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ABSTRACT

The analyses of downhole log data from Ocean Drilling Program (ODP) boreholes on the Blake Ridge at Sites 994, 995,
and 997 indicate that the Schlumberger geochemical logging tool (GLT) may yield useful gas hydrate reservoir data. In neutron
spectroscopy downhole logging, each element has a characteristic gamma ray that is emitted from a given neutron-element
interaction. Specific elements can be identified by their characteristic gamma-ray signature, with the intensity of emission
related to the atomic elemental concentration. By combining elemental yields from neutron spectroscopy logs, reservoir param-
eters including porosities, lithologies, formation fluid salinities, and hydrocarbon saturations (including gas hydrate) can be cal-
culated. Carbon and oxygen elemental data from the GLT was used to determine gas hydrate saturations at all three sites (Sites
994, 995, and 997) drilled on the Blake Ridge during Leg 164. Detailed analyses of the carbon and oxygen content of various
sediments and formation fluids were used to construct specialized carbon/oxygen ratio (COR) fan charts for a series of hypo-
thetical gas hydrate accumulations. For more complex geologic systems, a modified version of the standard three-component
COR hydrocarbon saturation equation was developed and used to calculate gas hydrate saturations on the Blake Ridge. The
COR-calculated gas hydrate saturations (ranging from about 2% to 14% bulk volume gas hydrate) from the Blake Ridge com-
pare favorably to the gas hydrate saturations derived from electrical resistivity log measurements.
INTRODUCTION

With growing interest in natural gas hydrate, it is increasingly im-
portant to be able to determine the volume of gas hydrate and includ-
ed natural gas within a gas hydrate accumulation (as discussed in
Collett and Ladd, Chap. 19, this volume). The primary objective of
this study was to develop quantitative geochemical log evaluation
techniques, which will permit the calculation of gas hydrate satura-
tions in gas hydrate–bearing sedimentary units with downhole neutron
spectroscopy logs. To obtain this objective the study was subdivided
into two general sections: (1) neutron spectroscopy log response
modeling, and (2) field data characterization. During the response
modeling phases of this study, new neutron spectroscopy log evalua-
tion techniques were developed that deal specifically with gas hy-
drate. These newly developed gas hydrate log-evaluation techniques
were tested and applied in the field data characterization portion of
the study.

Neutron-induced gamma-ray spectroscopic downhole logging is
well established as a means of evaluating the chemical composition
of hydrocarbon reservoirs. The geochemical logging tool (GLT; Fig.
1) provides measurements of most of the elements present in rock-
forming minerals, which can be used to construct detailed mineralog-
ic models. In addition, GLT-derived data on the carbon and oxygen
content of hydrocarbon reservoirs can be used to determine oil and
gas saturation information. In this report, we calculated the theoreti-
cal carbon and oxygen content of several hypothetical gas hydrate oc-
currences and constructed a series of carbon/oxygen “fan charts” that
can be used to calculate gas hydrate saturations. We also assessed the
effect of complex reservoir conditions (including the presence of clay
and dispersed organic carbon) on the GLT gas hydrate saturation cal-
culations. In the field data characterization phase of this study, car-
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bon/oxygen elemental data from the GLT was used to determine gas
hydrate saturations at all three sites (Sites 994, 995, and 997) drilled
on the Blake Ridge during Leg 164 of the Ocean Drilling Program
(ODP).

DOWNHOLE LOG RESPONSE MODELING

Tool Operations

The GLT (Fig. 1) consists of four parts: a natural gamma-ray
spectrometry sensor (NGT); a neutron porosity tool (CNT-G), which
carries a 252Cf source of neutrons (2 MeV source instead of the con-
ventional 4.5 MeV AmBe source) that is used in conjunction with the
aluminum activation clay tool (AACT) (Hertzog et al., 1989); and the
gamma-ray spectroscopy tool (GST). The NGT measures natural
gamma-ray emissions that are used to quantify the potassium, thori-
um, and uranium content of the logged sediments. The lower energy
of the californium source in the CNT-G, compared to the standard
AmBe source, reduces the number of fast neutron reactions that
would interfere with the AACT measurement. Neutron (emitted by
the 252Cf source) capture by 27Al results in the formation of 28Al,
which decays to 28Si with a half-life of 1.3 min and emits gamma rays
with an energy spectrum of 1.78 MeV, which is measured by the
AACT (Scott and Smith, 1973). The AACT is similar to the NGT, but
the AACT measures the gamma-ray spectrum of the activated forma-
tion in three additional windows. Comparing AACT measurements
with those from the NGT results in a measure of the concentration of
Al (wt%). The GST is located at the base of the tool string (Fig. 1)
and consists of a high-energy pulsed neutron accelerator (14 MeV)
and a NaI scintillation crystal detector. In neutron spectroscopy
downhole logging, each element has a characteristic gamma ray that
is emitted from a given neutron–element interaction. An element,
therefore, can be identified by its gamma-ray spectrum, with the in-
tensity of emission related to the atomic elemental concentration. By
combining elemental yields from neutron spectroscopy logs, reser-
voir parameters including porosities, lithologies, formation-fluid sa-
linities, and hydrocarbon saturations (including gas hydrate) can be
calculated. The GST can be operated in two timing modes: inelastic,
which mainly measures the neutron reactions in the high energy
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range (elements quantified: carbon, calcium, iron, oxygen, sulfur, sil-
icon), and capture-tau mode, which measures the gamma rays emit-
ted from neutron capture (elements quantified: calcium, chlorine,
iron, hydrogen, sulfur, and silicon). In ODP boreholes, the GST is
usually operated in only capture-tau mode; however, on Leg 164 a se-
lected number of inelastic measurements were made (discussed in
more detail later in this report). Calculation of absolute concentra-
tions (wt%) of elemental oxides require additional post-field process-
ing to estimate the contribution of rare-earth elements (gadolinium
and samarium in particular) and titanium. See Shipboard Scientific
Party (1996a) for additional information on required downhole log
data processing.
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Figure 1. Schematic diagram of the geochemical logging tool (GLT).
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Gas Hydrate Carbon/Oxygen Reservoir Models

As previously indicated, the GST measures the amount of carbon,
calcium, iron, oxygen, sulfur, silicon, chlorine, and hydrogen within
a rock sequence. The amount of a particular element in a rock is not
only controlled by the matrix mineralogy, but also by the amount of
water and hydrocarbons, including gas hydrate, that are stored in a
porous rock unit. The elemental ratio that shows promise of yielding
gas hydrate–reservoir saturations is the carbon/oxygen gamma-ray
ratio. Using molecular stoichiometry, it is possible to calculate the
amount of carbon and oxygen that are present in a cubic centimeter
of pore volume or (sediment) matrix for the following substances:
water, methane gas, ice, structure-I methane hydrate, sandstone
(quartz) matrix, limestone (calcite) matrix, clay (smectite, illite, chlo-
rite, and kaolinite) matrix, and dispersed organic carbon (Table 1).
The process used to calculate the elemental content of the various res-
ervoir constituents listed in Table 1 is described in Collett (1998).
The chemical formula and bulk density of the individual reservoir
constituents were used to calculate the number of carbon and oxygen
atoms present in one cubic centimeter of each substance. The elemen-
tal calculations for the four clays (Table 1: smectite, illite, chlorite,
and kaolinite) being considered are complicated because of the high-
ly variable chemical nature of clays. In this example, we have select-
ed standard “end-member” chemical formulas and bulk densities for
the four types of clays being modeled.

By using simple mixing rules and the elemental concentrations in
Table 1, it is possible to develop elemental relations (ratios) that yield
gas hydrate–reservoir saturations. Depicted in Figures 2 and 3 are the
results of the carbon/oxygen reservoir modeling. All of the reservoir
conditions modeled are derivations of a simple three-component res-
ervoir model that consists of either a quartz or calcite matrix (no
clay), gas hydrate, and either water, ice, or methane gas. The carbon/
oxygen and porosity (0%–60%) crossplots in Figures 2 and 3 are sim-
ilar to conventional oil and gas carbon/oxygen “fan charts” (Wood-
house and Kerr, 1992). Of concern, however, is the limited range of
expected carbon/oxygen ratios in gas hydrate–bearing sandstone
(quartz) reservoirs (Fig. 2). For example, the maximum range of the
carbon/oxygen ratio for a gas hydrate– and water-bearing reservoir
(Fig. 2A) with 40% porosity would only be 0.04, which is near the
likely uncertainty of the carbon/oxygen log measurement (Wood-
house and Kerr, 1992). The uncertainty in carbon/oxygen log mea-
surements in gas hydrate–bearing limestone (calcite) reservoirs
should be less of a problem.

The uncertainty in the carbon/oxygen determined gas hydrate sat-
urations are dependent on the uncertainty of each measurement in the
interpretation procedure. Woodhouse and Kerr (1992) showed that
the maximum precision of the carbon/oxygen ratio measurement can
Table 1. Elemental concentration of carbon and oxygen in various reservoir constituents.

Note: * = oxygen elemental concentrations do not include bound water.

Reservoir
constituent

Chemical
formula

Bulk density
(g/cm3)

Elemental concentrations 
(×1022 atoms/cm3)

Carbon Oxygen

Gas hydrate structure-I 7.598CH4+46H2O 0.9 0.439988 2.662037
Methane gas CH4 (2.580 MPa, 273.15 K) (1.209 mol/dm3) 0.072807 0
Pure water H2O 1.0 0 3.342758
Ice H2O 0.92 0 3.008482
Quartz SiO2 2.65 0 5.311965
Calcite CaCO3 2.71 1.630520 4.891559
Illite K1–1.5Al4(Si6.5–7Al1–1.5)O20 (OH)4 2.53 0 4.938860*
Smectite (Montmorillonite)

(Ca,Na)7(Al,Mg,Fe)4(Si,Al)8O20(OH)4

2.12 0 4.637710*

Kaolinite Al4(Si4O10)(OH)8 2.42 0 5.059320
Chlorite (Mg,Al,Fe)6(Si,Al)4 O10(OH)8 2.77 0 4.938860
Pure carbon (organic) C 1.2 6.016530 0
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be reduced to about ±0.008. However, when the uncertainties in the
other required measurements are considered, such as determining the
carbon and oxygen content of the matrix and borehole fluids, the un-
certainty in the log-measured carbon/oxygen water saturations may
be as great as 47%. To further evaluate the likely uncertainty in the
GST-derived carbon/oxygen ratios and water saturations for various
reservoir porosities, we used the approach described by Woodhouse
and Kerr (1992) in which the uncertainty of each measurement in the
carbon/oxygen interpretation “chain” is assessed. Table 2 contains
the calculated uncertainty in the GST-derived carbon/oxygen water
saturations for a wide range of reservoir porosities. The uncertainty in
carbon/oxygen-derived water saturations decreases rapidly as poros-
ity increases. At high porosities, such as in most known gas hydrate
occurrences, the quantities of formation-fluid carbon and oxygen are
high and the accuracy of the GST-derived gas hydrate saturations
could be relatively fair to good. For example, in a gas hydrate– and
water-bearing reservoir (porosity of 60%), the uncertainty in the carbon/
oxygen-calculated water saturations would be about 7%. Additional
downhole calibration of the carbon/oxygen interpreted water satura-
tions in known water-saturated zones (no hydrocarbon) allows the
uncertainties in the carbon/oxygen measurements to be reduced fur-
ther (Woodhouse and Kerr, 1992).

Complex Carbon/Oxygen Reservoir Models

In the previous discussion, we have generated a series of carbon/
oxygen “fan charts” for relatively simple reservoir conditions; how-
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Figure 2. “Fan charts” for carbon/oxygen interpretation of gas hydrate satu-
ration in a quartz (sandstone) reservoir with various pore-filling constituents:
(A) gas hydrate and water; (B) gas hydrate and ice; and (C) gas hydrate and
free gas.
ever, we need to develop a more complete understanding of the
chemistry of the entire borehole environment. The amount of carbon
or oxygen measured by the GST is not only controlled by the chem-
istry of the pore-fluids within the formation, but also by the chemistry
of borehole fluids and rock matrix. An equation relating all of the car-
bon and oxygen sources associated with a borehole was developed by
Hertzog (1978):
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Figure 3. “Fan charts” for carbon/oxygen interpretation of gas hydrate satu-
ration in a calcite (limestone) reservoir with various pore-filling constituents:
(A) gas hydrate and water; (B) gas hydrate and ice; and (C) gas hydrate and
free gas.

Table 2. Uncertainty in carbon/oxygen calculated water saturations for
various reservoir porosities (modified from Woodhouse and Kerr, 1992).

Reservoir 
porosity 
(φ, %)

Uncertainty in COR 
calculated water saturation 

(Sw, %)

10 47.0
20 22.9
30 15.0
40 11.2
50 8.8
60 7.3
70 6.2
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The coefficient A is determined by the relative inelastic neutron
cross section of carbon and oxygen, and it is essentially constant over
a variety of conditions. Direct calculations of the coefficient A and
Monte Carlo simulations have yielded a value of 0.75 for the coeffi-
cient A in a wide range of formations (Roscoe and Grau, 1988). The
matrix carbon (Cm) term is the sum of the various matrix volumes and
their carbon concentrations. Carbonates, including limestone and do-
lomite, will normally be the only significant contributors of matrix
carbon in conventional reservoirs. However, organic carbon can be
relatively abundant in marine sediments. The porosity carbon (Cp)
term is essentially due to the presence of hydrocarbons. The matrix
oxygen (Om) term is a more comprehensive sum than the matrix car-
bon (Cm) term, because oxygen is present in most all of the matrix
constituents (Table 1). The porosity oxygen (Op) term is mainly the
product of the water content of the formation in conventional hydro-
carbon reservoirs. The remaining two terms in Equation 1 are the
borehole contribution to the carbon (Cb) and oxygen (Ob) yields.
Borehole carbon and oxygen content is a function of the borehole
size, the outside diameter of the tool and sleeve, and the chemical
composition of the borehole fluids. These factors need to be evaluat-
ed to account for potential borehole effects on the GST measure-
ments. Equation 1 can be expanded to take into account the carbon
and oxygen content of various borehole constituents in conventional
hydrocarbon reservoirs:

, (2)

where COR = log measured carbon-oxygen ratio; A = ratio of aver-
age carbon and oxygen fast neutron cross sections; φ = porosity, dec-
imal percent; Sh = hydrocarbon (gas hydrate) saturation, decimal
percent; Cb = relative carbon concentration contribution from the
borehole, variable units; Ob = relative oxygen concentration contri-
bution from the borehole, variable units; α = atomic concentration of
carbon in the matrix, variable units; β = atomic concentration of car-
bon in the formation fluid (gas hydrate), variable units; γ = atomic
concentration of oxygen in the matrix, variable units; and δ = atomic
concentration of oxygen in the formation fluid (water), variable
units.

In Equation 2, each constituent is weighted according to its bulk
volume and the atomic concentration of carbon and oxygen atoms per
cubic centimeter that it contains. The variables Cb and Ob account for
the borehole background signal, which are typically Ob = 0.05 and Cb
= 0.0 in water-filled holes (expressed in units of Avogadro’s number)
(Woodhouse and Kerr, 1992). The borehole oxygen (Ob) and carbon
(Cb) correction variables can also be directly calculated for a given
borehole and tool configuration. Roscoe and Grau (1988) demon-
strated that the borehole oxygen (Ob) and carbon (Cb) correction vari-
ables are calculated by first determining the volume of oxygen and
carbon in the borehole. Each portion of the borehole (including cas-
ing, cements, and tool sleeves) that contributes to the carbon (Cb) and
oxygen (Ob) borehole correction variables needs to be individually
assessed. Therefore, Ob and Cb have been parameterized with a volu-
metric parameter representing the borehole volume of carbon-bear-
ing (Vc) and oxygen-bearing (Vo) material. These variables can be cal-
culated from the relation 

Vx = do
2 – di

2, (3)

where do
2 and di

2 are the outside and inside diameters of the regions of
interest, respectively. The borehole volumetric parameters Vo and Vc
are obtained by summing the Vx values from all the regions of interest
in the borehole. For example, in a 30-cm open (uncased) water-filled
borehole the volume of water (Vo) measured by the GST (3.475-cm-
diameter tool) would be 887.9 cm2. The volume of carbon-bearing
borehole fluids (Vc) in the same borehole would be zero since the hole

COR A
α 1 φ–( ) βφSh Cb+ +[ ]

γ 1 φ–( ) δφ 1 Sh–( ) Ob+ +[ ]
---------------------------------------------------------------------=
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is filled with only water (no hydrocarbons). If a sleeved tool is used,
however, the Vc of the sleeve needs to be calculated in the same man-
ner as the example Vo calculation and included in the Cb correction
variable. Roscoe and Grau (1988) presented a series of comparison
graphs that can be used to determine values for Ob and Cb from the
calculated Vo and Vc values for various borehole conditions. Roscoe
and Grau (1988) also demonstrated, however, that the actual value of
Ob and Cb is affected by changes in sediment porosities. This Ob and
Cb porosity dependence can be mathematically determined with the
following relation: 

Ob = Ob′ [1 – ∋ (φ – 0.17)], (4)

where Ob is the porosity corrected value of Ob′ and ∋ is the porosity
correction constant, which has been determined to be 0.61 (Roscoe
and Grau, 1988). Because α, β, γ, and δ are constants for a specified
mineralogy and fluid, and Cb and Ob are constants for a particular
borehole configuration, hydrocarbon saturations (Sh) can be calculat-
ed directly from the COR if the matrix porosity is known. Equation 2
yields accurate hydrocarbon saturations in conventional oil and gas
reservoirs, where all of the porosity oxygen term (Op) is the product
of the water content of the formation. In gas hydrate–bearing sedi-
ments, however, the occurrence of oxygen in the water molecules as-
sociated with the gas hydrate structure will also contribute to the po-
rosity oxygen (Op) term. The effect of gas hydrate–associated oxygen
content on the GST measured carbon/oxygen ratios can be explicitly
explained by adding a gas hydrate oxygen term to Equation 2:

, (5)

where µ is the atomic concentration of oxygen atoms in a Structure-I
methane hydrate. The matrix mineralogy data necessary to assign
values for the parameters α and γ may be obtained from the GLT-
derived elemental lithologic indicator ratios or LIR (ratio of Si/Ca),
which is used to assess relative amounts of quartz and calcite in the
matrix. For mixed quartz and calcite formations α = 0.027(1 – LIR)
and γ = 0.081 + 0.007 LIR (expressed in units of Avogadro’s number)
(Woodhouse and Kerr, 1992). The COR hydrocarbon saturation equa-
tion (Eq. 5) can be modified to accommodate more complex mixtures
of minerals, provided their atomic concentration coefficients are
known. Accurate interpretation of COR data requires precise chemi-
cal analysis of all potential reservoir constituents (Table 1). 

It is generally accepted that inelastic-scattering measurements of
carbon and oxygen concentrations are largely insensitive to dissolved
salts in the pore waters or shaliness (clay content) of the formation
(Woodhouse and Kerr, 1992). However, little work has been conduct-
ed to evaluate the effect of clay-rich marine sediments on carbon/ox-
ygen ratios. In some holes, the clay content of the formation sediments
exceeds 60%. When considering the effect of clays on carbon/oxy-
gen-calculated gas hydrate saturations, we will assume that clays con-
tain no carbon. Carbon, however, is often concentrated in organic-rich
marine sediments that will be dealt with later in this report. In general,
the oxygen content of quartz and most clay minerals are similar (Table
1). Therefore, in conventional quartz matrix reservoirs the effect of
small amounts of clay (5%–10% of matrix) on the GST-derived car-
bon/oxygen ratios are negligible. However, in clay-rich marine sedi-
ments the small difference in the oxygen content between most clays
and quartz may have a significant effect on the carbon/oxygen ratio of
the sediment matrix. In Figure 4, we have crossplotted with porosity
(ranging from 0% to 40%) the expected carbon/oxygen ratio in a
quartz and three pure-clay (kaolinite, illite-chlorite, and montmorillo-
nite) matrix reservoirs with various gas hydrate saturations (Sh of 0%,
25%, 50%, 75%, and 100%). The pure illite and chlorite matrix reser-
voirs are shown as a single clay type in Figure 4 because illite and
chlorite contain the same amount of oxygen per unit volume. At rela-

COR A
α 1 φ–( ) βφSh Cb+ +[ ]

γ 1 φ–( ) δφ 1 Sh–( ) µφSh Ob+ + +
-----------------------------------------------------------------------------------=
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tively high gas hydrate saturations and high reservoir porosities, the
effect of clays on the GLT-derived carbon/oxygen ratios are the great-
est. As shown in Figure 4, a 100% gas hydrate–saturated pure mont-
morillonite “reservoir” with 40% porosity would be characterized
with a carbon/oxygen ratio of 0.045, which is about 0.005 higher than
the carbon/oxygen ratio for a pure quartz matrix reservoir under the
same conditions. A 0.005 carbon/oxygen difference, however, is be-
low the resolution capability of the GST (discussed earlier in this re-
port). Figure 4 confirms that the occurrence of clay in most conven-
tional reservoirs (porosity <30%, clay content <10%) and marine sed-
iments have little to no effect on inelastic-neutron carbon/oxygen
measurements.

Organic carbon can be concentrated in fine-grained marine sedi-
ments. For example, on the Blake Ridge the total organic carbon con-
tent (TOC) of the sediment ranges from 0.5 to 2.0 wt% (Shipboard Sci-
entific Party, 1996b, 1996c, 1996d). The GST will detect and measure
the volume of organic carbon in marine sediments, which could have
a significant effect on carbon/oxygen-calculated hydrocarbon satura-
tions. To evaluate the potential effect of dispersed sedimentary organic
carbon on neutron spectroscopy measurements we need to calculate
the atomic concentration of carbon atoms within a given volume of or-
ganic carbon as it would occur in nature. We have calculated that there
is about 6.0 × 1022 carbon atoms within a cubic centimeter of pure or-
ganic carbon (Table 1), assuming a grain density of 1.2 g/cm3 (Serra,
1984). In Figures 5 and 6, we have crossplotted with porosity (ranging
from 0% to 60%) the expected carbon/oxygen ratio in pure quartz (Fig.
5) and calcite (Fig. 6) matrix reservoirs that are 100% saturated with
either water or gas hydrate. Also shown in Figures 5 and 6 are plots of
the same reservoir conditions, except 2% of the quartz and calcite ma-
trix are replaced with organic carbon. As shown in Figures 5 and 6, the
addition of organic carbon to the sediment matrix will significantly af-
fect measured carbon/oxygen ratios. The addition of 2% organic car-
bon to a pure block of quartz or calcite (no porosity) results in a 0.023
and 0.025 increase in the carbon/oxygen ratio, respectively. The effect
of organic carbon content on the GST-measured carbon/oxygen ratios
can be explicitly explained by the following four-component COR
equation, which is a modified version of the standard three-component
equation (Eq. 2):

, (6)

where C is the organic carbon content of the sediment as a volume
fraction and η is the atomic concentration (variable units) of carbon
atoms in natural occurring organic carbon. This four-component
equation can be used to characterize a water- and gas hydrate–bearing
reservoir with a matrix consisting of a mixture of quartz, calcite, and
organic carbon.

FIELD DATA CHARACTERIZATION
Leg 164 Downhole Logging Program

As discussed in the Initial Reports Volume for Leg 164 (Ship-
board Scientific Party, 1996b, 1996c, 1996d), Holes 994C, 995B, and
997B were logged with the GLT (Fig. 1) (Collett and Ladd, Chap. 19,
this volume). The geochemical log data included both neutron cap-
ture and stationary inelastic neutron log measurements. The inelastic
neutron measurements consisted of 44 individual 5-min duration sta-
tionary measurements. The shipboard-acquired capture and inelastic
neutron geochemical measurements require a significant amount of
post-field reprocessing to correct for the effects of enlarged and irreg-
ular boreholes, fluids in the borehole, logging speed variations, and
neutron activation of various elements in the formation. The GLT
data processing is performed with a set of log-interpretation comput-
er programs developed by Schlumberger, and the processing steps
are described in Initial Reports Volume for Leg 164 (Shipboard Sci-

COR A
α 1 C–( ) 1 φ–( ) η C 1 φ–( )[ ] βφSh Cb+ + +
γ 1 C–( ) 1 φ–( ) δφ 1 Sh–( ) µφSh Ob+ + +

----------------------------------------------------------------------------------------------------------=
entific Party, 1996a). In general, the neutron capture data is processed
through a seven-step procedure in which (Step 1) the relative elemen-
tal yields are calculated by comparing the recorded spectral data to a
series of standard spectra; (Step 2) the GLT logging runs are depth
shifted to a reference log curve; (Step 3) the total natural gamma ra-
diation and the concentration of thorium, uranium, and potassium in
the formation are calculated; (Step 4) the aluminum concentration is
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calculated; (Step 5) the elemental yields are normalized to calculate
the elemental weight percents; (Step 6) the elemental weight percents
are converted to oxide percentages; and (Step 7) the statistical uncer-
tainty of the elemental concentrations are calculated and presented in
the form of an error log. The GLT logs from all three sites are signif-
icantly degraded by poor borehole conditions, but the neutron capture
data from Holes 995B and 997B appear to yield useful information
about the chemical composition of the formation. However, the neu-
tron capture data from Hole 994C is severely degraded by the rugos-
ity of the borehole, the effects of which could not be corrected. There-
fore, the neutron capture data from Hole 994C has been disregarded
in this study. Reprocessing of the GLT neutron capture and natural
gamma radiation (NGT) data from Holes 995B and 997B yielded ac-
curate estimates of the concentration of the following nine elements
within the formation: calcium, iron, silicon, aluminum, potassium,
uranium, thorium, gadolinium, and titanium (Shipboard Scientific
Party, 1996a). During reprocessing of the GLT neutron capture data,
it is was noted that sulfur occurred in concentrations below the reso-
lution capability of the tool; thus, the GLT-derived sulfur concentra-
tions were disregarded in this study. In addition, the configuration of
the GLT as used in ODP does not allow the direct acquisition of hy-
drogen or chlorine concentrations (Shipboard Scientific Party,
1996a). As previously noted, the inelastic neutron geochemical data
also required post-field reprocessing. The reprocessing of the inelas-
tic neutron data from Leg 164 was performed by Schlumberger-Doll
Research (Dr. Jim Grau, Schlumberger-Doll Research, Ridgefield,
CT, pers. comm., 1997). The relative elemental yields from the ac-
quired inelastic neutron data are calculated by comparing the record-
ed spectral data to a series of standard spectra. The occurrence of both
gadolinium and titanium was also considered along with an “ITB”
correction that accounts for the direct arrival of high-energy neutrons
from the source. An activation standard (CACT) was also used in the
analysis of the inelastic neutron data, which deals with the neutron
activation of mostly oxygen in the formation. The shipboard mea-
sured and reprocessed COR for Holes 994C, 995B, and 997B are list-
ed in Table 3. Data reprocessing and analyses revealed that nine of
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Figure 6. Crossplot of sediment porosities and carbon/oxygen ratios for a gas
hydrate–bearing (Sh of 0% and 100%) calcite (limestone) reservoir with (2%
by volume) and without dispersed organic carbon in the sediment matrix.
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the inelastic neutron measurements from the Leg 164 drill sites are
invalid (Table 3).

Mineralogy and Carbon-Oxygen Content of the 
Sediments on the Blake Ridge

Described in the response modeling portion of this report are a se-
ries of proposed equations that utilize GST-derived elemental con-
centrations to determine in situ gas hydrate saturations. Equation 6 is
a modified version of a standard three-component carbon/oxygen hy-
drocarbon saturation equation (Eq. 2), which can be used to calculate
gas hydrate saturations. Equation 6 accounts for all of the carbon and
oxygen atoms associated with the borehole in a gas hydrate–bearing
formation. As previously discussed in this report and as shown in
Equation 6, the amount of carbon and oxygen measured by the GLT
is not only controlled by the chemistry of the formation fluids. To use
Equation 6 to calculate gas hydrate saturations we must first assess
the carbon and oxygen content of the sediment matrix (including the
organic carbon content), borehole fluids, and the boron sleeve on the
GST.

In the following section, we have used the shipboard sedimento-
logic data (Shipboard Scientific Party, 1996b, 1996c, 1996d), shore-
based powder X-ray diffraction (XRD) analysis of core samples from
Hole 997B, and the GLT neutron capture data from Holes 995B and
997B to generate a comprehensive mineralogic model for the sedi-
ments (matrix) on the Blake Ridge and to assess the carbon and oxy-
gen content of the sediments. Shipboard sedimentologic data was
also used to assess the amount of organic carbon within the sediments
(matrix) on the Blake Ridge (Shipboard Scientific Party, 1996b,
1996c, 1996d). We have also calculated borehole-correction factors
needed to assess the effect of oxygen and carbon in the borehole flu-
ids and within the boron sleeve on the GST.

Analysis of the cores recovered from Leg 164 indicate that the
sediments on the Blake Ridge consist of a very homogeneous upper
Miocene through Holocene hemipelagic accumulation of terrigenous
clays and nannofossils, with subordinate amounts of diatoms and for-
aminifers. At Sites 994, 995, and 997, the sedimentary section was di-
vided into three lithologic units based on observed mineralogic com-
positions (Shipboard Scientific Party, 1996b, 1996c, 1996d). The up-
per two lithologic units (lithologic Units I and II; 0 to ~150 mbsf) are
Pleistocene and latest Pliocene in age and are characterized by alter-
nating beds of dark greenish gray nannofossil-rich clay and more car-
bonate-rich beds of lighter greenish gray nannofossil-rich clay. Beds
of coarse-grained foraminifer ooze and reddish brown terrigenous
muds are rare, but indicate contour-current activity. Lithologic Unit
III (from a depth of ~150 mbsf to the bottom of each hole at ~750
mbsf) is a monotonous dark greenish gray nannofossil-rich clay and
claystone of late Pliocene to late Miocene age that is moderately to
intensively bioturbated. Shipboard smear-slide and XRD analyses re-
veal that the dominant mineral phases within the cored sediments of
the Blake Ridge are clay minerals, calcite, and quartz. Feldspars, do-
lomite, and pyrite are minor components of the sedimentary section.
The clay-size fraction is made up mostly of clay minerals and nanno-
fossils. The silt-size fraction is dominated by quartz; the estimated
quartz abundance based on shipboard XRD data almost never ex-
ceeds 15 wt% (Shipboard Scientific Party, 1996b, 1996c, 1996d).
Disseminated dolomite rhombs make up a few percent of the bulk
mineralogy. The biogenic calcareous constituents consist of nanno-
fossils and minor amounts of foraminifers. Siliceous fossils are
present as diatoms and rare sponge spicules. Carbonate content is
generally higher in lithologic Units I and II (0–150 mbsf; 20–60 wt%
carbonate) than in Unit III (150–750 mbsf; 10–20 wt% carbonate). In
general, the shipboard sedimentologic data from Leg 164 indicate
that the cored sedimentary section on the Blake Ridge is character-
ized by a relatively uniform mineralogic assemblage of clay and
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quartz and a more variable calcite content. The effect of the variable
calcite content on the bulk composition of the sediment matrix must
be accounted for in the COR elemental ratio calculation of gas hy-
drate saturations. In addition, the composition of the clays must be
further examined before proceeding with the proposed COR spectral
analyses of gas hydrate saturations.

To further evaluate the mineralogic composition of the sediments
on the Blake Ridge, we have conducted detailed XRD analysis of 21
core samples from Hole 997A (Table 4). The shore-based X-ray lab-
oratory used for these analyses is maintained by the Department of
Geology and Geological Engineering at the Colorado School of
Mines. The X-ray laboratory is equipped with an automated Scintag
XDS-2000 X-ray generator and diffractometer. The X-ray diffraction
patterns were obtained with the following machine settings: X-ray
generator = 40 kV and 40 mA; X-ray tube anode = copper; scatter slit
width 1–2 mm; receiving slit width 0.3–0.5 mm (whole-rock samples)
and 0.1–0.3 mm (oriented-clay samples); scan = continuous; scanning
range = 2°–60° 2θ (whole-rock samples), 2° to 40° 2θ (oriented-clay
samples), 2°–20° 2θ (glycolated and heat-treated oriented samples);
scanning rate = 2° 2θ per minute; and the samples were rotated during
analysis. Digital X-ray intensities were recorded and processed with
Scintag’s DMS X-ray diffraction processing program, which operates
under a Windows-NT operating system. The processed digital data

Table 3. Unprocessed and processed (corrected) carbon/oxygen elemen-
tal ratios as measured with the GST in Holes 994C, 995B, and 997B.

Hole
identification,
station depth 

(mbsf)

Unprocessed 
carbon/oxygen 

ratio

Processed 
carbon/oxygen 

ratio

164-994C:
228 0.017 0.025
233 0.042 0.052
238 0.017 0.026
243 0.028 0.034
248 0.019 0.026
253 0.005 Invalid data
258 0.027 0.034
263 0.012 0.018
268 0.025 0.032
273 0.017 Invalid data
278 0.025 0.032
283 0.022 Invalid data
288 0.014 Invalid data

164-995B:
221 0.022 0.029
226 0.025 0.031
235 0.037 0.041
339 0.022 0.029
349 0.031 0.038
414 0.036 0.043
439 0.037 0.044
449 0.042 0.049
454 0.043 0.050
464 0.020 0.028
489 0.033 0.039
514 0.031 0.038
524 0.036 0.044
534 0.022 Invalid data
594 0.038 0.046
599 0.025 Invalid data
604 0.040 0.048
614 0.029 0.037

164-997B:
210 0.025 0.034
215 0.018 Invalid data
361 0.037 0.051
366 0.038 0.047
425 0.039 Invalid data
440 0.031 0.039
445 0.026 0.033
455 0.024 0.028
465 0.041 0.049
475 0.034 0.043
580 0.042 0.051
585 0.041 0.048
590 0.029 Invalid data
was corrected for background intensities (subtracting CuKα2 contribu-
tions), and the position of each peak (2θ), d-spacing (Å), and intensity
(counts per second above background) are calculated and displayed.

The 21 core samples from Hole 997A selected for XRD analyses
are from near the depths at which the inelastic neutron measurements
were made with the GLT in Hole 997B (Tables 3, 4). Whole-rock
samples and clay-sized separates were analyzed to identify the con-
stituent minerals in the sediments. All of the core samples were air
dried and ground by hand to a uniform texture. Randomly oriented
whole-rock subsamples of each core sample were prepared for XRD
analysis by packing the ground sediment samples into circular sam-
ple holders and sequentially X-raying the samples. The randomly ori-
ented powders were not pretreated with any chemicals. The X-ray
diffractograms of the whole-rock samples were examined to identify
the major minerals in the core samples, which included quartz, cal-
cite, and clays. Occasionally, the samples contained detectable py-
rite, dolomite, siderite, and feldspars (both plagioclase and alkali
feldspars).

Additional XRD analysis focused on semiquantitative identifica-
tion of the type and amount of clays in the recovered core samples.
Subsamples of each core sample were used to prepare oriented
mounts of the clay-sized fraction. Using methods described in Moore
and Reynolds (1989), mixtures of distilled water and crushed whole-
rock core samples were centrifuged to separate the less than 2 mm
fraction. Oriented mounts of the clay separates were prepared by a fil-
ter transfer method. X-ray diffractograms of the air-dried, glycolated
(five days at 40°C), heat-treated (550°C for 2 hr), oriented clay
mounts were examined to determine the mineral composition of the
clays. Interpretation of clay mineralogy was based upon evaluating
the spacing and relative intensity of the peaks on the X-ray diffracto-
grams, which are controlled by the structure and composition of each
mineral within the sample. Three clay minerals were identified with-
in the core samples from the Blake Ridge: illite, smectite, and kaolin-
ite. The method used to estimate the relative amount of illite and
smectite (Table 4) in the mixed-layer clays was based on the work of
Hower (1981). In this method, peak positions and low-angle diffrac-
tion characteristics of the glycolated samples are compared to stan-
dard diffraction profiles published by Hower (1981). Characteriza-
tion of chlorite and kaolinite is made difficult because of peak over-
laps and similarities in peak intensities in X-ray diffractograms of

Table 4. List of core samples from Hole 997A selected for X-ray diffrac-
tion analysis. Relative amount of illite and smectite in the mixed-layer
clays from Hole 997A core samples are also listed.

Core sample 
depth
(mbsf)

Illite
(vol%)

Smectite
(vol%)

203 45 55
205 50 50
208 55 45
210 55 45
354 55 45
366 50 50
370 45 55
424 50 50
425 55 45
427 50 50
443 50 50
448 50 50
450 50 50
472 50 50
475 55 45
482 50 50
570 55 45
573 55 45
579 45 55
582 50 50
589 55 45
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untreated samples. We have used standard heat treatment methods to
identify the occurrence of chlorite and/or kaolinite in the core sam-
ples from Hole 997A. Heat-treating chlorite changes the diffraction
pattern: the intensity of the 001 reflector increases and shifts to about
6.3 °2θ. However, heat treating did not reveal any chlorite peaks
within the X-ray diffraction patterns of the Site 997 core samples.
The completed XRD studies indicate that mixed-layer illite-smectite
and kaolinite are the most abundant clay minerals in the sediments on
the Blake Ridge.

In combination, the Leg 164 shipboard sedimentologic data and
shore-based XRD analysis of core samples from Hole 997A reveal
that clay minerals (mixed-layer illite-smectite and kaolinite), calcite,
and quartz are the major mineral components within the cored sedi-
mentary section on the Blake Ridge. Pyrite, dolomite, siderite, and
feldspars constitute minor components within the Blake Ridge sedi-
mentary section.

To further evaluate the carbon and oxygen content of the sedi-
ments on the Blake Ridge, we have used the results of the shipboard
and shore-based sedimentologic studies (discussed above) along with
GLT neutron capture data to construct detailed mineralogic models
of the cored and logged sedimentary sections in Holes 995B and
997B. Schlumberger’s ELAN-Plus (ELemental ANalysis) petro-
physical program is a general-purpose inverse problem solving com-
puter code that can be used to analyze GLT data (Quirein et al., 1986;
Wendlandt and Bhuyan, 1990). With appropriate downhole log data,
including GLT measurements, ELAN-Plus can explicitly define 20
or more mineral components. The ELAN-Plus analyses of GLT ele-
mental yields from Holes 995B and 997B are discussed in the follow-
ing section.

ELAN-Plus uses available GLT elemental yields and inverse log-
analysis procedures to simultaneously quantify various minerals in
the formation (Quirein et al., 1986). In general, the ELAN-Plus com-
puter program solves inverse problems, in which log measurements
(GLT elemental yields) and expected response equations (mineral
compositions) are used to compute volumetric formation components
(percentage by volume [vol%] of various mineral phases). ELAN-
Plus solves an over-determined system of simultaneous linear re-
sponse equations in which the number of equations exceeds or is
equal to the number of unknowns (minerals). As discussed earlier in
this section, nine GLT elemental yields (calcium, iron, silicon, alumi-
num, potassium, uranium, thorium, gadolinium, and titanium) were
considered while modeling the input response equations. Eventually,
five GLT elemental yields (calcium, iron, silicon, aluminum, and po-
tassium) were selected to construct the mineralogical models for the
sediments at Sites 995 and 997. The elemental yields of uranium, tho-
rium, gadolinium, and titanium were not used in this quantitative in-
terpretation because it is not clear how these minor elemental constit-
uents are associated with the different mineral phases in the sedimen-
tary section being modeled. Including trace elemental concentrations
in the mineral response equations can have a significant effect on
quantitative mineral calculations. The ELAN-Plus program also re-
quires us to identify the expected minerals (response equations) with-
in the formation. When considering GLT data, the response equations
consist of the chemical formula (composition) of the expected miner-
al phases. As previously discussed in this section of the report, Leg
164 shipboard sedimentologic data and shore-based XRD analysis of
core samples from Hole 997A have revealed the presence of eleven
minerals within the sediments on the Blake Ridge: clay (illite, smec-
tite, kaolinite), calcite, quartz, feldspars (albite, anorthite, and ortho-
clase), dolomite, siderite, and pyrite. Because the ELAN-Plus pro-
gram can only solve over-determined systems, a maximum of only
six mineral phases can be quantified within a single ELAN-Plus
model when only five GLT elemental yields are available. Therefore,
a series of different (six mineral phases) ELAN-Plus models were
constructed to quantitatively analyze all eleven mineral phases within
the sediments on the Blake Ridge. In addition, other log responses
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(including total gamma-ray radiation, bulk density, and neutron cap-
ture cross section) were considered in the ELAN-Plus mineral mod-
eling effort; however, the additional log measurements were of little
value. To further characterize the calcite composition of the sedi-
ments in the Blake Ridge boreholes, the photoelectric log from the
density tool and the uranium concentration from the NGT were also
considered, but both logs were severely degraded by poor borehole
conditions. It was determined that the mineral assemblage that best
achieved reasonable results (compared to core analyses results dis-
cussed later in this section of the report) consisted of smectite, illite,
kaolinite, calcite, quartz, and pyrite. Given this mineral assemblage
(Table 5), compositions of quartz and pyrite are assumed to be inde-
pendent of solid solution. The composition of the clay minerals were
assumed to be nearly ideal and were modified from the chemical
analyses published by Herron and Herron (1988). The assumed
chemical formula for the smectite is consistent with a montmorillo-
nite clay type. The Blake Ridge sedimentary section is characterized
by a complex carbonate mineral assemblage; principally calcite and
siderite, with minor dolomite. We assumed the presence of a single
hypothetical carbonate phase, an iron-bearing calcite containing
40.04 wt% calcium and 0.20 wt% iron. Various feldspars, including
pure end members and mixed end members, were considered in the
ELAN-Plus modeling effort; however, the relative amount of feld-
spar within the Blake Ridge sedimentary section never exceeded 2–3
vol%.

The ELAN-Plus–derived abundance of smectite (montmorillo-
nite), illite, kaolinite, calcite, quartz, and pyrite in the logged sedi-
mentary sections of Holes 995B and 997B are shown in Figure 7. In
general, the mineralogy of the GLT-logged sedimentary section in
Hole 995B is relatively uniform with depth (Fig. 7A). In Hole 995B,
clays (montmorillonite, illite, and kaolinite) constitute about 60%–
80% of the sedimentary section, with the amount of montmorillonite
and illite being relatively similar throughout the hole; however, ka-
olinite appears to be less abundant. Pyrite occurs in Hole 995B as a
widely disseminated minor component. The combined abundance of
calcite and quartz ranges from about 10% to 40% according to the
ELAN-Plus modeling estimates. In comparison, Hole 997B (Fig. 7B)
is characterized by a more variable sedimentologic section. ELAN-
Plus analyses indicate that clays comprise about 60%–100% of the
bulk sediments in Hole 997B. The most notable mineralogic feature
of Hole 997B is the obvious uphole increase in kaolinite starting near
250 mbsf. In addition, the ELAN-Plus analyses from Hole 997B in-
dicate a downhole trend of increasing quartz that is not present in
Hole 995B.

To evaluate the accuracy of the ELAN-Plus–derived mineralogic
models, we compared the results of the ELAN-Plus modeling of the
GLT data from Holes 995B and 997B with mineralogic models from
both shipboard and shore-based XRD analysis of core samples (Figs.
8, 9). In Figure 8 the ELAN-Plus–determined quartz and calcite abun-
dance for Holes 995B and 997B are compared to shipboard XRD anal-
ysis of core samples from Holes 995A and 997A (Shipboard Scientific
Party, 1996c, 1996d). In comparison, the relative abundance of quartz
in the sedimentary section at Sites 995 and 997, as determined by
ELAN-Plus and shipboard XRD analysis, is similar. The ELAN-Plus–

Table 5. List of minerals and response equations (chemical composi-
tions) used to construct the ELAN-Plus mineral models for Holes 995B
and 997B.

Mineral
Silica 
(wt%)

Calcium 
(wt%)

Potassium 
(wt%)

Aluminum 
(wt%)

Iron
(wt%)

Quartz 46.75 0 0 0 0
Illite 24 0.35 4 12 8
Smectite 22.76 0.658 0.658 11.84 1.316
Kaolinite 22 0 0 19 0.8
Calcite 0 40.04 0 0 0.2
Pyrite 0 0 0 0 46.55
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interpreted downhole trend of increasing quartz in Hole 997B was also
observed in the shipboard XRD core analysis from Hole 997A. How-
ever, the ELAN-Plus–derived quartz abundance in both Holes 995B
and 997B is characterized by a high-frequency variation, which is
likely due to degraded GLT measurements. The relative abundance of
calcite, as interpreted by ELAN-Plus and XRD analysis, at Sites 995
and 997 are also similar. The XRD-interpreted near-surface (<100
mbsf) increase in calcite abundance is not observed in the ELAN-Plus
mineralogic models, because the upper 100 m of both holes were not
logged with the GLT. However, both the ELAN-Plus and XRD anal-
yses do suggest a downhole trend of increasing calcite abundance
starting at a depth of about 200 mbsf. To further evaluate the apparent
uphole increase of kaolinite in Hole 997B, we compared the ELAN-
Plus modeling results with shore-based XRD analysis of 300 core
samples from Hole 997A (Fig. 9). The additional 300 XRD analyses
from Hole 997A were provided by Dr. Ryo Matsumoto, University of
Tokyo, Japan. As shown in Figure 9, the relative abundance of kaolin-
ite in Hole 997A, as determined by shore-based XRD analysis of core
samples, is very similar to the kaolinite concentrations predicted by
the ELAN-Plus mineralogic modeling in Hole 997B. In general, the
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Figure 7. ELAN-Plus–derived abundance of quartz, calcite, kaolinite, illite, smectite, and pyrite in the GLT logged sedimentary section of (A) Hole 995B and (B)
Hole 997B. (Continued on next page.)
mineralogic models for Sites 995 and 997 interpreted from available
shipboard and shore-based XRD analysis of core samples compare fa-
vorably with the ELAN-Plus–derived mineralogic models for both
drill sites.

In the following section the ELAN-Plus–derived mineralogic
models for Holes 995B and 997B were used to calculate the carbon
and oxygen content of the sediment matrix at the subsurface depths
of the 35 inelastic neutron measurement stations that were deter-
mined to have yielded valid carbon/oxygen elemental ratios in Holes
994C, 995B, and 997B (Table 6). The concentrations of carbon (α)
and oxygen (γ) in the sediment matrix were calculated by multiplying
the carbon-oxygen elemental concentration in each mineral assessed
in Table 1 by the volume percent concentration of the ELAN-Plus–
derived mineral compositions in Holes 995B (Fig. 7A) and 997B
(Fig. 7B). The ELAN-Plus mineralogic model for Hole 995B was
used to calculate the sediment matrix carbon-oxygen elemental con-
centrations for the nine GLT inelastic neutron stations in Hole 994C.

The next variable needed before we can calculate gas hydrate sat-
urations with Equation 6 is the organic carbon content (C) of the sed-
iments on the Blake Ridge. Fortunately, standard ODP core analysis
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includes the measurement of TOC content. On the Blake Ridge the
TOC content of the sediments cored at Sites 994, 995, and 997 ranged
from about 0.5 to 2.0 wt% (Shipboard Scientific Party, 1996b, 1996c,
1996d). In Table 6, we have included the shipboard-calculated total
organic carbon content (C) of the sediments (converted to vol%) at
the subsurface depths of the 35 “valid” GLT inelastic neutron stations
at Sites 994, 995, and 997.

Borehole Carbon/Oxygen Corrections

The last two variables needed to calculate gas hydrate saturations
with Equation 6 are the borehole correction factors for the presence of
carbon and oxygen in the borehole fluids and within the boron sleeve
on the GST. As discussed earlier in this report, each portion of the
borehole (including the open-hole and tool sleeves) that contribute to
the carbon (Cb) and oxygen (Ob) borehole correction factors can be in-
dividually quantified. Because ODP boreholes are drilled with seawa-
ter, the borehole carbon correction factor (Cb) relative to the carbon
content of the borehole fluids can be disregarded. However, because
the GST used on Leg 164 has a boron sleeve, the volume of carbon
within the sleeve needs to be determined. The borehole carbon correc-
tion factor (Cb) for the boron sleeve was calculated by the method de-
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scribed by Roscoe and Grau (1988), in which the tool (GST) diameter
(8.8265 cm) and sleeve thickness (0.6477 cm) are used to calculate
the volume of the boron sleeve (Vc) actually measured by the GST.
Assuming the carbon content of the boron sleeve is similar to the car-
bon content of oil (Dr. Jim Grau, Schlumberger-Doll Research,
Ridgefield, CT, pers. comm. 1997) and by using the shipboard core-
derived sediment porosities, it was possible to calculate the required
Cb correction factors for the boron sleeve on the GST (Table 6). The
borehole oxygen correction factor (Ob) is assumed to be the product
of the drilling fluids (seawater) in the borehole. The volume of drilling
fluids in the borehole is dependent on the diameter of the logging tool
and the size of the borehole. In “conventional” boreholes, with diam-
eters less than 30 cm, the borehole oxygen correction factor (Ob) is
calculated in the same manner as the boron sleeve carbon correction
factor (Cb) discussed above. In the borehole oxygen correction factor
(Ob) calculations, the GST tool diameter (8.8265 cm) plus boron
sleeve thickness (0.6477 cm) are used along with borehole caliper
logs to calculate the volume of water (Vo) within the borehole mea-
sured by the GST. Assuming a water oxygen content of 0.055509
Avogadro units (or 3.342758 × 1022 atoms of oxygen per cubic centi-
meter of water; Table 1) and by using shipboard core-derived porosi-
ties, it is possible to calculate the required oxygen correction factors
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(Ob) for the drilling fluids in the portion of the boreholes that mea-
sured less than 30 cm in diameter (Table 6). However, the calculation
of borehole oxygen correction factors (Ob) for boreholes exceeding 30
cm in diameter is more problematic due to the lack of GST calibration
studies in severely enlarged boreholes. Because the diameter of the
borehole greatly exceeded 30 cm at the depth of most of the GST in-
elastic neutron stations, a new method of calculating the required
borehole oxygen correction factors (Ob) was developed. In this new
method, GST measured carbon/oxygen ratios from three known wa-
ter-saturated (no hydrocarbons) zones in Holes 994C and 995B were
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Figure 8. Comparison of ELAN-Plus and shipboard XRD (Shipboard Scientific Party, 1996c, 1996d) analyses of quartz and calcite abundance in (A) Hole 995B
and (B) Hole 997B. (Continued on next page.)
used to calculate borehole oxygen correction factors (Ob) for severely
enlarged borehole conditions (borehole diameters of 36, 38, and 46
cm). The three water-saturated GLT calibration zones (Hole 994C:
248 and 263 mbsf; Hole 995B: 464 mbsf) were interpreted as 100%
water saturated from available electrical resistivity and acoustic tran-
sit time borehole logs discussed in Collett and Ladd (Chap. 19, this
volume). In Figure 10 the borehole oxygen correction factors (Ob) cal-
culated from the GLT measured carbon/oxygen ratios in the known
water-saturated zones are plotted along with the “standard” borehole
oxygen correction factors (Ob) calculated for smaller (<30 cm) “con-
209
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ventional” boreholes. All of the borehole oxygen correction factors
(Ob) in Figure 10 assume a sediment porosity of 55%. In Figure 10,
the power function regression trendline projected through the “stan-
dard” and water zone calculated borehole oxygen correction factors
(Ob) is used as a standard reference curve from which to calculate
borehole oxygen corrections within severely enlarged boreholes. List-
ed in Table 6 for each of the 35 “valid” GST inelastic neutron stations
in Holes 994C, 995B, and 997B are the borehole oxygen correction
factors (Ob) as projected from the borehole oxygen correction
trendline in Figure 10.
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Figure 8 (continued).
Carbon/Oxygen Calculated Gas Hydrate Saturations

The results of the carbon/oxygen calculated gas hydrate satura-
tions from the 35 “valid” GST inelastic neutron stations at Sites 994,
995, and 997 are listed in Table 6 and displayed in Figure 11. The
modified version of the standard three-component carbon/oxygen hy-
drocarbon saturation equation (Eq. 6) has been used to calculate the
gas hydrate saturations in Table 6 and Figure 11. Table 6 also con-
tains the values for most of the required variables in Equation 6. List-
ed in Table 6 for each of the GST neutron stations (Holes 994C,
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995B, and 997B) are the station depth, reprocessed carbon/oxygen
ratio (COR), core-derived sediment porosity (∅), total organic car-
bon content of the sediment (C), sediment matrix carbon (α) and ox-
ygen content (γ), borehole carbon (Cb) and oxygen (Ob) correction
factors, calculated gas hydrate borehole carbon (Cb) and oxygen (Ob)
correction factors, and calculated gas hydrate saturations (Sh). The re-
maining variables in Equation 6 are assigned constant values: A =
0.75, ß = 0.007306, η = 0.099908, δ = 0.055509, and µ = 0.044205
(the atomic concentrations for ß, η, δ, and µ are listed in Avogadro
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Figure 9. Comparison of ELAN-Plus and shore-based X-ray diffraction
(Shipboard Scientific Party, 1996d) analyses of kaolinite abundance in Hole
997B.
units). The carbon/oxygen derived gas hydrate saturations in Figure
11 are shown as discrete values and are plotted along with downhole
log traces of the resistivity-derived “standard” Archie (average core
porosity) calculated gas hydrate saturations (from Collett and Ladd,
Chap. 19, this volume). Each of the carbon/oxygen derived gas hy-
drate saturations in Figure 11 are also depicted with an error bar of
10%, which is the likely minimum error associated with the uncer-
tainty in the calculated saturations (as previously discussed in this re-
port).

The carbon/oxygen derived gas hydrate saturations in Hole 994C
(Fig. 11A), Hole 995B (Fig. 11B), and Hole 997B (Fig. 11C) range
from very low negative values (less than –10%) to relatively high val-
ues near 30%. The carbon/oxygen derived gas hydrate saturations
that fall below 0% (or 100% water saturated), which is theoretically
impossible, are likely caused by enlarged borehole conditions that
have degraded the inelastic neutron measurements. This suggests that
the borehole corrections developed in this study may not be able to
account for all of the borehole conditions encountered on Leg 164. In
comparison, the carbon/oxygen derived gas hydrate saturations in
Hole 995B (relative to Holes 994C and 997B) appear to more closely
match the resistivity derived saturations. This further demonstrates
the dependence of the carbon/oxygen derived gas hydrate saturations
on the size and rugosity of the borehole, because Hole 995B was
characterized by relatively good borehole conditions. In general, the
Leg 164 GLT measurements (ELAN and COR) were significantly
degraded by poor borehole conditions. Within zones of relatively
high-quality GLT measurements, the carbon/oxygen calculated gas
hydrate saturations from the Blake Ridge compare favorably to the
resistivity derived gas hydrate saturations. However, the inherent un-
certainty associated with carbon/oxygen calculated gas hydrate satu-
rations (Table 6; Fig. 11) remains an unresolved problem that limits
the use of the GLT as a gas hydrate research tool.

CONCLUSIONS

In the log response modeling phase of this study, elemental anal-
yses of hypothetical gas hydrate accumulations suggest that neutron
spectroscopy log–derived carbon/oxygen ratios can be used to calcu-
late gas hydrate saturations in complex reservoir systems. To use
downhole log–derived carbon/oxygen data to calculate gas hydrate
saturations in complex reservoirs, a “conventional” carbon/oxygen
hydrocarbon saturation equation (Eq. 2) was modified into a new
equation (Eq. 6) that accounts for the unique carbon and oxygen com-
position of gas hydrate and also for the presence of clay and organic
carbon in the sediment matrix. The modified carbon/oxygen gas hy-
drate saturation equation (Eq. 6) and carbon/oxygen elemental data
from the GLT were used to determine gas hydrate saturations at all
three Blake Ridge drill sites (Sites 994, 995, and 997). The carbon/
oxygen elemental data from the GLT on the Blake Ridge was severe-
ly degraded by poor borehole conditions. In zones of relatively high-
quality log data, however, the carbon/oxygen elemental data yield
gas hydrate saturations that compared favorably with saturations cal-
culated by other methods.
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Table 6. Information needed to calculate gas-hydrate saturations with GLT carbon/oxygen data.

Notes: * = resistivity and acoustic transit-time log interpreted water (100%) saturated zones. Avo = Avogadro units.

Hole 
identification, 
station depth 

(mbsf)

Processed 
C/O ratio 

(COR)

Sediment 
porosity
(φ, %)

Sediment 
organic 
carbon 
content

(C, vol%)

Sediment 
matrix 
carbon 
content
(α, Avo)

Sediment 
matrix 
oxygen 
content
(γ, Avo)

Borehole 
carbon 

correction 
factor

(Cb, Avo)

Borehole 
oxygen 

correction 
factor

(Ob, Avo)

Gas-hydrate 
saturation 

(Sh, %)

164-994C:
228 0.025 61 1.0 0.004 0.081 0.007 0.183 –4
233 0.052 61 0.9 0.005 0.081 0.007 0.068 +4
238 0.026 60 0.9 0.005 0.080 0.007 0.183 –6
243 0.034 60 0.9 0.005 0.080 0.007 0.160 +21
248* 0.026 57 0.9 0.005 0.080 0.007 0.210 0
258 0.034 58 1.0 0.004 0.081 0.007 0.135 0
263* 0.018 62 1.1 0.003 0.080 0.007 0.260 0
268 0.032 60 1.1 0.003 0.080 0.007 0.125 0
278 0.032 58 1.2 0.005 0.080 0.007 0.135 –16

164-995B:
221 0.029 60 1.0 0.003 0.082 0.007 0.182 +33
226 0.031 62 1.0 0.003 0.081 0.007 0.135 +8
235 0.041 61 1.0 0.004 0.079 0.007 0.110 +18
339 0.029 56 1.0 0.004 0.080 0.007 0.183 +12
349 0.038 57 1.0 0.003 0.081 0.007 0.110 +10
414 0.043 56 1.0 0.005 0.081 0.007 0.110 +11
439 0.044 56 1.0 0.005 0.080 0.007 0.110 +13
449 0.049 55 1.0 0.007 0.081 0.007 0.097 +7
454 0.050 56 1.0 0.003 0.082 0.007 0.068 +9
464* 0.028 55 1.0 0.007 0.081 0.007 0.210 0
489 0.039 55 1.0 0.005 0.081 0.007 0.110 –19
514 0.038 56 1.0 0.005 0.081 0.007 0.110 –16
524 0.044 54 1.0 0.004 0.080 0.007 0.097 0
594 0.046 53 1.0 0.005 0.080 0.007 0.097 0
604 0.048 52 1.0 0.003 0.080 0.007 0.068 –8
614 0.037 53 1.0 0.004 0.080 0.007 0.135 0

164-997B:
210 0.034 62 1.1 0.007 0.081 0.007 0.161 +18
361 0.051 52 1.4 0.007 0.081 0.007 0.097 +5
366 0.047 52 1.4 0.007 0.081 0.007 0.126 +22
440 0.039 56 1.6 0.008 0.081 0.007 0.161 +15
445 0.033 55 1.6 0.007 0.082 0.007 0.183 +8
455 0.028 57 1.6 0.007 0.082 0.007 0.183 –14
465 0.049 57 1.6 0.004 0.086 0.007 0.074 +1
475 0.043 57 1.7 0.003 0.082 0.007 0.097 +13
580 0.051 54 1.6 0.005 0.081 0.007 0.085 +3
585 0.048 53 1.6 0.005 0.081 0.007 0.097 +3
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Figure 10. Borehole oxygen correction factors (Ob) for Holes 994C, 995B and 997B calculated from the published work of Roscoe and Grau (1988) and pro-
jected from known water-saturated zones in Holes 994C and 995B.
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Figure 11. Carbon/oxygen (GST) calculated gas hydrate saturations (Sh) (shown as discrete point measurements with error bars) in (A) Hole 994C, (B) Hole
995B, and (C) Hole 997B. Also shown (as a continuous line plot) for comparison purposes are the gas hydrate saturations calculated with the “standard” Archie
electrical resistivity method in the same hole (from Collett and Ladd, Chap. 19, this volume).
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