. In this case pore space insulator is
gas hydrates.

2. Sediments must be water wets, as in the case of
marine sediments.

It has been seen that Archie's equation can be
applied without modification in case of shallow, high porosity
water saturated clay, as it does not show any conductivity
increase due to clay content. However, modification is
required in clay and shale rich sediments, as clay associated
ions always contribute to the measured conductivity.

Archie's equation (1942)  for computation of gas
hydrate saturation for simple homogeneous case is as
follows-

Sh = 1-Sω ………….. (4)
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Here,

Sh = Saturation of hydrate
Rt = True Formation resistivity
Rω = Formation water resistivity
R0 = Resistivity of 100% water saturated rock.
n = Saturation exponent
m = Cementation exponent
a = Constant

Comparison

The Density Magnetic Resonance (DMR) method
of determining gas hydrate saturation is unique and
unambiguous because parameters used in this evaluation
procedure such as ρma, ρω and HIω  are constant for a specific
matrix. On the other hand, the resistivity method depends
on the empirical Archie's equation and the selection of
parameters a, m, n and R0. The values of these parameters
are uncertain to a certain extent. Hence, it can be said that
DMR method is superior to Resistivity method.

Case Studies

Case Study 1

Study Area

The study area (Boswell et al., 2008) shown in figure
7 is located in northern Alaska which extends from the National
Petroleum Reserve in Alaska (NPRA) on the west through the
Arctic National Wildlife Refuge (ANWR) on the east and from
the Brooks Range northward to the State-Federal offshore
boundary.

Fig. 7 Regional map of Northern Alaska showing location of Total
Petroleum System (TPS), and the limit of gas hydrate stability
zone in Northern Alaska (Source: Collett, 1995).

Fig. 8 Distribution of Gas Hydrate accumulations in the area of the
Prudhoe Bay, Kuparuk River, and the Milne Point oil fields
on the North Slope of Alaska (Source: Boswell et.al., 2008).

The Northern Alaska Gas Hydrate TPS mainly
consists of Cretaceous and Tertiary reservoir rocks.

The main aim of the study is assessment of gas
hydrate lying below the permafrost section. Thus this study
is limited below the base of the permafrost and above the
base of the gas hydrate stability zone.

….......….. (5)

………….. (6)
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Two large gas hydrate accumulations i.e. Eileen and
Tarn Gas Hydrate Accumulations have been identified near
the Prudhoe Bay Oil Field (figure 8). This study is concentrated
in Eileen Gas Hydrate Accumulation.

Well Log Analysis

The log data i.e. caliper log, gamma ray log, resistivity log,
density porosity log and neutron porosity log acquired from Mount
Elbert location are shown in figure 10. The gas hydrate saturation is
calculated considering equation (2) and (3). Here - Density of sand
matrix has been considered as ρ m a= 2.65 g/cc. The parameter λ has
been calculated as 0.054 from the previous equation (3).
Equations (1) and (2) now reduce to -

DPHI
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Fig. 9 Formation density and TCMR porosity log collected from Mount Elbert location (Source,
Personal request to Tim Collett through mail).

The caliper log shows a diameter of about 2 inches
up to a depth of approximately 2250ft, which indicates a
moderate to good quality of data in this interval. Gamma Ray
log also shows a characteristic Funnel shaped variation upto
a depth of approximately 2200feet.

Very less gamma ray value (approximately 35-40API)
has also been found in this interval, which indicates presence
of more sandy layer in this interval. A sudden increase of
resistivity is seen in the same interval and also a high
saturation value has been recorded in that interval, which
leads one to focus the study in the region of 2000 to 2220 ft.

The formation density curve (figure 9) showing a
high value (approximately 2.5-2.6) upto a depth of 2300 ft,
indicates probable presence of sand matrix in this interval.
Also it shows a low value (around 2) at a depth of 2790 ft,
2820ft,  2840ft,  2845ft and 2890ft,  indicating a probable
presence of coal beds at these depths.

For a better understanding of the formations, an
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Fig.10 Zoomed portion of the caliper, gamma ray, resistivity, density porosity and neutron porosity
log (Source, Personal request to Tim Collett through mail).

Fig.11 Cross plot of density porosity & neutron porosity: TCMR porosity & density porosity

enhanced portion of logs is displayed ahead.

This zoomed portion of logs for depth interval 2000-
2220ft clearly indicates a very high resistivity value i.e. around
110ohm-m in two intervals i.e. in 2020-2060ft and 2130-2185ft.

This depth interval is characterized by low gamma ray value (20
API). The resistivity increase is due to presence of hydrates.

The cross plot of Density Porosity and Neutron
Porosity (figure 11) indicates almost similar trend in both porosity
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Fig. 12 A plot of formation density log Fig. 13 True porosity curve derived by DMR method.
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Fig. 14 Analysis of hydrate saturation from Resistivity (yellow) and
Magnetic Resonance (blue) logs. Vertical axis is Depth in feet

plot and no clear region of football effect has been found here
indicating absence of any free gas zone below the hydrates.

A density value of 1.8-2.0g/cc has been found from
formation density curve These are shown in figures 14 & 13,
respectively (figure 12), indicating the presence of sandy layer.

To confirm the presence of hydrates in this region
hydrates saturation value and true porosity value has been
calculated in this region with the help of density-magnetic
resonance (DMR) method as shown in figures 13 & 14. Hydrate
saturation also has been calculated using Archie's equation
i.e. equation (5). The parameter used for Archie's equation
are-
n = 2.0
R0 = 9.940805ohm-m (Estimated from water saturated

interval).

Saturation curves calculated by both methods show
70-75% hydrate saturation in the intervals of 2020-2065ft and
2130-2180ft and very low hydrate saturation of approximately
20% in other intervals. A good porosity value (50-60%) has
been obtained from true porosity curve. From this curve it can
be concluded that about 220ft thick gas hydrate layer with
bimodal distribution of hydrate saturation has been found in
this region.

From the comparison of hydrate saturation obtained
from the resistivity method and magnetic resonance method
it appears that although these two methods agree in most of

the intervals, in some places they give different results. Hence
from this analysis it is difficult to make any general statement
about the consistency of the two methods in this case.
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Fig. 15Location of Keathley Canyon Site KC151 on the northern continental slope in the Gulf of Mexico, Casey Mini
basin at water depths of 1320m and 1335m (Cook et al., 2008).

Results

The Mount Elbert field program encountered roughly
100ft of gas hydrates bearing sands. DMR has been
particularly useful in the study. This well log  indicated roughly
45ft hydrates (in interval of 2015 to 2060ft) with  ~65%
saturation, roughly 54ft of hydrates (in interval of  2130ft to
2184ft) with  ~65% saturation and around 80ft of sand (in
interval of 2060ft to 2140ft) with 100% water saturation. The
gas hydrate saturation shows a bimodal distribution of
hydrates i.e. some places 70-75% and in some other places
approximately 20%. The parameters used in DMR method are
all well known, whereas in Resistivity method, the  parameters
used need proper selection and themselves depend on gas
hydrate saturation. As a result, the hydrate saturation curves
derived from these two methods do not match.

Case study 2

Study Area

In this study gas hydrates were inferred  from Hole
KC151-2 drilled in the Keathley Canyon area of northern Gulf of
Mexico (Cook et al.,2008) as shown in figure 15.  Another hole
was drilled i.e. Hole KC151-3 (referred as Hole-3) approximately
10m from KC151-2 (referred as Hole-2).

The Gulf of Mexico is a passive margin basin with a

large continental shelf and a gradually dipping continental
slope. From late Cretaceous through Pleistocene time, the Gulf
of Mexico experienced massive deltaic sedimentation from
North American rivers. The underlying Jurassic salt began to
deform and mobilize under the weight of the accumulating
sediment, resulting in structural deformation of the overlying
sediment. Figure 15 shows the locations of holes.

Hole 2 was drilled to 459 mbsf using LWD tools. The
well log data viz. caliper, gamma ray, resistivity and density
log acquired in Hole-2 are in figure 16.

Here the GR log indicates a dip of 40API around100
to 115 mbsf indicating a more sandy layer. Below 115mbsf
almost uniform variation has been found which indicates that
clay content and lithology is fairly uniform below this depth.
Also characteristic small and gradual increase of density value
with depth has been found. This is likely due to slow
compaction of clays with burial. Resistivity values are almost
1 to 3.5, which is typical  for shallow marine sediments.
However, a sudden increase in restivity is seen around 220 to
300 mbsf, which may contain gas hydrates.

HOLE-3 -

Hole-3 was drilled just 10m from Hole-2. The logging
curves in it are as shown in figure 17.
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Fig. 16 logs from hole-2 (Cook et al., 2008)

Fig. 17 logs from hole-3 (Cook et al., 2008).
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The gamma ray log, collected from Hole 2 and Hole 3
show a very poor correlation (Figure 18). This could be due to
poor hole condition in Hole 2 (see figure 16).
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Fig. 18 Gamma Ray curve from Hole 2 and Hole 3(Cook et al., 2008).

From logs of both holes an increase in Resistivity
has been found around 220 to 300 mbsf. As it is shallow hemi
pelagic clay, the Resistivity increase can  arise due to one or
more of the following factors  -
           1. Due to change in lithology.
           2. Presence of free gas.
           3. Cementation or compaction of sediment.

The Gamma Ray logs collected from both holes rule
out lithology change. On the other hand, presence of free gas
saturated zones is ruled out because of the absence of any
Football effect in the cross plot of the density derived log and
the neutron porosity log around 220 to 310 mbsf.

Again cementation and compaction of sediments
results in reduction of porosity,  an increase in bulk density,
and also increase in formation resistivity. So a resistivity
increase which correlates to a density increase indicates
cementation and compaction. But it has been seen that the
resistivity increase in Hole 2 are not associated with a density
increase, so it is unlikely that the resistivity increase is due to
cementation and compaction.

Now to confirm the presence of hydrates, gas

hydrates saturation has been calculated using Archie's
Equation.

For Hole 2 following parameters have been considered.
n =    2.4 for marine mud.
In Hole 2 120 to 215mbsf and 305 to 410mbsf has been
considered as water saturated interval.
a =    2.19
m =    1.22

With these parameters, the ratio of R0 to Rt  has been calculated
which gives hydrate saturation.

Results

Evaluation of hydrate saturation from resistivity logs
in Keathley canyon KC151-2 site shows a good amount of
hydrate saturation (approximately 40%) in the same interval
where resistivity increases i.e. approximately 220 to 300 mbsf.
This gives a clear indication of presence of gas hydrate in this
specific zone.

Conclusions

It has been well established that well logging plays
an important role in identification of gas hydrates. It has been
observed that, being an insulator, hydrates will show a high
resistivity value across Resistivity log. This log is used as a
preliminary indicator of hydrates. Hydrates show particular
signature in all logs such as density porosity log, neutron
porosity log, TCMR derived porosity log, GR log etc. A high
porosity value has been found across hydrate regions. These
logs also enable the identification of free gas zone beneath
BGHSZ. Gas hydrates saturation plot is most reliable evidence
of presence of hydrates. Hydrates saturation can be calculated
by various methods. DMR method and Resistivity methods
have been used in this paper. These methods enable the
identification of thick hydrates layer with high saturation value
in Mount Elbert location and also fractured dominated
hydrates layers in Keathley Canyon KC151 site. From the
results obtained from these two methods it can be stated that
though DMR method gives bimodal distribution of hydrate
saturation, it gives unique and unambiguous result and is
superior to resistivity method.
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