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METHODS AND SYSTEMS FOR DETERMINING MINIMUM POROSITY FOR
PRESENCE OF CLATHRATES IN SEDIMENT

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority from U.S. Provisional Patent Application
No. 61/727,555, filed on November 16, 2012, and U.S. Provisional Patent Application No.
61/727,560, filed on November 16, 2012, the disclosures of each of which are hereby

incorporated by reference 1n their entireties.

TECHNICAL FIELD
[0002] The present application relates generally to determining a minimum porosity for
the presence of clathrates in a medium. In particular, the present application relates to
determining a minimum porosity for the presence of clathrates in sediment, for example using

empirical relationships between porosity and observable characteristics.

BACKGROUND

[0003] “Clathrates” generally refer to non-stoichiometric metastable substances in which
lattice structures composed of first molecular components (host molecules) trap or encage
on¢ or more other molecular components (guest molecules) in what resembles a crystal-like
structure. Clathrates are sometimes referred to as inclusion compounds, hydrates, gas
hydrates, methane hydrates, natural gas hydrates, C0, hydrates and the like.

[0004] In the field of hydrocarbon exploration and development, clathrates are of
particular interest. For example, clathrates exist in which water host molecule lattices encage
onc or more types of hydrocarbon guest molecule(s). Such hydrocarbon clathrates occur
naturally m environments of relatively low temperature and high pressure where water and
hydrocarbon molecules are present, such as in deepwater and permafrost sediments.
Clathrates at lower temperatures remain stable at lower pressures, and conversely clathrates
at higher temperatures require higher pressures to remain stable.

[0005] It has been shown theoretically and experimentally that clathrates form
preferentially 1n sediments with larger pores. This phenomenon has been ascribed to the
Gibbs-Thomson effect, which suppresses nucleation of solids 1n restricted spaces like the
pore space of fine-grained sediments. The Gibbs-Thomson effect may be used to explain
observations of clathrate distribution in marine sediments of different grain sizes. However,

existing work 1nvestigating the Gibbs-Thomson effect has focused solely on explaining
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reasons for a known presence of clathrates mn terms of pore size. A more useful description
for geophysical prospecting would be 1n terms of porosity. However, the relationship between
porosity and pore size 1s complicated and depends on grain shape and packing.

[0006] As such, improvements 1n methods and systems for detecting whether conditions
exist for formation of clathrates would be desirable, 1n particular in the area of hydrocarbon

exploration.

SUMMARY

[0007] In accordance with the following disclosure, the above and other i1ssues are
addressed by the following:

[0008] In a first aspect, a method of determining whether conditions exist for presence of
clathrates 1s disclosed. The method includes determining a thickness of a clathrate stability
zone based, at least in part, on a depth at which a temperature reaches a three-phase
equilibrium temperature of the clathrates. The method also includes calculating a
temperature and a three-phase equilibrium temperature for a range of depths in the clathrate
stability zone, and determining a minimum pore size at cach of the depths in the range of
depths, the minimum pore size permitting a predetermined saturation level of clathrates and
based at least in part on the temperature and three-phase equilibrium temperature. The
method further includes converting the minimum pore size at each of the depths to a
minimum porosity.

[0009] In a second aspect, a computerized system for determining whether conditions
exist for presence of clathrates 1s disclosed. The system includes a porosity determination
component configured to establish a porosity at a plurality of depths 1n a range of depths 1n a
clathrate stability zone for which the possible presence of clathrates 1s to be determined. The
system also includes a computing system configured to determining whether conditions exist
for presence of clathrates.  The computing system 1s configured to execute program
instructions which, when executed, cause the computing system to determine a thickness of a
clathrate stability zone based, at least 1n part, on a depth at which a temperature reaches a
three-phase equilibrium temperature of the clathrates, and calculate a temperature and a three-
phase equilibrium temperature for the plurality of depths in the clathrate stability zone. The
computing system 1s further configured to determine a minimum pore size at each of the
plurality of depths in the range of depths, the minimum pore size permitting a predetermined

saturation level for clathrates and based at least m part on the temperature and three-phase



CA 02885066 2015-03-13

WO 2014/078624 PCT/US2013/070243

equilibrium temperature, and convert the minimum pore size at each of the plurality of depths
t0 a minimum porosity.

[0010] In a third aspect, a computer-readable storage media 1s disclosed that includes
computer-executable instructions which, when executed, cause a computing system to
perform a method of determining whether conditions exist for presence of clathrates. The
method includes determining a thickness of a clathrate stability zone based, at least 1in part, on
a depth at which a temperature reaches a three-phase equilibrium temperature of the
clathrates, and calculating a temperature and a three-phase equilibrium temperature for a
range of depths 1n the clathrate stability zone. The method also includes  determining a
minimum pore size at each of the depths in the range of depths, the minimum pore size
permitting a predetermined saturation level for clathrates and based at least in part on the
temperature and three-phase equilibrium temperature. The method further includes

converting the minimum pore size at each of the depths to a minimum porosity.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] FIG. 1 1s a schematic illustration of an offshore hydrocarbon production system
including a production facility which receives and processes hydrocarbons from one or more
clathrate reservouirs:
[0012] FIG. 2 1s a schematic illustration of an onshore hydrocarbon production system
including a production facility which receives and processes hydrocarbons from one or more
clathrate reservoirs;
[0013] FIG. 3 18 a schematic 1llustration of a computing system 1n which a probability of
the presence of clathrates of a predetermined concentration can be calculated;
[0014] FIG. 4 1s a flowchart illustrating an example method of determining whether
conditions exist for presence of clathrates, according to an example embodiment of the
present disclosure;
[0015] FIG. 5 1s a chart illustrating a relationship between relative sizes of sediment
orains and inscribed spheres simulating formation of clathrates, and porosity of the medium;
[0016] FIG. 6 1s a chart illustrating experimental results showing a minimum porosity at
which particular concentrations of clathrates may form at different depths, assuming a
median grain size of one micron;
[0017] FIG. 7 18 a chart 1llustrating experimental results showing a minimum porosity at
which particular concentrations of clathrates may form at different depths, assuming a

median grain size of ten microns;
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[0018] FIG. 8 18 a chart 1llustrating experimental results showing a minimum porosity at
which particular concentrations of clathrates may form at different depths, assuming a
median grain size of fifty microns; and

[0019] FIG. 9 1s a chart 1llustrating experimental results showing a minimum porosity at
which particular concentrations of clathrates may form at different depths, assuming a

median grain size of one hundred microns.

DETAILED DESCRIPTION
[0020] As briefly described above, embodiments of the present invention are directed to
methods and systems for determining a minimum porosity at which the presence of clathrates
of a predetermined saturation may exist at a particular location. In particular, embodiments
discussed herein use empirical relationships to existing, observable phenomena to provide a
basis for calculating porosity, and 1n turn, a probability of the existence of clathrates of a
sufficient saturation.
[0021] For the purposes of this disclosure, the term “clathrate” will include any and all
types of lattice (host) molecule(s) and any and all types of encaged (guest) molecule(s) 1n all
possible combinations. Clathrates can include, for example, transitions between various
clathrate lattice structure types; formation, stable state and dissociation, and the substitution
of one or more type(s) of molecule by one or more other type(s) of molecule.
[0022] The methods and systems described herein allow for rapid determination of
whether clathrates should be expected to be present 1n specific sediment areas, such as marine
sediments, and therefore provides a prospecting tool both for resource evaluation and
ocophysical modeling of clathrate deposits. The methods and systems described herein
reduce subsurface uncertainty and improve geophysical modeling techniques, providing
resource assessment with increased accuracy.
[0023] FIG. 1 18 a schematic drawing of an example embodiment of an offshore or
deepwater hydrocarbon production system 100. System 100 includes a clathrate reservoir 102
disposed beneath sea water 104 and seafloor 106. This clathrate reservoir 102 produces
water and hydrocarbons, primarily natural gas. In the embodiment shown, an offshore
platform 108 supports a production facility 110, which 1s used to at least partially separate
liquids, water and/or oi1l, from natural gas.
[0024] In this example embodiment, the clathrate reservoir 102 1s shown in fluid
communication with a subsea well 112 which, in turn, 1s connected to production facility 110

by way of ticback 114. Clathrate reservoir 102 primarily produces a mixture of natural gas
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and water which 1s delivered to production facility 110 for separation of natural gas and
water, and o1l 1f there are significant amounts of o1l contained within the mixture.

[0025] It 18 noted that, in the embodiment shown 1n FIG. 1, a wave generation and
detection system 116 can be used prior to installation of the overall hydrocarbon production
system 100, and can be used to locate the system 100 at a particular location along the
seafloor 106. The wave generation and detection system 116 can be, for example a seismic
or other acoustic wave generation system, or other system capable of gencrating waves that
arc able to penetrate the sea water 104 and seafloor 106, and to capture retlected waves, and
thereby detect differences in the media through which the waves travel based on speed of
travel.

[0026] It 18 noted that the production system 100 shown in FIG. 1 18 only an exemplary
embodiment. Those skilled 1n the art will appreciate that it 1s within the scope of the present
invention to provide a hydrocarbon production system that combines multiple such clathrate
reservolrs and associated wells, or combination of such a clathrate reservoir and associated
well with conventional hydrocarbon reservoir and well systems. An example of such a
system 1s 1illustrated 1n U.S. Patent No. 8,232,428, filed August 25, 2008, the disclosure of
which 1s hereby incorporated by reference in 1ts entirety.

[0027] FIG. 2 1s a schematic drawing of another exemplary embodiment of a
hydrocarbon production system 200 which, in this case, 1s located on land rather than being
based offshore. Production system 200 includes a clathrate reservoir 202. Disposed upon a
permafrost layer 204 1s an arctic platform 206. A production facility 208, generally similar to
production system 110, 1s located atop arctic platform 206. Production facility 208 1s used to
separate and process natural gas, o1l and water received from the clathrate reservoir 202.
Production tubing 210 1s used to fluidly convey a mixture of clathrates and water from
clathrate reservoir 202 to arctic platform 206 and production facility 208. The mixture may
include, 1n some cases, a small portion of oil.

[0028] As with the hydrocarbon production system 100 of FIG. 1, 1t 1s noted that in the
context of the on-land arrangement of FIG. 2, a wave generation and detection system 216,
analogous to system 116 of FIG, 1, can be used prior to installation of the overall
hydrocarbon production system 200, and can be used to locate the system 200 at a particular
location. The wave generation and detection system 216 can include any of a variety of types
of seismic, acoustic, or other system capable of generating waves that are able to penctrate
the permafrost layer 204, and to capture reflected waves, and thereby detect differences 1n the

media through which the waves travel based on speed of travel. It 1s noted that, in the
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example of FIG. 2, there are likely to be greater variations 1n densities at shallower depths,
based on the comparative uniformity of sea water as compared to variations found in the on-
land subsurface sediments. In either case, such data can be captured for use 1n some
embodiments of the present disclosure, as discussed 1n further depth below.

[0029] Referring now to FIG. 3, an example computing system 300 1s illustrated that can
be used to calculate whether conditions exist for presence of clathrates, such as can be used to
locate a production system such as those shown in FIGS. 1-2. In general, the computing
system 300 includes a processor 302 communicatively connected to a memory 304 via a data
bus 306. The processor 302 can be any of a variety of types of programmable circuits
capable of executing computer-readable instructions to perform wvarious tasks, such as
mathematical and communication tasks.

[0030] The memory 304 can include any of a variety of memory devices, such as using
various types of computer-readable or computer storage media. A computer storage medium
or computer-readable medium may be any medium that can contain or store the program for
use by or 1n connection with the mstruction execution system, apparatus, or device. In the
context of the present disclosure, a computer storage medium includes at least some tangible
component, 1.¢., 18 not entirely consisting of transient or transitory signals. In the
embodiment shown, the memory 304 stores a clathrate saturation probability analysis
application 308. The clathrate saturation probability analysis application 308, when
executed, can be used to calculate or determine whether conditions exist for the presence of
clathrates of a predetermined concentration. For example, the application 308 can calculate a
thickness of a clathrate stability zone, 1.¢., a range of depths at which pressures and
temperatures are such that clathrate formation 1s possible. The application 308 can also
compute an 1n situ temperature and a three-phase equilibrium temperature for clathrate phases
within the calculated clathrate stability zone.

[0031] In some embodiments, the application 308 includes a number of components
computer-executable code including a minimum pore size determination component 310, a
maximum pore size estimation component 312, and optionally a three-dimensional modeling
component 314. The minimum pore size determination component 310 1s configured to
determine a minimum pore size supporting a predetermined clathrate saturation based at least
in part on the i situ temperature and the three-phase equilibrium temperature. The
predetermined clathrate saturation can be, for example, a desirable clathrate saturation
selectable by a user. In some embodiments, the minimum pore size determination component

310 also calculates the thickness of the clathrate stability zone and three-phase and 1n situ
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temperatures, 1in place of the application 308 overall. In such cases, the thickness of the
stability zone may be based on the particular type of clathrate (e.g., methane hydrates, etc.) to
be detected, and can be based at least in part on observed temperatures and pressures across a
range of subsurface depths (e.g., from a different test well or other historical knowledge of an
arca). The minimum pore size determination component 310 1s also configured to calculate a
minimum pore radius in which clathrates of the given concentration can be formed. This
calculation can be, for example based on the Gibbs-Thompson effect.

[0032] The Gibbs-Thomson effect 1s a depression m the freezing point of a solid
nucleating out of liquid solution within a restricted spatial domain. In other words, the effect
describes the difficulty in forming a solid 1in appropriate temperature/pressure conditions due
to a confined space in which the conditions are experienced. As applied herein, the change

in freezing point noted by the Gibbs-Thompson effect, cited herein as AT K], 18 given by:
Ale= 'Tf,h (FVSI / I.psAI_Isl)
[0033] In this equation, Tyy 18 the freezing point 1n bulk solution [K], F 1s a geometric

factor, yq is the interfacial energy of the solid-liquid interface [J/m°], r is the spatial
dimension of the restricted space [m], psis the bulk density of the solid phase [kg/m’], and
AHg 18 the latent heat of fusion of the solid phase [J /mol]. For clathrate-bearing sediments,

T¢n represents the three-phase equilibrium temperature for solid clathrate-dissolved gas-free

oas, and r 18 the pore radius. In the case where the clathrates under consideration are methane

hydrates, relevant parameters included in the above-described equation include: yg = 0.27
J/m3, ps = 930 kg /m3, and AHy = 54.5 klJ/mol. Additionally, parameter F 1s equal to 2,

which 1s a value that generally 1s representative of both cylindrical and spherical pores. The
Gibbs-Thompson effect, as applied to porous sediments 1n the present disclosure, 1s discussed
below 1n connection with FIG. 4.

[0034] The maximum pore size estimation component 312 18 configured to empirically
determine a maximum pore size that 1s to be expected 1n a clathrate stability zone. In other
words, the component 312 1s configured to, for example, estimate a maximum pore size
based on observations or detection processes available other than direct measurement, such as
through use of the acoustic or seismic wave transmission and capture of reflected waves, as
discussed above in connection with FIGS. 1-2.

[0035] In some embodiments, the application 308 can further include a three-
dimensional data modeling component 314. The three-dimensional data modeling

component 314 can be configured to model, 1n a particular volume, a distribution of grains of
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varying sizes, and can be used by the maximum pore size estimation component 312 to
determine a maximum pore size based on the model built in the three-dimensional data
model. Further details regarding such modeling are discussed in further detail in U.S.
Provisional Patent Application No. 61/727,567, filed November 16, 2012 and entitled
“Methods and Systems for Determining Pore Size in Sediment Using Physical Measurement
of Sediment Samples” (Docket No. T-9173), U.S. Provisional Patent Application No.
61/727,569, filed November 16, 2012 and entitled “Methods and Systems for Determining
Pore Size in Sediment Using Numerical Modeling” (Docket No. T-9174), and U.S. Patent
Application No. / , filed the same day herewith and entitled “Methods and Systems for

Determining Pore Size in Sediment”, the disclosures of each of which are incorporated by
reference 1n their entireties.

[0036] Optionally, 1n some embodiments the memory 304 can also include an empirical
data analysis module 316 and a physical measurement data module 318. The empirical data
analysis module 316 contains one or more models of sediment properties, and can include or
receive data regarding a particular type or sample of sediment. For example, the empirical
data analysis module 316 can be used alongside the maximum pore size estimation
component 312 to determine a maximum pore size based on, for example, historical data, or
sample data, or other types of empirical data.

[0037] The physical measurement data module 318 1s capable of receiving physical
measurements of subsurface sediments and performing any of a variety of physical
measurement processes, as are described herein. This can include any of a variety of direct
physical measurements, such as laser particle size analysis, Stokes settling analysis, image
analysis, or other techniques, to determine a distribution of particle sizes 1n a particular
sample.

[0038] In addition, the application 308 can include a comparison component oOr
otherwise be configured to compare the determined maximum pore size with the minimum
pore size supporting the predetermined clathrate saturation to determine whether the
predetermined clathrate saturation 1s possible in the clathrate stability zone. Based on such a
comparison of the output of components 310, 312, 1t can be determined whether such a
concentration of clathrates 1s possible, and therefore whether direct underground exploration
1s worth pursuing.

[0039] Referring to FIG. 3 overall, 1t 1s noted that other modules or features could be
incorporated into such a computing system 300 overall, or into an application such as

application 308. Furthermore, although 1t 1s noted that some components or modules include
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specified functionality, this functionality could generally also be said to reside within the
application 308 overall, or could be implemented across a multi-processor system, or multi-
computer network.

[0040] Referring now to FIG. 4, a flowchart 1s depicted that illustrates an example
method 400 for determining a minimum porosity required for the presence of clathrates. In
particular, the method 400 1s generally useable 1n connection with a packing of randomly-
sized sediment particles, modeled as spheres, using empirical relationships between grain size
and pore size.

[0041] In the embodiment shown, the method 400 1s initiated by computing a thickness
of a clathrate stability zone, given a known seatloor temperature and depth, as well as a
known geothermal gradient, salinity, and clathrate composition (step 402). In particular, each
of these features 1s discernible by direct measurement, and for which an exact thickness can
be computed. Although 1n general such zones can vary in depth, typical clathrate stability
zones are formed at depths of about 800 meters or less.

[0042] The method 400 also includes computing an in situ temperature and three-phase
equilibrium temperature for the dissolved, gasecous, and clathrate phases over the stability
zone, to determine a point at which such clathrates would or would not exist (step 404). In
various embodiments, the calculated temperatures are determined at a variety of depths in the
clathrate stability zone, for example based on observed temperatures and pressures across the
range of subsurface depths at other locations. In some embodiments, the method 400 can
also include direct measurement of temperatures at a seatloor, or otherwise in proximity to
the calculated clathrate stability zone.

[0043] In some embodiments, three three-phase equilibrium temperature 1s based at least
in part on a depth of the sea floor, a hydrostatic gradient, and seawater salinity. Furthermore,
in some embodiments, the 1n situ temperature 18 computed from the seafloor temperature and
geothermal gradient, and the three-phase equilibrium temperature 1s computed from the
equation of state provided in Duan, Z.H., et al, “The Prediction of Methane Solubility in
Natural Waters to High Ionic Strength from O to 250C and from 0 to 1600 Bar”, Geochimica
et Cosmochimica Acta, 56, 1451-1460, 1992. This calculation uses the seatloor depth and
assuming a hydrostatic gradient and seawater salinity. The depth at which the two
temperatures are equal 1s determined iteratively with a Newton-Raphson algorithm to use an
iterative process to approach one root of a function. In some embodiments, following the
method described 1n “Adaptive Newton-Based Multivariate Smoothed Functional Algorithms
for Stmulation Optimization”, Bhatnagar, S., Jour. ACM Trans. on Mod. and Comp. Sim.,
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Vol. 18, Issue 1, (2007). Other types of processes to determine the depth at which 1n situ and
three-phase equilibrium temperatures are equal may be used as well.

[0044] Once the thickness of the clathrate stability zone and both the 1n situ and three-
phase equilibrium temperatures are known, the minimum pore size determination component
310 computes a minimum porosity that would permit a user-selected clathrate saturation over
the range of depths that make up the clathrate stability zone (step 406). In some
embodiments, this 1s calculated from the difference between in situ temperature and three-
phase equilibrium temperature using equations describing the Gibbs-Thomson effect.

[0045] In particular, the minimum porosity that would support a particular saturation of
clathrates at a given depth depends, at least in part, upon the three phase temperature at the
depth, as well as a geometric factor, interfacial energy of a solid-liquid interface, bulk density
of clathrates 1n a solid phase, latent heat of fusion of solid phase clathrates, and pore radius.

Based on the above equation ATy = -Typ (Fyq / rpsAHg), and assuming that the parameter F 18

equal to 2, which 1s a value generally representative of both cylindrical and spherical pores,
the specific pore radius will generally decrease as concentration of clathrates increases. In
particular, assuming clathrates grow 1n the pores and as a coating around spherical grains, the
pore radius will be reduced by a factor of (1-S.)"?, where S is the clathrate saturation, or
volume fraction of pore space occupied by clathrate. Using this modification, the difference
between 1n situ temperature and three-phase equilibrium temperature can be expressed 1n
terms of clathrate saturation using the following equation (assuming ry 1s the initial (clathrate
free) pore radius):

[0046]  ATy=-Tgp (Fya/ ro(1-Sc)*pAH )

[0047] Notably, as clathrate grows i1n the sediment pore space, the three phase
equilibrium temperature will be depressed until 1t reaches the local, 1n situ temperature, at
which clathrate should stop forming since 1t 1s no longer the only stable phase. Therefore,
given an 1n situ temperature and three phase equilibrium temperature, the minimum 1nitial
porosity that will permit a selected clathrate saturation S. can be computed by the minimum
pore size determination component 310, 1n step 406, from the following equation:

[0048] 0= TepFya/ ((TepT) (1) psAHy)

[0049] Once the minimum porosity 1s determined 1n step 406, a median porosity and a
median grain size can be determined (step 408). This can be accomplished, for example,

using a maximum pore size component 312. For a cubic packing of equally spheres with
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radius r separated by a distance 2a, the radius of an inscribed sphere 7 1n the pore created by

8 neighboring spheres 1s represented as:
0050] 7= (sVZ-1)r+-V2a
2 2
[0051] Additionally, a void ratio e of the medium can be represented by:

10052] e = 3(1 +§)3 —1

T

[0053] Based on these equations, a ratio of the inscribe sphere radius », to the packing of

spheres having a radius 7, or ./ r, 18 expressed as a void ratio as follows:

1
T T /
[0054] fzzﬁ—§+§(g(e+ 1)) 3

[0055] In terms of porosity, which i1s illustrated as ¢(e=¢/(1-¢)), the above equation can
be re-cast as follows:
1/.
[0056] %=§ﬁ—§+§(§(&+l))
[0057] On the basis of the above equation, this ratio of »; to » can be rewritten as a

function of the form:

0058] =4 (&)B

[0059] In terms of a median sediment grain diameter D5y, this can be recast as:

0060] —=A4 (i)B

Dso 1—¢

[0061] In some embodiments, the application 308 applies the above equation and
considers median grain diameters, Dsy, of 1, 10, 50, and 100 microns, which 1s a range
representative of most marine sediments. Using these grain sizes in the above equation,
oraphs describing porosity at various depths can be generated, showing the relationship
between pore size and clathrate saturations that would be supported.

[0062] In a porous medium with a range of grain and pore sizes, the presence or absence
of clathrate will be affected by the size of the largest pore. On the basis of 850 simulations of
packings of randomly sized spheres, 1t has been experimentally found that in the above
equation, A = 1.0913, and B = 0.3503. Accordingly, and as seen 1n FIG. 5, a chart 500
1llustrates this example simulation data and regression curve 502 representing a relationship
between porosity and the relative radius of an inscribed sphere », and median grain size Dsy.

Porosity 1s generally represented on a scale between 0 and 1, with O representing no porosity

11
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and 1 representing complete porosity. Dotted lines 504a-b represent 95% confidence
intervals from the regression curve 502.

[0063] Referring now to FIGS. 6-9, results of analysis using parameters for Blake Ridge
arc depicted. Blake Ridge 1s a heavily studied methane hydrate deposit located off the shore
of South Carolina, 1n the Atlantic Ocean. In this region, temperature and pressure conditions
arc at 2781 m of water depth, with seafloor temperature of 276.4 K, and geothermal gradient
of 0.04 K/m. As 1illustrated in FIGS. 6-9, for median grain diameters greater than 10 microns
(e.g., as 1llustrated 1n graphs 700, 800, 900 of FIGS. 7-9), the pore size has little effect on the
presence of hydrate. However, with a median grain diameter of 1 micron as shown in chart
600 of FIG. 6, hydrate will generally not form 1n the lowest 8 meters of the clathrate stability
zone 1f porosity 18 less than about 50%. This 18 significant, because this 1s the approximate
orain size and porosity of the sediments at this depth.

[0064] Additionally, and referring back to FIG. 4, the maximum pore size that can be
expected 1n the sediments 1n question can also be determined from a grain size distribution
(step 410). In some embodiments, the maximum pore size can be computed using the
maximum pore size component 312 and three-dimensional data modeling component 314, A
variety of methods of determining a maximum pore size are possible. In some embodiments,
maximum pore s1ze can be determined by modeling an example volume with sediment grains
of varying size, and subsequently simulating inscribing a sphere in voids positioned between
such grains. Examples of such arrangements are illustrated in copending U.S. Provisional
Patent Application No. 61/727,567, filed November 16, 2012 and entitled “Methods and
Systems for Determining Pore Size in Sediment Using Physical Measurement of Sediment
Samples” (Docket No. T-9173), and U.S. Provisional Patent Application No. 61/727,569,
filed November 16, 2012 and entitled “Methods and Systems for Determining Pore Size in
Sediment Using Numerical Modeling” (Docket No. T-9174), the disclosures of which were
previously incorporated by reference in their entireties.

[0065] In some such embodiments, determining maximum pore size could be performed
by the maximum pore size component 312, such as through a laser particle size analysis,
stokes settling analysis, image analysis, or other techniques to obtain a grain size distribution.
Data associated with the median grain size and porosity can then be stored, for example, by
the application 308 as physical measurement data by the physical measurement data module
318. In such embodiments, the maximum pore size can be determined using empirical
relationships. This can be based, for example, on existing empirical relationships between

particle type/size and other observable phenomena. For example, this process can include

12
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estimating a pore size based on attenuation of acoustic waves reflected by subsurface
sediment. Generally, acoustic waves will travel at faster speeds through materials of higher
density, and at lower speeds through materials of lower density. By performing an acoustic
analysis of subsurface conditions at a particular location, and comparing the observed
reflected wave values to analogous values 1n areas having a known maximum pore size, such
maximum pore sizes that can be expected in a sediment can be determined. For example,
maximum pore size expected 1n the sediments can be based on empirical relationships such as
that discussed 1 “Viscous attenuation of sound m saturated sand”, Hovem, J.M., and Ingram,
G.D., J. Acoust. Soc. Am., 67, 1559-1563 (1979), the disclosure of which 1s hereby
incorporated by reference 1n its entirety.

[0066] Once the maximum pore size 1s determined in step 410, and the minimum pore
s1z¢ supporting a particular concentration 18 calculated 1n step 406, the two values can be
compared (step 412). If the maximum pore size 1s below the minimum required pore size, the
application can thercby determine that the area under consideration cannot support clathrate
formation of the desired saturation (step 414). Accordingly, a user could proceed with
different analysis, for example by directing the application to analyze a different subsurface
arca, or adjusting a desired clathrate concentration for use in the analysis (thereby restarting
at least a portion of the method 1illustrated in FIG. 4, using the application 308 of FIG. 3).
Conversely, 1f the maximum pore size of the arca under consideration 1s greater than the
minimum pore size required to support clathrate formation at or above a given concentration,
then clathrate formation will be possible, and the application 308 will notify a user
accordingly (step 416). As such, the user can indicate that the particular location under
consideration 18 a possible candidate location for clathrate harvesting, such as through use of
the systems of FIGS. 1-2, described above.

[0067] Referring now to FIGS. 3-4, and 1n particular computing systems embodying the
methods and systems of FIG. 4, 1t 1s noted that various computing systems can be used to
perform the processes disclosed herein. For example, embodiments of the disclosure may be
practiced 1n various types of electrical circuits comprising discrete electronic clements,
packaged or integrated electronic chips containing logic gates, a circuit utilizing a
microprocessor, or on a single chip containing eclectronic elements or microprocessors.
Embodiments of the disclosure may also be practiced using other technologies capable of
performing logical operations such as, for example, AND, OR, and NOT, including but not

limited to mechanical, optical, fluidic, and quantum technologies. In addition, aspects of the
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methods described herein can be practiced within a general purpose computer or 1n any other
circuits or systemes.

[0068] Embodiments of the present disclosure can be mmplemented as a computer
process (method), a computing system, or as an article of manufacture, such as a computer
program product or computer readable media. The computer program product may be a
computer storage media readable by a computer system and encoding a computer program of
instructions for executing a computer process. Accordingly, embodiments of the present
disclosure may be embodied in hardware and/or in software (including firmware, resident
software, micro-code, etc.). In other words, embodiments of the present disclosure may take
the form of a computer program product on a computer-usable or computer-readable storage
medium having computer-usable or computer-readable program code embodied in the
medium for use by or in connection with an instruction execution system.

[0069] Embodiments of the present disclosure, for example, are described above with
reference to block diagrams and/or operational illustrations of methods, systems, and
computer program products according to embodiments of the disclosure. The functions/acts
noted 1n the blocks may occur out of the order as shown 1n any flowchart. For example, two
blocks shown 1n succession may in fact be executed substantially concurrently or the blocks
may sometimes be executed in the reverse order, depending upon the functionality/acts
involved.

[0070] While certain embodiments of the disclosure have been described, other
embodiments may exist. Furthermore, although embodiments of the present disclosure have
been described as being associated with data stored in memory and other storage mediums,
data can also be stored on or read from other types of computer-readable media. Further, the
disclosed methods’ stages may be modified in any manner, including by reordering stages
and/or mserting or deleting stages, without departing from the overall concept of the present
disclosure.

[0071] The above specification, examples and data provide a complete description of the
manufacture and use of the composition of the invention. Since many embodiments of the
invention can be made without departing from the spirit and scope of the invention, the

invention resides 1n the claims hereinafter appended.
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Claims:

1. A method of determining whether conditions exist for presence of clathrates, the
method comprising:

determining a thickness of a clathrate stability zone based, at least in part, on a depth
at which a temperature reaches a three-phase equilibrium temperature of the clathrates;

calculating a temperature and a three-phase equilibrium temperature for a range of
depths 1n the clathrate stability zone;

determining a minimum pore size at each of the depths in the range of depths, the
minimum pore size permitting a predetermined saturation level of clathrates and based at
least 1n part on the temperature and three-phase equilibrium temperature; and

converting the mimimum pore size at each depth to a minimum porosity.

2. The method of claim 1, wherein the temperature 18 determined based at least 1n part

on a geothermal gradient and an observed temperature at a sea floor.

3. The method of claim 2, wherein the three-phase equilibrium temperature 1s based at

least 1n part on a depth of the sea floor, a hydrostatic gradient, and seawater salinity.

4, The method of claim 2, further comprising obtaining the observed temperature in

proximity to a location for which a possible presence of clathrates 1s considered.

3. The method of claim 1, wherein determining the thickness of the clathrate stability

zone 18 based at least 1n part on the clathrates to be detected.

0. The method of claim 1, further comprising determining a maximum pore size

expected 1n subsurface sediment 1n the clathrate stability zone.

7. The method of claim 6, further comprising determining a porosity based on the

maximum pore Size.

3. The method of claim 7, further comprising comparing the minimum porosity to the
pPOrosity.

15
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9. The method of claim 6, wherein the maximum pore size 1s determined from a model
dertved from simulations used to detect a maximum pore size in a random distribution of

varying-size spherical particles.

10. The method of claim 9, wherein each simulation in the simulations includes:

forming particles at each of a plurality of randomly-selected particle locations by
modeling growth of particles at each particle location until each particle contacts one or more
neighboring particles; and

at cach point unoccupied by a particle, inscribing a sphere and determining a size of
the sphere; and

determining a maximum size of a sphere from among the spheres iscribed at cach

unoccupied point, thereby locating a maximum pore size location within the volume.

11.  The method of claim 10, wherein the stmulations are performed using particles having

a plurality of different median particle sizes.

12.  The method of claim 10, wherein the maximum size of the sphere corresponds to a

maximum pore Size.

13.  The method of claim 10, wherein the porosity 1s based on a median particle size

associated with the simulation.

14. The method of claim 6, wherein determining a maximum pore size includes
estimating a pore size based on attenuation of acoustic waves reflected by subsurface

sediment.
15. The method of claim 1, further comprising comparing the minimum porosity to a

porosity obtained from a maximum pore size determined from physical measurement of a

sample obtained from the clathrate stability zone.
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16. The method of claim 1, further comprising comparing the minimum porosity to a
porosity obtained from a maximum pore size determined empirically based on empirical

relationships between pore size and observable characteristics of the clathrate stability zone.

17.  The method of claim 1, further comprising determining a minimum pore size at each
of the depths 1in the range of depths for each of a plurality of different predetermined

saturation levels of clathrates.

18.  The method of claim 1, wherein determining the minimum pore size at a depth from
among the range of depths that permits a predetermined saturation level of clathrates
depends, at least 1in part, upon the three phase temperature at the depth, a geometric factor,
interfacial energy of a solid-liquid interface, bulk density of clathrates 1n a solid phase, latent

heat of fusion of solid phase clathrates, and pore radius.

19. A computerized system for determining whether conditions exist for presence of
clathrates, the system comprising:

a porosity determination component configured to establish a porosity at a plurality of
depths 1n a range of depths 1n a clathrate stability zone for which the possible presence of
clathrates 1s to be determined;

a computing system configured to determining whether conditions exist for presence
of clathrates, the computing system configured to execute program instructions which, when
executed, cause the computing system to:

determine a thickness of a clathrate stability zone based, at least in part, on a depth at
which a temperature reaches a three-phase equilibrium temperature of the clathrates;

calculate a temperature and a three-phase equilibrium temperature for the plurality of
depths in the clathrate stability zone;

determine a minimum pore size at cach of the plurality of depths in the range of
depths, the minimum pore size permitting a predetermined saturation level for clathrates and
based at least 1in part on the temperature and three-phase equilibrium temperature; and

convert the minimum pore size at least of the plurality of depths to a minimum

pPOrosity.
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20.  The computerized system of claim 19, wherein the computing system 18 further
configured to compare each minimum porosity to the porosities obtained by the porosity
determination component to determine whether the porosities are greater than the minimum

porosities, thereby indicating that conditions exist where clathrate presence 1s possible.

21.  The computerized system of claim 19, wherein the porosity determination component
comprises a simulator configured to derive a model from simulations detecting a maximum
pore size 1n a random distribution of varying-sized spherical particles, the model associating

the maximum pore si1ze to a porosity.

22. A computer-readable storage media comprising computer-executable instructions
which, when executed, cause a computing system to perform a method of determining
whether conditions exist for presence of clathrates, the method comprising:

determining a thickness of a clathrate stability zone based, at least in part, on a depth
at which a temperature reaches a three-phase equilibrium temperature of the clathrates;

calculating a temperature and a three-phase equilibrium temperature for a range of
depths in the clathrate stability zone;

determining a minimum pore size at each of the depths in the range of depths, the
minimum pore size permitting a predetermined saturation level for clathrates and based at
least 1n part on the temperature and three-phase equilibrium temperature; and

converting the minimum pore size at each of the depths to a minimum porosity.

23.  The computer-readable storage media of claim 22, wherein the computing system 18
further configured to compare the minimum porosity to a maximum porosity at a location
within the clathrate stability zone to determine whether conditions exist where clathrate

presence 18 possible.
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Define in situ temperature, pressure, salinity, and
hydrocarbon composition

402
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l

Determine dissolved-gaseous-clathrate
equilibrium temperature from equation of state
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PRetermine minimum gore radius for clathrate
farmation by computing the pore radius at which
the equlilbrium temperature 18 depressed 1o the In
situ temperature
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Define porosity and median grakn slze

/-— 408
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Determine maxlimum pore radius for sediments
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"Max Pore Radius >
Minimum Required?.
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