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Abgtract

The presence of gas hydrates alters the bulk physical properties of the host sediments. The deviation of the
physical property in the hydrated layer from the regional (hydrate-free background) trend can be used to estimate
hydrate concentration. In this paper, we summarize six different methods of gas hydrate concentration estimation that
make use of data from the measurements of the seismic properties, electrical resistivity, chlorinity, porosity, density,
and temperature. We demonstrate the methods of hydrate concentration estimation using data from three different
geographical areas: 1) Mount Elbert test site, Alaska, 2) Cascadiamargin, offshore Canadaand 3) Krishna Godavari (KG)
basin, offshore India. Based on our estimation, the hydrate saturation in the hydrate stability zone varies from 40% to
80% of pore space in Alaska, 10% to 40% of pore space in the Cascadia margin, and 5% to 40% of pore spacein the KG
basin. There are various factors that can affect the hydrate saturation estimate; the two most important factors being the
background property value in the absence of gas hydrate, and the modeling relationship between the physical property
and gas hydrate saturation. We also present a simple work-flow for hydrate saturation estimation from seismic velocity

in aMicrosoft Excel sheet.

I ntroduction

Gashydrateisasolid, ice-like, crystalline substance
containing low molecular weight gases (mostly methane) ina
lattice of water molecules (Sloan, 1998). The formation and
stability of gas hydrates within the subsurface depend upon
the supply of free gasin excess of the solubility limit, suitable
pressure and temperature conditions, pore fluid chemistry
and the nature of the trapped gas. Globally, hydrates are
found in ocean floor sediments at water depths greater than
about 500 m and in permafrost environments.

Hydrates contain animmense amount of natural gas
(Collett, 2002) and have the potential to be a future clean
energy resource. Although estimations vary widely as there
is no standard method for estimating hydrate concentration,
the amount of free gas within oceanic hydrates can be as
highas21x10% m? (Kvenvolden, 1999) or 1-5x 10" m? (Milkov,
2004). There are various publications on the gas hydrate
concentration estimation from different geological and
geophysical measurements (e.g., Lee et al., 1996; Tinivella,
1999; Ecker et a., 2000; Lu and McMechan, 2002; Carcione
and Gei, 2004; Kumar et a., 2007; Westbrook, 2008). In this
article, we aim to summarize different methods available for
estimating gas hydrate concentration and demonstrate those
using well log data from three geographical areas: 1) BP-
DOE-US “Mount Elbert” test, Alaska, 2) northern Cascadia
margin offshore western Canada, and 3) Krishna Godavari
(KG) basin, offshore India.

The presence of gas hydrates within the sediment
pore space alters the mechanical properties of the host
sediments (e.g., increasing the seismic velocities), and this
change in properties from a background (hydrate free
sediments) value can be utilized to estimate hydrate
concentration. Finding a background value of physical
properties is not trivial and it requires the knowledge of the

geological settings, use of analogs and other available data.

The hydrate concentration estimation procedure
then requires formulating an appropriate relationship to
describe the change in mechanical properties of the sediment
with gas hydrate concentration. However, the accuracy of
the estimation will depend on the sensitivity of these physical
properties to the presence of gas hydrate e.g., higher the
sensitivity of property more reliable is the estimation of
hydrate concentration. Physical properties such asthe seismic
velocity and electrical resistivity are very sensitive to the
presence of gas hydrate, while otherslike seismic anisotropy
and attenuation are less sensitive. The relationship between
aphysical property and gas hydrate concentration may also
depend on the nature of gas hydrates within the host
sediment (filling of pore spaces, part of solid frame, fracture
filling or as cement). In this paper, we assume hydrates as
pore filling reducing the porosity of host sediments. There
are various empirical and rock physics based relationships
available between gas hydrate and physical properties (Lee
eta., 1996; Helgerud et al., 1999; Chand et ., 2004; Kumar et
al., 2007). However, many relationships are good for certain
geological settings only and need field based selection of a
modeling relationship. Thefollowing propertiesare commonly
used to estimate the gas hydrate concentration:

1 Seismic or elastic properties (velocities, Poisson’s
ratio, impedance, AVA, anisotropy, attenuation)
Electrical resistivity

Chloride measurements of pore fluid
NMR-DENSITY porosity

Density

Temperature

o gh N

In this paper we describe the methods of estimating
gas-hydrate concentration using the properties listed above
and demonstrate their applications with data from three
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different geographic regions.
Methods

Before discussing various gas hydrate concentration
estimation methods, we define two key terms used in this
article: saturation and concentration. Hydrate saturation (S))
is the volumetric fraction of hydrates present in the pore
space, whereas hydrate concentration (Shy ») isthevolumetric
fraction of hydratesin the sediment. Given the total porosity
(@) of therock, saturation and concentration can be estimated
from one another by the following relation:

Shyd = q)Sh (1)

Seismic or elastic properties

Seismic reflection data have been historically used
to remotely sense the presence of gas hydrates in marine
sediments. The most common seismic proxy for gas hydrates
isthe BSR or the bottom simul ating refl ector, which represents
the base of the gas hydrate stability zone (GHSZ) and mimics
the seafloor. The BSR is caused by strong acoustic impedance
contrast between the overlying hydrate bearing sediments
and the underlying gas charged sediments. P-wave velocity
\Y p) iscommonly used to estimate gas hydrate concentration
withinthe sediments (Singh et al., 1993; Ecker et al., 2000; Lu
and McMechan, 2002). However, estimations based on V o
alone are not accurate enough when hydrates are present in
low quantity (Leeetal., 1996; Yun et al., 2005). In such cases,
v, dongwithV_(S-wavevelocity) or vV pN Jratio (or Poisson’s

ratio) may provide better constraints on the estimation (Kumar
et al., 2007; Westbrook, 2008). In caseswhere free gas exists
withinthe GHSZ (Leeand Collett, 2006; Kumar et dl., 2007), V
isrequired along with Vv, to distinguish the effect of free gas
and hydrate.

Seismicvelocities(vp and V) can beestimated from
sonic logs (one dimensional data), seismic data (two and
three dimensional data) and laboratory tests. For example,
Waiteet d. (2000) estimated aV ] of 3650 /s, aV_of 1890 m/s
and a density of 900 kg/m?from laboratory tests on pure
synthetic hydrates. Although conventional seismic data can
provideV o easily, inmost casesV _hasto be computed through
indirect methods such as from the AVA (amplitude variation
with angle) response of P-wave seismic data. However, where
multicomponent data are available (for example from ocean
bottom seismometers), V_ can be computed more accurately.
Waveform inversion of seismic data (Korenga et al., 1997)
can provide more reliable and higher resolution seismic
velocity than conventional velocity analysis methods. If
waveform seismic data are less reliable, amplitude data can
beusedfor AVA inversion (Ojhaand Sain, 2007) for impedance
(equals velocity times density) and this impedance can be
used to estimate gas hydrate concentration. Dai et a (2004)
used impedance data to estimate hydrate concentration viaa
rock physics relationship based on effective medium
modeling. Willoughby and Edwards (1997) used seafloor
compliance data, which is sensitive to S-wave velocity
change, to improve hydrate resource evaluation.

Several authors have presented relationships
between seismic velocities and gas hydrate concentration

A B C D E F G H | ] K L DF
) Sh from | Sh from A table of seismic velocity (Vp} error {modeled
DEPTH |Measured| Porosity |Background Input | Vpsho {Vp i
) Vp: Vp: Vp - measured Vp) for different gas hydrate
{ft} | Vp(m/s) |(fraction}| Vp(m/s) values for Sh=0} ) ) )

1 method1 |method2 saturations and given porosity values
2 For hydrate- Shvalues are vg (m/s) Modeled Sg 0.00 0.00 0.00 0.00
3 Well Logs f_ree multiplied by 100 692 background Sw 1.00 0.99 0.98 0.00
4 sediment pg (g/cc) Vp Sh 0.00 0.01 0.02 1.00
5  2050.5| 2601.5 0.37 2000 55 55.4 0.23| 2848.96 601.46 | 593.08 | 584.62 | 832.70
6  2051.0| 2554.8 0.36 2000 53 52.9 [Vw (m/s) 2900.65 554.79 | 546.54 | 538.22 | 839.91
7 2051.5| 2530.2 0.36 2000 51 51.1 1500| 2507.31 530.24 | 522.00 | 513.70 | 859.44
&  2052.0 | 2516.2 0.36 2000 50 49.7 |pw (g/cc) 2886.67 516.17 | 507.88 | 499.52 | 889.12
9  2052.5| 2525.2 0.38 2000 49 49.2 1| 2807.18 525.22 | 516.72 | 508.15 | 941.50
10 2053.0 2531.1 0.37 2000 50 50.2 |vmP({m/s)| 2844.53 531.15 | 522.75 | 514.28 | 506.44
11 1 2053.5 | 2541.3 0.36 2000 52 51.5 6038| 2881.11 |Velocity error| 541.27 | 532.97 | 524.60 | 868.23
12 2054.0 [ 2552.7 0.39 2000 51 50.6 |vmS(m/s)] 2768.71 |=modeled Vp| 552.73 | 544.13 | 535.45 | 944.53
13 1 2090.5 [ 2116.2 0.26 2000 16 15.6 4121 3357.58 (scaled by 116.22 | 109.18 | 102.08 | 965.49
141 2091.0 | 20974 0.44 2000 10 10.3  [pm (g/cc) 2589.12 scalarl) - 97.35 88.28 | 79.12 |1545.89
15 2091.5 | 2063.6 0.38 2000 7.3 2.65| 2797.64 measured Vp | 63.63 55.11 | 46.51 |1410.61
16 2092.0 | 2038.6 0.34 2000 5 4.7 VhP (m/s) 2959.57 38.57 30.48 | 22.32 [1312.25
171 2150.0 | 2798.1 0.32 2000 73 73.4 3697| 3071.07 798.14 | 750.34 | 782.48 | 472.66
18 2150.5| 2834.4 0.35 2000 72 72.3  |VhS {m/s) 2929.81 834.41 | 826.24 | 817.99 | 538.43
191 2151.0 | 2856.1 0.39 2000 70 69.8 1915| 2757.58 856.14 | 847.52 | 838.81 | 650.05
20 2151.5| 2873.1 0.39 2000 71 70.8 |ph(g/cc) 2760.82 873.11 | 864.49 | 855.80 | 630.48
21 2152.0 | 28784 0.38 2000 72 72.0 0.9| 2800.26 878.43 | 869.92 | 861.33 | 593.74

Fig.1 A Microsoft Excel based data example to estimate gas hydrate saturation from P-wave velocity only using methods 1 and

2 discussed in text. Columns E and F are estimated hydrate saturations. See text for detail.
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Tablel. Parameters used in gas hydrate saturation estimation [data are derived from Helgerud et al (1999) and Lee et al
(1996)]. Mineral properties in the KG basin are estimated assuming 90% clay and 10% quartz mineral constituents.

Mineral/fluid K(GPa) G(GPa) p(g/cc) Vp(m/s) V (m/s) Poisson’s ratio
Quartz 36.6 45 2.65 6038 4121 0.06
Clay 20.9 6.85 2.58 3412 1629 0.35
Pure hydrate 7.9 3.3 0.9 3697 1915 0.32
Water 2.25 0 1 1500 0 0.50
Gas 0.11 0 0.23 692 0 0.50
KG basin® 22.15 9.07 2.59 3639 1873 0.32

(90%clay +10%quartz)

(Chand et a., 2004), which can be broadly grouped into two
categories: 1) empirical relations (Leeet a., 1996) and 2) rock
physicsbased effective medium theory (Helgerud et d ., 1999).
While the presence of hydrates in the pore space always
increases the P-wave velocity of the host sediments, the
effect on S-wave velocity depends on the nature and
concentration of hydrates within the sediment. Commonly
used empirical relationships between v, and saturations
(called four-phase relationsinvolving water, gas, gas hydrate
and rock matrix) are:

S —
105, 05, 65, 10 o
VP I/w Vg VhP VmP
and
S _
12 _ ¢5w2 ¢ 5 ¢5h2 + 1 ¢2 3
pVP pwVw ngg phI/hP pmeP

whereV,, V,,, V., Vip,and V,, aretheP-wavevelocities
inthe hydrated sediments, water, free-gas, purehydrate, and
matrix, respectively, @istotal porosity (asafraction of rock
volume), S, Sg, and §, are the saturations of water, gas, and
gas hydrate in the pore space, respectively
(S,+ Sg +§=1),andp,, P, Py P, and parethe densities of
water, free gas, pure hydrate, matrix, and bulk sediment,
respectively (Table 1). The bulk density
(p=0S,p, +0S,p, +0S,p, +(1-0)p,) can  be
estimated from individual density components. Note that
equations 2 and 3 areknown as\Wyllie' stime-averagerelation
and Wood's relation, respectively. The Wood equation is
better suited if hydrates are suspended in the pore space,
and Wyllie's time average equation is more appropriate if
hydrates cement grain contacts. Lee et a (1996) present a
weighted mean of the Wood's and time-average equation as

1 wo(=S,)"  1-wo(l-S,)"
v, v v

rl P2

@

where Vi isP-wavevelocity estimated from Wood's equation,
Vo isP-wave velocity estimated from time-average equation,
w is a weighting factor, and m is a constant simulating the
rate of lithification with gashydrate concentration. Thevalue

of w should be derived from regression analysis of v, and
porosity in hydrate-free sediments and the value of m should
be derived from regression analysis of V ] and gas hydrate
saturation. Leeet al (1996) used the value of was 1.1 and the
value of mas 1.0. Kumar et a (2007) modified the Wood
equation with an effective medium based rock physics
relationship that is appropriate for the Hydrate Ridge
(offshore Oregon, USA). This effective medium theory
assumes that gas hydrate formation reduces the original
porosity and becomes part of the solid matrix. The V o from
Modified Wood equation is

1 _ (I)m Sw

pVe P

whow

+ q)mSg

1-
: q)m
pg 4

p m VrjP (5)

where ¢, =0 — S, isporosity after gashydrateformation,
S),a 1 the volumetric concentration of gas hydrates in the
rock that is now part of the solid matrix, and now gas and

water constitute the fluid part in pores (S, +S; =1).

The S-wave velocity can be empirically derived.
Following hydrate formation model of Kumar et al (2007), V.
can be derived from Vv, asfollows

VmS
Vm P

is the ratio of Sto P-wave velocity in the solid

Vy= VPEl_q)m) (6)

mS

14

mP

where

matrix andisequal to /G, /(K,, +4/3G,,):G,, and K |

are shear modulus and bulk modulus of solid mineral (hydrate
and sand/shale minerals). If the gas hydrate formation model
isporefilling (not affecting rock framework), then V _can be
estimated according to Lee et a (1996) as

v, V
V S j+¢Sh ”S}

mP VhP

m

Vs ZVP|:E1_¢) @)
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v,
Whererhs istheratio of Sto P-wavevelocity inthe
hP

pure gas hydrate (which is about 0.46), and solid matrix
includes only sand/shale minerals.

Seismic anisotropy and attenuation are al so affected
by the presence of hydrates/free gas within the sediments,
but the relationship of these properties with hydrate
saturation is poorly known. Hydrate occurring asvein filling
in the sediment can induce seismic anisotropy which can be
used to find out the distribution and fabric of gas hydrates
(Kumar et al., 2006), but the hydrate concentration estimation
using increase in anisotropy due to the presence of gas
hydrate is not established. Seismic attenuation in hydrate
bearing sediments (especially at sonic frequency) isgenerally
higher than that for the hydrate free sediments (Guerin and
Goldberg, 2002). On the other hand, according to Wood et a
(2000), gas hydrate formation at the sediment grain contacts
rather than in the pore spaces may significantly decrease the
seismic attenuation. Wood et al (2000) assumed P-wave
seismic attenuation for hydrate-free sediment to be 400 and
estimated P-wave seismic attenuation for hydrate-bearing
sediment isintherange of 200to 700. Thereisalarge overlap
between the attenuation values for hydrate-free and hydrate-
bearing sediments and therefore significant uncertainties exist
in gas hydrate saturation estimation using attenuation.

Electrical resistivity

Gas hydrate, like ice, acts as an electrical insulator.
The presence of gas hydrate (or free gas) increases the
resistivity of rock. For example, downhole resistivity
measurements in the northern Cascadia margin have shown
a value of ~ 2.0 ohm-m for hydrate bearing sediments in
contrast to a value of ~ 1.0 ohm-m for the surrounding
sediments (Riedel et al., 2006). Assuming that high resistivity
above the BSR is caused by the presence of gas hydrate in
pores (meaning pores are filled with water and/or gas
hydrate), hydrate saturation can be estimated by Archie’'s
law as proposed by Lu and McMechan (2002)

va
Sh=1—Sw=1—[R“] (8)

R

t

where R is the resistivity of water saturated formation
(background), R is the measured resistivity, and n is the
exponent. The exponent is about 1.94 for hydrate bearing
clastic sediments and is about 1.62 in gas-bearing zone. For
example, if resistivity of hydrate-free sediment and hydrate-
bearing sediment are 1 ohm-m and 2 ohm-m, respectively, the
gas hydrate saturation is about 0.30 according to equation 8.
The exponent isempirical and can introduce error in hydrate
concentration estimates. The critical factor for hydrate
concentration estimation using resistivity data is choosing
the baseline indicating hydrate free sediments, which is

dependent on the porewater salinity. Savaand Hardage (2007)
suggest calibrating Archie’'s equation using the Hashim-
Shtrikman lower bound on electrical resistivity, and modifying
Archie'sequation for the presence of clay in hydrate-bearing
sediments. Resistivity can be directly measured from well log
and estimated from electromagnetic survey. Controlled Source
Electromagnetic (CSEM) survey has been recently used for
mapping gas hydrate in marine environment (Weitemeyer et
al., 2005).

Chloridemeasur ements

Hydrate formation removeswater and gas molecules
from the pore space and increases the salinity of the
surrounding pore water. Conversely, hydrate dissociation
during drilling and core recovery rel easesfresh water, causing
pore water to become fresher. Also, in an open system, the
excluded ions diffuse away over time after formation of gas
hydrates (Yuan et al, 1996; Tinivella, 1999). lon exclusion of
dissolved salts produces distinctive geochemical signatures
that are used to identify the presence of gas hydrate and to
estimate the hydrate concentration. The main challenge for
thismethod isto accurately predict the baseline (background)
chlorinity profile. Hyndman et a. (1999) showed that it is
possible to estimate both the in situ pore fluid salinity and
the in situ gas hydrate concentration using resistivity data.
The chloride anomaly can be used to estimate gas hydrate
saturation in the pore space before recovery (Yuan et a.,
1996) as

1 Cl
S - 1 _ pw
' p h [ Clsw ] (9)

whereCl | and Cl_, are measured chloride concentrations of
pore water and normal bottom seawater (background),
respectively. There are various uncertainties in this method
as described by Yuan et a (1996). Chloride measurement is
performed on core samples extracted during drilling (Tinivella
and Carcione, 2001), but the core recovery without damaging
it, maintaining in situ conditions in laboratory, and finding
the right background chloride concentration are some of the
difficulties with hydrate concentration estimation with
chloride measurements.

NMR-DENSITY porosity

Nuclear magnetic resonance (NMR) logging tool has
the ability to measure water-filled porosity, and density
porosity measures space occupied by both water and/or gas
hydrate (Lee, 2008). In awater-filled formation both NM R-
and density-porosities will agree. However, in the hydrate-
bearing formations, NM R- and density-porositieswill disagree
and the difference between the two porosities can be used to
estimate gas hydrate saturation as (Lee, 2008),

GEOHORIZONS December 2009/79



NMR _ porosity

S, =1-
! DENSITY _ porosity (10)

where NMR_porosity and DENSITY _porosity represent
porosities derived from NMR and density log, respectively.
Gas hydrate saturation estimation from this method is only
possible at well locations.

Density

The formation of gas hydrate reduces the density
of rock and this property can be used to estimate hydrate
content. Assuming original pore space filled with water and
now part of the pore space is filled with gas hydrate, the
saturation of gas hydrate can be estimated by knowing the
background rock density (p,) for water-filled pores and
measured density of hydrate-bearing rock (p) as

1 Po—P
Sy = 11
' ¢ P=Ps ( )
The density measurement and therefore hydrate
saturation estimation is possible from well logs derived
density and three dimensional density derived from seismic
data AVA inversion.

Temperature

Gas hydrate dissociation is an endothermic process.
Once gas hydrate dissociates, sediment containing hydrate
is cooled relative to the surrounding sediment, thus creating
a negative temperature anomaly (Ford et al., 2003). During
recent deep-sea drillings, infrared thermal imaging camera
has been used to image sediment cores and negative
temperature anomaly (average 4°C cooler) hasbeenidentified
due to gas hydrate. Thermal method at drilling locations has
often been used for qualitative identification of gas hydrates.

Among the six methods discussed above, some are
remote sensing methods (seismic, electrical), and others
involvedirect measurementsfrom downholelogging (seismic,
electrical, NMR-DENSITY porosity, density) and coring
(chloride, temperature). Each method (or data type) has its
own accuracy, sensitivity and cost issue. Selsmic methods are
the most common but the estimated gas hydrate concentration
can be less accurate than coring method. Although coring
method has certain difficulty such as the core sampling,
preserving samplesinin situ condition, and making laboratory
measurements on core samples, but it provides more accurate
prediction of hydrate concentration. Evidently, remote sensing
and logging methods are in situ measurements and coring
methods require laboratory measurements.

I mplementation of the Seismic M ethods

Seismic velocity is most commonly used to derive

gas hydrate saturation. Gas hydrate saturation estimation
from seismic velocity is an inverse problem where one tries
to find the hydrate saturation for which modeled velocity
best matches with measured vel ocity. Actual calculationsare
typically done with software/scripts written in a high-level
computer languagelike Java, C, Fortran, Matlab, or Microsoft
Excel. Here, we discuss two simple implementation methods
of estimating gas hydrate saturation from seismic velocity:
using alook-up table or regression analysis (method 1) and a
direct estimation method (method 2). The difference between
the two methods is in implementation, and the method 1 is
more general. The gas saturationisignored for simplification,
but in the case of free gas and gas hydrate coexisting both
can be simultaneously estimated. The steps for hydrate
saturation estimationin method 1 are: 1) first create atable of
modeled seismic velocity (V ] and/or V) using a preferred
vel ocity modeling method for various gas hydrate saturations
and given porosity values, 2) compute velocity mismatch
(difference of modeled and measured vel ocities), and 3) look
up for the minimum velocity mismatch created in step 2; the
corresponding gas hydrate saturation (S,) represents an
estimate of gas hydrate. This can be done with V o only and
morereliably with both V ] andV_simultaneously. The hydrate
saturation estimation using method 2 can be simply performed
by rewriting the velocity modeling equation for S,. The
method 2 can be used with only one velocity (V p) modeled
with either the time-average equation for V o (equation 2) or
the Wood relation for V ] (equation 3). The equations for
estimating hydrate saturation (method 2) using the time-
average equation and the Wood equation are

(1 1 1 1 1 1
et o

and
S - I 1 1 1 1 / 1 1
lolert e e o Mo o) O
where V isthe measured P-wave velocity and S, is the gas
hydrate saturation. In both methods 1 and 2, the common
requirements are: the matrix properties, the velocity for
hydrate-free sediments (background vel ocity), and calibration
of modeled and measured velocities. The calibration of
modeled and measured velocities is to make sure that for the
background case (hydrate-free sediments) modeled and
measured velocitiesarein agreement. In this paper, in method
1 themodeled velocity iscalibrated (say by multiplying with
scalarl) before computing velocity error and in method 2 the
measured velocity is calibrated (say by multiplying with
scalar2). Assuming that the background measured P-wave
velocity isV,,_,, and the modeled P-wave velocity (for S =
0)isV,, thescalarl (=V, _ /V,,) istheratioof vV, . and
V4o @nd the scalar2 (=V_, /V,, ) istheratio of V_ and
Y,

Pback”
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The methods 1 and 2 can be simply performed in a
Microsoft Excel sheet. Figure 1 shows a data example to
compute gas hydrate saturation from V_ alone with both
methods 1 and 2. The v, in this example is modeled with
Wyllie's time average equation (equation 2) for hydrate
bearing sediments in the absence of free gas, and assuming
clean sand (quartz as mineral). Data in columns A to C are
fromawell log, column D isbackground V_for hydrate-free
sediments, column G is various input parameters (Table 1),
column H is background modeled V ; (Vo) Using the Time-
average equation, and columns Jto DF is atable of absolute
velocity difference (modeled calibrated V o measured V p) for
various gas hydrate saturations and porosities. The columns
M through DE in Figure 1 are hidden. The actual script used
to calculate J5 in the table (Figure 1) is ABS((1/(C5* $3$3/
$CH7+C5* $Ip2/SCH3+CE* $IA/SCHL7+(1-Ch)/$G$11))* DSHS-
B5), where D5/H5 is scalarl. The column E is gas
hydrate saturation estimated from method 1, and
the actual script used to calculate E5 is
INDEX ($3$4:3DF$4,1, MATCH(MIN(J5:DF5),J5:DF5,0))* 100.
The column Fisgashydrate saturation estimated from method
2, and the actual script to calculate F5 is (1/C5* (1/(B5*H5/
D5)-1/$G$11)-(V$G$H7-1/$G$11))/(L/$CHL7-1/$G$7)* 100. The
gas hydrate saturation is calculated for each depth point
(one data point in one row, Figure 1). Note that saturations
estimated from methods 1 and 2 are same, and to estimate gas
hydrate saturation using method 2 only column H (modeled
Vp for S=0) is needed and not the velocity error table,
however, method 2 can only be used with V o andwhenV is
either modeled with an equation (the time-average equation
or the Wood's equation in this article) that can be rewritten
for the forward computation of hydrate saturation in terms of
\ density and porosity (as given in equations 12 and 13).

We recommend using both V _and V_ simultaneously if
available, and in this case one will have to use method 1 to
estimate gas hydrate. The Figure 1 isan example of Microsoft
Excel scripts to calculate gas hydrate saturation. The
estimated hydrate saturation will be different due to
differencesin 1) velocity modeling methods, 2) background
modelsand 3) mineral/fluid properties.

Field Data Examples

We discuss dataexamplesfrom threefields: Alaska,
Cascadiamargin, and KrishnaGodawari (KG) basin. Withthe
Alaskadata, we show atypical well log datain hydrate bearing
sediments, and compare estimated hydrate saturation from
various data/methods assuming quartz as the mineral matrix.
With the Cascadiamargin dataexample, we compare hydrate
saturation estimated from different data/methods (again
assuming quartz asthe mineral matrix) and discuss the effect
of varying background model on hydrate saturation. With
the KG basin data, we compare estimated hydrate saturation
from various data/methods, and discuss the effect of varying
mineral properties on hydrate saturation. The rock matrix is
quartz (sand) rich in the first two data examples, but is clay
rich (90% clay and 10% quartz) in the case of KG basin.

Mount Elbert test data, Alaska

BP-DOE-USA consortium conducted awell test in 2007
called “Mount Elbert test” to study the feasibility of hydrate
exploration and exploitationin Alaska (Inksand Agena, 2008;
Boswell et a., 2008). Thewell-log data can be requested free
of cost fromNETL (National Energy Technology L aboratory)
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Fig.2 Well logs from Mount Elbert #1: a) gamma ray log, b) density log, c) porosity log, and d) deep resistivity log. Two
possible gas hydrate zones are marked as H1 and H2. These two zones H1 and H2 are Units D and C in Inks and Agena
(2008), respectively. It is evident that hydrate layers are identified in higher porosity sands because of higher seismic
velocities (shown in Figure 3), lower density and higher resistivity than hydrate-free background layers.
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Fig.3 Gas hydrate saturation estimated from well logs at Mount Elbert #1. On the left are v, and V_ logs with corresponding
background values plotted by black dotted vertical lines (a), and in the middle panel (b) is gas hydrate saturation
derived from resistivity log (blue dotted line) using equation 8 and from NMR-DENSITY porosity logs (red solid line)
using equation 10. The right panel (c) shows gas hydrate saturations estimated from seismic velocities: blue and red
color solid curves show saturations estimated from v, alone using method 2 and method 1, respectively (they are
indistinguishable), and black dotted curve show hydrate saturation estimated from both V » and V simultaneously. In
this example, v, is modeled using equation 2 and V_ is modeled using equation 7.
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Fig. 4 Gas hydrate saturation estimated from well logs at northern Cascadia margin, Expedition 311 site U1327E. On the left
(a) are v, and V_ logs with corresponding background values plotted by black dotted vertical lines and another
background depth varying V, (red dotted line) from Yuan et al (1996). The middle panel (b) and the right panel (c)
show gas hydrate saturations estimated from V_ alone (red solid curve) and V_ and V_ combined (black dotted curve)
using method 1. The estimated hydrate saturation shown in the middle panel uses constant background velocities
(black vertical dotted lines in Figure 4a), and saturation shown in the right panel were estimated using a constant
background value for V¢ as in the middle panel and a depth varying V,, trend (red dotted curve in Figure 4a). Note the
change in hydrate saturation (middle vs. right panels) due to change in background V, value only. In this example, V
is modeled using equation 2 and V_ is modeled using equation 7. Depth shown is in mbsf (meters below seafloor), water
depth is 1300m and the BSR is at 225mbsf.
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website (http://www.netl.doe.gov/technol ogies/oil-gas/
FutureSupply/MethaneHydratesy ANSLogData.html). An
example of thewell logs from the Mount Elbert siteis shown
inFigures2 and 3, where Depth ismeasured from KB (54.80ft
above sea level). Gas hydrate saturation can be estimated
fromresistivity log using equation 8 knowing the background
resistivity of hydrate-free sediments. In this example, we
assume abackground resistivity of 9 ohm-m. GiventheNMR-
porosity and density porosity logs, gas hydrate saturation
(Figure 3) is estimated using equation 10. For hydrate
saturation estimation using seismic velocities, we assume a
constant background value of V . (2000 m/s) and Vs (720 m/s)
as shown by black dotted linesin Figure 3. Figure 3c shows
gas hydrate saturations estimated from V ; aone (using both
methods 1 and 2 as described earlier) and fromboth V_and V_
together. Inthisexample, hydrate saturation variesfrom 40%
to 80% of pore spaceinthe GHSZ.

Cascadia margin, |ODP Expedition 311 data,
Canada

The northern Cascadia continental margin offshore
western Canada is under study for the last two decades and
the presence of gas hydrates is confirmed from many
geophysical and geological experiments. More recently, an
extensivelist of log datawere acquired at fivelocations (U1325
to U1329) through IODP Expedition 311 in 2005 to study the
geological models for the formation of hydrates as well asto
estimate hydrate concentration (Riedel et d., 2006). Thedrillhole
locations were chosen so as to study the formation (and
dissociation) of gas hydrates within the accretionary prism at
different stages of its development away from the Juan de
Fucaridge. Chen (2006) did an el aborative study of the different
logs from 1ODP Expedition 311 to estimate the hydrate
concentration. Combined seismic reflection and sonic log
study by Dash (2007) showed a hydrate saturation of about
~15% of pore spaceat IODP Site U1327, wherethe BSR depth
is 225 mbsf (meters below seafloor). Figure 4 shows hydrate
saturation estimated from seismic velocities with a constant
background V . trend and two different background V , trends.
The estimated hydrate saturations vary by changing the
background V, trend, which emphasizes the importance of a
reliable background model. In thisexample, hydrate saturation
variesfrom 10% to 40% of pore spacein the GHSZ.

K G basin, NGHP Expedition -1data, I ndia

The Government of India started the National Gas
Hydrate Program (NGHP) in 1997 to explore gas hydrate
resourcesin India. The presence of gas-hydratein the Indian
continental margin was confirmed during drilling/coring
onboard JOI DES Resol ution between 28" April 2006 and 19"
August 2006 (Collett et al., 2008). This is known as NGHP
Expedition 01. The drilling/coring revealed 128 m thick gas
hydrate in the KG offshore basin predominantly deposited in
the fracture network (Holland et al., 2008), disseminated
deposits of varying thickness in the Mahanadi basin and

Andaman basin. We illustrate the methods of hydrate
saturation estimation from the well logs acquired in KG
offshore basin during NGHP Expedition 1 (Collett et al ., 2008).
The sedimentological parameters measured onboard suggest
that the matrix mineralsare composed of 90 % clay and 10 %
quartz. We use Hill’saveraging method (Hill, 1952) to estimate
matrix effective elastic moduli from the pure mineral phases.
According to Hill’ saveraging, the bulk modulus and the shear
modulus of clay and quartz mix mineral are

-1

1 Vclay Vqtz
Km = 5 [Vclachlay + Vqt:thz ]+ l: + K

clay qtz

(14)

and

-1
1 Vclay v, 1z
Gm = 5 [ clay Gc[ay + Vqtz quz ]+ li + . :l (15)

clay qtz

WhereVclay and Vi stand for clay and quartz volumefraction
of mineral, K gy andK @ arethebulk moduli of clay and quartz,
GClay and thz are the shear moduli of clay and quartz,
respectively. Themineral density can be estimated by volume
averagingasp,, =V, Py + VP, Wherep, andp are
density of clay and quartz minerals(Table 1). Knowing elastic
moduli and density, P- and S-wave velocitiesin minera can
be estimated as v,,=./(k,+4/3G,)/ p, and
V..=+G,/p,  respectively. Figure 5 shows gas hydrate
saturation estimated at this well location from resistivity
(Figure 5a) and seismic velocities (sonic logs) data (Figures
5b and 5c¢). For hydrate saturation estimation from seismic
velocity using method 1, linear background velocities for P-
and S-waves were assumed, and seismic velocities were
modeled assuming 90% clay and 10% quartz as minera in
Figure 5b and 100% quartz as mineral in Figure 5¢. Hydrate
saturation is different if 100% quartz is assumed as mineral
composition compared to 90% clay and 10% quartz asmineral
composition. The base of hydrate stability zone is clearly
demarcated in the hydrate saturation plots at about 185 mbsf.
This data example emphasizes the importance of knowing
the correct mineral composition. Hydrate saturation varies

from 5% to 40% of pore spacein the GHSZ.

Discussionsand Conclusions

There are various direct and indirect methods for
estimating gas hydrate concentration. The reliability of the
gas hydrate concentration will depend on 1) the quality of
measured data, 2) reliability of the relationship between the
rock’s physical property (e.g., seismic velocity, resistivity)
and gas hydrate concentration, 3) background property
values in the absence of gas hydrates, and 4) in situ
conditions. If there is any discrepancy among hydrate
concentration estimated from different data and methods,
one should look at all the four issues. Lee and Collett (2006)
discuss errors in gas hydrate saturation estimation due to
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Fig. 5 Gas hydrate saturation estimated from well logs in KG basin. On the left (a) is hydrate saturation estimated using
resistivity log with 1.08 ohm-m as the background resistivity value. The middle panel (b) and the right panel (c) show
gas hydrate saturations estimated from V, done (red solid curve) and V,, and V¢, combined (black dotted curve) using method
1, with linear background velocities [V (m/s)=depth(mbsf)* 0.6+1546.67, and V ((m/s)=depth(mbsf)* 0.492+210.67]. Seismic
velocities were modeled assuming 90% clay and 10% quartz as mineral composition in Figure 5b and 100% quartz as
mineral composition in Figure 5c. Note the differences in hydrate saturation due to differences in mineral compositions
(Figures 5b and 5c). In this example, V,, is modeled using equation 2 and V is modeled using equation 7. A linear
increase in the hydrate concentration is observed from 100 mbsf to 185 mbsf. The base of the hydrate stability zone
is clearly demarcated in the hydrate saturation plot at about 185 mbsf.

uncertaintiesin measurement and properties. If the measured
data are reliable, one should carefully decide about an
empirical equation or rock physics based equation to model
physical properties of the gas hydrate-bearing sediments. In
this paper we used only Wyllie's equation to model v, and
empirical equation 7 to model V. The two most important
factorsin estimating areliable hydrate concentration are: 1)
knowledge of background property trend, and 2) physical
property modeling method. In this paper we discussed various
methods of hydrate concentration estimation using three data
sets. For hydrate saturation estimation from seismic velocity,
we discussed the importance of background model, in situ
mineral composition, and velocity modeling method. We also
presented a workflow to estimate hydrate saturation from
seismic velocity in aMicrosoft Excel sheet.
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