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Preface

Natural gas hydrate (NGH) is the last of the recognized unconventional resources
of natural gas and perhaps the greatest. Coalbed methane, for which depressuriza-
tion proved to be the critical factor, and tight/shale gas, for which fracking and
lateral, long-pay section drilling are key, have radically altered the indigenous gas
resource/reserves in the United States. A median global resource potential for high
grade NGH sands, which are deepwater host sediments for NGH based on a new
petroleum system approach, may have as much as 43,300 trillion cubic feet (TCF)
gas-in-place, of which 50 % may be technically recoverable (Johnson 2011). This
compares with resource and reserve estimates for coalbed methane of 9,000 TCF,
shale gas of 16,000 TCF, and tight gas of 7,400 TCF (NPC 2007).

There is increasing evidence that natural gas can be produced from high-grade
NGH concentrations (Max et al. 2006) hosted by coarse-grained and sandy sedi-
ments using existing conventional oil and gas production technology (Moridis and
Kowalsky 2006). In addition, the physical nature and location of NGH may allow
much less expensive innovative technology to be used in drilling and other aspects
of exploration and production. While the volume of natural gas (NG) contained in
the world’s NGH accumulations may greatly exceed that of other NG resources
(Collett 2002), a substantial proportion of NGH is present in low-grade accumula-
tions (Boswell and Collett 2011) that are unlikely to be developed commercially
(Moridis and Sloan 2007) using existing technology and methods. Innovation and
new production techniques may also render the natural gas in these low grade
NGH deposits commercial, which would have the effect of greatly enlarging the
NGH resource base.

Many have dismissed oceanic NGH as a gas resource for the far future.
However, the world’s first technical production test of oceanic NGH was carried
out on the 40 TCF Nankai NGH deposit according to a planned timeline (Kurihara
et al. 2011) during March 2013 by JOGMEC (2013). The deposit is scheduled for
production in 2018, which is only 5 years from the first production test. This is a
development timeline consistent with conventional deepwater field development.
Commercial production of NGH off Japan is likely because natural gas produced
from the Nankai NGH deposit should compete well with the rather high delivered
price of liquefied natural gas (LNG) that has been in the $15-$18 MMcf range in
the 2011-2013 time period. We submit that once the Japanese begin to be able to
replace gas imports with indigenous production from NGH, this will both affect
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the world LNG business and stimulate other NGH development. In addition to the
Japanese, Korea, India, and China have aggressive NGH exploration programs in
which drilling and production tests are scheduled (as of late summer 2013) for
2013 and 2014.

Recent development of shale gas in North America has provided a large gas
supply that may delay the development of NGH there. In other countries that have
NGH potential, however, development of indigenous gas supply for energy secu-
rity is a national priority. Although NGH will likely be developed by countries
for which NGH is an indigenous potential resource, its commercialization is in
its infancy. As development takes place, and new and improved technologies are
brought into play, it is possible that NGH may become competitive with other gas
resources on a produced price basis. We suggest that commercialization of NGH
would have the same disruptive effect on the world gas market that the develop-
ment of land-based unconventional resources in North America has achieved since
2005.

The Arctic Ocean provides a particularly useful area in which to apply the gen-
eral principles of assessing NGH resource potential from the different aspects of
the NGH petroleum system. The Arctic Ocean is compact, has a related geologi-
cal history for potential host sediments and is a recognized hydrocarbon province,
and is affected broadly by the same weather and climate conditions. The principles
applied here can be applied along any other continental margin, particularly those
that have Pleistocene glacial history, in order to determine NGH potential.
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Chapter 1
The Arctic Ocean

Abstract The Arctic Ocean is an almost entirely enclosed basin floored by two
major tectonic zones, the Eurasia Basin that flanks the European continental mar-
gin, which is floored by a relatively regularly disposed oceanic crust at abyssal
depths, and the Amerasia Basin, which has an older and more complex tectonic
history. Broad continental shelves along the European and Asian continental mar-
gins contrast with much narrower continental shelves along the North American
and Greenland continental margins. The continental margins of the Arctic Ocean
are generally draped with sediments derived as a result of the harsh weathering
and erosional framework of the Pleistocene glaciations. The factors that have the
strongest effect on the degree of sediment winnowing and composition in the slope
depositional environment are the width of the shelf and the degree of ice cover
on the continental shelf segment and the edge of the ice to the continental slope
break. The clastic sediments, which can be expected to comprise a high percent-
age of the continental slope and deep continental shelf turbidites, are the focus for
natural gas hydrate concentrations.

Keywords Continental slope ¢ Continental margin ¢ Turbidites ¢ Sands e Clastic
sediments ° Sediment host ¢ Natural gas hydrate * NGH

The Arctic Ocean is almost entirely enclosed basin that comprises less than 3 %
of the area of the World Ocean. Very broad continental shelves along the west
Alaskan and Asian and European continents from the Chukchi to the Barents Sea
flank the abyssal region, whereas the North American and Greenland continental
shelves are narrow. The shallow-water Bering shelf between Alaska and eastern-
most Russia (Fig. 1.1) only allows exchange of surface waters. The deep-water
passage into the North Atlantic between Svalbard and Greenland, however, allows
deep, cold, highly saline water to flood into the world ocean at depth. Surface
water inflows on and along the Barents Sea shelf and through Bering Strait are
entrained by anti-clockwise currents (Jones 2001), with the only significant shallow

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 1
SpringerBriefs in Energy, DOI: 10.1007/978-3-319-02508-7_1, © The Author(s) 2013
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Fig. 1.1 Polar projection location map after Jakobsson et al. (2004, 2008). AG Amundsen Gulf,
BI Bennett Island, BIC Banks Island, CM Chukchi Microcontinent, EI Ellesmere Island, F'S Fram
Strait, FJL Franz Joseph Land, HI Henrietta Island, LR Lomonosov Ridge, MD Mackenzie Delta,
MJR Morris Jessup Rise, MS M’Clure Strait, NS North Slope, NZT Novaya Zemyla Trough,
QEI Queen Elizabeth Islands, SZ Severnaya Zemlya, SV Svalbard Archipelago, TP Taymyrskiy
Peninsula, YP Yermak Plateau. Heavy dashed lines connecting coastlines with continental shelf
edges are boundaries between the tectono-sedimentary areas: 6.1., east Alaska—north American
Arctic islands (older sediment, glaciated except in W), 6.2 Greenland zone (older sediments,
glaciated), 6.3 Barents—Kara seas zone (younger sediments, glaciated), 6.4. Laptev sea—west
Siberian sea zone (younger sediments, glaciated), 6.5. East Siberian—Chukchi sea zone (younger
sediments, unglaciated except in W)

water outflow along the east coast of Greenland. This deep water exits the Arctic
Ocean Basin into the North Atlantic through the abyssal Fram Strait as the
Transpolar Current. This deep plunging water from both Polar Regions is respon-
sible for the characteristic lowering of temperature with increasing depth in the
world ocean.

We are concerned here only with those geological and other physical elements
critical to the formation of potentially commercial deposits of oceanic NGH.
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According to NGH petroleum system analysis, which will be described in greater
detail subsequently, these deposits will be restricted to deep continental shelf and
continental slope regions. Therefore, we only consider the geology of the conti-
nental shelf areas from the point of view of their contribution of sediment to deep
trenches in the continental shelves and the flanks of the abyssal Arctic Basin. We
do not discuss conventional hydrocarbons and perhaps relict permafrost hydrate or
gas venting from continental shelf regions in those shelf areas that were unglaci-
ated in the Arctic continental shelves.

Although concerned by the recent warming trends in the Arctic, we do not dis-
cuss potential relationships between methane and its potential contribution to the
atmospheric greenhouse. We do comment, however, on some of the aspects of
Arctic warming, which will have a considerable impact upon increased hydrocar-
bon exploration and production, as well as shipping traffic and the potential for
human-induced pollution in the Arctic Ocean region.

1.1 Tectonics of the Arctic Basin

The Arctic Basin consists of two major abyssal basins (Fig. 1.1), the Amerasia
Basin, adjacent to the North American and Asian landmasses and the Eurasia
Basin, occupying the European-fronting sea area, separated by the Lomonosov
Ridge. In general, and as pointed out by Miller et al. (2008) and Miller and
Verzhbitsky (2009), who focus on the genesis of the Amerasia Basin north of the
East Siberian Shelf, the ice cover of the Arctic Ocean conceals a number of the
few remaining unresolved plate tectonic puzzles on Earth. The geological and
tectonic history of the Amerasia Basin is particularly obscured, due to its having
greater year-round ice cover. It also lacks well-defined magnetic or gravity pat-
terns that could suggest oceanic crust generation and orientation.

The two basins are described separately because the tectonics controlling their
generation and the sediments deposited on the continental margins of the basins are
different, especially in their older histories. We use the term ‘continental margin’ to
mean approximately the continental slope sedimentary deposits that may host NGH
deposits that rest on the steeply sloping margin of upstanding continental crust. This
is a tectono-sedimentary use of the term rather than referring to all continental crust
areas seaward of present coastlines. Around the Arctic Basin, this is a dramatic geo-
morphologic feature that forms the margin to both the Amerasia and Eurasia Basins.
Thicker and older sedimentary successions have a greater likelihood to host more
gas source beds. The younger sedimentary successions, which are common in many
ways, differ primarily depending on whether the continental shelves facing the
basins were covered by ice caps or were only permafrost regimes.

The Amerasia Basin contain an older, complex Mesozoic history of crus-
tal thinning, and rifting in an extensional plate framework along with the prob-
able development of restricted oceanic crust segments and microplates (Grantz
et al. 2011). Herron et al. (1974) suggested that the Amerasia Basin is floored
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by oceanic crust as old as the Jurassic magnetic quiet period from 180 to
150 Ma, which is reflected in modern seafloor maps (CIT 2009). Miller and
Verzhbitsky (2009), suggest that Late Jurassic-Early Cretaceous sedimentary rocks
as young as c. 140-135 Ma are involved in the last stages of crustal shortening that
began in this region in the Late Jurassic.

The relatively few heat flow measurements in the deeper parts of the Arctic
Ocean Basin suggest relatively low heat flow (Hasterok and Chapman 2008;
Hasterok et al. 2011), supporting the concept of oceanic crust as old as Jurassic.
But until scientific drilling in the most controversial parts of the Arctic Ocean sea-
floor can take place, many questions about the origin of the Amerasia Basin will
remain unresolved. Tectonic activity associated with formation of the Amerasia
Basin appears to have ceased by the time volcanism began in the Siberian
Okhotsk-region at about 90 Ma (Miller and Verzhbitsky 2009).

A considerable history of geological events predated the breakthrough of the
northern propagation of the Atlantic Ocean constructive plate margin and the
formation of the Eurasia Basin. The Canada Basin segment at the western North
American end of the Amerasia Basin (Fig. 1.1) has a relatively smooth abyssal
seafloor, suggesting the presence of underlying oceanic crust, as does the Wrangel
Abyssal Plain off the East Siberian Sea Shelf and a small abyssal plain to north
of the central Lomonosov Ridge. The Siberian flank of the Amerasia basin,
between the Canada and Wrangle Basins is structurally more complex, with the
Chukchi microcontinent (Grantz et al. 2011) and the Siberian end of the Alpha-
Mendeleev Ridges and basin areas in the northern Amerasia Basin that is referred
to as the Large Igneous Province by Grantz et al. (2011). Structural and plate
tectonic relationships are unclear in the region. There are probably a number of
small spreading centers, possibly thick igneous and volcanic rocks, and thinned
continental fragments not dissimilar in their geological context from areas of the
Mediterranean Seafloor.

It would appear that the general tectonic division of the Amerasia Basin into a
northern segment, containing a complex floor of oceanic crust, thinned continen-
tal fragments and the Alpha-Mendeleev Large Igneous Province, and the south-
ern Canada Basin that is mainly underlain by relatively straightforward oceanic
crust is consistent with morphology (Miller et al. 2008). Opening of the Amerasia
Basin was allowed by transform and/or shear along the southern margin of the
Lomonosov Ridge, which suffered tectonic subsidence associated with its separa-
tion from the European crust at about 56 Ma (Minakov and Podiadchikov 2012).
A conjugate shear related to this line of shear structures may have been reju-
venated as the nexus of the boundary between continental crust sliver of the
Lomonosov fragment and the oceanic crust of the Eurasia Basin.

As noted by Max and Lowrie (1993), the geological history of the northern
Gulf of Mexico (GoM) and sedimentation in the Amerasia Basin have analo-
gous geological histories. This has implications for NGH in the Arctic as new
NGH information from the GoM offers encouraging perspectives. The north-
ern GoM is also underlain by Later Jurassic oceanic crust of about 166—-150 Ma
(Bird et al. 2005) and thus will floor overlying sediments of comparable age.



1.1 Tectonics of the Arctic Basin 5

The precise history regarding the orientation of spreading in both the north-
ern GoM and the Amerasia Basin, or possible rotation of marginal continental
masses, is unresolved.

We are less concerned with the oldest tectonic history than we are with the
more recent development of the existing passive and transform continental-oceanic
margins along which potential NGH sediment hosts are draped. We follow Grantz
et al. (2011) in regarding all the present margins of the Amerasia Basin as having
initially formed as either fundamentally extensional or strike-slip margins, except
for the eastern margin of the Chukchi microcontinent that may have a compres-
sional component related to part of its rotational hinge against the Chukchi margin
or crust within the basin. A more detailed consideration for locations of those areas
in the continental margin where basins containing sediments that could be methane
producing could provide deeper sourced methane into the overlying GHSZ is left
to a more detailed workup of economic potential.

The Cenozoic Eurasia Basin adjacent to Europe and western Russia (Fig. 1.1)
is the northernmost prolongation of the actively spreading Atlantic Ocean con-
structive plate margin system. Morphologically and structurally well-defined
margins flank the axial constructive plate margin marked by the Gakkel Ridge.
This separates the basin into two elongate abyssal regions, with the southern mar-
gin of the Nansen Basin flanking the northern Barents Sea Shelf having thicker
sediments as a result of continued sedimentation from the continent. Urlaub
et al. (2010) demonstrate an almost symmetrical ocean crust beneath the paired
Basins (Fig. 1.1) for this slowest spreading segment of oceanic crust. A transform
or sheared margin along the Laptev Sea continental-oceanic crust junction termi-
nates the almost rectilinear Eurasia Basin.

The SW margin near Greenland may have once been impinged upon by
Greenland during the opening of the Labrador Sea, but no large-scale distortion
of the spreading center along the Gakkel Ridge appears to have taken place, and
Greenland is now passive with respect to the North American plate (Brozena
et al. 2003). The Yermak Plateau, which appears to be prolongations of abandoned
and thinned continental crust prongs with possibly some basic igneous/volcanic
intrusive rocks related to the opening of the Eurasia Basin (Jokat et al. 2008) and
the Morris Jessup Rise north of Greenland break the otherwise rectilinear symme-
try of the Atlantic end of the Eurasia Basin. In contrast to the unresolved complex-
ity of the Amerasia Basin, the Eurasia Basin is relatively well defined by magnetic
striping, with the Lomonosov Ridge to the north apparently a structurally thin,
continuous fragment of the European-Siberian continental conjugate margin
of the Barents and Kara Seas that was detached when the Eurasia Basin opened
(Jokat et al. 1995).

The broad Eurasia continental shelf (Cherkis et al. 1991) hosts many prospec-
tive conventional hydrocarbon sedimentary basins (Larssen et al. 2005; Drachev
et al. 2010) as do the narrower shelves of Alaska (Attanasi and Freeman 2009) and
Canada (Drummond 2000; Drummond et al. 2000). It would appear that the entire
Arctic is a petroleum province (Spenser et al. 2011). The shelves are too shallow,
however, to host more than traces of NGH in thin, impersistent GHSZs except in



6 1 The Arctic Ocean

the deeper troughs (Wood and Jung 2008; Long et al. 2008). Thus, it is only in the
deeper water the continental margin sediments, and possibly in subsided continen-
tal fragments, that significant concentrations of NGH may occur.

The continental margins of the Amerasia and Eurasia Basins are the immedi-
ate focus of oceanic NGH exploration because gas generation and the GHSZ
coincide in continental margin sediments. Deepwater sands are emerging as the
primary host for NGH concentrations on continental slopes, where the GHSZ is
thick enough to provide for significant development. The main importance of the
shelves is their relationship to sedimentation on the adjacent continental slopes,
and the degree to which they could have acted as effective filters for sand ema-
nating from subaerial erosion during high stands, and as conduits for those sands
to reach the continental slopes during lowstands. In general, broad continental
shelves may have a greater potential to sequester coarser grained sediments, espe-
cially during low stands when deposition in river valleys and deltas on the gently
sloping shelf regions will be common. However, if drainage systems have definite,
long standing channelization, considerable sands can reach the continental slope in
depths where NGH formation and concentration may be significant. Regions with
narrow continental shelves (Fig. 1.1) are much weaker barriers to sand deposition
on the continental slopes.
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Chapter 2
Sediment Delivery Systems; Ice, Rivers
and the Continental Margin

Abstract Pleistocene glacial sediments will predominantly host NGH, and possibly
only those to depths of no more than 1 km. Older sediments will likely be buried
too deeply to host NGH. Each glacial episode would have produced a suite of sedi-
ments related to the onset and glacial maximum period and especially during the
onset of the following interglacial period when the melting of the ice cap would
produce large volumes of water that would strongly affect sediment winnowing and
transport. These periods of maximum water flow would be likely to produce the
clastic sandy sediments that would be ideal hosts of high-grade NGH deposits in
the deeper continental shelves and the continental slopes. In addition, sea level vari-
ation would have strongly controlled the position of the shoreline positions during
the glacial and interglacial cycles. Sediments within about 1.2 km depth below the
seafloor comprise the exploration zone for NGH and related gas deposits. The con-
tinental margins of the Arctic Ocean have been divided into 5 regions for analysis
of the degree to which they could provide optimal NGH host sediments to suitable
depositional environments.

Keywords Barents ¢ Laptev ¢ East Siberian ¢ Alaska ¢ Canada ¢ Greenland ¢
Sediment host ¢ Natural gas hydrate * NGH

The tectono-sedimentary framework of those sediments found within the GHSZ
that could act as hosts for NGH concentration and for methane generation below
the GHS is fundamental to assessing NGH potential. The continental shelves of
the Arctic Ocean have been subjected to the periodic glacial and interglacial epi-
sodes of the Pleistocene. Some continental shelf areas were covered with icecap
while other areas were only permafrost regions. This factor, and the width of the
continental shelves that strongly affect the degree of sediment winnowing and
transportation are the basic controls of the types of sediment found in the deeper
parts of the continental shelves and on the slopes. In configuring sediment models
that are important for localization of NGH, only the Pleistocene glacial episodes,

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 9
SpringerBriefs in Energy, DOI: 10.1007/978-3-319-02508-7_2, © The Author(s) 2013
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and possibly only the most recent ones need to be understood in detail because
older sediments will likely be buried too deeply to host NGH.

Each glacial episode would have produced a changing suite of sediments related
to glacial erosion during the onset and glacial maximum period and especially dur-
ing the onset of the interglacial when the melting of ice cap would produce large
volumes of water flow that would affect sediment winnowing and transport. In
addition, sea level varies considerably during glacial cycles. In the Arctic Ocean,
large areas of continental shelf, particularly in the East Siberian Sea (Fig. 1.1)
would have been exposed and the continental shelves would have been as narrow
as they are presently along the North American Arctic Ocean continental margin.

Because of the periodic sediment generation and transport, those continental
margin sediments that would have drained from ice cap areas into abyssal depths
can be expected to contain more sandy and coarse grained sediment that provide
an optimal host for NGH. In addition to the sediments on the continental slope
proper, which may be dominantly turbidite in nature, sediments in the deep trough
areas and in older sediments in the deeper continental margins may also host
NGH. Our estimates of NGH are based only on those sediments in the continen-
tal slope sedimentary wedge and deeper parts of continental shelves, because that
is where the known analogues exist from which we extrapolate. For instance, in
addition to the recent sedimentological model proved in the Walker Ridge drilling
(Frye et al. 2011), Egawa et al. (2013) have shown that sandy turbidite accumula-
tion in a hinged basin provided the framework for the deposition of the NGH host
sand sediments of the Nankai deposit.

Slope depositional regions for the Arctic Ocean Basin can be defined based on
the width, water depth, and general morphology of the shelves, their anticipated
sediment load and its winnowing and likelihood of reaching a final repository on
the continental margin and in the basins. The continental masses and their often-
emergent continental shelves have been repeatedly subjected to glacial and intergla-
cial episodes that have generated considerable sediment, much of it probably coarse
grained. In addition, the basins and their margins are not the same age. Because the
sediments on the continental margins are a product of both the tectono-sedimen-
tary framework (i.e., oldest geological age of the basins and their margins), and the
depositional transport system (ice streams, fluvial, permafrost), the region has been
divided into five zones (Table 2.1, Fig. 2.1) in order to identify those regions where
NGH host sediments would be most likely to be found in quantity.

Table 2.1 Summary of continental margin major basin age and sediment depositional systems

Zone Amerasia Basin (older) Eurasia Basin (younger)
6.1. E. Alaska-N. America Ice streams—fluvial, esp/
in mackenzie margin
6.2. Arctic greenland Ice streams—fluvial
6.3. Barents-Kara sea Ice streams—fluvial
6.4. Laptev sea Ice edge permafrost mixed—fluvial

6.5. E. Siberian-Chukchi seas Permafrost—fluvial
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Fig. 2.1 Continental shelf sediment delivery zones for continental margin sediments of the
Arctic Basin. Polar projection location map after Jakobsson et al. (2004, 2008)

The Amerasia Basin offers the greater likelihood of hosting commercial
NGH deposits because it contains the most widespread thick sediments Max and
Lowrie (1993). All this sediment has been delivered by the north-flowing river
systems in North America and Asia (Siberian shelf). Sediments in the younger
Eurasia Basin (Fig. 2.1) are neither as thick nor as widespread but may be thick
enough to host significant NGH concentrations. However, greater sediment thick-
ness enhances the potential of the sediments to generate natural gas and to host
NGH concentrations. Sediments in the Eurasia Basin are thinner than those in the
Amerasia Basin and the GHSZ is also thinner because of the higher geothermal
gradients.

Because the composition of the sediments is liable to be biased toward
sands, there is good potential for NGH deposits in the Eurasia Basin also. The
tectono-sedimentary zones that are based on the age of the continental margins
have a further major control on sedimentation in the ocean basins. Some of the
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continental margins of the ocean basins were ice-covered while others were subject
to permafrost conditions (Table 2.1). These factors largely determine the amount
and type of sediment both on the continental shelf and along a segment of continen-
tal margin.

2.1 East Alaska—North American Arctic
Islands—Greenland Margin

This zone has a thickly sedimented continental margin that, at its base, locally
rests on older oceanic crust of the Amerasia Basin. This marginal zone reaches
eastward from offshore Alaska to about the northern tip of Greenland. The western
boundary with the East Siberian Sea is picked about where the northern base of
the coalesced deepwater sediment fans from the Mackenzie River abut the north-
ern Alaska shelf. Although this thick sediment pile (Max and Lowrie 1993) has
not been derived directly from an incised, glaciated margin as has that to the east
along the Canadian Islands, the sediment appears to be generally derived from the
western flank of the Canadian icecap. The margin along NE Greenland has rela-
tively little marine sediment on its continental slope but is included in this zone for
simplicity. Although the Alaskan portion of this zone now has virtually no large
rivers and possibly relatively light Plio-Pleistocene sedimentation, the thickest
marine sediment accumulation in the Arctic is banked against this American—NW
Canadian continental margin (Max and Lowrie 1993).

East of the Mackenzie Delta (the Mackenzie River valley apparently did not
provide a course for an ice stream) the margin is characterized by a number of
major ice stream erosional troughs with north broadening mouths across north-
ern Canada. Ice streams and fluvial systems have deeply incised the Amundsen
Gulf and M’Clure Strait. These were major sediment flow courses from glaciated
Canada into the Arctic Ocean. Further to the east, the continental margin to the
north of the Queen Elizabeth Islands consists of many small north-flowing fjords
and fluvial systems, and more restricted sediment fans. All of these troughs and
the Mackenzie River Delta have pronounced continental margin sediment fans that
have largely coalesced along this margin.

2.2 Greenland

This margin, where the base of the continental margin sediments rests on
younger oceanic crust of the Eurasia Basin, was also heavily glaciated but has
less continental margin sediment than to the west. Much less is known about
it and the structural situation is unclear. The sedimentary wedge may be com-
pressed because of impingement of Greenland onto the Atlantic margin of the
Eurasia Basin as a result of opening of the Labrador Sea. If so, then deep and
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possibly thermogenic gas may be present in NGH along this margin. Max and
Lowrie (1993) did not take this possible gas generation scenario into consideration;
Eurasia Basin—Greenland continental margin sediments may have compound NGH.

2.3 Barents—Kara Seas Margin

This whole of this margin, along with its continental platform, was also heavily
glaciated. But the history of continental margin sedimentation is not as extensive
because the continental margins abut younger oceanic crust of the North Atlantic
and Eurasia Basins. This zone extends from the SW margin of the Barents Sea to
the ‘corner’ of the Eurasia Basin at which the relatively straight continental margin
turns to the NW immediately to the SE of the islands of Severnaya Zemlya and the
Taymyrskiy Peninsula. The boundary marks the passage from continental margin
sediments with a glaciogenic origin from those to the east that are mainly fluvial in
origin.

The western margin, between Norway and Svalbard is relatively straight
and well defined, westerly-deepening shelf. The northern margin is relatively
straight from a nearly right angle corner to the NW of Svalbard at the NW cor-
ner of the Barents Sea continental shelf to the Laptev Sea, but the shelf margin
is locally irregular, with the deep St. Anna Trough separating Franz Joseph Land
(Zemlya Frantsa losifa) from the easternmost shelf segment carrying the islands of
Severnaya Zemlya and the mainland Taymyrskiy Peninsula.

During the last glacial maxima the NW European continental shelves, includ-
ing the Barents and much of the northern Kara shelves, were ice covered (Polyak
et al. 2008), but the extent of the ice varied considerably over the period from 100
to 90 kya to the end of the most recent glacial maxima at about 20 kya (Larsen et
al. 2006). Ice cover prior to 100 kya may only be understood after the sedimentary
sequences on the continental slopes are better known. Kleiber et al. (2001) show
that during the last glacial maximum, large quantities of sediments were deposited
directly upon the upper continental slope as the Kara Sea ice sheet advanced to
the shelf break across almost the entire of the Barents-Kara sea shelves at 20 kya
(Larsen et al. 2006). Under-ice detritus from accelerated weathering would have
been deposited almost directly along the continental margins.

2.3.1 West Barents Margin

The Barents shelf has undergone extensive erosion, with the eroded sediments being
deposited along the immediately adjacent continental margins. Vorren et al. (1991),
whose quantification of geological processes on the Barents shelf has not been sig-
nificantly revised, commented that throughout the Cenozoic, erosion of the shelf
was tied to progradation of the shelf margin that from mid-Miocene to late Pliocene
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advanced the shelf margin between 20 and 40 km to the west. Uplift of the Barents
shelf from mid-Pliocene to early Pleistocene resulted in a fluvial-glaciofluvial drain-
age system with very high sedimentation rates in the continental margin depocenters.
Sediments in the Svalbard margin show various types of mass flows and turbidite
sediments (Andersen et al. 1992), reflecting high sediment supply. Ingolfsson (2011)
identifies five major trough-mouth sedimentary fans on this margin. Glacial ice
stream erosion during the last 0.8 Ma was greatest in the SE Barents shelf than to the
west and north. Gas venting near the crest of the Vestnesa Ridge on the west Barents
continental margin has been tied to NGH in the sediments there (Vogt et al. 1994).

2.3.2 NW Barents Margin

This margin is marked by a well-defined continental margin between Svalbard and
the islands of Franz Joseph Land, with other islands also set about the same dis-
tance back from the slope break to the continental margin. It carried a large ice cap
during most of the most recent glacial episode. Hogan et al. (2010) and Ingolfsson
(2011) note that ice stream directions were to the north, SE of a line passing to
the SE from Svalbard. Cherkis et al. (1999) noted mass wasting in the continental
margin sediments north of Svalbard that appeared to be tied to the rapid periodic
formation of NGH and the development of subjacent low shear strength sediments
that developed into near-slope parallel slip surfaces.

2.3.3 St. Anna Trough

The St. Anna Trough, which is the largest bathymetric depression in the Arctic
continental shelves, bottoms below 500 and 1,000 m over a large area, extends
north from Nova Zemlya to the shelf margin and provides a convenient geographic
break between the Barents and Kara Seas. There appears to be a well-developed
sediment fan across its entire mouth, which is probably the result of high sediment
transport that has been carried into and along the trough.

2.3.4 Kara Sea—Eastern Margin

The Kara Sea and its shallow approaches to land to the east of Novaya Zemlya
is a little over half the size of the Barents Sea but has a much shorter continental
margin. Much of the northern Kara Sea was ice covered during those times that
the Barents Sea ice cap extended to the east, at least during part of the last gla-
ciation, which would have deflected river runoff from the Russian mainland, par-
ticularly the Pechora River. At times during at least the last glaciation, runoff that
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normally would have gone onto the Barents shelf was deflected by the Barents Sea
icecap through the gap between the islands of Severnaya Zemlya and the mainland
Taymyrskiy Peninsula (Fig. 1.1), the northernmost part of the Russian mainland.
The incised channel is now largely sediment filled, mainly by clastic sediments
(Gataullin et al. 2001), but its northern prolongation is a deep scour channel that
broadens as it approaches the edge of the continental shelf.

Because this sediment would largely have been deposited along the geo-
morphologic North Barents margin, along with sediment that would have come
through a gap in the islands of Severnaya Zemlya, the eastern margin of the zone
is taken at the obvious knick point. Dittmers et al. (2004) shows from incised river
channels that much of the Kara Sea was not ice covered for substantial periods.
The Kara Sea also has proportionally more large rivers flowing into it from the
Russian mainland, particularly the Ob and Yenisey Rivers, which would have
brought a large sediment load, particularly during periods of major glacial ice
melt. Much of this sediment load would have been transported north to the con-
tinental margin and the St. Anna trough. Other rivers, progressively closer to the
shelf margin, flow off the Taymyrskiy Peninsula.

2.4 Laptev Sea—West Siberian Arctic Sea Zone

This is the shortest zone and extends across the almost orthogonal SE termination
of the Eurasia Basin. Its eastern margin is the continental slope of the Siberian
Amerasia Basin margin on which sediments were deposited prior to the open-
ing of this continental margin segment. The crustal arch extending through the
Novosibirskiy Islands to Henrietta and Bennett Islands nearer the margin of the
East Siberian Sea shelf, probably separates two different groups of sediment deliv-
ery systems that may have resulted in two different depocenters along the conti-
nental margin of the East Siberian Sea, and this is taken as the margin with the
East Siberian Sea zone.

The Siberian Shelf was not ice covered during the last glaciation, but the
channel network from the existing mainland rivers is not well defined by ero-
sional channels. In the northern Bering Sea and the continuation of the broad
Siberian shelf to Alaska, an axial channel and a channel along the northwest-
ern coast of Alaska may be mainly tidal scour channels in origin and not related
to river runoff. Nonetheless, sediment erosion and winnowing could have taken
place in them and they could also be associated with sands deposited on the con-
tinental slope.

This continental margin segment has a number of major rivers flowing onto the
present shelf. The Lena River carries the largest sediment load and partly occupies
the course of a more ancient river system that deposited at least Upper Cretaceous
fluvial sediments in parts of its course. However, the present course of the lower-
most Lena developed during the Pleistocene (Alekseev and Drouchtis 2004). In
addition, the Khatanga, Yenisey, Olenka, and Yana Rivers flow onto the shelf.
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2.5 East Siberian Sea Zone

This zone is the longest and along with the Laptev Sea contains one of the largest
areas of very shallow continental shelf. A number of major rivers, particularly the
Indigrirka, Kolyma, and Anadyr transport sediment from nearly Mongolia north-
ward to the Arctic Ocean. Although possibly the least well known from the view-
point of the history of river courses across it, the breadth and almost uniform slope
of the shelf indicates that incised river systems have been filled and that the pas-
sage to sea level rise that covered the shelf probably involved large meandering
river systems. The margin has existed more or less in its present location since the
rifting and establishment of oceanic crust in the Amerasia Basin, although rotation
of the Chukchi microcontinent (Grantz et al. 2011) may be associated with local
uplift that could have affected river courses. We include a wide shelf area of the
Chukchi Sea and the sea area off Alaska because we have no reason to distinguish
it geologically or geomorphologically and the continental margin sediment thick-
ness appears to be less abundant than in the North American zone to the east.

The boundary between zones 6.1 and 6.5, which is essentially that between gla-
ciated and unglaciated hinterlands is placed to the west of the Mackenzie Delta
and its submarine prolongation into the Canada Basin. Even though the Mackenzie
may have been draining essentially unglaciated hinterland to the west, it was also
draining the western margin of the North American ice cap to the east, which
would have advanced and retreated with climate swings. The sediment from this
margin was possibly reworked more extensively on land on marginal non-glaci-
ated terrane before being deposited in the largest thick wedge of marine sediment
in the Arctic Ocean, but in our view this only enhances the possibility of the pres-
ence of high grade NGH host sediments. Therefore, the boundary location more
reflects the character of the sediment rather than the character of the immediate
hinterland.

Apart from what appears to the northward continuation on the shelf of the
Indigirka River, shown by a reentrant of the 25 m contour (Jakobsson et al. 2004),
there are few features that could allow picking of runoff and river channels from
the present shoreline to the edge of the continental shelf.

The 2,600 + km long Kolyma River is the longest river draining eastern Siberia
into the Arctic Ocean. It crosses part of the high Arctic that has not experienced
Pleistocene lowland glaciation. The upper Kolyma on land in Siberia began to
develop in the Cretaceous, when the main drainage divide between the Sea of
Okhotsk and the Arctic Ocean formed (Patyk-Kara and Postolenko 2004). The
modern Kolyma River also, in part, occupies the trend of much older river systems
that drained this part of Siberia into the Arctic Ocean. During the Late Cretaceous
and Cenozoic, two different processes affected the geology of the Siberian region:
(1) compressional tectonics resulted in uplift associated with terrane accretion along
the Northern Pacific subduction zone, and (2) opening of the Arctic Ocean Basin.

The Cenozoic history of the Lower Kolyma in Siberia and the continental
shelf to the north in large part depends on the geological and geomorphological
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response to the opening of the Arctic Ocean Basin. Grantz et al. (2011) provide
the most recent summary of the tectonic history of the Arctic Ocean region. The
Siberian Shelf has been subjected to numerous transgressions and regressions
that exposed much of the continental shelf to subaerial conditions (Patyk-Kara
et al. 1980), although only the most recent sea level cycles related to sedimenta-
tion within present GHSZs are probably of importance for NGH exploration. The
submerged course of the main drainage on the continental shelf has been iden-
tified for over 400 km out onto the continental shelf (Fig. 6 of Patyk-Kara and
Postolenko 2004). Following the courses of these drainage channels that are now
filled with dominantly coarser grained sediments may be useful to exploration
near the shelf edge where water depths are deep enough to support GHSZ in the
troughs and along the continental margins, where these river systems would be
directly related to filled channels or to turbidite systems on the continental slope.
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Chapter 3
Natural Gas Hydrate: Environmentally
Responsive Sequestration of Natural Gas

Abstract Pleistocene glacial sediments will predominantly host NGH, and possibly
only those to depths of no more than 1 km. Older sediments will likely be buried
too deeply to host NGH. Each glacial episode would have produced a suite of sed-
iments related to the onset and glacial maximum period and especially during the
onset of the following interglacial period when the melting of the ice cap would
produce large volumes of water that would strongly affect sediment winnowing
and transport. These periods of maximum water flow would be likely to produce
the clastic sandy sediments that would be ideal hosts of high-grade NGH deposits
in the deeper continental shelves and the continental slopes. In addition, sea level
variation would have strongly controlled the position of the shoreline positions
during the glacial and interglacial cycles. Sediments within about 1.2 km depth
below the seafloor comprise the exploration zone for NGH and related gas depos-
its. The continental margins of the Arctic Ocean have been divided into 5 regions
for analysis of the degree to which they could provide optimal NGH host sedi-
ments to suitable depositional environments.

Keywords Barents ¢ Laptev ¢ East siberian ¢ Alaska ¢ Canada ¢ Greenland
Sediment host * Natural gas hydrate « NGH

NGH is a crystalline material composed of water molecules that form cage
structures and gas molecules that occupy almost all of the cages, the whole
being stabilized by the weak electrical force, van der Waals bonding. NGH is
directly analogous to metallic and other economic mineral deposits formed
by crystallization from mineralizing solutions (Max et al. 2006; Sloan and
Koh 2008; Demirbas 2010; Giavanini and Hester 2011). This differentiates
it strongly from gaseous and liquid (including tar sands) hydrocarbon depos-
its. Naturally occurring NGHs are composed predominantly of methane, and
NGH is often referred to as ‘methane hydrate even in the absence of analy-
ses, but appreciable heavier hydrocarbon gases such as ethane, propane, and

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 19
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butane may occur where thermogenic gases have contributed to the gas flux.
Because the crystalline cage structures closely pack the gas molecules, one m>
of Structure I methane NGH will produce about 160 m? of methane (at STP),
equivalent to an energy density of over 165,000 BTU/ft3. This compression fac-
tor, regardless of seafloor depth and ambient pressure, is a principal component
of the economic value system for NGH. Compound NGH, formed from mixed
or higher density natural gases, will have less gas per m® than methane-NGH
but increased BTU content determined by the gas mixture. Compound NGH
formed from a mixture of gases is more stable (at lower pressures and higher
temperatures ) than pure methane-NGH.

NGH forms spontaneously when the right combinations of elevated pressure
and low temperature conditions exist, and when a suitable concentration of
hydrate-forming gas can mix with and react with water (Fig. 3.1a). NGH is com-
monly found within a gas hydrate stability zone (GHSZ) that extends from near
a cold surface on land or the seafloor downward to some depth at which increas-
ing temperature renders NGH unstable (Fig. 3.1b). Although NGH is generally
stable in the ocean water at great depths (below about 700 m in the example of
Fig. 3.1b), it will not survive there because it will float upward due to its low den-
sity (about 0.9) and will dissociate when it passes through the phase boundary. The
temperature of the water column in the open ocean decreases with depth as a result
of the cold, dense, saline water produced as a byproduct of freezing ice.
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Fig. 3.1 a (left) Generalized phase boundary for methane hydrate and economic NGH zones.
Solid line, water ice. b (right) Oceanic GHSZ as a function of typical open ocean thermal
gradient and geothermal gradients. Original figures after Kvenvolden (1988) and Max (2003)
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In the Arctic Ocean, the water temperature at depth is at or below 0 °C,
which places the minimum water depth for NGH stability at about 250 m water
depth. We prefer to assume a depth of about 300—350 m for the minimum depth
of a continuous or year-round GHSZ in the Arctic Ocean Basin sediments. As
the water depth increases, and pressure increases, the GHSZ increases in thick-
ness. In general, thicker GHSZ sections are more likely to have more signifi-
cant NGH concentrations. In addition, geothermal gradients, which describe
the average change in temperature with depth over specific intervals, may vary
considerably.

Oceanic NGH differs from all other types of natural gas deposits in being
responsive to changes in its environment. The greater part of the hydrocarbon
gases in NGH appears to have been generated at depth from organic matter either
biogenically or thermogenically and has been transported upward into the GHSZ,
driven by tectonic forces or dewatering of the sediment pile driven by compac-
tion. High TOC sediments can also generate considerable local gas, but TOC-rich
sediments tend to be muddy and have poorly defined permeability paths. In these,
NGH-forming gas moves primarily by diffusion in the groundmass or by flow in
fractures. Deep sources are particularly obvious when the gas has a thermogenic
signature containing a mixture of higher-density hydrocarbon gases.

NGH may occur at any level within the GHSZ, depending on the nature of the
‘plumbing system’ utilized by groundwater and natural gas to bring the mineraliz-
ing solutions into the GHSZ from the sediment pile. High-grade, but more broadly
distributed and deeper NGH concentrations, in which the mineralization is directly
related to gas transported by water movement into permeable strata in the GHSZ
suggests that mineralizing solutions migrated along porous geological horizons
that passed up into the GHSZ. Higher level and isolated concentrations suggest
that faults or fracture systems, along which water flow may be much faster, are
able to bring the mineralizing solutions higher in the GHSZ before crystallizing in
a favorable host strata or vein work. For instance, fractured shale carrying substan-
tial NGH in vein works occurs in close proximity to sand-hosted NGH concentra-
tions in the northern GoM (Boswell et al. 2011).

When the gas reaches the GHSZ, in which pressure and temperature are suit-
able for NGH formation (Fig. 1.1), NGH will form so long as the gas concentra-
tion in the pore water media is high enough. As the dissolved gas concentration
rises and falls, the hydrate growth dynamic alters and greater or lesser amounts
of hydrate may form. Free gas is usually associated with groundwater that is sat-
urated or supersaturated with dissolved gas. If the dissolved gas concentration
falls below a certain level, usually identified as the vapor pressure of the hydrate-
forming gas in the hydrate, the hydrate will dissolve. Thus, NGH is not a material
that is fixed to a particular geological attribute over time. It occurs only within a
GHSZ, and as that may change thickness or position depending on sedimentary
deposition or erosion, the presence of NGH within it also will migrate from an
area in which NGH is unstable and into an area where it is stable, as may happen
when sea level rises and pressure increases, or sediment erosion takes place. NGH
may reposition itself by a process of recrystallization.
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NGH is very environmentally responsive, being able to crystallize, dissociate
and dissolve, migrate, and recrystallize when environmental conditions change.
Under conditions of continued sedimentation, for instance, the base of the GHSZ
will move upwards because it is keyed to the sediment surface. The balance
between the seafloor low temperature and the rising temperature with depth is
maintained. NGH that was once within the GHSZ at its base will convert naturally
to gas when it passes out of the field of NGH stability and either pond or tend to
rise into the GHSZ where it can form more NGH. A fall in sea level will also lower
pressure on the seafloor, causing the base of GHSZ to rise. In contrast, sediment
erosion will cause the temperature gradient to move deeper into the sediment and
lower the base of the GHSZ, as will rise in sea level that raises the pressure. When
NGH migrates with the GHSZ in order to maintain its thermodynamic stability, it
may leave behind virtually no definitive evidence of its one-time presence.

Seafloor warming will cause thinning of the GHSZ while seafloor cooling will
cause thickening: these are the environmental changes usually associated with
methane release or greater sequestration. Changes in pore water salinity or chemical
composition, while probably relatively rare, have the potential to move the position
of the NGH phase boundary. Concentration, of course, is key; if the concentration of
the dissolved NGH-forming gas falls sufficiently, dissolution takes place.

Four general classes of NGH in different surroundings have been identified
(Table 3.1). These classes are based on thermodynamic models that were used to
estimate the costs of processes that are required to convert NGH to its constituent
gas and water (Moridis and Kowalsky 2006). There are subtle but important differ-
ences in the petroleum systems related to each of these classes of NGH concentra-
tion. Note that the presence of a geological trap is not one of the criteria for any
NGH class.

NGH concentrations that may prove economic may only be found in a GHSZ
thick enough to host significant concentrations with enough overlying sediment
to stabilize the reservoir by its weight during drilling, NGH conversion, and
gas extraction. Depending on the sediments within the GHSZ and the presence
and disposition of NGH, there is a wide range of geotechnical possibilities. For
instance, the presence of multiple NGH-enriched units that can be mechanically
very strong when NGH concentrations are high, essentially binding the sediment
grains into a solid aggregate or where sediment grains may be cemented together

Table 3.1 NGH classification

Class NGH Bounded Materials in contact Geological situation System

1 Concentrated Permeability Gas (over water) la Oceanic Open
boundaries/ 1b Oceanic, Permafrost Closed

2 geological Mobile water Oceanic Open

3 strata No gas or water Dry gas trap (including Closed

vein-type NGH

4 Dispersed Few permeability Pore water Fine-grained marine Very open

boundaries sediments

Revised from Moridis and Kowalsky (2006)
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by thin NGH films, can affect overall sediment stability. The minimum thickness
of a GHSZ necessary to host a prospective producing NGH deposit is not known.
An NGH prospect and its host and overlying sediments will have to undergo geo-
technical analysis as part of developing a production plan. With time and expe-
rience, less conservative safety margins will probably emerge. Although it is not
known to what water depths possible NGH concentrations may occur, there will
probably be some maximum depth below which exploration cutoffs will apply for
either operational considerations or some aspect of NGH paragenesis.

Ideally, large concentrations of NGH are most likely to be found near the base
of relatively thick GHSZs in which the sediment will be more compacted under
the influence of gravity than in shallower sediments with thinner GHSZ. The
more compacted nature of the NGH host sediments and particularly the degree
of compaction and reduced permeability of sediments bounding a sand-hosted
NGH deposit may strongly control the percentage of technically and economically
recoverable natural gas. NGH will generally occur world wide in semi-compacted
sediments that do not have the geologically strong character of conventional
natural gas reservoirs. The stronger the geomechanical character of the reservoir
sediments and between the NGH deposit and the seafloor, the lower the risk of
mechanical failure and more likely higher rates of NGH conversion and natural
gas production.
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Chapter 4
NGH as an Unconventional Energy
Resource

Abstract NGH is one of a number of unconventional gas plays. It is essentially
stable within its reservoir, and as such has an extremely low environmental risk for
blowout so long as prudent and very simple and inexpensive exploration and pro-
duction methodologies are followed. Pressure, temperature or groundwater chem-
istry can be altered to achieve dissociation. In addition, conversion can be induced
through a controlled dissolution process. Although gas resource-rich countries
such as Russia, Canada, and the United States have suspended or reduced their
research in NGH as an energy resource, NGH may be important in climate change
modeling and remains the subject of study. In countries that have little indigenous
energy resources, political concerns related to obtaining secure local gas resources
might be more important to NGH development than the delivered gas price of
imported resources. Near term development plans for NGH including drilling and
gas production tests are being pursued, particularly in Japan, India, Korea, and
possibly China.

Keywords Thermodynamic trap ¢ Large amounts ¢ Natural gas hydrate °
GHSZ e Gas hydrate stability zone ¢ Oceanic ¢ Permafrost ¢ NGH

A conventional reservoir is naturally pressurized, or more commonly, over-pressurized
for the formation pressure of a hydrocarbon-free sediment at the same depth and
geological situation. Conventional gas deposits will flow spontaneously to the sur-
face when a reservoir is drilled, and the risk of blowout venting is pervasive in all
conventional hydrocarbons, particularly those found at greater depths and higher
pressures.

In contrast, an unconventional deposit is one that must be stimulated in some
way in order to cause the hydrocarbon to flow. In a conventional gas deposit these
processes (steam or hot water injection, chemical solvent injection, gas injection,
etc.) would be considered to be a secondary recovery technique that are applied to
recover hydrocarbons that would otherwise have to be left in the reservoir.

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 25
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NGH is one of a number of unconventional gas plays that is essentially stable
within its reservoir. The physical conditions of unconventional gas plays must be
altered in some way to allow the natural gas to be produced. In the case of coal-
bed methane, water is pumped out of the gas-infused coal-shale measures, result-
ing in the release of largely dissolved gas. In the case of shale gas and tight gas
sands, permeability has to be induced by fracking. In the case of NGH, the physi-
cal conditions affecting its stability field (i.e., Fig. 1.1) have to be altered so that
the NGH converts to its gas and water components. Either or both pressure or
temperature can be altered to achieve the conversion. In addition, conversion can
be induced through a controlled dissolution process (Max et al. 2006) and molec-
ular substitution.

NGH exists in a very different way to other gas deposits. Conventional
gas and the other unconventional gas deposits are related to geological traps
in which they may have resided for hundreds of millions of years. The other
unconventional gas deposits also have considerable geological permanence.
In contrast, oceanic NGH resides in an existing thermodynamic or physical/
chemical ‘trap’ that is strongly influenced by changing environmental condi-
tions. Natural gas in solid NGH is the result of a crystallization process driven
by the mineralizing solutions within the GHSZ. In fact, type 2 concentrations
(Moridis and Kowalsky 2006) may occur in an open pore water situation in
which subjacent water passes through the NGH-enriched zone and may vent
to the seafloor. If the water media in contact with the NGH ceased having suf-
ficient gas concentration, the NGH would dissolve into the water to maintain
diffusional balance.

Perhaps the principle reason why there is wide interest in NGH is that there
appears to be huge volumes of natural gas sequestered in NGH, and large concen-
trations have been identified. Estimates of natural gas in NGH indicate that the
resource base may be of greater volume than is estimated to be in conventional gas
deposits (Boswell and Collett 2011). In order to optimize exploration for oceanic
NGH, however, it is important to understand the paragenesis and geological model
for concentrated NGH, so that exploration can be focused upon them. NGH occurs
in permafrost regions and in oceanic marine sediments in deep continental shelves
and margins (Brown et al. 1997; Max et al. 2003).

4.1 Permafrost NGH

Permafrost regions (Fig. 4.1) may host considerable NGH as part of a com-
pound ice-NGH cryosphere (Max et al. 2006), having water ice stable from the
base of the active surface layer that melts in the summer and refreezes in the win-
ter, downward to just above the 0 °C isotherm. NGH is stable from about 200-
225 m below the surface for methane NGH and shallower for compound NGH
(Oberman and Kakunov 1978). The base of the GHSZ is deeper than that of ice
permafrost. Because of pressures at depth, the base of the GHSZ may be stable
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Fig. 4.1 Permafrost in the northern hemisphere. From NSIDC (2012). Original reference
Brown et al. (1997)

to temperatures commonly from 6 to 10 °C in permafrost terrane, but because of
varying geothermal gradients, but depth variation of GHSZ thickness can occur,
often on a relatively small lateral scale., In addition, average surface temperature
variation will also affect GHSZ thickness.

4.1.1 Geologically Trapped

Concentrations of NGH were first identified in the higher elevations of Siberian
gas fields associated with thick permafrost terrain (Makogon et al. 1972). NGH
was then identified in similar situations on the Alaskan North Slope and in the
Mackenzie Delta (Collett et al. 1999). These discoveries were a byproduct of
conventional hydrocarbon exploration. The NGH generally occurs in the upper
part of conventional gas traps along with subjacent conventional gas residing
below the GHSZ. The gas was apparently trapped before the NGH was formed
(Collett 1995, 1997, 2002; Collett et al. 1999, 2008) and converted to NGH as the
cold conditions of glacial episodes penetrated into the ground (Max et al. 2006).
These deposits are essentially just a special type of conventional gas deposit.
Some permafrost NGH deposits may also exist beneath the present continen-
tal shelves; they may be widespread in permafrost regions. Conventional petro-
leum analysis has been used to explore for these deposits and will continue to be.
Natural conversion of the NGH in these deposits simply results in more free gas in
the reservoir; little or none of which can vent to the atmosphere unless structural
activity opens fracture systems.
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4.1.2 Permafrost-Related, Non-Geologically Trapped

NGH in the compound cryosphere may occur in suitable host strata without being
constrained by geological traps and without natural gas having been concentrated
before the formation of NGH from it. From an exploration point of view, these
deposits will share many of the attributes of oceanic NGH paragenesis and have a
strongly related petroleum system, but it is unlikely that the rocks and sediments
in a permafrost area GHSZ will have the same weak geotechnical character and
permeability characteristics of shallow marine sediments, except where NGH
forms in relatively young sediments.

The compound ice-water cryosphere extends out beneath shallow continental
shelves, potentially down to present water depths of about 120 m that were exposed
during glacial maxima (Collett and Dallimore 2003). Both water ice and NGH may
occupy large shallow shelf areas that did not have ice caps. The sea level lowstand of
about —120 m is about consistent with worldwide sea level lowstands (Lambeck 2004,
Long et al. 2008). Because ice melts at 0 °C and permafrost melts generally from the
surface downward, NGH may persist in continental shelves after all the integral and
superjacent ice has melted because it is stable at higher temperatures. The extent of
NGH both in onshore and subsea permafrost NGH is very poorly known but there are
huge amounts of venting methane from the East Siberian Sea, much of it presumed
to be derived from converting NGH (Shakhova and Semiletov 2007, 2010). Subsea
permafrost itself has locally been identified in the southern Kara Sea (Rekant et al.
2005). Much of the gas produced by natural conversion of NGH from shelf areas can
be expected to vent to the seafloor where it will likely dissolve in the seawater with
relatively little reaching the atmosphere.

4.1.3 Vein-Type Deposits

There is a possibility that vein-type NGH similar to the recent discovery of this
paratype in the shallow permafrost terrain of the Qinghai-Tibet Plateau in western
China (Lu et al. 2010) may be much more widely developed in permafrost terrane.
Drilling appears to be the primary exploration method for vein type NGH depos-
its in ice rich terrane. NGH and water ice have similar responses to acoustic and
electrical exploration methods. The petroleum system is described by Max and
Johnson (2011) with respect to a direct formation by a chemical reaction between
water ice and natural gas, but we do not regard vein-type deposits to be of immedi-
ate interest for economic development. However, these deposits may be of impor-
tance to climate change. Where vein-type NGH is dissociated by warming of the
Arctic region, which is currently causing permafrost to destabilize, gas from the
NGH may find its way directly into the atmosphere with much more facility than
any other type of NGH deposit.
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Because permafrost NGH concentrations are either similar in their provenance
and petrogenesis to conventional gas deposits, of which they constitute a special
type, and other permafrost NGHs are very poorly known, permafrost NGH plays,
including the relic subsea permafrost on continental shelves, are not discussed
here further.

4.2 Oceanic NGH

We focus in this publication mainly on oceanic NGH, which may have signifi-
cant economic potential in single deposits or fields. In fact, the Japanese Nankai
deposit has already been raised to prospect status (JOGMEC 2013). In particular,
however, we focus on the likelihood and location of oceanic High Arctic NGH
potential.

It is probably that commercial quantities of oceanic NGH may occur either
dispersed or in fracture zones in muddy sediment reservoirs (McGee et al. 2009)
in which drilling results indicate that substantial quantities of NGH occur
Frye 2011). However, they are not regarded as primary exploration targets, as
exploration for them and production from them is uncertain because of reser-
voir instability during NGH conversion and a production concept or model is
lacking (Boswell and Collett 2011). Although most NGH occurs dispersed or
in veinworks in muddy sediments, the greatest concentrations of NGH that
have economic potential occur in sands and coarse-grained sedimentary strata
(Max et al. 2006; Boswell and Collett 2011). Thus, exploration is first for sand
hosts that are similar in many ways to conventional gas deposits (Max et al.
2006). Industry is already skilled in this facet of exploration. Without suitable
host sediments and pore water activity, large volumes of concentrated NGH are
unlikely to occur.

Oceanic NGH is the only NGH option for countries with little or no perma-
frost terrane. Nations with major expanses of permafrost, the United States,
Canada, and the Russian Federation are all energy-rich. But virtually the rest
of the world has an interest in identifying and exploring their NGH potential.
Exploration for oceanic NGH has made remarkable strides in the last 20 years,
particularly in the national programs of Japan (Noguchi et al. 2011), the United
States (Boswell et al. 2011), Canada (Dallimore and Collett 2005), and India
and Korea (Long et al. 2008). Although the NGH programs of Canada and the
United States were primarily driven by economic interest 10 years ago, newly
proven resources, including shale gas and oil and tar and heavy oil sands,
have reduced the imperative to develop NGH around North America as a near-
term gas resource. In countries that have few indigenous hydrocarbon energy
resources, however, political concerns related to obtaining secure local gas
resources may be more important to NGH development than the availability of
imported gas.
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Chapter 5
Elements of the NGH Petroleum System

Abstract NGH is essentially a modern hydrocarbon mineral deposit in which
existing NGH concentrations are in thermodynamic equilibrium with their sur-
roundings. The objective of NGH petroleum system analysis is the same as it is
for conventional petroleum system analysis, that is, to provide a methodology for
hydrocarbon concentrations and to identify potentially commercially producible
sources of natural gas. NGH concentrations reflect the convergence of a number
of existing conditions rather than a succession of geological conditions, the timing
of which were critical to the formation of conventional gas and petroleum depos-
its. The elements of the NGH petroleum system consist of: (1) Sufficient gas flux,
(2) Migration pathways from subjacent sources toward the seafloor, (3) High-
grade host reservoir sediments, (5) Suitably thick GHSZ. A number of parameters
of conventional petroleum system analysis are not necessary for analysis of the
NGH system. These include the long-term history of the basin, thermal history of
sediments, multiple petroleum systems in a basin, and detailed stratigraphic analy-
sis much below the present GHSZ.

Keywords Unconventional * Modern ¢ Natural gas hydrate * GHSZ ¢ Gas hydrate
stability zone ¢ Transient ¢ System ¢ NGH

NGH petroleum system analysis is much more direct than conventional petro-
leum system analysis, and is almost certainly a good deal less expensive to carry
out, as much less information is required. NGH petroleum system analysis fol-
lows the general model of conventional hydrocarbon systems but has significant
differences. The objective of NGH petroleum system analysis is the same as it
is for conventional petroleum system analysis, that is, to provide a methodology
for hydrocarbon concentrations and to identify commercial sources of natural gas
(Max and Johnson 2013). In the NGH petroleum system there is no need to link
reservoirs with specific source beds, there is no need to understand the entire ther-
mal history of the basin, and most important, there is no need to identify a geo-
logical trap. NGH concentrations reflect the convergence of a number of existing
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conditions rather than a succession of geological conditions, the timing of which
were critical to the formation of conventional gas and petroleum deposits.

NGH is essentially a ‘modern’ deposit in which existing NGH concentrations
are in thermodynamic equilibrium with their surroundings (Max and Johnson
2011). Should the surrounding conditions of temperature, pressure Natural Gas
Hydrate (NGH): Pressure, or gas concentration in surrounding media change, the
NGH will respond to these changes, slowed only by the natural buffering inherent
in NGH formation and dissociation. NGH concentrations can change their geolog-
ical position, whereas conventional hydrocarbon deposits remain trapped in their
reservoirs unless breached by faults or other leakage. NGH concentrations are tied
to subsurface conditions and may not have persisted long in their existing geologi-
cal setting.

NGH petroleum system analysis focuses on the GHSZ as NGH only occurs
within it. The GHSZ and the immediately subjacent porous horizons (that may
contain free gas) and groundwater (pore water) feeder systems are the only part
of the entire sediment succession that is important to the NGH petroleum system.
Further information about deeper sediments and structure may enhance feeder
system information but will not comment directly upon NGH concentrations.
Exploration may be confined to the upper 1-2 km of marine sediments, and prob-
ably only in water depths greater than about 600 m. The porous strata for some
distance below the GHSZ may have free gas.

An excellent example of conventional petroleum system analysis carried out in
the western end of the northern GoM (Fiduk et al. 1999) demonstrates the time-
sensitive relationships between petroleum generation, migration, and concentra-
tion in geological traps. In contrast, NGH is essentially a more ‘modern’ deposit.
The NGH petroleum system is relatively uncomplicated (Fig. 5.1). It consists of
relatively few basic elements, all of which have to be active or interactive now and
in the recent geological past (Max and Johnson 2013). Natural gas has to be pro-
duced either biogenically or thermogenically at locations from where it could rise
toward the surface and reach the GHSZ. Migration pathways, either along perme-
able beds or faults, or a combination of them are needed to connect the gas sources
with the GHSZ. There has to be a GHSZ thick enough to sustain a continuity of

Fig. 5.1 Schematic diagram
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NGH concentration over a relatively short geological time. There has to be suitable
host sediments in which the NGH can concentrate. Finally, there has to be a suf-
ficient concentration of dissolved gas and existing physical chemical conditions
immediately below the seafloor to provide a strong growth dynamic for NGH.

These elements may not have persisted in their present form for long in geo-
logical time, at least within the sediment section in which NGH may occur. NGH
is very responsive to changes in near-seafloor environment conditions whereas
conventional hydrocarbon deposits are not. Changes in ocean seafloor tempera-
ture, the local geothermal gradient, and the height of sea level stand, have no effect
on conventional hydrocarbon deposits but exert a strong influence over the forma-
tion, concentration, and persistence of NGH. The geological age of oceanic sedi-
ment in which NGH concentrations may be found will be the youngest sediments
deposited, as these will occupy the GHSZ unless erosion has occurred. Along con-
tinental margins where there is a high rate of sedimentation, these will tend to be
Plio-Pleistocene in age.

However, sediment deposition is rarely evenly distributed along a continen-
tal margin, which is a reason why understanding the one-time courses of rivers
and shelf sediment redistribution systems may be important to identifying those
regions of a continental margin that are liable to have the most favorable host
sediments in which NGH concentration could form. In a region as limited in scale
as the northern Gulf of Mexico, which has the Mississippi River as its principal
source of sediment, the depocenter has changed from the west to the east over time
so that while the current depocenter Plio-Pleistocene sediments are prevalent in
the west, NGH, or at least BSR, occurs in sediments of Miocene age (pers. obser-
vation, A.J).

Older sediments containing NGH may have slightly different properties than
younger sediments at the same burial levels simply because dewatering of the sedi-
ments is partially a time, as well as an overburden compaction factor. Because the
host sands are framework supported, they can be expected to have compacted rela-
tively little with only the overlying marine sediment load. Sands in the GHSZ will
have approximately the same porosity and permeability as they had following their
initial compaction after deposition and burial. In contrast, finer grained sediments
will continue to compact under increased sediment load well after sands have com-
pacted to near their maximum extent. Where erosion of older sediments has taken
place, bringing older sediments closer to the surface and into a GHSZ, the sands can
be expected to provide hosts comparable with younger sediments in the GHSZ.

5.1 Sufficient Gas Source/Flux and the BSR

The most common gas component of NGH is methane, which appears to be pri-
marily of biogenic origin. This has been confirmed in passive continental mar-
gins such as the Blake Ridge off the SE U.S., where deep thermogenic sources do
not appear to have been tapped, and carbon isotope data indicates that biogenic



36 5 Elements of the NGH Petroleum System

methane dominates (Paull and Ussler 2001). Even in active margin areas, however,
biogenic methane is much more common than thermogenic methane (Kastner
2001). Biogenic gas directly feeding GHSZ has been observed in drill holes
(Wellsbury and Parkes 2003; Wellsbury et al. 2001; Wellsbury et al. 2000). Of
the many drill holes into oceanic NGH, only a few have more than a few percent
of thermogenic gas or traces of liquid hydrocarbons (Kvenvolden 1988). Where
deeper hydrocarbon sources are tapped by deep faults, thermogenic gas may be a
locally prominent component of the gas mixture along with traces of liquid petro-
leum. Such deep faulting is common in accretionary margins such as Cascadia
(Trehu et al. 2004).

Natural gas liquids (NGL) of higher carbon number gases such as ethane,
propane, and butane that might be expected to form under GHSZ pressure and
temperature conditions have not been observed in association with petroleum-
related thermogenic NGH. The NGL will not be present so long as there is water
for them to react with. These gases have a stronger preference for forming NGH
than methane, and complete sequestration of them in compound NGH in the pres-
ence of water is the rule. NGH is rarely associated with liquid hydrocarbons, even
when the gas has a thermogenic source, although in some rare cases, where a
very active conventional petroleum system leaks to the seabed, NGH and liquid
petroleum may occur together, as has been observed locally in the Gulf of Mexico
(Sassen et al. 2001).

Passive margins without deep faulting that could tap a thermogenic deep petro-
leum system, such as exist on the basin/continental margins of both the Amerasia
and Eurasia Basins in the High Arctic, appear to be overwhelmingly sourced by
biogenic methane. The NGH concentrations can be expected to be of high purity.
This could be important to opening NGH exploration and production in the Arctic
Ocean because the risk of pollution in the event of an accident that might release
some gas is extremely low.

Apart from gas that can be observed naturally venting from the seafloor, the
presence of bottom-simulating reflectors (BSRs) on seismic sections is a first order
evidence for natural gas production and retention, but BSRs give little direct evi-
dence about the potential for NGH concentrations. A BSR is useful only in the
very early stages of exploration. The BSR is a reflection at a negative acoustic
impedance contrast caused by free gas in the sediment below NGH in the GHSZ.
Acoustic impedance is calculated as the product of compressional wave velocity
times density; an acoustic reflection is produced at any interface where a contrast
in acoustic impedance exists.

The presence of gas below the BSR markedly lowers the velocity and the gas
NGH above increases the velocity somewhat compared to water-saturated sedi-
ments. A BSR does not mean that a gas column above water is present, especially
in muddy sediments with low permeability where diffusion may be the primary
mechanism of gas migration. Where an inclined permeable horizon crosses into
a GHSZ, however, it is common to find gas pooled below NGH in pore space.
Depending on the thickness of the permeable horizons, velocity analysis can be
used to estimate both the NGH saturation and gas-water relationship (Max 1990;
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Lee et al. 1996; Tinivella 1999; Frye 2008; Lee et al. 2009; Inks et al. 2009; Aung
et al. 2011). Estimates of leakage at the seafloor combined with gas and NGH
in-place will allow estimates of gas flux to be made. A first order of approxima-
tion for adequate gas flux, however, will be provided by the existence of the NGH
itself. If gas flux were not high enough, no NGH would form.

Even in the lower portion of the GHSZ, however, NGH concentrations with no
BSR have been observed (Paull et al. 1998). This appears to have occurred when
pore water solutions in the sediments immediately below NGH-enriched strata
have been undersaturated with respect to gas generation so that no free gas is pre-
sent. However, in the observed case, the saturation was apparently high enough
to provide a driving force for NGH crystallization once the solutions reached
the GHSZ. NGH concentrations can also form well above the base of the GHSZ
from solutions that were relatively undersaturated and in which the driving force
for NGH crystallization was too low until they have migrated to shallower depths
where saturation increases as a function of lower pressure and where temperature
is colder. These higher-level NGH concentrations will be indistinguishable from
deposits formed from solutions formed lower in the GHSZ because the conditions
governing crystallization will be the same.

In lower-grade deposits that tend to be finer grained (muddier) and less well
bed-differentiated, continuous BSRs often occur at approximately the location
of the base of the GHSZ and may extend over large areas. BSRs, whose impor-
tance has been overemphasized in the past, often constitute first order features on
seismic sections. These well-defined BSRs, such as are seen in the Blake Ridge
area of the U.S. East Coast continental margin, are dramatic seismic features but
are of limited exploration and economic value beyond identifying the region as
a gas province. The NGH associated with these features often forms extremely
large, low-grade deposits (Max et al. 2006) that have relatively small percentages
of between 3 % and 8 % NGH in diffusely defined horizons throughout huge vol-
umes of fairly uniform muddy sediments. These do not constitute primary explora-
tion targets.

The total amount of biogenic gas at a typical sedimentary site results from a
cumulative process that potentially may have gone on over a long period of time.
Methane is created by bacteria in sediments within and below the GHSZ, but at
temperatures lower than the ‘oil window’. Where gas is formed below the GHSZ,
it will tend to rise as bubbles and by diffusion. When it enters the GHSZ it can
react with water to form NGH. As sedimentation goes on, new sediment will
bury older strata. Heat flow will tend to remain the same, so the thermal gradient
beneath the sea floor will remain constant, as the GHSZ will maintain a nearly
constant thickness during sedimentation. The result is that isotherms will rise to
accommodate the accumulating strata because any given isotherm will maintain
a constant sub-bottom depth below the surface. Pressure, which is dependent on
water depth, will not change much, so the warming of deeper strata as isotherms
rise to maintain the thermal structure of the GHSZ causes an upward migration of
the base of the GHSZ. The upward migration of the base of the GHSZ through the
sediments will result in dissociation of previously formed NGH that had been at
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the base of the GHSZ. The released gas will migrate upward, nourishing forma-
tion of new NGH in the superjacent GHSZ. This combined process of formation
of new biogenic gas and recycling of basal GHSZ NGH will have the effect of
increasing the amount of NGH in deposits, and can go on as long as sedimen-
tary accretion (including organic carbon) continues. Deep gas does not need to be
sourced so long as the sediment/NGH accumulation system at depths less than the
depth of the oil window functions appropriately.

5.2 Migration Pathways/Feeding the Thermodynamic Trap
in the GHSZ

Methane in the NGH system would have been carried from depth in ground water
toward the surface in both primary and secondary porosity. Exploration for NGH
concentrations will literally ‘follow the water’ from a methane rich, subjacent
groundwater source to a location within the GHSZ where spontaneous NGH crys-
tallization will take place. Tracking methane and groundwater source within a rel-
atively short distance below the GHSZ to NGH concentrations within the GHSZ
is a fundamental aim of NGH exploration. The groundwater system within marine
sediments on deep continental margins and continental slopes is the driver of the
NGH system. In a passive margin the water drive is predominantly due to sedi-
ment compaction under gravity, while in an active margin, tectonics and fractures
are likely to be more important than gravity alone. Of course, in continental mar-
gins with high sedimentation rates and high rates of input of organic carbon, much
of the methane can be generated biogenically in the shallow sediments and recy-
cled through the gas NGH system as the seafloor accretes.

Detailed studies of ancient migration systems that have concentrated conven-
tional hydrocarbons can be important to the identification of conventional gas
deposits. In addition, geological analysis of a basin’s thermal and sedimentological
attributes is part of petroleum system analysis because the conditions for hydrocar-
bon generation, and concentration, can begin early in the history of a deep basin.
Subsequent source and migration systems may further charge existing hydrocarbon
reservoirs or they may form entirely new ones, often in sediments not yet deposited
when source beds and initial reservoirs were formed. Studies of ancient migration
systems are not relevant to NGH exploration unless the system is still transporting
gas and fluids toward the surface. NGH is dependent on existing gas supply. Inactive
gas generation and migration systems are of no significance to existing NGH.

NGH concentrations that may contain enough gas to warrant extraction are
similar to conventional gas concentration in two important ways. There have to
be sources for the natural gas, and there have to be geological pathways through
which the methane is transported, most commonly in pore water systems. But with
existing NGH concentrations, the sources of the gas are much less important than
that there is sufficient supply of dissolved methane in the groundwater now and in
the immediate past. If the concentration of dissolved methane in the pore water is
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high enough, NGH will form and persist. Thus, one of the exploration tools vital
to NGH exploration is an understanding of pore water movements and its chemical
character as part of a groundwater supply system. Water sources must be tracked
into the GHSZ and mapped with fracture systems and the orientation of geological
strata to provide a predictive capability.

Conventional hydrocarbon reservoirs may be found at any depth; usually much
deeper than NGH concentrations. Thus, conventional hydrocarbon deposits may be
hot, often above the boiling point of water at surface pressure, which may neces-
sitate very careful handling. In contrast, NGH concentrations are confined to the
GHSZ, a zone that commonly parallels the seafloor and only extends to a limited
and variable depth, and which will move upward with continued sediment deposi-
tion. The ambient temperatures Natural Gas Hydrate (NGH): Temperature of NGH
deposits are also unlikely to be above 40 °C, and probably substantially below.

Oceanic NGH concentrations generally are not found in geological traps
bounded by seals, as would be expected of conventional gas deposits. Although
less permeable beds may bound or enclose the more porous horizons into which
NGH-forming gas can migrate to form NGH, which might suggest a conventional
trap, the trap itself is the NGH, which concentrates the gas and holds it in place.
The sediment host or “reservoir” does not have to be different in any way from
the same strata that might, for instance, extend below the GHSZ (Fig. 5.2). Where
free gas underlies NGH in a contiguous horizon, it is consistent to suggest that the
source of the gas was from mainly below, with upward migration feeding the NGH
formation within the GHSZ as well as the ponded gas.

Base of
GHSZ

Base of GHSZ

Fig. 5.2 Diagram of focused flow in permeable horizons showing the relationship of trapped gas
below NGH at the base of GHSZ. Note non-continuous or ‘string-of-pearls’ BSR. Diagram based
on Fig. 11 of Boswell et al. (2011). Extent of NGH up dip may be exaggerated. Angle of inter-
section of base GHSZ and permeable bedding is exaggerated. Shading indicates gas becoming
less common down dip and NGH concentration more pronounced in lower part of GHSZ
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While the porosity of host sands of the more permeable beds may comprise the
reservoir of a conventional gas or oil deposit, NGH is unlikely to completely fill
all available permeability. From a conventional gas viewpoint, the host sediment of
a NGH concentration could be regarded as the ‘reservoir’, but an NGH concentra-
tion is different from a conventional gas deposit in that the NGH will commonly
vary in its saturation of pore space. In a conventional gas deposit, gas pressure
in the reservoir equilibrates, resulting in equal volumes of gas per pore volume.
Therefore, in a NGH prospect, ‘valuation’ uses multiple cell analysis similar to
that for more conventional mineral deposits.

Although Fig. 5.2 shows NGH forming at the base of the GHSZ, it may also
occur at higher levels within the GHSZ. This can be a result of sudden gas infu-
sion, for instance along faults, or formation of a secondary NGH zone where pore
water of sufficient gas concentration reaches sufficiently cold temperatures in its
ascent to allow NGH to form (Max et al. 20006). In any case, subjacent gas similar
to that just below the base of the GHSZ is unlikely to be found in association with
NGH higher in the GHSZ.

Potential NGH-forming groundwater solutions passing into the GHSZ are
likely to begin crystallization in strata or in fracture zones that are no different
in any way to their continuations or analogs at depth. Conventional hydrocarbon
accumulations are not dependent upon a narrow set of physical-chemical param-
eters whereas NGH concentrations are. Existing or modern groundwater systems,
which may have older geological antecedents of hundreds of thousands to millions
of years, are critical to the existence of NGH concentrations. But under the right
circumstances of high gas flux and natural refrigeration, NGH concentrations can
develop relatively quickly.

As with the issue of gas sources, with which this aspect of the system is inter-
twined, the presence of substantial concentrations of natural gas indicates that
migration pathways exist, as the local TOC within the existing GHSZ would
rarely be high enough to provide all the natural gas held in the NGH. High vol-
umes of NGH would indicate good operation of the gas flux/migration pathways
system. The presence of thermogenic gases would be a clear indication that deep
source gas has migrated into the GHSZ. The paucity of thermogenic gas in NGH
analyzed to date indicates that deep sourced thermogenic gas is not a prominent
source unless microbial activity is consuming heavier hydrocarbons to yield
methane.

5.3 NGH High-Grade Reservoirs

Almost all conventional hydrocarbon reservoirs are hosted in sediment beds
having relatively high porosity and permeability. Although NGH is known to form
in fracture zones as well as sediment beds, Primary porosity zones rather than
fracture zones are the primary NGH objective.
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5.3.1 GHSZ Thickness

Geothermal gradients and seafloor temperature are used to determine the thickness
of the GHSZ, but there is not enough heat flow or sediment thermal conductiv-
ity data for the Arctic Ocean Basin to allow geothermal gradients to be calculated
on the scale of individual concentrations of possible economic value. There have
been few measurements made since the early 1990s, and these have been along the
Greenland-northern Canadian shelf and slope or in the Eurasia Basin. Davies and
Davies (2010), for instance, show only about 40 measurements in the Arctic Ocean.
By analogy with the GoM, where marine sediments may rest on a continental mar-
gin and oceanic crust as old as mid-Jurassic, a similar thickness of GHSZ can be
anticipated above both subjacent sediments so long as the gas generating charac-
ter of the sediments and the availability of migration paths are similar. A heat flow
similar to the northern GoM is assumed for the Arctic for the same reasons as dis-
cussed by Max and Lowrie (1993). Because the temperatures of the seafloor in the
Arctic may be as much as 10 °C cooler than that of the lowermost seawater in the
GoM a considerably thicker GHSZ can be expected, at least in the Amerasia Basin.

There is very little reliable geothermal information from the Arctic Ocean. The
relative youth of the oceanic crust in the Eurasia Basin may be associated with
a relatively high heat flow that would tend to thin the GHSZ. The GHSZ of the
Eurasia Basin is probably thinner near its northern margin along the Amundsen
Basin (Kristoffersen and Mikkelsen 2004) and its underlying Basin where the
heat flow is unexpectedly high, than along the Barents shelf—Nansen Basin mar-
gin where heat flow is more normal (Urlaub et al. 2010). But the area with high-
est heat flow appears to be in an abyssal region in which the Amundsen—Pole
Abyssal Plain fill a basin. No high-grade NGH are likely in the thin sediments
along the Lomonosov Ridge margin, which would have been sediment starved
once spreading had opened the Eurasia Basin. The thicker sediment wedges along
the northern Barents Sea margin and the northern North Atlantic margins offer
promise for source and host sediments.

5.3.2 Suitable Sediment Hosts (Turbidite Sands)

NGH is developed in the pore spaces of unconsolidated sandy sediment near the
margin of the deep submarine-fan turbidite system in the play SE of Tokyo Japan
(Tsuji et al. 2004; Uchida et al. 2004; Noguchi et al. 2011; Egawa et al. 2013) and
in continental slopes, as they are in the GoM (Boswell et al. 2011). NGH has also
been identified in turbidite sands in the Ulleung Basin east of Korea (Lee 2011).
They can be anticipated in the Arctic continental margins for the same reasons that
they exist on other continental margins. Both have high sediment supply, including
sands and coarse horizons, relatively quiescent depositional environments acting
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within the framework of sequence stratigraphy related to sea level rise and fall,
and active crustal tectonics. The elements of these are described in many books,
reports, and papers and will not be reviewed here. With some notable exceptions,
sequence stratigraphy models generally concern sediment deposited primarily on
the continental shelf during interglacial periods where it is subject to winnowing,
with transport into deep water as sea level drops and/or the shelf rises owing to
tectonism.

Departures from the basic sea level variation model can exist where there is
strong longshore drift of sediment along a coast during an interglacial. If this is
combined with the presence of a submarine canyon that cuts into the shelf (such
as the Monterrey Canyon or the Rhone Canyon), the sediment will move down
the canyon and out into deep water. Similarly, where a shelf is narrow, a major
river can move a tremendous amount of sediment off the shelf, but that tends to
be a temporary situation and can change as the depocenter for a delta changes. For
example, the Mississippi River Delta, where the main channel is currently at the
shelf edge, pours much of its sediment almost directly onto the continental slope.
Other previous and possibly future main channels would deposit their sediment
over 100 miles from the shelf edge, where it would be subject to considerable
winnowing. Seismic data near the GoM outer shelf shows a number of channels
from Wisconsin, Kansan, and Nebraskan lowstands that were filled during the
interglacial periods.

Sediment deposition along the Arctic continental margins can be expected to
have varied through time in a manner very similar to that of the northern GoM. At
least three of the prolongations of the major Russian rivers flowing onto the con-
tinental shelf, the Ob, Yenesey, and Lena, could have carried sediment loads com-
parable to the Mississippi out to the edge of the continental shelf at lowstands. The
Mackenzie River in Canada would also have carried large sediment loads during
major erosional periods. The depocenter of the Mississippi River, which drained
a large part of North America throughout the Tertiary and Quaternary, was some-
times focused to the west or east (as it is now). This resulted in thick sediment
deposits being spread laterally along the continental shelf and slope. A similar ten-
dency to distribute sediment broadly along a continental slope in the Arctic would
likely have existed at the shelf-slope spill points of the Arctic river systems.

The age of the sediments within the GHSZ in the Northern GoM varies con-
siderably. To the east (due south of the current Mississippi Delta), BSRs are
developed in Miocene sediments. As the Pleistocene depocenter off the western
Louisiana coast thins to the south with increasing water depth, the Pliocene seems
to have the thickest section within the GHSZ. One of the oddest occurrences (and
best logged) is the Chevron AC 818 well where drill holes through the unconform-
ity encountered Oligocene NGH-bearing sands. Key factors in the thick GHSZ in
the deepwater GoM are the very low geothermal gradients in the basins, high geo-
thermal gradient over rooted salt structures, high-volume sediment deposition, and
active local tectonics.

Very little is presently known about the turbidite systems of the deepwater
Arctic region because of the lack of seismic data. An outline of sedimentation on
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the shelves and upper slopes (Levitan and Lavrushin 2009) indicate that sands
commonly comprise 20 % of sediments with sand/silt up to 60 %. Surface sedi-
ments in the ocean basins and a few relatively short cores (Stein 2008) are not
adequate to assess the likelihood of sand bodies in the GHSZ on the continental
margins. A general review of the deeper shelf and slope areas with respect to river
systems, glaciations, the continental shelf and sea level rise and fall (a basic ele-
ment of sequence stratigraphy), however, provides an outline for exploration.

The geological and tectonic history of especially the Amerasia Basin is too
sketchy for detailed basin-wide tectonic cycles to be understood well enough
to define the tectonic megasequences composed of pre-rift, syn-rift, and post-
rift phases (Jones and Underhill 2011). These control crustal subsidence and
the depositional environments. The objective is to identify the continental mar-
gin areas that are most likely to have had active sand turbidite deposystems
active over the last two million years or so. Like the northern GoM, where the
Pleistocene is more than a mile thick over large areas of offshore Louisiana, the
Arctic marine sediments, which are surrounded by landmasses subject to periods
of high erosional glaciation, should have thick sections of Pleistocene, Pliocene,
and Miocene age.

There are a number of elements that should contribute to a greater proportion
of sands and coarser sediments on Arctic continental margins than are seen in
the GoM. In contrast to the GoM, Arctic continental margins are relatively close
to the erosional source areas. Much of the lower Mississippi River and its major
tributaries have low slope gradients for over a thousand miles from the continen-
tal margin. This situation should increase the proportion of fines over sands and
coarser sediment fractions, as sands will tend to be sidetracked and deposited
along the course of the rivers, especially where natural levee systems develop.
Because it was inferred for many years that there was little chance of deepwa-
ter sands in the GoM, energy companies did not explore the GoM deepwater.
Exploration has now overturned this concept and has identified substantial deep-
water sand hosts to hydrocarbon deposits. It is now known that there are substan-
tial sand units in the continental slope sediments, with many of them within the
GHSZ (Frye 2008).

Arctic shelves are very different from the GoM in having their erosional sediment
source areas closer to the continental margin depocenters, especially during low-
stands when sands deposited on the shelves as part of the glacial cyclicity could be
mobilized. Where depocenters are close to the source of the erosion, proportionally
more coarse-grained material can be expected to reside in the marine environment
rather than along the terrestrial course of the rivers. The shelves have been emergent
and subject to extreme erosional processes over extremely large areas for probably
the entire glacial period in which seawater was sequestered in ice and began to be
submerged with the onset of the interglacial. Sea levels are still rising. The most sig-
nificant erosion and deposition toward the shelf edge and along the continental mar-
gin is likely associated with the transition from glacial to the interglacial stage when
abundant water runoff, frost heaving, and sediment reworking across the continental
shelves would have taken place as sea level rose from its glacial minima.
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Even though there has been little tectonic activity along the Arctic Ocean
margin that could act as a ‘sand machine’ and provide coarse sediments to the
shelf and continental margin, there should be proportionally more coarse sediment
available to be deposited in the continental deepwater sediments than along low-
lying continental margins not having this history of extreme erosion and sediment
deposition periodicity. Because of the influx of large amounts of sediment, a con-
siderable proportion of which can be expected to be sand size or larger, and the
high biological productivity and cold water that would favor burial of organic car-
bon, large concentrations of oceanic NGH are likely to be present in marine sedi-
ments on Arctic deep shelves and continental slopes.

There is a further reason why the Arctic deepwater sediments may contain pro-
portionally more coarse-grained sediments than the GoM. Where ice cover or rivers
reach near the continental margin, sediment derived by sub-ice erosion is deposited
directly onto the continental slope. At lowstands, Arctic rivers would reach the sea
(at about the present 120 m depth contour) very close to the continental margin.
This can lead to the formation of marine hyperpycnal flows and substantial turbid-
ites that are characteristically inversely graded (Mulder et al. 2003). Hyperpycnal
flows could also be responsible for many of the sand turbidites in the GoM, at those
times when the Mississippi mouth was very near the continental margin, as it is now.

The potential for winnowing on the northern GoM continental shelf is lower
than on the Arctic shelves. Considerable sediment is incorporated within the GoM
shelf as the sediment compacts. That is, much of the sediment, transported by
the Mississippi River resides in the delta itself, rather than being carried to the
slope. Although the present high-stand mouth of the Mississippi essentially dumps
its sediment load directly onto the slope, this has not always been the case as the
course of the lowermost Mississippi has changed over time. As sands would be
expected to be deposited on the continental shelf, building the shelf seaward, the
fine fraction reaching the slope would likely be enhanced.

In contrast, the emergent zone of the Arctic shelves, at least along the Eurasia
margin, is much broader. Although the Barents shelf has deeper water that was
ice covered during at least the last sea level low stand, all of the broad Siberian-
Chukchi continental shelf that abuts Alaska would have been exposed during low
stands. A broad shelf area allows greater winnowing to take place, which should
further enhance the deposition of sands on Arctic continental slopes.
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Chapter 6
Path to NGH Commercialization

Abstract The first national NGH research program was initiated by U.S.
Department of Energy Research Center (now NETL) in Morgantown, WV. This
produced a body of work that generated considerable interest and confirmed that
NGH could be a potential natural gas resource. Since then, considerable progress
has been made in understanding the NGH genesis as part of a NGH petroleum
system. Seismic exploration processing incorporating geotechnical effects of NGH
formation has been developed sufficiently so that discoveries can now be brought
to the level of a prospect. Japan established its national program in 1995 and
has completed the world’s first technical production test of oceanic NGH on the
40 TCF Nankai NGH deposit in accordance with a planned timeline during March
2013. Part of the Nankai deposit is scheduled for production in 2018, which is
only 5 years from the first production test. This is a near-term development time-
line consistent with conventional deepwater field development. Other NGH devel-
opments may also be of a more near-term nature than has been thought possible
until very recently.

Keywords Unconventional gas ¢ Nankai ¢ Natural gas hydrate ¢ Near-term ¢
Energy ¢ Seismic analysis ¢ Prospect * NGH

The first national NGH research program was initiated by Rodney Malone
at the U.S. Department of Energy research center (now National Energy
Technology Laboratory) in Morgantown, West Virginia. This produced a body
of work that stimulated others to see NGH as a potential resource that could
have economic proportions rather than merely as a geochemical oddity. Japan
established its national program in 1995. The United States established a gas
NGH program by statute in 2000. India and China, prominent amongst a num-
ber of other countries, now have on-going NGH research focused on energy.
Countries deficient in their own energy/gas resources, such as India and Japan
have the greatest incentive to produce NGH while countries that have abundant
gas resources, such as the United States and Russia, have little incentive.
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A number of energy companies have low-level NGH programs in order to be
early adopters. The European Union and Scandinavian countries’ main support of
NGH research is focused on the part that NGH may play in global climate change.
As the Arctic warms there will be increased access to the Arctic for energy explora-
tion. It is likely that the hydrocarbon exploration and other commercial aspects of
the Arctic, such as fishing and water transport of goods will be of increased interest
and value to the Arctic nations, Norway, Canada, the United States, and Greenland-
Denmark as the ice cover thins and the ice margin retreats. Resolution of resource
rights issues is already underway in an international framework (IBRU 2011).

NGH is one of the principal unconventional gas concentrations, and the
only one that has not yet been commercially developed. Indigenous coalbed
methane, shale gas, and tight gas have gone from being minor gas resources
20 years ago to being major contributors (~38 %) of the U.S. natural gas sup-
ply in 2010-2011, with promise of national energy independence based on
a gas economy. 20 years ago there was virtually no unconventional gas pro-
duction. Now unconventional gas contributes over 35 % of the production
gas base of the United States and there is potential for these unconventional
resources elsewhere in the world. In particular, shale gas, which as recently as
2006 had minimal production, today provides 25 % of the natural gas in the
United States. And further ramp up is underway. It is likely that NGH devel-
opment would show the same rapid ramp-up in production following initia-
tion of production as have coalbed methane and shale gas because most of the
technology required for exploration and production can be leveraged from the
existing industrial base.

In our opinion, NGH will probably follow the development trajectory of other
‘unconventional’ gas resources. With respect to the dependability with which
exploration and production can now be carried out in these resources, they can
hardly be considered to be ‘unconventional’ in any real sense. They are just dif-
ferent gas plays from the deeply buried, pressurized gas and oil deposits that
have formed world energy base for over a century. Once a play becomes com-
monly and economically produced, it is simply part of the resource base.

There is emerging agreement that sand reservoirs containing NGH are the
primary exploration objectives, not only because they appear to host most of
the high-grade NGH concentrations (Ruppel 2011), but the geotechnical per-
formance of the sand during NGH conversion to its constituent gas and water
is almost certainly going to be more predictable and trouble-free than fracture-
fill reservoirs. Sands, which have many of the characteristics of conventional
gas deposits, are on the verge of successful production. Fracture-filling NGH
has many of the characteristics of conventional gas deposits, where they are
confined to geological strata and to metaliferous economic mineral deposits
where they are in either preferentially fractured strata or crosscutting frac-
ture zones. In a sand, the orientation of the body in which the gas will flow
and concentrate are more predictive from analysis of seismic data than from a
fracture system analysis in which small fracture zone interconnectivity may be
more difficult to evaluate.
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In addition, when NGH converts to gas and water, the overall mechanical
strength of the reservoir decreases. Because sands are framework-supported beds,
they might be expected to undergo minor compaction but to not necessarily become
unstable. Dispersed NGH is similar to low grade metaliferous mineral deposits
(Max et al. 2006). But converting NGH in a muddy horizon may cause sediment
mass movements and unpredictable gas movements. In the case of both fracture-
filling and dispersed NGH deposits, extraction models based on conventional min-
ing practices may prove applicable to producing the far larger volume of gas in
NGH not concentrated in sands.

Permafrost hosted NGH sand reservoirs are available now for conversion
and production. According to Makogon et al. (1972), the Messoyakha Field in
western Siberia has been producing natural gas from NGH for a considerable
period of time as a function of simply depressurizing the subjacent gas reservoir
by extracting natural gas. The hydrocarbon production history of the Russian
Messoyakha Field, located in the West Siberian Basin, has been used as evidence
that NGH is an immediate source of natural gas that can be produced by conven-
tional means. Reexamination of available geological, geochemical and hydrocar-
bon production data suggests, however, that NGHs may not have contributed to
gas production in the Messoyakha Field. More field and laboratory studies are
needed to assess the historical contribution of NGH production in the Messoyakha
Field (Collett and Ginsburg 1998).

NGH is unique among the unconventional gas sources in that it occurs in
a number of different environments and has more than one petroleum system,
depends on existing gas generation, migration and physical situation, and is sensi-
tive to changes in its environment. Whereas coalbed methane, tight gas, and shale
gas may have some differences in their relative geological settings and energy
density, the production model for each is essentially consistent across the range of
their variations; NGH has a unique mode of occurrence that may allow different
production models.

The three main expressions of NGH concentrations are in: (1) sands, (2) frac-
ture-filling, and, (3) dispersed NGH. Thicker veins associated with faults and
nodules tend to occur with dispersed NGH. We agree with Boswell and Collett
(2011) that NGH-enriched sands constitute a clear analog to conventional sand-
hosted gas reservoirs, and it is likely that production from sands will be well estab-
lished before other expressions of NGH are considered for production. These high
grade NGH deposits constitute only a small proportion of the total NGH resource
base (Fig. 6.1) but may be almost equivalent to the identified conventional gas
resource base. Production from NGH sands will probably closely follow existing
industry practices for gas production, with the additional practices developed for
NGH conversion (Max et al. 2006; Max and Johnson 2011a, b, ¢), gas separation/
concentration, and extraction.

Max and Lowrie (1993) incorporated new bathymetric and sediment thickness
data for the Arctic Ocean that was held by the U.S. Navy (NAVOCEANO) and
used analog assumptions about geothermal gradients based on minimal Arctic
data to estimate the thickness of GHSZs for natural gas. Although the presence of
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Fig. 6.1 NGH resource ‘pyramid’ and host strata types (left). Conventional reserves pyramid
(right). After Boswell and Collett (2006). ‘Arctic sandstones’ (fopmost smallest sub-pyramid)
are onshore permafrost NGH-related. Economic potential decreases downward in both NGH and
conventional ‘pyramids’. Total NGH comparable with Max and Lowrie (1993)

higher density hydrocarbon gases would have the effect of increasing the thickness
of GHSZ, data on gas composition is very sparse, and making assumptions is haz-
ardous. It seems prudent to make estimates of GHSZ thickness using the assump-
tion that the NGH is methane NGH, thus giving a minimum value for GHSZ
thickness and providing a universal baseline. Long et al. (2008) used the GHSZ
thickness map of Wood and Jung (2008), to calculate potential methane in NGH
for Arctic continental shelf regions, although there is very little evidence that NGH
underlies a substantial part of the continental shelf in which it could theoretically
have formed during glacial sea level lowstand.

Max and Lowrie (1993) picked three methane-NGH likelihood zones in the
Arctic continental margin (slope and rise) and abyssal basin areas sediments based
on sediment thickness, likelihood of good source beds and regional gas province
from known gas venting and an estimated percentage of NGH that could be present
based on the relatively sparse existing drilling data, and heat flow and geothermal
data to estimate NGH volumes. Their model was the Blake Ridge, which had drill
hole locations picked from seismic surveys mainly carried out by the U.S. Geological
Survey (Dillon and Paull 1983; Dillon and Popenoe 1988; Dillon et al. 1990). The
Blake Ridge was the first major NGH location to be drilled (Paull et al. 1996, 1998).
This allowed for refinement of seismic analysis techniques (Holbrook 2001) and
led to model for NGH concentration in a diffuse flow framework. Identification of
focused flow and high grade NGH concentrations (Max et al. 2006) was the next step
in developing NGH exploration methodology.

In disseminated NGH, the NGH occasionally appears to occupy up to 8—10 %
of the sediment mass. Wood and Jung (2008) produced a world map of methane-
GHSZ thickness that included the Arctic Ocean using directly measured digital
data and gridded data derived from Navy oceanographic chart used by Max and
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Lowrie (1993). A Polar projection of this data was shown in Long et al. (2008)
at a 2 min by 2 min (interpolated) scale. Although Wood and Jung’s map shows
considerably more apparent detail than Max and Lowrie (1993), especially in the
troughs in the continental shelf for which Max and Lowrie had no consistent data,
they caution that it should not be used directly for exploration because of uncer-
tainty in the quality of the data input. Long et al. (2008) also show a map of pre-
dicted GHSZ thicknesses for the Arctic continental shelves. We note that where
higher density natural gases such as ethane, propane, and butane from thermo-
genic sources would accompany natural gas into the GHSZ, the thickness of the
GHSZ and the potential for natural gas held in NGH could be greater than for
methane alone.

Previous estimates for NGH potential have relied on calculating percentage
methane NGH predictions for the whole and parts of the predicted GHSZ for the
Arctic as well as many other places. We regard this gross volume methodology for
predicting NGH-in-place as now being outdated for the prediction of first-order
potential economic deposits of NGH, although it still may be relevant for predict-
ing NGH volumes for climate issues. Since the evaluation of the NGH resource
potential in the Arctic Ocean by Max and Lowrie (1993), considerably more has
become known about NGH and the manner that it is distributed in marine sedi-
ments, as well as about deepwater conventional deposits with which the gas
NGH deposits may be aerially related in the northern Gulf of Mexico (GoM)
(Halliburton 2008). Because this paper follows Max and Lowrie (1993) so directly,
we have tried to not repeat descriptions, conclusions, or references where possible.

As an aid to guide exploration, we apply a NGH petroleum system analysis in
which the various types of NGH accumulations are relate to associated sediments
and depositional environments. This allows us to focus on the most valuable NGH
deposits (Max and Johnson 2011a, b, ¢; Max et al. 2013). These new techniques
are applied to the Arctic Basin and a methodology for evaluation of Arctic NGH
resources, based on industry-standard techniques, is suggested by comparison with
similar depositional environments and successful seismic analysis and drilling in
the GoM. Although it is tempting to include the northernmost North Atlantic and
especially the Labrador Sea in this discussion, we restrict this discussion to the
Arctic Ocean alone.

As will be discussed elsewhere in this volume, very great progress has been
made in understanding the NGH system and developing exploration tools that
can bring discoveries to the level of a prospect. The world’s first technical pro-
duction test of oceanic NGH was carried out on the 40 TCF Nankai NGH deposit
according to a planned timeline (Kurihara et al. 2011) during March 2013 by
JOGMEC (2013). Part of the Nankai deposit is scheduled for production in
2018, which is only 5 years from the first production test. This is a near-term
development timeline consistent with conventional deepwater field development.
Commercial production of NGH off Japan is likely because natural gas produced
from the Nankai NGH deposit should compete well with the rather high delivered
price of liquefied natural gas (LNG) that has been in the $15-$18 MMcf range in
the 2011-2013 time period. With improvement of the development cost of NGH
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exploration and production techniques, it is entirely possible that oceanic NGH
may compete on a produced cost with other natural gas resources.
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Chapter 7
Gas Production from NGH: We Have All
the Basic Tools

Abstract Conventional valuation methods of volumetric versus well performance
and size-based distribution analogs are not available for NGH yet, and may not
be directly applicable because NGH does not saturate its reservoir as evenly as
pressurized free gas. Exploration for NGH concentrations will follow a process
similar to that of conventional gas deposits, beginning with general charac-
teristics and focusing on individual prospects. In the first phase, basin analy-
sis is used to show the likelihood of the potential for NGH. The second phase
uses remote characterization methods (primarily seismic) to narrow the search
and actively identify potential NGH concentrations. The third phase uses both
remote and direct (drilling) methods to characterize the economic nature of
the concentration(s), including volumetric calculations similar to those made
for other mineral deposits. Substantial information gathered from conventional
hydrocarbon exploration can be used for NGH exploration, particularly with
respect to the identification of a gas province within which NGH concentrations
would be anticipated.

Keywords Unconventional gas ¢ Conventional gas ¢ Natural gas hydrate ¢ Basin
analysis ® Gas hydrate stability zone ¢ Exploration geophysics * Exploration
drilling « NGH

The search for potentially commercial NGH deposits is essentially a search
for turbidite sands within a GHSZ. The tools for conventional deepwater can
be used, and NGH exploration can be combined with conventional hydrocar-
bon surveys. Exploration for NGH concentrations will follow a process simi-
lar to that of conventional petroleum system analysis, beginning with general
characteristics and focusing on individual prospects (Max and Johnson 2013).
In the first phase, basin analysis is conducted that includes depositional mod-
eling and the identification of basic physical properties that often includes an
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application of knowledge from analogous regions. This phase can show the
likelihood of the potential for NGH. The second phase uses remote characteri-
zation methods (primarily seismic) to narrow the search and actively identify
potential NGH concentrations and volumetric estimates. The third phase uses
both remote and direct (drilling) methods to characterize the economic nature
of the concentration(s).

It is possible to illustrate the NGH development of a deposit with refer-
ence to two bodies of work in the GoM, both of which lead the way to setting
the approach to NGH exploration in the Arctic Ocean region. The first of these
involved numerical processing of seismic data in order to estimate sand and NGH
values. The second involved more focused processing of seismic data and drilling
that provided ground-truth for the predictions made on the basis of geophysical
analysis (NETL 2011). Further work will take into account a number of issues that
were not taken fully into account in the geophysical processing and allow for rec-
alibration of some of the processing itself.

Frye (2008) was the product of a major team effort that involved the U.S.
Minerals Management Service, the U.S. Geological Survey, the U.S. Department
of Energy and a number of specialist contractors. Bill Shedd and Jesse Hunt car-
ried out most of the workstation interpretation with over 100 3-D surveys being
used. A large part of the statistical computer modeling was done by John Grace.
The first drilling program carried out under the auspices of the Joint Industry
Project (JIP) of the U.S. Department of Energy in 2006 had encountered NGH in
fractures but no resource assessment was carried out. The 2009 JIP program tar-
geted and encountered NGH-bearing sands in a number of different depositional
environments identified in Frye (2008).

A key point of the 2009 program was to test the predictive model and
published in a special issue of Marine and Petroleum Geology. The pre-drill
estimates for NGH saturation of the three areas drilled were matched by the
drilling results. In fact, the resource assessment showed that the geophysi-
cal predictions were conservative. It is not intended that the excellent figures
in these publications should be reproduced here; it is only intended to draw
attention to the processes and their application to NGH exploration. We are
only at the beginning of the NGH development cycle. With improvements to
this first integrated exploration effort (the Nankai Trough off Japan was ini-
tially drilled on the basis of BSRs alone, with essentially no NGH petroleum
system approach) the NGH petroleum system methodology applied in these
GoM studies provide a template for NGH exploration in the Arctic Ocean and
elsewhere.

Conventional valuation methods of volumetric vs well performance and size-
based distribution analogs are not available for NGH yet, and may not be directly
applicable because NGH does not saturate its reservoir as evenly as pressurized
free gas in a conventional reservoir. The methodology for oceanic NGH petro-
leum system analysis follows the general principles of Max et al. (2006) governing
NGH nucleation and growth and the manner in which the mineralization is formed
and concentrated.
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7.1 Phase 1. Basin Analysis

1. For any region, charts and increasingly available digital data and maps derived
from them provide the bathymetry and sediment distribution. In the Arctic, the
primary frame of reference is Jakobsson et al. (2004, 2008). The amount of
information available varies considerably from place to place. For instance, in
the GoM, where decades of exploration and drilling has yielded immense data-
sets and publications, very detailed numerical analysis such as that undertaken
by Frye (2008) can be accomplished. In the Arctic, however, data is much more
sparse and studies of that type require new surveys.

At the basic level, only enough information needs to be accessed to allow
for the general geological framework and distribution of erosional-depositional
environments to be understood. Although bathymetry and seafloor conditions
are also important in conventional hydrocarbon exploration (where they are
important for drilling strategy), bathymetry and seafloor temperature and pres-
sure are critical to the thickness of the GHSZ below the seafloor. This informa-
tion is available in the GoM, whereas it is not widely available in the Arctic.
In the absence of detailed geothermal information, the base of the GHSZ may
be established empirically from reflection seismic data. NGH exploration in the
GoM points the way toward what must be accomplished in the Arctic.

2. Geological basin analysis in the GoM has been conducted in detail as part of
conventional hydrocarbon exploration, including evaluation of stratigraphy
and sequence stratigraphy to establish the possibility of beds having primary
porosity or secondary porosity zones that could host NGH concentrations.
This evaluation is comparable to the current practice of conventional early-
stage reservoir analysis. The objective is to locate turbidite depositional sys-
tems that would bring sands into the basin. Considerable work bearing on this
phase was part of conventional hydrocarbon exploration for deeper objectives,
and thus was available and could be directly applied. Similar seismic explora-
tion techniques are being used to localize deep water sand bodies in the North
Atlantic. Dmitrieva et al. (2012) for instance, demonstrate their identification of
sand-turbidite systems on Paleocene continental slopes and basins between the
Shetlands and Norway. Where similar bodies of deep water sands occur within
GHSZs, they are prospective for NGH concentrations.

3. Evidence for the presence of subjacent gas and groundwater access to and
through the GHSZ was updated and compiled from the gas seeps and vents that
are common in the GoM. Ideally, NGH-mineralizing solutions must be able to
transit into the GHSZ to attain the greatest likelihood of high-grade NGH con-
centrations. This information is well known to the oceanographic and explora-
tion community and required only analysis from the perspective of NGH.

4. Using geothermal gradient data and seafloor temperature, the base of the GHSZ
was identified as a function of water depth and distance from the shore. The
GHSZ thickness in the GoM is highly variable owing to the presence of salt
diapirs that have a high thermal conductivity. This yields a thickness map that
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resembles an irregular polka dot quilt. There have been no reports of large salt
masses in the Arctic Ocean Basin. Hence, GHSZ thicknesses should be less
variable, which is an aid to exploration. Although determining the top and base
of the GHSZ is now a common deepwater practice for seafloor safety and drill-
ing concerns, determining the base of the GHSZ is specific to the exploration
for NGH.

5. The top of the GHSZ below the sulfate-natural gas transition zone was deter-
mined as part of the geotechnical study of the seafloor as part of the standard
drilling safety requirements.

7.2 Phase 2. Potential Reservoir Localization

1. Finer-grained structural contour maps of sands with the acoustic physical prop-
erties associated with various degrees of NGH saturation were identified. In
addition to the top and bottom of the NGH being identified on the scale of drill-
ing targets, gas-rich zones below NGH in the sand were also identified (Frye et
al. 2010, 2011; Boswell et al. 2011a, b). Seismic data was used to create digital
structural contour maps on porous bed bases and tops. This procedure is similar
to current practices being used to define potential conventional drilling targets.
Existing computer analysis techniques can be directly applied using numerical
estimates for NGH saturation of the sands using industry-standard workstations
and one of a number of commercial software programs.

2. Isopach maps of strata having the potential to host the NGH were produced to
guide drilling. This is also similar to current practices and defines ‘reservoir’
potential.

3. Other higher frequency, seismic reflection data were obtained. This was similar to
industry practices for conventional hydrocarbons, especially for shallow hazard
identification.

4. The more detailed geological host information with more precise velocity
information was applied. This was the last step to preparation of a drilling plan.

7.3 Phase 3. Deposit Characterization and Valuation

Everything else, such as logging, sampling, reserve calculations, extraction mod-
eling, among other direct sampling and measurements, follows as a result of
drilling. However, the set of economic considerations are very different from valu-
ing a conventional deposit. For instance, conventional deposits tend to be hydro-
static within a reservoir. That is, porosity may vary but whatever porosity there
is will be fully filled with gas or petroleum in a mature deposit. Whether NGH
forms in bulk, that is, unsupported and entirely within pore water, or affixed to
a surface, it is a solid whose formation increases sediment strength and the bulk
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modulus. NGH values can be expected to vary within a mineralized bed in much
the same way that low temperature strata-bound metaliferous mineral deposits
do. Economic geological methods for estimating grade, reserves, and value are
required to be used rather than conventional liquid and gas methods for the most
accurate volumetric assessment.
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Chapter 8
What More Do We Need to Know?

Abstract Exploration for NGH in the Arctic deepwater is about at the same point
as exploration for conventional deepwater hydrocarbons there. Because of the
difficulty of access, little deepwater exploration and few seismic surveys exist in
the deepwater in the central Arctic Ocean. Basic information, such as heat flow,
is required to estimate GHSZ thickness. Subsurface data is required to establish
the degree to which the sandy sediments exist in the continental slope sediments
as these provide the best hosts for high grade NGH deposits. Subsurface data will
also be used to calibrate general sedimentological analyses. Modern 3-D seismic
surveys are required to allow full geotechnical analysis to be carried out, although
2-D survey can initially be used as a more general exploration tool. Moving more
exploration activities to the seafloor will enhance year-round operations in the
Arctic and accompany the move of production apparatus to the seafloor that is
already taking place.

Keywords Unconventional ¢ Seafloor ¢ Natural gas hydrate « GHSZ < All-
weather * Drilling ¢ Exploration * NGH

NGH forms under very different conditions and has very different physical proper-
ties in its ‘reservoir’ than conventional gas deposits. Whereas a number of different
petroleum systems can be established in a sedimentary basin over time, with the
character of source beds, reservoirs, trap and seals, overburden and preservation all
differing through time, NGH deposits worldwide have a single set of existing criti-
cal factors that controls their development. And that critical set of factors has to be
active in the present or very recent past for NGH concentrations to form and persist.

Application of modern computer processing of seismic data in the northern
GoM identified a considerable volume of sands with NGH. Frye (2008) shows
many figures of processed images identifying these sands, which provided means
of assessing drilling targets. The study was essentially a stochastic approach that
was not designed to correlate directly with the drilling results, but did in fact predict
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not only where NGH would occur but also the nature of its development and rough
% NGH/volume. A primary objective of the study was to map sands, and was very
successful. Seismic analysis techniques for NGH developed by the NGH program
of India have been summarized by Thakur and Rajput (2011). Further improve-
ments in seismic analysis techniques based on laboratory analogs (Ye and Liu
2013; especially Lu et al. 2013) will allow further improvement to analysis.

NGH estimates, however, were made on the assumption that all of the gas was
derived from immediately adjacent shales in order to maintain the same computa-
tional domains used in the numerical processing. This made Frye (2008) resource
estimate very conservative, as gas influx from lower in the sediment pile was not
included even though it is understood that considerable gas migrates into the NGH
from subjacent sources. The JIP found that NGH occurrence was related to fault-
ing and local pressure gradients, along with stratigraphy. This followed GoM
exploration experience that suggested gas would preferentially fill downthrown
fault blocks, which typically are at lower pressure than the adjacent upthrown
blocks. The other thing the JIP did was to conduct detailed mapping of stratigra-
phy, with three very different types of deepwater sand bodies targeted.

Computer processing of seismic data (Frye 2008; Boswell et al. 2011) and
drilling ground truth in the northern GoM has delivered the basis for workable
industry-standard NGH exploration in which thick, highly saturated gas NGH-
bearing sands were encountered in 4 of 7 wells drilled on the geophysical tar-
gets. The objective of the drilling was to document a range of gas/NGH systems,
including both fracture-shale accumulations and low-saturation deposits in sands
to ground-truth the seismic interpretation.

Industry standard hardware and software was used. Analytical techniques
included attribute analysis, elastic inversion, and spectral decomposition. The
seismic analysis tools were developed for identifying sandy units in a continen-
tal slope environment and for determining a wide variety of seismic anomalies
that are directly applicable to identification of NGH concentrations using differ-
ent assumption values for acoustic response based on the variable amounts of high
Vp NGH. Although developed for conventional hydrocarbons, these techniques
appear to be transferable to NGH exploration. The high level of success in relating
acoustic prediction to drilling measurements appears to have validated the pros-
pecting approach used in the selection of expedition targets. We may not need to
know much more before NGH can be opened up as a gas resource.

8.1 Exploration Factors

Exploration for NGH in the Arctic deepwater is about at the same point as explo-
ration for conventional deepwater hydrocarbons. Because of the hostile conditions
and sea ice cover little deepwater exploration has been conducted and few seismic
surveys exist in the deepwater areas. In shallow water Arctic shelves such as the
generally ice-free Barents Sea, however, there is considerable seismic exploration
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data and production is slowly being pushed northward. This situation is different
from that elsewhere in the world ocean where there is generally some relevant
deepwater information available, and many areas where a great deal of seismic
information configured for conventional hydrocarbon exploration exists. Normally,
the first step in NGH exploration is to examine the available seismic data, taken
for any reason. But there is little or no exploration data available in the Arctic
Ocean deepwater to reexamine. In addition, there is virtually no drilling data and
no more than minor sampling of surface sediments.

8.1.1 BSR Identification from Reflection Seismic Data

Because the BSR serves as first order evidence that some free gas exists in pore
space, it can be used as a reliable indicator of gas flux. It also defines the base of
the GHSZ. In addition, by estimating the acoustic velocities in the sediment column
above the BSR, and assuming pure methane as the gas, geothermal gradients can be
determined directly. This is especially useful where no heat flow and sediment ther-
mal properties exist. Where old seismic data exists, this should all be reexamined. In
areas that are difficult of access, even old single channel paper records can be useful
in locating BSRs, even though most of the shallow data may have been processed out.

Because there is so little seismic information from the Arctic, it is recom-
mended that seismic transits of opportunity using very simple setups with single,
short arrays be carried out using minor ocean-going research platforms. This type
of data is similar to transit data recovered, for instance, from aeromagnetic sur-
vey. If the arrays were long enough to allow velocity analyses to be carried out,
this would provide valuable additional information, but in the first instance, a sim-
ple reflection seismic profile where none existed before would be valuable. These
would not necessarily carry out parallel track surveys but would follow open water
in ice-marginal and sea ice areas where enough leads existed to allow passage.
These seismic transits of opportunity would provide valuable information at a rea-
sonable cost and also provide tie lines for future surveys.

Where sea ice is less of a problem, wide-spaced parallel track surveys could
identify sediment depocenters in which sands are likely to be concentrated.
Chosen areas could be filled in with closer track data or even 3-D data where high
possibilities exist for a high percentage of sand-rich sediments within a suspected
GHSZ. Both seismic transits of opportunity and wide spaced surveys are a way of
dramatically improving the seismic database quickly.

8.1.2 Heat Flow Data/Geothermal Gradients

Where detailed temperature/depth data is available from drilling (Inks et al. 2009),
local variations in the base of the GHSZ can be contoured with confidence. The
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evidence that the base of GHSZ varies considerably even over small areas instructs
us that generalizations of the depth to base GHSZ will remain no more than a
good approximation. Determining the depth of the base GHSZ from seismic data
and sediment thermal properties will remain the primary objective of determining
GHSZ thickness as a basic exploration method.

Heat production from underlying continental crustal rock is in general higher
than in oceanic crust, especially older oceanic crust that has cooled. In the Arctic,
the continental margin sediments generally lie on continental crust, thinning as
they lap out onto oceanic crust or crust of unknown affinity. The approximate
junction between oceanic and continental crust in the Eurasia Basin is relatively
well known but in the Eurasia Basin the nature of the crust in the deeper and abys-
sal regions is not well enough known to make good estimates of heat flow and
geothermal gradient. Geochemical data can be used to estimate heat production in
the lower crust and upper mantle. Geotherms are most sensitive to the upper crus-
tal heat production so more accurate estimates of heat production are required to
model their thermal state. By using compositionally corrected elevation and xeno-
lith P-T estimates, it may be possible to make better estimates of upper crustal
heat production (Hasterok and Chapman 2008; Hasterok et al. 2011).

In a NGH frontier area, and in the absence of seismically picked base of the
GHSZ, being able to formulate a general thickness variation with depth is a first
order exploration technique. For instance, Max and Lowrie (1993) made general
predictions for NGH development using geothermal gradients analogous to those
of similar crust elsewhere. When superimposed on sediment thickness, a GHSZ
thickness could be defined. Generally, however, even the local heat flow variation
along a shelf is not available from more than a few localities, in particular along
the northern GoM, where this has been done as part of a NGH regional evaluation
(Frye 2008).

The most prospective seismic data needs to be examined closely for evidence
of BSR. Very prominent BSRs tend to occur in largely undifferentiated muddy
sediments. These are not primary exploration targets because in these the NGH
tends to be dispersed throughout large volumes. There are few permeable zones,
such as sands, in which water and gas can flow easily. A ‘string-of-pearls’ BSR is
a discontinuous one (Fig. 5.2). It occurs where porous beds and impervious beds
are interbedded and where the succession dips through the base of the GHSZ.
These are often quite difficult to pick, as the “pearl” occurs only where porous
zones have a gas-NGH transition, and these zones may be some distance apart in
the section. These discontinuous BSRs, however, are almost always associated
with sedimentary hosts capable of holding high-grade class 1 or 2 NGH deposits
(Table 3.1). The impermeable beds focus the groundwater and gas flow into the
permeable beds, which are usually turbidite sands.

Source gas availability and groundwater velocity through the porous bed con-
trol NGH formation and subjacent gas trapping. If the system is open enough and
enough porosity exists for water carrying dissolved gas to percolate through even
after significant NGH has formed, conditions for gas accumulation at the base
of the GHSZ may not exist. Assuming near-saturation conditions of gas in the
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groundwater, gas will accumulate below an almost fully NGH-saturated section
with ‘NGH-tightened’ permeability.

8.1.3 Natural Gas Migration Path Analysis

The amount of NGH in high-grade deposits appears to be too large for the nat-
ural gas to have been generated from sediments found only within the existing
GHSZ and immediately below it. In the Blake Ridge of the U.S. SE coast, for
example, there is a huge amount of biogenic gas that is now resident in NGH that
was generated above oceanic basement (Max et al. 2013, pp. 119-122 and Fig.
3.8). Thus, the natural gas in the zone and the fluids through which or along with
which it migrated into the GHSZ probably has drawn on biogenic methane pro-
duction through a considerable section of the subjacent sediments. Although it is
not necessary to understand more than the 1 km or so of the subjacent natural gas-
enriched feeder system, which may be the downward prolongation of the reservoir
beds themselves below the base of the GSHZ, the movement of groundwater into
the GHSZ is as important to development of high-grade NGH deposits as is the
filling of a conventional reservoir with gas and petroleum. Better understanding of
the groundwater that is carrying natural gas will lead to better NGH exploration,
and to possible NGH recharge of the reservoir.

Application of groundwater techniques used to describe water movement in
complex subsurface aquifer settings has yet to begin for the NGH petroleum sys-
tem. Yet this is a well-understood field of study that could be applied to marine
sediments. It is likely that analogous situations could be found that would allow
indirect prediction of water movement.

Migration of hydrocarbons from source beds to reservoirs at ‘critical moments’
has been one of the basic elements of conventional petroleum analysis. Although
modern seismic-numerical analysis techniques to increase the predictability of
economic target picking (Sylta 2008) have little direct application to NGH because
the critical moment is effectively now, some of the analytical techniques may be
applied to seismic datasets in order to better describe the overall upward move-
ment of fluids in marine sediments.

8.1.4 Exploration Drilling

There may be no better advice than to “drill, baby, drill” with respect to estab-
lishing a preliminary database of sediments within GHSZs on a wide variety of
continental margins in order to define the full range of NGH drilling requirements.
Only drilling will provide the directly measured data upon which innovative pro-
duction modeling can proceed. Drilling to establish a NGH database in the Arctic,
however, does not have to be as expensive as that for conventional hydrocarbons
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as a number of technical opportunities exist. We note that IODP (IODP 2011)
presently is considering at least 7 proposals for drilling in the Arctic Ocean, which
may include the use of smaller, mission specific vessels.

We would recommend that light drilling capability be employed to achieve cores
and logging in the uppermost 1-1.5 km. This drilling would be inherently safe
as the temperatures in the holes can be kept at ambient or lower (for any depth),
NGH can be measured, sampled, and volumes estimated with no fear of gas release.
Drilling risks mainly pertain to the possibility of conventional hydrocarbons occur-
ring within the intended drilling location, but the shallow depth and a preliminary
evaluation should minimize risk of a petroleum or gas release. However, drilling to
more than 100 m should be done only along a control seismic line.

8.2 Production Factors

Because of the nature of the secondary recovery techniques that must be applied
to convert NGH and produce the gas from it, there will be some issues that are
unique for NGH or NGH in Polar Regions. But there are also a number of issues
with which industry has experience and some existing technology that can be
applied directly. There are also some aspects of production that will require sub-
stantial innovation to optimize.

8.2.1 Drilling in Preparation for Gas Production

Both light and heavy duty drilling capability is already being used in Polar
Regions and existing drilling techniques are adequate to begin exploration,
although technology opportunities exist to improve capability and cut costs. It is
possible that long NGH Intersections will be required that can be provided through
‘horizontal’ and oriented drilling. These techniques are already being practiced
and probably do not need to be much modified to be successfully applied to NGH
production.

8.2.2 Thermodynamic Models for NGH Conversion

This is an area into which a considerable amount of work has produced conver-
sion models. Moridis and Kowalsky (2006) and Moridis and Reagan (2007),
amongst others have produced algorithm-based conversion predictions of energy
transfer functions and likely costs for deposits in different pressure—temperature
environments for oceanic class 2 NGH concentration in porous beds underlain by
water production. These programs are now in common use. As they are applied
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to specific deposits, and as more is understood about in situ NGH conversion,
improvements will be made. The existing programs, of which energy companies
almost certainly have proprietary versions, are probably adequate to understand
the major issues.

Seawater and marine sediment pore water freezes at about —2° C, whereas pure
water freezes at 0 °C. Where hypersaline brines formed as the reject water from
the formation of sea ice sinks and resides on the seafloor, the freezing temperature
is further depressed. In the uppermost part of the GHSZ, where temperatures are
below 0 °C, experiments in dissociation in fine sands confirm positive gas yields
(Wright et al. 1998), even though the fresh water produced by conversion may
freeze. The production issues of NGH conversion involving freezing of water is
a common issue with onshore permafrost NGH, in which some production testing
has already been carried out.

8.2.3 Geotechnical Models

For safe production of the gas, the rate and position of NGH conversion to its con-
stituent gas and water needs to be modeled so that the deposits, which are closer to
the sediment surface and most likely in unconsolidated or only little consolidated
sediments, do not dramatically weaken the structural integrity of the ‘economic
section’. The ‘economic section’ extends from the seafloor down to below any gas
deposits that have been trapped by, and may be in hydraulic continuity with NGH
in the GHSZ. It is important that conversion activities initiated to generate gas pro-
duction do not cause any breeches in the integrity of the economic section that
could lead to gas leakage or generation of sediment mass movements. These mod-
els may also be important where deeper geological traps of conventional hydrocar-
bons are the primary economic objective, and even in cases where no production
from the NGH is planned.

Laboratory experiments (Winters et al. 2009) can only take us so far along the
road toward a production model. Geological input is required to formulate a com-
bined geotechnical/thermodynamic production model. For this reason, conver-
sion tests in existing NGH deposits such as at the Mallik site and, more relevantly
in the Nankai class 1 and 2 oceanic NGH deposits (3.1), are necessary steps.
However, each deposit can be expected to have somewhat different thermal and
physical properties that will require a dedicated production model. This follows
the method for establishment of production models for conventional hydrocarbons.

Some issues that may affect the geotechnical stability are particular to NGH.
For instance, because dissociation occurs at the boundary between NGH and its
surrounding pore water media, some form of fracking may be advantageous for
early production rate acceleration. Once NGH conversion begins, water—gas sepa-
ration and both water and gas management issues that are new to gas production
and may affect the geotechnical stability of the reservoir (although possibly simi-
lar to coalbed methane production) will need to be resolved.
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8.2.4 Flow Assurance

The greatest flow assurance issue is the unwanted formation of new NGH that
restricts or blocks flow. Flow assurance is a term usually applied to maintaining
flow in hydrocarbon pipelines and flow lines. It is not the intent here to discuss
inhibition or remediation of unwanted NGH, but only to note that flow assurance
will be an important production consideration because the water and natural gas
produced by conversion will each be saturated with dissolved fractions of the other
and will spontaneously crystallize if conditions of NGH stability are allowed to
reestablish. Flow assurance must be an inherent part of a production plan.

NGH is stable only at relatively cool temperatures, measured thus far at no
more than 35 °C and more commonly below 25-30 °C (Max 2003). Gas produced
from NGH is unlikely to be higher than 40 °C, even following heating that may
be part of the conversion methodology. The temperature differential between the
produced gas and the ambient temperature on the seafloor on which the wellhead
and close-by transmission pipelines will be located will be no more than 40 °C.
Therefore, the crystallization driving force and water vapor pressures in a NGH
produced gas will be less conducive for unwanted NGH crystallization. Where
existing conventional gas infrastructure is used to transmit the gas, it will already
be insulated or have other provision for flow assurance. Only a small part of the
existing flow assurance capability will be necessary to insure gas flow assurance.
Where new infrastructure is used, it can be ‘lighter’ and amenable to innovative
flow assurance measures of much lower cost than that used with conventional flow
assurance.

8.2.5 Logistics and Infrastructure

Production of NGH in the Arctic will not have the deepwater infrastructure (deep-
water to shore) of areas such as the GoM that was developed over a considerable
period to service conventional hydrocarbon exploration and production. Apart
from some infrastructure in the Barents Sea and in near shore areas off Siberia,
there is essentially no infrastructure to share. Logistical issues, however, may
not be as forbidding as they would at first appear. In the first instance, the Arctic
Ocean is a relatively compact area in which deepwater exploration areas can be
accessed with relatively short transits from any Arctic port. Year round ports are
only found on the Norwegian and Russian Arctic coasts, although Nations with-
out year round port access have declared strategic interests (White House 2013;
USCG 2013). Sea ice is presently a problem, but it may become less of a concern
as a result of climate change that presently is creating increasing open water and
longer summers. Exploration can be expected to follow the retreating ice (sea ice
cover maps are statistical, with ice cover shown when a certain proportion of a
defined sub-area is over a certain percentage).
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There are a very limited number of potential operational ports in the Arctic
Ocean. Canada, Greenland, the United States, and Siberian Russia do not have
suitable Arctic ports with suitable land communications. There are a number of
ports along the northern rim of Norway and northern Russia, but Tromsg is prob-
ably the best significant year-round Arctic port, having good communications with
industrial Europe, deep water, a settled community that can be expanded with due
regard to environmental impact, and a dynamic Arctic culture. The Arctic port of
Murmansk is available but other Russian ports east from Archangel are less well
located.

Servicing exploration and drilling activities from the Pacific through the Bering
Sea may actually be easier from the European ports even for the American waters
of the Arctic Ocean. As of March 2012, the Shell Oil “Kulluk™ drilling rig is
scheduled to push off from the port of Seattle for the Beaufort and Chukchi seas
(WP 2012). There currently is no other port in western North America (with the
exception possibly of Vancouver) closer to the Arctic Ocean. Continued use of the
Seattle-Vancouver port area will involve very long transits to the Arctic Ocean and
must pass through the Aleutian Island Archipelago at the Unimak Pass between
Unimak and Krenitzin Islands or further south to make the transit. Arctic oper-
ations from Alaska would have to be based from small ports in southern Alaska
(which would still require a long transit and passage through the Unimak Pass) or
from new ports constructed near the conventional production on the shallow water
North Slope, which would be very expensive.

The development of a forward exploration and service port on Svalbard or on
Russian islands along the northern margin of the Barents or Kara Seas is also
possible. Mainland ports may be the most suitable for heavy operational sup-
port but coast guard and emergency rescue capability should be established near
the deepwater exploration areas around the rim of the Arctic continental margin.
Expanded exploration activity will require enhanced marine rescue and support
capability.

8.3 NGH-Specific Technology Opportunities

The NGH zone of economic interest is much shallower than the deeper zones in
which conventional hydrocarbons are commonly found. Exploration and extrac-
tion costs for NGH-optimized practices that are in the process of being developed
may be significantly lower than those of conventional hydrocarbon explora-
tion. The cost factors should be particularly divergent when NGH is compared
with deep, high temperature, high-pressure conventional gas deposits. The com-
paratively accessibility of NGH deposits beneath the seafloor offers a number of
opportunities for technology development and cost reduction over conventional
deepwater hydrocarbon even though the requirement to dissociate the NGH into
its components of gas and water requires additional processes.
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Because of the special physical circumstances and properties of NGH and the
highly reversible chemical reaction through which it forms and converts back to
its constituent gas and water, its unique presence in thermodynamic rather than
geological traps and in reservoir hosts having very similar drilling conditions
within 1.3 km of semi-consolidated sediments worldwide, significant opportuni-
ties exist for development and implementation of NGH-specific exploration, drill-
ing, and production technology. The generally soft semi-consolidated sediment
containing the NGH drilling targets is essentially similar to semi-consolidated
sediments worldwide. This allows less expensive and less costly approaches to be
used. Smaller and more lightweight seafloor completion apparatus including much
smaller blowout preventers and other links to riser pipe can be used.

Being able to control pressure within the payzone and production apparatus is
a fundamental field where innovation is possible for NGH-specific technology and
methodology. The pressures within a NGH deposit are the formation pressures.
In contrast to conventional gas deposits that contain high-pressure gas that may
depressurize as it is produced, NGH must first be converted (Max and Johnson
2011). Because conversion is a controllable process, the pressure within a deposit
can be controlled. In fact, if depressurization is used* as the conversion methodol-
ogy as it was in the recent Nankai test JOGMEC 2013), the pressure in the pay-
zone will be below formation pressures.

In addition, because the reservoir and production pressures of the gas will be
relatively low by industry standards, less robust gas transmission processing facili-
ties and pipelines will be required. This will reduce the overall cost of exploiting
the NGH resource while increasing the commerciality of the resource. In addition,
the relative chemical purity and low temperature of the converted gas, and the con-
trollable gas pressures within the reservoir and collector systems also allow mate-
rials to be used that allow for additional new technology to be applied to NGH
production.

The cost of producing natural gas from NGH is commonly calculated as a sum
of the cost of NGH conversion from its stable form in its reservoir and current
industry costs of conventional drilling and production activities. According to
Collett (2010), “For both arctic and marine NGH-bearing sand reservoirs, there are
no apparent technical roadblocks to resource extraction; the remaining resource
issues deal mostly with the economics of NGH extraction.”

By implementing a highly robotized (Robotics VO 2013) NGH-specific set
of technologies and methodologies, to which the NGH specific costs are added,
a much lower overall cost may be achieved, and this will have a strong impact
upon the perception of commerciality of the NGH resource. It may be possible to
keep capital expenditure and operating costs well below those currently envisaged
by the current conventional model of pricing of NGH commerciality. By imple-
menting new methodologies and technologies for maintaining high production
rates, safety, and reliability, NGH may prove to have a cost profile that will ren-
der it highly competitive, even taking into account conversion costs. Low internal
CAPEX costs will provide a lower base for further internal CAPEX reduction not
available to conventional hydrocarbon exploration and production.
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8.3.1 Moving to the Seafloor

Carrying out the majority of drilling and production operations from the seabed
allows all operations to take place in almost isothermal conditions year round, well
within the proven engineering limits of all existing deepwater materials. Seafloor
temperatures in the world’s open ocean are slightly above 0 °C and the tempera-
tures that will be encountered during all drilling and production operations will
be no more than about 50 °C. This temperature range means that proven materi-
als can be used. In addition, storms such as occur in many regions that not only
may cause surface drilling and other operations to cease do no occur on the sea-
bed, except rarely in a few places where deep transient currents of 1-2.5 knots are
thought to be restricted to the axes of very cold bottom water flows and along the
margins of abyssal basins (Seibold and Berger 1996). These are regions in which
NGH operations are not likely to take place. In any case, oceanographic and sea-
floor survey, in addition to sub-seafloor survey for resource assessment will be
made and the site and equipment prepared accordingly.

Seabed operations thus are particularly practical in regions such as the Arctic
Ocean and the Southern Ocean around the Antarctic continent, and in other
regions where very cold weather is common and sea conditions are especially hos-
tile. The essentially benign environment of the seafloor is very different from drill-
ing operations from a surface vessel that will be exposed to the harsh conditions
and low temperature of the Polar Regions. For instance, even if the sea ice thins
and sea ice cover seasonally diminishes to the point where drilling can take place
virtually anywhere in the Arctic Ocean, very cold temperatures will still occur
throughout the Arctic in winter and a good part of the rest of the year. Existing
materials may need substantial improvement to work in the Polar Regions. For
instance, steel alloys that are proven to maintain their physical integrity at —40 °C
can fail at —60 °C.

Even though the Arctic Ocean and Bering Sea may become essentially ice free
for part of the summer, sea ice will still be present for most of the year. Therefore
surface ships will still have to have ice strengthening and probably ice breaking
support. Diminished sea ice in the summer may in fact increase hazards because
drifting ice becomes more mobile and difficult to predict.

8.3.2 Drilling and Logging

Oceanic NGH occurs in similar marine sediment on continental margins world-
wide. These will have relatively benign shallow drilling conditions so that much
lighter and less expensive drilling apparatus and seafloor production systems may
be utilized. NGH does not require the same heavy-duty drill ships and rigs because
the stable nature of NGH in its reservoir is dramatically different from naturally
dynamic conventional hydrocarbons. Full risers, for instance, may be unnecessary
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during the exploration phase because unless gas below the GHSZ is drilled into,
there will be little or no naturally occurring gas to leak. The nature of NGH-
specific drilling raises the possibility that not only can much smaller, lighter, and
less expensive ship-borne drilling be carried out but also advanced seafloor drill-
ing capability may be applied. For instance, coiled tubing or pipe cartridge drilling
units could be established on the seafloor and used with LWD logging to recover
data. Drill bits can also be optimized for sediment and NGH-sediment mixtures.

8.3.3 Undersea Processing and Completions

Communications and autonomous vehicle technology have reached the point
where seafloor completion and primary processing equipment is increasingly
being placed on the seafloor (Perry 2013). Continuing this trend would only
involve acceleration of an existing trend that is being developed mainly for con-
ventional hydrocarbon exploration and production, and is presently being applied
for the anticipated production at Nankai, Japan. The engineering of systems to
meet the less rigorous conditions of NGH production (chemically neutral gas
and water at ambient temperatures rather than often gas, petroleum, and water at
high temperatures with potentially dangerous chemical components) is already
underway. Undersea completion and processing would be a great advantage in
the high Arctic where winter sea conditions can be expected to remain very harsh.
Undersea capability is the best solution to year round operation as well as confer-
ring considerable overall risk reduction.

8.3.4 NGH: Specific Vessels/Seismic Survey

Academic-based marine geophysical research, however, has exploited the recent
reduction of summer ice and is beginning to reveal geological details. The tanta-
lizing new data, the warming of the Arctic responsible for reducing sea ice cover
and disrupting the environment and indigenous inhabitants (human and otherwise)
(Cooper 2005), and the economic need for enlarged energy resources, has initiated
a political imperative to understand and exploit the energy resources of the high
Arctic (CRS 2011).

NGH exploration has largely been carried out with ships and survey equip-
ment designed for conventional hydrocarbon exploration, although recently, and
especially in the Arctic, smaller vessels have been used for surveying and drilling.
Advances in reducing the size, weight and cost of equipment, as well as enhanced
computer power for the acquisition and processing of seismic and other data, have
been serendipitously developed at just the time when NGH exploration and possi-
bly production, presents less rigorous demands on equipment.
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Seismic data for NGH exploration is only required from the upper 1 or 2 km
of the marine sediment. For first order recognition of seafloor geology and evi-
dence of gas flux, very simple and inexpensive seismic surveys can be carried out.
For areas in which NGH deposits are anticipated, it is recommended dual surveys
should be carried out. Deeper conventional hydrocarbon exploration can be com-
bined with that for NGH. This is not so much a matter of using different equip-
ment but of signal processing. Data can be split into two streams, each of which
can be processed differently for the different depth regions in which they occur.
This will involve treating the conventional data stream exactly as it is now and the
NGH data stream according to processing suitable for delineating specific shal-
lower NGH drilling targets (Frye et al. 2011).

8.4 Will NGH Deposits Be Commercially Competitive with
Conventional Gas?

Because the figures for NGH are so large, it is possible that very large NGH
deposits may be found. It is important to be able to relate NGH deposits to
conventional gas. Giant oil fields are defined as having greater than 500 mil-
lion barrels of oil or oil equivalent gas (in BTU equivalents. 1 BBL of
oil = 6,000 ft*> methane), so that a giant gas field with no liquids would be 3 Tcf,
although some use 3.5 Tcf as the cutoff. A supergiant field has been variously
defined as greater than 1, 5, or 10 billion barrels. Part of the difference lies in
whether the figure refers to in-place or recoverable hydrocarbons. The most com-
monly used base line for a supergiant field (in our experience) is 5 billion barrels,
or 30 Tcf gas.

The most well known NGH deposit is the Nankai accumulation to the SE of
Tokyo, offshore Japan. Estimates of gas-in-place are divided into about 20 Tcf
in NGH ‘concentrated zones’ and about 20 Tcf in “other than NGH concentrated
zones” for a total of in excess of 40 Tcf gas-in-place (Fujii et al. 2008). This would
place the Nankai NGH deposit firmly in the supergiant category. Even if only the
gas in the ‘concentrated’ NGH were to be considered for conversion, the deposit
would be equivalent to a very large giant gas field.

The only NGH deposit in US waters that has received an industry-standard
workup is in the GoM. Early in 2009, following the workstation processing of
GoM seismic data for NGH (Frye 2008), prospecting for NGH-bearing sands
using traditional hydrocarbon exploration approaches were tailored for NGH. JIP
Leg II tested this approach in the spring of 2009 by drilling seven wells at three
sites. Of these wells, six encountered NGH in sand reservoirs consistent with pre-
drill estimates (Boswell et al. 2011).

The Walker Ridge play would be considered potentially commercial with
740 Bcf of conventional gas, depending on proximity to pipelines, facility costs,
and anticipated gas price during the first few years of production, although in the
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current U.S. gas market, no companies are pursuing deepwater gas prospects. On
a BTU basis, 1 million barrels equals about 6 BCF of natural gas. But on a recent
price basis, 1 million barrels is worth about 25-30 BCF gas. At this ratio, Walker
Ridge would be equivalent to about 25 million barrel of oil on price comparison,
although on a BTU basis it has the equivalent of 123 million barrels of oil.

The current oil/gas pricing ratio is probably not sustainable, and may decline to
a ratio of 1 million barrels of oil to 15-20 BCF gas. At a very conservative 1 mil-
lion BBL/15 BCF gas ratio, Walker Ridge’s 740 BCF of conventional gas would
be equal to about 50 million barrels, which would be still be uneconomic unless
there were facilities close by to tie back to with subsea completions. The other fac-
tors affecting commercial viability are gas-in-place versus recoverable, certainty
of reserve figures, and flow rates. NGH has the added factor of an unproven oper-
ating expense for conversion of NGH (Max and Johnson 2011), which will nega-
tively affect the relationship between technically and commercially recoverability
of NGH resources. The operating expense for producing conventional gas tends to
be predictable and relatively low.

Gas and oil prices markets are very volatile and liable to remain so for the
near-term. Increased demand, international uncertainties of secure transport, infla-
tion driven by debt, and speculation will probably keep hydrocarbon prices on an
upward trend over time. Until the impact of more widespread unconventional gas/
oil production begins to rationalize supply that can be factored into the financial
and gas markets world wide, gas price stability and predictable margins between
wellhead and wholesaler/retailer prices will remain subject to sudden swings. With
the development of more gas transport capability, an international base gas price
and market similar to that which has existed for oil since WWII may be developing.

The simple answer to the cost competiveness of gas production of NGH is
that commercial production is technically feasible but remains unproven, for the
moment. In areas where weather is benign, and where potential production from
deepwater sedimentary systems is relatively near shore and near markets, there is
no underlying reason why NGH should not be competitive with gas imports. The
degree to which remoteness, market and infrastructure availability, and logistics
(including weather) increase costs can only be estimated in a very general way
at present. But we are confident that the hydrocarbon industry, which has showed
itself capable of rising to successfully meet challenges of increasing difficulty that
were successively regarded by many as being irresolvable, also will innovate suc-
cessfully in the field of NGH exploration and production.
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Chapter 9
NGH Likelihood in the Arctic Ocean

Abstract We identify three different types or ‘plays’ of oceanic NGH in the
Arctic deepwater. (1) The main resource potential is probably in continental slope
sediments. The resource host here would be the same type of turbidite sand depos-
its in which conventional hydrocarbons are found at greater depths in these sedi-
mentary prisms. Their genesis is well understood. (2) Because of the very cold
seafloor water, the top of NGH stability may be initiated at relatively shallow
water depths. NGH may also occur in Intra-shelf troughs, depressions and along
deep shelf margins bathymetrically above a slope break that denotes the beginning
of the continental slope. (3) Ocean basin outliers in which the basin-shelf separa-
tion is geologically and bathymetrically complex occur commonly in the Amerasia
Basin and its separator from the Eurasia Basin, the Lomonosov Ridge. These are
the furthest away from land and of uncertain geological character. Only because it
is known that some of them are detached continental fragments that may contain
suitable host sediments are they considered as a potential play.

Keywords Continental slope * Trough ° Natural gas hydrate * GHSZ ¢ Shelf
depression ° Basin outliers ¢ Turbidite * NGH

We identify three different types or ‘plays’ of oceanic NGH in the Arctic that
relate to marine sediments that have not been compacted since deposition in any
other way than compression under the weight of younger sediments. NGH may
also occur with older sediments within the continental shelves, but the geological
framework of these will be different from relatively more modern sediments. The
NGH petroleum system would be the same for each of the three plays, but their
geography/geomorphology and location with respect to the shelf break are differ-
ent. In particular, in relatively lower pressure shallow water, where temperature
NGH differences of even a few °C have a strong impact upon NGH stability and
GHSZ thickness (Fig. 3.1a). The very cold Arctic seafloor temperatures have the
effect of bringing potential NGH high-grade deposits into shallower water depths
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than would be the case in open ocean marine sediments. Possible NGH in deep
abyssal regions are not considered to have an immediate enough commercial sig-
nificance to consider at this time.

(1) Continental margins. These are located in the uppermost part of the prism
of continental slope marine sediments along continental margins. Seafloor water
depths and distances from shore will be about the same as for deepwater con-
ventional hydrocarbon deposits. In many cases these NGH concentrations may
structurally overlie conventional hydrocarbon deposits. Sediments in continental
margins generally have a continental provenance, often with considerably mature
sorting of sediment types prior to deposition on the marginal sedimentary prisms.
They may be deposited as deepwater turbidites, with overbank deposits, channel
sands and basin fill, and other depositional types.

(2) Intra-shelf troughs/depressions/deep shelf margins. These sediments may
have some of the characteristics of the shallowest deepwater turbidites found in
the continental margins. They appear to be related to glacial streams and ero-
sion by ice in the Barents-Kara (Zone 6.e) and Canadian Islands (Zone 6.1) outer
shelves (Fig. 9.1) Sediments in them may be transitional between deeper water
turbidites and shelf sediments and could be expected to have considerable coarse
clastics deposited as the ice caps broke down and sea level rose. These sediments
could have characteristics of continental shelf sediments that would be excellent
hosts for NGH.

The GHSZ thicknesses shown in the troughs by Long et al. (2008), Wood and
Jung (2008) data added an extra dimension and a new gas play to that envisaged
by Max and Lowrie (1993), who did not have access to data of sediment deposited
in the troughs in the glaciated continental shelves, but rather focused on the conti-
nental margins and deeper water marine sediments. Because of the extreme cold of
the Arctic Ocean bottom waters, which are usually below zero year round, GHSZ
reaches 150 m thickness over very large areas and up to 300 m over considerable
areas, particularly in the Amundsen Trough on the Canadian margin and the St.
Anna Trough on the Barents Sea margin (Long et al. 2008, Figs. 1 and 5).

These troughs may be prospective for NGH. In comparison to the Amundsen
and Anna Troughs, where water depths are between 500 to over 1,000 m over a
large area, the Nankai Trough has water depths of about 720-2,000 m and the
base of the GHSZ indicated from BSRs seen on reflection seismic profiles var-
ies from 177 to 345 m bsf (Birchwood et al. 2010). A discovery well at Nankai in
945 m water depth with a GHSZ thickness of 200-270 m showed the presence of
considerable high-grade NGH (Takahashi et al. 2001). Large areas of intra-shelf
troughs also occur elsewhere. For instance, the New Brunswick-Newfoundland-
Labrador continental shelf that is washed by the cold Labrador Current has intra-
shelf troughs and depressions potentially hosting GHSZ of up to 200 m thick
equal in area to a substantial proportion of the area of continental slope sediments
(Halliday 2011).

We note that the area of these plays appear to be a substantial fraction of the
area of the continental margin zone likely to host GHSZ. Although the continen-
tal margin GHSZ will be thicker in deeper water than is found in these plays, the



9 NGH Likelihood in the Arctic Ocean 79

O
. 150 o 170°
480 T Tago
O
130 p T
" Alaska "M_,,d a
120° -4 ‘.
: ““‘rn.-;,, MO — " Sibevia j P o
A &1 L r %
10° C“'W g B3| ownti/sm TP o

130°

110°

90%E

\ F . North . . n §

i Atlant
w° . g(::,.lc 7 by 70°
. ; e A o
. J s, % :
20° aci Tromso % s0°
= Rusgy _o
10° +<§* . 50°
> ' 72— 4° - Continental Margin
10° 0° 30°

Fig. 9.1 Continental margin zone. Polar projection location map after (Jakobsson et al. 2004,
2008)

NGH accumulations in these intrashelf troughs may be thick enough to host sub-
stantial high-grade NGH. The potential for NGH concentrations in this play is
currently unexamined, but we regard it as extremely promising. Because of the
shallower water depths, exploration and drilling may be easier and less costly than
in deeper water.

(3) Ocean basin outliers. These are areas of bathymetric highs oceanward from
the conventional continental margin sedimentary prism drape from the shelf break.
In the Arctic Ocean, the main outliers are the Yermack Plateau, the Chukchi micro-
continent, the Morris Jessup Rise Region, and the Lomonosov Ridge. Because
they are related to the opening of the Arctic Ocean basins they probably once have
had sediment deposition of shelf and then continental margin character. As with
the troughs, a study of their depositional environments will throw light on their
capability to host concentrated NGH. These are not considered to be of first order
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exploration interest, but could host considerable NGH. Their potential for NGH is
currently unexamined, but possible.

The Continental Margin Zone (Fig. 9.1) is the most likely to contain NGH depos-
its of commercial value. This is the zone in which continental slope deepwater tur-
bidite sediment similar to those hosting both conventional deepwater hydrocarbons
and relatively complete NGH evaluations (Nankai and GoM locations) occur. Thus,
proven technology can be applied directly. Our estimates for NGH (Table 10.1) have
been made by extrapolating directly analogous, well-understood geological factors,
and the special circumstances for the localization of NGH accumulations.

We have carried out a preliminary NGH petroleum system assessment of the
likelihood of NGH resource potential in Arctic deepwater continental margin sedi-
ments, incorporating the regions of GHSZ likelihood defined by Max and Lowrie
(1993) and the map of GHSZ thickness (Wood and Jung 2008) that show the
general areas that we feel would be productive for exploration (Fig. 9.2). These
are based on a first-order assessment (in which confidence limits are necessarily
broad) that has integrated the likelihood of continental margin (including troughs
and outlier) sediment source and host types, potential gas flux, turbidite deposi-
tional environments, GHSZ, and other factors. We have assumed a linear extrapo-
lation of turbidite deposition across the continental margin sediment zone. Other
continental margin sediments beyond the ~100 km limit and abyssal sedimentary
basins may have potential for NGH and thick GHSZs.

In contrast to Max and Lowrie (1993), who identified a number of zones based
on criteria for gas generation and sequestration within GHSZ, the zones shown in
Fig. 9.1 refine that to identification of the likelihood of high-grade NGH host sedi-
ments. Although the broader development of NGH in the Arctic basin shown by
Max and Lowrie (1993) may remain valid along with a number of other total NGH
estimates for climate and biological assessment, only the more restricted areas
based on identification of NGH in potentially economic zones.

We regard the Trough Zone (Fig. 9.2) as the next most likely repository of com-
mercial NGH deposits. Troughs could host NGH both in unconsolidated sediments
and in subjacent partly or fully lithified sediments. Although little is known about
NGH potential in the Trough Zones, we regard the likelihood of NGH concen-
trations in them as good. A program to evaluate their NGH potential could prove
very useful to NGH exploration as the water depths are generally shallower than
the Continental Margin zone and relatively mechanically strong and highly perme-
able clastic sediments may dominate. The Outliers (Fig. 9.2) are those areas within
and bordering the Amerasia and the Eurasia Basins (Fig. 1.1) and seaward of the
bulk of the Continental Margin sediments, although overlap occurs. These are
generally in deeper water, further from a nearby coastline, and have the least well
known geology. Knowledge of their geological history and NGH potential must be
regarded as lying further in the future.

O’Grady and Syvitsky (2002), who ascribe Plio-Pliocene sedimentation pre-
dominantly to ice streams, describe three continental margin types based on
increasing sediment supply. These are sediment starved margins, inter-sediment
fan areas, and deep-sea fans, although even sediment starved margins can have
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turbidites and lower-slope sand lobes. Thicker sediments generally increase the
likelihood of deepwater sands. O’Grady and Syvitsky (2002) also subdivided the
circum-Arctic continental slope with respect to parameters likely to influence
sediment delivery to the slope. They suggest that those continental margin regions
that experienced higher sediment input generally dip more gently than slopes hav-
ing less sediment input. They also found a direct relationship between the scale
of troughs and the sediment fans on the continental margin. Longer troughs are
associated with slope fans with a more gentle profile. This implies that the bulk
of the sediment along Arctic continental margins is related to erosion and deposi-
tion during ice events. However, during interglacials, and along long stretches of
continental margins of unglaciated land and shelf areas, fluvial and shallow water
reworking of sediments are probably very important to forming sand bodies that
find their way to deepwater.
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Likelihood of NGH depends mainly on thickly sedimented zones that contain
both source and host sediments, and GHSZ of suitable thickness. Generally, pres-
ence of thicker and more rapidly deposited sediment enhances the likelihood of
gas generation by thermogenic or biogenic processes and the concentration of
large volumes of NGH by processes within the sediment. Furthermore, rapid depo-
sition of large sediment volumes also increases the probability of deepwater sands.
From an economic point of view, the water depth is also important because drill-
ing and production are more easily carried out in shallower water.

We have not established a water depth cutoff as an economic limit to poten-
tial NGH deposits because this will depend on commercial factors that can only
be guessed at now. For instance, if NGH development has to await the spread of
infrastructure established for conventional deepwater hydrocarbons, as is the case
in the GoM, then the wait may be extensive. If development is to be made for
NGH alone, as it will be apparently for the Japanese Nankai deposits, the econom-
ics of this in the Arctic are far from clear. It is also possible that a stranded gas
solution will be applied. That is, where production of NGH would be commer-
cially feasible but normal infrastructure transport to markets is not available, ves-
sels with either gas to liquids, CNG, or NGH technology could increase the energy
density of the transported gas enough to provide a commercial solution.

We follow Max and Lowrie (1993) in identifying almost the entire continen-
tal margin sediments of the Arctic Ocean deepwater (and the W. Barents margin)
as having excellent potential for high-grade NGH concentrations that could be of
economic character. It remains to be established whether margins that were subject
to ice-related erosion and deposition and those dominated by fluvial process are
significantly different in either their gas generating or NGH high-grade host devel-
opment. In addition to the continental margins, we recognize the incised troughs
of the glaciated marginal zones as also having good potential to host high-grade
NGH concentrations. For instance, the St. Anna Trough and a number of other
troughs in the Barents Sea are shown by Wood and Jung (2008) as having GHSZs
up to 150 m and in some places up to 200 m in thickness, which is not dissimilar
to the deep shelf/GHSZ of the Nankai deposits. The Canadian Arctic shelf is even
more broadly incised with deep troughs that have GHSZ commonly in the 100-
200 m range. The coalesced incised troughs in the Queen Elizabeth Islands have a
broad, deep continental shelf margin, which considering the more extreme cold of
the seawater, results in a thick GHSZ, not dissimilar to that at Nankai.

In addition to the continental margins whose slope break with the shelves
defines their landward limit, there are a number of margin outliers that could
also host NGH concentrations. The Yermak Plateau off Svalbard and zones in the
Chukchi microplate were previously picked by Max and Lowrie (1993) as poten-
tial NGH areas. These areas are bathymetrically relatively shallow regions and
thus have potential for exploration.

We explicitly rule out thickly sedimented regions in abyssal regions as being
first order NGH exploration targets. Even though broad areas of thick GHSZ
are shown in the abyssal regions of both the Amerasia and Eurasia Basins
by Wood and Jung (2008), industrial technology will have to be improved
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Table 9.1 Probability potential of NGH in continental margin and intra-shelf troughs

Continental Intra-shelf

Margin/zone margin depression GHSZ thickness (m) NGH likelihood

Alaska to Greenland 6.1 >400 m* Excellent

Amundsen Trough Trough to 150 m Excellent

M’ Clure (Strait) Trough Trough 150-250 Excellent

Q. E. Islands trough Coalesced 250—>300 Excellent
margins troughs

N. Greenland 6.2 300400 Possible

Barents-Kara Seas 6.3 400 Excellent

West Barents margin 6.3.1 >300 Good

NW Barents margin 6.3.2 to 350 Good

St. Anna Trough Trough 6.3.3 150-300 Excellent

Other Barents-Kara 100-150%** Excellent to good

Intra-shelf troughs
Canadian intra-shelf

troughs
Kara Sea—E. margin 6.3.4 300-350 Good
Laptev-W. Siberian Seas 6.4 up to 350 Excellent
E. Siberian Sea 6.5 up to 350 Good
Outliers
Yermack Plateau to 200 Possible
Chukchi micro continent 300-350 Likely
Morris Jessup Rise region 200-300 Unknown
Lomonosov Ridge (flanks) to 350 Unknown

Note All GHSZ thicknesses based on Wood and Jung (2008). Numbers in column 2 refer to text
descriptions. GHSZ thicknesses generally applied from Wood and Jung (2008) and are used con-
servatively. Ocean basin potential NGH outliers such as the Yermak and Chukchi microcontinent
are not shown but remain development possibilities in the future. Abyssal regions of thick GHSZ
in sediments such as in the Amundsen Basin section of the Eurasia Basin are not shown, as they
are not considered to have near-term economic NGH potential., The GHSZ thickness in the 6.1
zone should be thicker and more regular than shown by Wood and Jung (2008). This should be
an area of very thick GHSZ owing to relatively low geothermal gradient and probably very thick
sediment, thinning to the NW. This zone includes depressions that do not reach the continental
margin, as well as troughs that do.

considerably before these regions could be considered as potential sources of natu-
ral gas. However, considerable NGH may be present, even if there is no likeli-
hood of the presence of conventional petroleum systems. Table 9.1 summarizes
our view of the likelihood of NGH concentrations in the Arctic Ocean deepwater.
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Chapter 10
Estimates of the NGH Resource Base
in the Arctic Region

Abstract The natural gas potential of the Arctic Ocean NGH resource base is
very large at 6,000+ TCF gas-in-place. This estimate has been made using a
NGH petroleum system approach for the deepwater NGH resource of the con-
tinental slope sediments as part of a worldwide estimate of continental slope
and deep continental shelf edge sediments. Estimates have been made for a zone
extending about 100 km outward from the slope break. The calculation of gas-
in-place for the continental shelf play in the Arctic Ocean region used a previ-
ously determined GHSZ thickness, estimates of suitable host sediments, water
depths that are workable using today’s deepwater technology, and information
from three analogs (Nankai, Gulf of Mexico, various permafrost NGH deposits
in Canada and Alaska). This estimate does not include the estimated abundance
of NGH in lower grade deposits, particularly dispersed NGH in muddy sediments
or other concentrations of NGH such as those known from vein-type deposits in
fractured shales.

Keywords Continental slope * 100 km zone ¢ Natural gas hydrate * GHSZ e
Shelf depression ¢ NGH analogs ¢ Turbidite sands * NGH

The potential of the resource base of gas derived from NGH is very large. The
detailed assessment conducted for the GoM, North Slope of Alaska, and Nankai
areas have been used as a basis for the broad estimates of the NGH resource base
(Johnson 2011, 2012). Using a NGH petroleum system approach, this has allowed
the estimates of the deepwater NGH resource to be based on statistical likelihood
of suitable high-grade NGH in sand hosts as the primary economic targets. No
estimate has been made for fracture-hosted deposits, as they are not considered
to be a first-order economic resource potential. The Nankai NGH deposit to the
SE of Tokyo also occurs in sand bodies of turbidite channel origin (Noguchi et al.
2011). Their concentration ranges appear to be similar to those of the deepwater
Terrebonne Basin in the central GoM (Frye 2008).

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 85
SpringerBriefs in Energy, DOI: 10.1007/978-3-319-02508-7_10, © The Author(s) 2013



86 10  Estimates of the NGH Resource Base in the Arctic Region

The areal NGH resource density within the turbidite-related sands of the
Terrebonne Basin is calculated at 1.183 x 10° m3 per km? where delineated sand
reservoirs are present and 0.32 x 10° m? per km? where sands are thought to
be absent (Frye et al. 2011). These results have been used to calculate the NGH
resource in high-grade sands, using estimates for sand %. With essentially no data
for sediment composition through an anticipated GHSZ in the Arctic Ocean Basin,
but with comparisons with some other continental margins available, sand percent-
ages in the GHSZ probably vary between 5 and 10 %, with excursions to both
lesser and greater percentages from place to place depending on the depositional
environment.

The estimate for the NGH resource base in the Arctic is based on a number
of assumptions similar to those commonly used in the energy industry (Johnson
2012). Estimates are only for gas in NGH, with no estimates made for trapped
gas related to the NGH. These estimations were carried out initially for the Global
Energy Assessment (GEA) coordinated through the International Institute for
Applied Systems Analysis (ITASA) based in Vienna, Austria. Further calculations
for economically and theoretically recoverable gas were made.

1. NGH region: Estimates were only made for a zone about 100 km basinward
from a shelf break (continental slope) or from a deep shelf area greater than
about 800 m water depth (depressed shelf margin or trough).

2. The GHSZ thickness within this region were determined from seismic interpre-
tations or estimated based on structural position and likely heat flow.

3. Host sediments: Conservative estimates were made for the proportion of tur-
bidite sands within the NGH region based on known examples and extrap-
olation using industry-standard methods. We have not applied a numerical
approach such as described by Felletti and Bersezio (2010), but have based
our estimates on turbidite system characteristics of a high sediment con-
tinental margin similar to the GoM. While sands are transported further
basinward with turbidity currents (as documented by the various drilling
programs), using a particular breakout width for the likelihood of a conti-
nental margin NGH zone allows for a better averaging of sand content for
the sediment volume.

4. Workable water depths: The arbitrary 100 km wide zone may be narrower.
Water depths greater than those in which drilling and production are carried
out, or are liable to be carried out within about a 10 year window, are encoun-
tered. This keeps the results in water depths where operations are (currently)
feasible.

5. Enough is now known from three locations, Nankai. GoM, and drilled perma-
frost NGH deposits to provide ranges of NGH saturation consistent with seis-
mic interpretation of NGH in-place and concentration.

6. Gas-in-Place calculated: After multiplying the various ranges in value for sand %,
within the GHSZ (including a range in values for the GHSZ volume derived from
the work of Wood and Jung (2008), NGH saturation estimates using an average
cell saturation approach, gas-in-place figures were derived (Table 10.1).
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Table 10.1 Estimates of NGH gas-in-place in sands (High Grade NGH deposits) for Arctic
Ocean continental margin zone only by country and region. After Johnson (2012)

Country/region Range of estimates (TCF) Median (TCF)

Canada 533-8,979 2,228

Western Europe (including Greenland)  36-14,858 1,425

U.S. Arctic onshore technically No separate offshore estimates 85.4 TCF
recoverable (USGS 2008)

FSU (Russia) 1,524-10,235 3,829

Arctic Ocean 178-55,524 6,621

World 4,705-313,992 43,311

The upper values of the ranges of estimated gas volumes describe an upside that
would be achievable with new technology that could be developed in the next 30 or
40 years. For technically recoverable gas, 50 % of “in place” median was used, with
a range of 25-75 %. The economically recoverable gas volume was assumed to be
an order of magnitude less than the technically recoverable volume, with zero being
used as a low end. Without a sustained commercial test it is possible that none of the
NGH is currently economically viable (depending on who is doing the economics).
To reduce economics to a common base, the assumption was made that no govern-
ment subsidies or special treatment for any resource would be available.

It is likely that considerable NGH also occurs in continental shelf troughs and
possibly on the ocean basin outliers, but no estimates have yet been made for
these areas because the technology required is not yet available. Even though there
is a considerable area of suitable GHSZ, especially in the continental shelf outer
troughs, these are a different depositional environment from the well-understood
continental margin turbidites systems. These may require a study in their own right.

These estimates of gas-in-place are very large when compared with natural
gas usage. 23 TCF is the annual gas consumption by the US, with a 2010 world
gas consumption of 113 TCFE. Most important, the Japanese 3.7 TCF consump-
tion (and their proposal to have 1 TCF per year from NGH when Nankai is fully
developed, with production scheduled to begin in 2013) may be further augmented
by developing other indigenous Japanese NGH resources in order to achieve the
universally commendable aim of energy independence.

As much as a quarter of the world’s remaining undiscovered conventional oil
and gas might reside in the Arctic region, more than 80 percent of it in deep water
(Collett et al. 2008). The suggestion by Max and Lowrie (1993) that the Arctic
basin contains a very promising NGH resource because of its thick continental
flanking sediment, their gas generating potential, and widespread thick GHSZs,
seems increasingly well founded. The amount of natural gas within the NGH
accumulations of the world is believed to greatly exceed the volume of known
conventional natural gas reserves (Fig. 6.1). It is not known how much or what
percentage could be technically or economically recoverable.

The history of the hydrocarbon industry, however has been to improve produc-
tion from original deposit estimates, and these improvements can be expected in
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unconventional hydrocarbons also. Although oceanic NGH is considered to hold
95 % of the world’s NGH (Kvenvolden and Lorenson 2001) much more is known
about onshore subsurface permafrost NGH because many of these deposits have
been drilled and evaluated along with their related conventional gas and oil depos-
its. Estimates for median Arctic NGH resources (Johnson 2012) are almost 15 %
of the world NGH estimate (Table 10.1). Overall NGH resources may dwarf those
of conventional hydrocarbon deposits and the Arctic may be the single richest
NGH region on Earth as a function of overall area, but NGH in sands, which is
the primary high grade host for exploration, is about equivalent to the sum of pro-
jected conventional gas resources (Fig. 6.1).

The theoretical NGH gas resource may prove to be considerably larger in
the future. If new drilling, conversion, and exploration technology would make
smaller high grade and medium grade deposits, fracture fill, and especially the low
grade deposits that constitute by far the most abundant component of NGH. Some
of these, beginning with deposits having some characteristics of the high grade
deposits in the ‘hydrate pyramid’ (Fig. 6.1) and then proceeding ‘downward’ in
the pyramid as the low grade deposits become increasingly less like the high grade
deposits in terms of % NGH and geotechnical characteristics. In some geological
situations this level of natural gas sequestration may be more important for consid-
eration in global warming scenarios than for economic considerations. Therefore,
research into the broad range of NGH occurrences and concentrations may have
important application in fields other than economic NGH production.
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Chapter 11

Oceanic NGH: Low Risk Resource
in Fragile Arctic Environment

Abstract Risk to the environment traditionally consists of an uncontrolled leakage
of a gas or oil, resulting in pollution of the environment. Exploration, including drill-
ing, and production of NGH carries an extremely low risk worldwide. The very low
environmental risk is particularly important in the environmentally fragile Arctic
environment. We suggest that the very low environmental risk factor may be key
to the development of NGH in the Arctic Ocean region. When NGH is converted
for production, only relatively pure methane and water are produced. NGH is sta-
ble within its reservoir and will not convert to its constituent gas and water unless
the formation pressure is lowered or the temperature is raised sufficiently to intro-
duce instability conditions. Thus, with careful drilling, the danger of gas venting is
very low. In addition, during production the maximum gas pressures in the reservoir
can be controlled, in strong contrast to conventional gas deposits in which very high
pressures may exist from the outset. In addition, NGH deposits are not associated
with liquid petroleum (oil), especially in the Arctic where predominantly biogenic
NGH can be anticipated. Thus, even if a gas leak occurs, virtually no environmental
hazard to macrofauna such as birds and Arctic mammals exists.

Keywords Low risk ¢ Environment ¢ Natural gas hydrate « GHSZ ¢ Pure gas ¢
Low pressure ¢ Oil « NGH

In winter the floating sea ice covers almost all of the Arctic Ocean, and extends
into the North Atlantic Ocean and Labrador Sea. But the Arctic region is presently
undergoing the most dramatic warming of a warming world. The areal extent of
the summer sea ice, which recently has shrunken less than 85 % coverage of the
entire ocean, tends to pack along the Canadian and Greenland Arctic Ocean mar-
gin and usually leaves considerable expanses of ice-free water along the Eurasia
and Alaska—western Canada margin.

The Arctic Ocean is an environmentally and ecologically fragile region
because of the low temperatures and the dispersed ecosystem that has adapted
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to the environment (Larsen et al. 2001). Because thin single year ice is becom-
ing more common at the expense of thicker multiyear sea ice and the percentage
of ice cover is lower earlier in the spring and later in the autumn, ship traffic is
increasing. Most important, however, hydrocarbon exploration is now moving into
the Arctic because warming is bringing less inhospitable working conditions and a
longer working season.

The high Arctic is the current frontier for hydrocarbon exploration, and will
remain so for some time (ACS 2013). In the future, the South Polar Region may
also attract hydrocarbon exploration, but first the resources of the high Arctic,
which are much closer to major markets, must be mastered. Large oil and gas dis-
coveries on land in Russia and Alaska date from the 1960s. More than 35 fields
are now in production across Alaska, Russia, Norway (Barents Sea) and Canada.
Regulatory agencies and courts have slowed exploration because of environmental
concerns. Now, with the imminent likelihood that the ocean ice cover will signifi-
cantly diminish or even disappear in the summers within decades, the hydrocarbon
resources of the deeper water Arctic areas are beginning to be assessed. Shell, for
instance, has invested about $4 billion on 10-year leases and has been trying for at
least 5 years to drill in Alaska’s Chukchi and Beaufort Seas. But regulatory agen-
cies or courts have delayed exploration efforts, because of concerns that Arctic
waters are vital breeding grounds for many aquatic species that are endangered or
at risk and that a well blowout could cause a huge release that would be difficult or
impossible to control.

Not only is the environment difficult for exploration, but because of the cold,
the operation of natural ‘cleanup’ chemical and biological systems that can act to
remediate petroleum spills work very slowly and industrial cleanup can be signifi-
cantly hampered by the difficult logistics, working conditions, and freeze up of
equipment that endeavors to separate petroleum from water in sub-freezing con-
ditions. Because of the general lack of natural remediation, the Polar Region is
generally regarded as being the most environmentally fragile on Earth. The Arctic
Ocean, which is centered on an ocean basin surrounded by sparsely inhabited land,
is the subject of immediate environmental concern. Even relatively small spills can
lead to immense damage to the environment and its ecology in the environmen-
tally fragile Arctic region.

Because the Arctic is essentially an enclosed sea surrounded by sophisticated
nations with respect for rule of law, it is envisaged that issues arising from explo-
ration for and production of the hydrocarbon resources of the Arctic will be dealt
with rationally by the Arctic and other nations. The recent agreement between
Norway and the Russian Federation as to their median line across the Barents-
Kara Sea shelf and the agreement of the Arctic Nations to agree to binding arbi-
tration under UNCLOS III (Connerty 2006) for establishing natural resource
boundaries in the Arctic Ocean are encouraging signs of the peaceful solution to
national energy issues in the Arctic region. The most important organization of
states in the Arctic region is the Arctic council, which consists of those states bor-
dering the Arctic and observers with a different status, under which most interna-
tional agreements for the Arctic are promulgated (Arctic Council 2013).
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11.1 Risk Factors of Conventional Hydrocarbon Production

Pressurized gas and liquid petroleum fills pore space in conventional reservoirs
trapped by an impermeable seal and held in place by buoyancy over subjacent pore
water. Because of its pressurization, the hydrocarbon material contains immense
potential energy; a veritable genie in a bottle that must be released slowly and with
great care during production. Very large amounts of gas and petroleum may be
concentrated in hydrocarbon deposits that may have been stable for long periods
of geological time. Generally, gas and oil may occur together in the same reser-
voir or in the same system of traps related to migration pathways from subjacent
sources. As conventional reservoirs often reside at considerable depths beneath the
seafloor and are at or above the ambient pressure for that depth, the pressure dif-
ferential with the seafloor and the surface is usually very large.

The natural pressurization of conventional hydrocarbon deposits serves a very
practical purpose, that of inexpensively driving the hydrocarbons to the surface
under controlled production conditions. This natural flow from the reservoir to the
surface is referred to as ‘primary recovery’. When the natural drive diminishes,
secondary recovery techniques involving chemical, thermal, solvent, pumping,
fracking, or other stimulation may be required to increase pressure, reduce viscos-
ity, open porosity and increase the flow of hydrocarbons from the reservoir to the
surface. All secondary recovery stimulation techniques have additional cost factors.

The naturally dynamic conventional hydrocarbon deposits, however, present a
continuing problem, particularly during exploration and early production. Because
of their high pressures, conventional gas and petroleum deposits have the potential
to uncontrollably vent if a breach occurs in an exploratory or production drilling
system, pipeline, or other infrastructure. And because of their high temperatures,
they can be difficult and dangerous to handle. Regulation, development of best
practices, new deepwater equipment, and simply the high costs of dealing with
blowouts may strongly reduce the risk of blowout, but a risk remains nonetheless.
If a conventional deepwater hydrocarbon would be exposed to the overlying sea-
floor water, it would likely spontaneously blow out.

11.2 Inherent GeoSafety of NGH Production

In contrast to conventional hydrocarbon reservoirs, NGH is stable and effectively
inert in its reservoir. It exists at the ambient pressures and temperatures at any
depth in the GHSZ. NGH is a thermodynamically stable solid in its natural envi-
ronment and is unlikely to be spatially associated with petroleum. Gas cannot be
recovered from NGH without artificial stimulation that alters ambient conditions
within the GHSZ. If NGH deeper in the GHSZ were to be exposed to overlying
seafloor water, it would only become more stable as a solid crystalline material
because it would be further cooled. NGH can thus be regarded as an environmen-
tally secure resource. In order for gas to be produced, the NGH must be artificially
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stimulated so that it may be converted to its component gas and water or dissolved
as the first step of a gas production methodology. NGH will not naturally dissoci-
ate to its component gas and water so long as stability conditions are maintained,
even in drill bores. Extraction of NG from NGH must begin with one or more of a
number of processes that would be considered as a secondary recovery technique
in conventional hydrocarbons.

There are four main methods for NGH conversion, all of which can be accom-
plished using existing or emerging technology. These include thermal stimulation,
depressurization, dissolution, and chemical exchange (Max and Johnson 2011).
Each approach has advantages and disadvantages related to operating expense,
attainable flow rates, and volumes of produced water. Determination of the opti-
mal approach will depend on specific reservoir conditions, costs, potential envi-
ronmental impact, and other considerations. The first production test of NGH
production in the Nankai deposit in March, 2013 used a specially designed elec-
tric submersible pump system able to depressurize the test section and to separate
natural gas from water and move them to the drillship through separate produc-
tion strings (OGJ 2013). Baker Hughes Inc. designed the production system for
the Japanese research consortium.

NGH formation and dissociation is a chemical reaction that produces heat upon
formation and consumes heat during dissociation. This introduces a natural buffer-
ing that acts to slow reaction rates. For instance, when NGH begins to form spon-
taneously, heat is produced that drives the reaction point in P-T space back toward
the phase boundary. When NGH begins to dissociate, heat is consumed that tends
to drive the reaction point back toward the phase boundary. Thus, NGH is natu-
rally “self-preserving”. NGH only disassociates at crystal boundaries with pore
water where diffusional processes can actively transfer gas molecules from NGH
to the pore water. The mass to surface area ratio is very important to controlled
dissociation. In very concentrated, high-grade NGH deposits (Max et al. 20006)
where there may be little remaining permeability, the creation of additional sur-
faces along which dissociation may take place may be necessary. As dissociation
proceeds, permeability should increase. NGH does not have the potential to explo-
sively decompress to its component gas and water, even if suddenly removed to
pressure—temperature reaction points in which the NGH is very unstable, a point
made obvious by the many images of NGH cores being examined on the decks of
drilling ships.

The most important safety factor in any recovery scenario from the marine
NGH system is that not only is solid crystalline NGH physically stable within
the GHSZ at the ambient pressure at which it occurs, but if either the pressure or
temperature conditions are changed to those of instability, the natural buffering of
the reaction system tends to slow dissociation reactions. Because it is stable, even
if a natural or manmade pathway to the seafloor or the surface is made, no gas
will evolve from the NGH so long as it remains at ambient pressures and tempera-
tures. Unplanned stimulation of NGH, for instance by adding heat or inhibitors as
part of a drilling process to a section containing unrecognized NGH, could cause
unwanted gas to evolve.
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We would suggest, for instance, that an unplanned gas surge during drilling
that could have a NGH source should trigger immediate remedial action such as
stopping any drilling practice that might cause dissociation of NGH, and including
injection of cold fluids to restore the ambient conditions. Because NGH conver-
sion can only take place following the imposition of NGH instability conditions,
removal of these artificial conditions, combined with the natural buffering of the
reaction system, will rapidly slow conversion and possibly even reintroduce condi-
tions of NGH stability in which gas molecules will again begin to be incorporated
in NGH in the reservoir.

NGH occupies host sediment pore space as a solid material and, as a result,
porosity and permeability will increase as a function of NGH dissociation. As gas
is removed from the reservoir during gas production, pressures in the reservoir can
be controlled by balancing NGH conversion with gas removal. Gas pressures can
be both increased and decreased at will. Gas pressures should only be high enough
to achieve commercial extraction rates (Fang and Lo 1996) in order to keep the
pressure and the amount of free gas in the reservoir within safe limits. Water will
flow into only some of the space occupied by the converted NGH because each m?
of NGH contains about 0.8 m> of water. Water cut may be lower in produced gas
from NGH than from a conventional deepwater gas deposit, especially if the reser-
voir itself can be used to initiate gas—water gravity separation.

In a highly pressurized conventional gas deposit, substantial gas is dissolved in
the water and is available to form gas phase throughout a water mass upon produc-
tion as pressure is lowered near the wellbore. This intermingling of free gas and
gas evolving from water (and possibly oil) provides the drive but brings substantial
water to the surface along with the gas. Ideally, because NGH deposits are close to
the seafloor in geomechanically weak sediments either natural or artificial injec-
tion of water into the NGH production zone would be necessary to prevent the
sediment host from compaction that could lead to sediment failure.

In the early stages of a NGH conversion operation, fracking or some analog
process may be required to open porosity in very high-grade NGH deposits.
Increasing NGH surface area would accelerate the rate of NGH conversion, espe-
cially early in the production process before solution pathways open along NGH
grain boundaries. Higher pressures that cause faulting are of little danger to the
environment in a NGH concentration because the higher pressures of the fracking
will drive the NGH further into their stability field. Faulting associated with the
fracking will not release gas because gas will not yet have been produced from
converted NGH. If fracking is required after gas extraction has commenced, ces-
sation of conversion stimulation will allow some, if not all, of the gas to reform
NGH, stabilizing it. Without compensating for the heat requirement of a greater
conversion rate during conversion and extraction operations, the two or three phase
assembly of water, NGH, and gas will cool toward conditions of NGH stability,
and gas conversion will slow or could even reverse, with the reformation of NGH.

Conventional deepwater hydrocarbon deposits have a maximum volume of
naturally dynamic material during exploration and the early phases of production,
which is when the risk of uncontrolled leakage is greatest. In contrast, the gas in
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NGH is tied up in a very stable solid form. Gas must first be produced by conver-
sion before it can be recovered or released. This renders natural NGH inherently
resistant to uncontrolled venting during gas extraction operations. In the event of an
incipient leak in the reservoir-production system, the deposit can be brought back
to stability by cessation of the artificial stimulation. Early production of gas from
NGH in the Arctic would pose an extremely low risk to the environment. New tech-
nology optimized for NGH exploration and production offers promise of being less
expensive than for conventional petroleum and new NGH-specific regulations could
spur near-term development.

Where a gas phase is generated in the reservoir through NGH conversion, the
volume of gas in the reservoir can be kept small and its pressure controlled by
matching conversion to extraction. With a low-gas-in-reservoir conversion-produc-
tion methodology, the chance of blowouts from NGH production is dramatically
reduced. Without large volumes of overpressured gas, significant blowouts cannot
take place, even if there is a serious engineering failure. NGH conversion to gas is
controllable, and must be controlled for production because of the relatively thin,
semi-consolidated overburden. If a breach should take place, however, induced
conversion can be stopped rapidly and the naturally buffered NGH conversion will
cease, even if no remedial measures are taken. Thus, as a practical matter, NGH
production may be considered to be essentially fail-safe.

Oceanic NGH tends to be relatively pure because it is dominated by biogenic
methane produced at temperatures too low to allow higher density hydrocarbon
gases or complex hydrocarbons (i.e., oil) to form. The natural gas produced from
NGH appears to have about the same purity worldwide. In addition to the basic
NGH-forming component, any chemical or dissolved ionic material migrating with
the dissolved gas that is not a NGH-former is rejected from the crystallizing NGH
into the pore water where it will dissolve and be carried away. These impurities
appear to equilibrate and be removed. This is particularly true for salt rejected from
the pore water. Low salinity zones were one of the primary indicators for the pres-
ence of dispersed NGH in the Blake Ridge (Paull et al. 1996). If the rejected salt
had not been dispersed following formation of the NGH, there would have been no
low salinity zones marking the presence of dissociated NGH. Liquid petroleum is
also rejected by growing NGH, which may take up dissolved gas directly from the
liquid petroleum (personal laboratory observation).

Biogenic NGH is not normally associated with liquid petroleum or gas con-
densates that are derived from thermogenic sources. In addition, NGH usually has
little nitrogen, SOx, CO», and other contaminants that are often found in conven-
tional deposits, and almost pure water is produced when NGH dissociates. Even if
some converted gas and water were to leak from a NGH deposit, there would be
no pollution, in the common sense of the word. Venting or leaks of gas from NGH
conversion would have virtually no biological impact (except possibly to stimulate
the base of the food chain) or visual effect.

Thus, there is a marked contrast between conventional hydrocarbon and NGH
deposits, which has implications for the environmental risk factor of both explo-
ration and production activities. Early production of gas from NGH in the Arctic
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poses an infinitesimally small risk to the environment. Accelerated development of
the NGH resource can take place in the near term in an environmentally safe man-
ner. Arctic deepwater gas exploration and production can begin safely with NGH.
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Chapter 12
Economic and Political Factors Bearing
on NGH Commercialization

Abstract Primary factors that will inhibit the production of natural gas from
NGH are the ‘stranded’ character of any deepwater gas or oil from the continental
slope regions of the Arctic Ocean and the absence of any production and transport
infrastructure through which the gas can be brought to market. We suggest that
special regulations governing NGH can be written that will allow for a lower level
of risk than for any conventional gas resource while dispensing with much of the
expensive regulation associated with conventional gas exploration and production.
This would have an enabling effect on production from NGH through dramatically
lowering the cost of exploration and production.

Keywords Stranded e Infrastructure ¢ Natural gas hydrate ¢ GHSZ ° Regulations °
Production ¢ Transport * NGH

The primary general factor bearing on commercialization of NGH is whether pro-
duced gas can be sold at a profit level adequate to make it competitive with other gas
resources. This competitive criteria applies to gas supplies generally and is not spe-
cific to any gas resource, be it conventional or unconventional. There are considerable
price differences between regions and there is no international gas price comparable to
the international oil price structure. Because of changing demand, gas prices shift and
this creates an impetus for development of new resources, of which NGH is a promi-
nent possibility. For example, the spot price for LNG went above $15/MMBTU in the
autumn of 2011, making the Japanese program look far more viable. Two years ago
there was debate on whether a $10 price in East Asia was sustainable. Part of the price
jump is from Japan increasing imports by 14 % to cover power generation after the
March 2011 earthquake and tsunami, and it is likely that this demand will increase as
the politically disfavored nuclear power generation plants are replaced by gas.

Up to June 2012, the gas price in the UK has remained between $5.40 and
$6.00 MMBTU, and as a result, many LNG tankers are rerouting from Europe to
Asia. This may be a significant issue in early 2012 in Europe as new contracts for
LNG are struck. Because of the development of shale gas and its promise for many
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decades of natural gas supply from indigenous sources, the US NGH program
is probably all but dead, even though the Joint Industry Project (JIP) has gained
results in the northern GoM funded largely by the U.S Department of Energy. With
the US price now less than $5/Mft3, there is little impetus for the U.S government
to support non-academic research on NGH unless there would be a major disaster
with shale gas production (Mooney 2011) that would result in severely constrict-
ing production. However, if the shale gas resource proves to be less than originally
estimated (PennEnergy 2012), interest in NGH could restart development activity.

All produced conventional gas is not the same price and conventional gas is not
necessarily less expensive to produce than some unconventional gas resources. For
example, the giant Shtokman gas field (Zhdannikov and Mosolova 2007) that was
on track to be brought into production as a joint Russian—Statoil (Norway) opera-
tion, with much of the gas scheduled for export as LNG, has been put on indefinite
hold because of the abundance of gas available in the world (Andersen 2012). The
Shtokman Field has always been a borderline cost competitive issue because of its
high capital and operating costs and flow assurance issues in the 125 mile subsea pipe-
line. These cost factors compete with the lower cost conventional gas resources of the
Yamal Peninsula on the Russian mainland immediately to the south coming on stream.

The world gas demand has been alleviated particularly in the United States, which
is rapidly bringing its shale gas resource into production (Casselman 2009) and driving
prices down to below $3/MMBTU, although the recent downgrading of the shale gas-
in-place resource by the U.S Department of Energy in January 2012 may introduce
further instability into the gas market. Shale gas production may soon be ramping up
in Europe. Significant downgrading of shale gas resources from early exuberant pre-
dictions of the recoverable gas-in-place may allow renewal of interest in NGH.

If the Shtokman Field is not presently viable at current prices, NGH production
is even further in the future for the Arctic, on a purely cost basis. There are offshore
gas discoveries in the Kara Sea, not far from land, that are not yet being developed.
However, if there is a solid test of NGH production in Japan, which is scheduled for
the summer of 2012, and verification of producible NGH-bearing sands in India inter-
est in Arctic NGH among the major energy companies and large independents may
be renewed. It must be pointed out that a pure cost factor is rarely pure. For instance,
exploration and production may be encouraged and even subsidized by nations on
other grounds. Energy security is very important to all countries, especially to those
with limited energy supplies, which are at the mercy of the international market, and
natural or man-created disruptions in the energy supply trains. Energy security is the
principle factor behind both the Japanese and Indian NGH programs, with early pro-
duction desired well before gas available on the international market becomes scarce.

As well as the value or sale price of gas produced from NGH being unknown in
the out years in which it might be developed, capital costs (CAPEX) and operat-
ing costs (OPEX) can only be estimated in relation to costs for existing conven-
tional developments in the marine area. Although NGH exploration production
factors, in particular seismic surveying and drilling, may allow lighter and much
less costly technology to be applied (Sect. 8.3.3), other production issues will
have exactly the same costs as for conventional gas. Flow assurance, for instance,
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will continue as a major concern. Transporting the gas, once it reaches the sea-
floor, will also entail the same costs because, “it’s just gas”. Once the gas has been
converted from its solid NGH form and concentrated in a productive system, it
has inherently the same issues as conventional gas except that NGH will almost
always be pure natural gas with no associated natural gas liquids or oil.

In the Arctic, the continental margin zone hosting turbidite sands (Fig. 9.2) that
are envisaged as the primary economic NGH play, are very far from shore and
even further from markets, especially on the North American continent. Sediments
in the outer continental shelf troughs (Fig. 8), which may have considerable
affinity with deep outer shelf NGH deposits such as the Nankai Field SE of Tokyo,
Japan, are slightly closer to shore and are in less ice-covered regions of the Arctic
than along the North American margin. On a pure cost basis, it is unlikely that
Arctic oceanic NGH will be developed any time soon. However, just as political
imperatives have thrust Japan and India into the forefront of NHG development,
it could be that the aspect of low environmental risk, which may inhibit conven-
tional gas and oil development and lower costs of conforming to NGH regulations,
which could be much less rigorous than for conventional gas and oil, may allow
telescoping of NGH development timeline.

Alternatively, if the Japanese and/or Indian NGH programs begin continuous
production of natural gas from their NGH resources, it is entirely possible that
major companies will review their decision to put NGH development on hold.
Major companies may want to reduce their risk by not wanting to be first in a new
field, but they all will know a good resource play when they see one. Once com-
mercial NGH production begins anywhere, it is likely that few major companies
will want to be left out of a new and potentially very large resource play.

We suggest that special regulations governing NGH can be written that will
allow for a lower level of risk than for any conventional gas resource while dis-
pensing with much of the expensive regulation associated with conventional gas
exploration and production. This would have an enabling effect on production
from NGH through dramatically lowering the cost of exploration and production.
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Chapter 13
Logistical Factors for Arctic NGH
Commercialization

Abstract Liquid petroleum oils can be efficiently transported because their
energy density is very high and they remain liquid even well below freezing. Gas
is less economic to transport on a BTU basis because it has a lower energy density
in any of its transport forms. Compressed natural gas (CNG), liquefied natural gas
(LNG), and artificially manufactured gas hydrate (MGH) all have energy densities
much lower than oils. The only comparable energy density for natural gas is artifi-
cially produced petroleum.

Keywords CNG ¢ LNG ¢ Pipeline * Manufactured gas hydrate ¢ Stranded
Gas-to-liquid « GTL « NGH

Because of the remoteness of any NGH concentration in any of the three High
Arctic NGH play areas that may be large enough to consider for commercial pro-
duction (Fig. 9.1), the lack of existing pipelines and other infrastructure introduces
a strongly negative factor to development economics. NGH in the Arctic will thus
have the character of ‘stranded gas’, which is an industry designation given to gas
deposits in which the cost of transporting the gas to market is a strongly prohib-
itive factor. The long pipelines and other fixed infrastructure necessary to bring
High Arctic gas and oil to shore and to market will probably be too expensive for
some time using current cost models. All High Arctic hydrocarbons would cur-
rently be regarded as stranded; this is not an issue for NGH alone. All other hydro-
carbon resources in the High Arctic currently suffer from this same issue.

In locations such as the GoM, NGH development can ride on the coattails of
existing conventional hydrocarbon exploration, equipment development and deep-
water technology and techniques. In the Arctic Ocean, conventional fixed hydrocar-
bon infrastructure may not reach any of the three NGH prospective zones (Fig. 9.2)
until after continental shelf hydrocarbon development progresses slowly poleward
into deeper water. Establishment of infrastructure will follow exploration and pro-
duction opportunities. And this may not be any time soon. Since fixed infrastructure
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Table 13.1 Gas transport options for High Arctic stranded gas

Fuel type Transport conditions Energy density (BTU/ Cost of transport
ft3) (relative)
Methane (STP) Not transported at STP  1,000-1500" Not transported at
STP
Pipeline Compressed, rate of Depends on compression  Pipeline and pumping
transport adds time and velocity infrastructure
factor costs high
CNG Compressed 235,000 @ 205 Atm Low
LNG Compressed and 563,000 High
Cooled 25 kPa
—162°C
NGH —20C 1 Atm 141,000-188,000 Competitive with
LNG
Gas to liquids Liquid ambient P-T 800,000-900,000 (est.) DI1,D2
Diesel Liquid ambient P-T 939,000 D1
Gasoline (Petrol) Liquid ambient P-T 805,000 D1

Diesel and Petrol are shown for reference. All figures based on Wikipedia, arbitrarily rounded to
nearest 1,000. D/ cost depends on the mode of transport (i.e., tanker, pipeline), D2 cost depends on
composition (i.e., percentage of higher density hydrocarbons in addition to methane). [—Methane
alone, usually some higher density hydrocarbons are present in natural gas, yielding a higher
energy density. CNG and LNG are for methane. Cost of transport: Pipeline costs are very depend-
ent on distance whereas ship costs less directly so. CNG depends on tank pressure; higher-pressure
tanks cost more initially

to bring gas from NGH play zones may not be developed for some time, a variety
of transport options may need to be assessed (Table 13.1). Mobile transport of gas
produced from Arctic oceanic NGH will probably be necessary, at least at first.

There are two critical factors in the mobile transport of the gas, energy density
of a particular volume of the material and the relative cost of converting the gas
from its field production character to its transported form and the cost of reconver-
sion, where this is necessary, at landing. Unlike petroleum, gas can be transported
in a number of physical forms, each of which has different characteristics.

Stranded gas deposits, even including conventional gas supergiant finds in the
high Arctic, will have the same character, once the gas has been extracted from
its reservoir. Mobile transport systems will have to be based upon remote conver-
sion of produced gas to another form for transport from the High Arctic (Conser
2007; Abdel-Kreem et al. 2009). Each transport method will have different costs
but will likely have the same issues of distance from a shore landing and gas han-
dling issues. Because of its extremely low environmental risk and high potential
payoff, it may be that technology developed to commercially develop Arctic NGH
in the near term could have the additional effect of promoting the development of
gas transport infrastructure that could also be used for conventional hydrocarbon
production in the High Arctic as exploration moves northward.

The cost of each mobile transport method has to be assessed in relation to the
cost of conversion of the gas. In principle, gas can be transported more efficiently
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when the energy density achievable is higher. In practice, however, the cost of con-
version of the gas to a higher density form may be a major component of the over-
all cost; the cost of the actual transport being about the same, once the capital cost
for each method is normalized.

In addition to altering the energy density of stranded gas as a means for
transporting gas from remote areas such as the High Arctic, the worldwide low
wellhead cost of gas could be monetized in competition with more expensive
petroleum. For instance, conversion of gas to liquid fuel would allow the value of
gas to closely compete at retail with higher price oils. The market for gas is also
increasing. Gas fired power stations have almost completely replaced oil fired sta-
tions in California, for instance, and gas is well on the way to replacing much of
the one-time nuclear power generation capacity in Japan. In addition, gas is being
used as a fuel in vehicles, particularly heavy vehicles and buses.

Compressed Natural Gas (CNG): The pressure at which the gas is transported
is important. The higher the pressure, the more gas can be transported in a single
shipload. Higher-pressure tanks, however, are more expensive than lower pressure
tanks. Converting inlet gas to CNG involves simply the cost of compression, which
has a calculable energy cost. If the inlet gas is already at pressure, the compres-
sion cost may not be extreme in the first instance. However, capturing the ther-
mal energy produced during compression and using energy recovery electricity
generation similar to that which is now dramatically lowering the cost of reverse
osmosis seawater desalination, in which the high pressure product and reject water
streams are used to generate electricity as part of lowering their pressure (Stover
2008), much of the cost of this compression could be recovered. In an extreme cost
model in which the inlet gas pressure is higher than the line pressure at the point of
delivery, the process could actually be energy positive. To our knowledge this cost
reduction technology has not yet been factored into CNG transport options.

We view the factor of energy density as a function of cost of conversion as
being relatively low because no new equipment development for loading or land-
ing CNG is required. Special CNG ships would require design and manufacture.
Container-based transport using multiple element gas containers offer promise of
lowering startup costs has been proposed (TOG 2012), but may involve an addi-
tional cost of refrigeration.

Liquefied Natural Gas (LNG): The energy density of LNG is the present
benchmark by which the other forms of gas transport can be compared. It is a
well-understood form of natural gas that has been used for commercial transport
for many decades. Production of LNG involves considerable energy but in addi-
tion, is usually done in very large installations on land that has pipeline access to
large amounts of gas. The gas is compressed, with a very high production of heat
requiring considerable refrigeration, so that it is condensed into a liquid at close to
atmospheric pressure at approximately —162 °C (=260 °F). LNG is transported
as a bulk cargo in large tanks at a maximum pressure of about 25 kPa/3.6 psi);
expensive pressurized tanks are not required. Vaporization of the gas, which is
available to use in the engines, keeps the LNG cold. Design and implementation of
a mobile, ship-borne LNG plant would involve a new initiative for miniaturizing
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LNG manufacture technology and fitting it into a ship that might have its own
LNG tanks. Transfer of LNG from one ship to another at sea introduces a level of
risk that to our knowledge has not been properly evaluated.

Manufactured Gas Hydrate (MGH): It is possible to manufacture gas hydrate
from gas produced from any source and transport it in a solid form (Kanda 2006).
Pelletized transport has been suggested (Kanda 2006) for ease of manufacture
and handling. The energy density of MGH is relatively low (Table 13.1) because
gas is compressed within the MGH by about 164 x (Sloan 1998) and because the
packing of the pellets leaves some space that is not filled with MGH. The porosity
can be flooded with gas to help stabilize the MGH, but the pressure in the hold is
envisaged as being only one atmosphere (Nogami and Nobutaka 2008). Although
the costs of fabricating the MGH and dissociating to produce gas and water
are substantial, these costs (including the value of the fresh water) may be eco-
nomical enough to allow for MGH it be used commercially for transport. Mitsui
Engineering and Shipbuilding of Japan, which is a major manufacturer of ships for
transporting oil and natural gas, is taking the lead in assessing this method.

Gas to Liquids (GTL): The GTL process is an established technology that pro-
duces liquid fuels having diesel-like energy densities and naphtha from natural gas.
The process was pioneered to produce liquid fuels from coal, a process that was
perfected in Germany during WWII and is currently being used for the production
of liquid fuel, most notably by Sassol in South Africa. Commercial GTL installa-
tions exist (Shell 2011; Siemens 2012) and shipboard GTL plant has been proposed
by a number of companies, in particular ‘Syntroleum’. Shipboard GTL plant would
be an elegant solution for remote conversion of stranded gas (Hall et al. 2001).

There is no question that the energy density of GTL is the highest energy den-
sity obtainable for natural gas. Although the costs of large plant are well under-
stood, commercially viable, miniaturized mobile GTL plant does not currently
exist and would require a new technology development. GTL would also allow gas
to be used to dilute heavy oils for greater ease of pipeline transport. To us, GTL is
an attractive option because of its high energy density and ease of handling of a
finished liquid fuel that will be directly usable upon landing without further pro-
cessing or refining.

References

Abdel-Kreem M, Bassyouni M, Shereen M-S, Abdel Hamid, Abdel-Aal H (2009) Open Fuel
Cells J 2:5-10. http://creativecommons.org/licenses/by-nc/3.0/

Conser RJ (ed) (2007) Topic paper # 20 deepwater. Working Document of the National
Petroleum Council, submitted to the Secretary of the United States Department of Energy 18
July 2007, p 26

Hall KR, Bullin JA, Eubank PT, Akgerman A, Anthony RG (2001) Method for converting natural
gas to liquid hydrocarbons. U.S. Patent 6,323,247 (issued 27 Nov 2001)

Kanda H (2006) Economic study on natural gas transportation with natural gas hydrate (NGH)
pellets. Paper to accompany abstracts. 23rd World gas conference, Amsterdam, Holland, 5-9
June 2006, p 11. http://igu.dgc.dk/html/wgc2006/pdf/paper/add10399.pdf


http://creativecommons.org/licenses/by-nc/3.0/
http://igu.dgc.dk/html/wgc2006/pdf/paper/add10399.pdf

References 107

Nogami T, Nobutaka O (2008) Development of natural gas ocean transportation chain by means
of natural gas hydrate (NGH). In: Proceedings of the 6th international conference on gas
hydrates (ICGH 2008), 6-10 July. Vancouver, British Columbia, Canada, p 9

Shell (2011) First cargo of Pearl GTL products ship from Qatar. http://www.shell.com/home/
content/media/news_and_media_releases/201 1/first_cargo_pearl_13062011.html

Siemens (2012) (dated as 2007) Process analytics in gas-to-liquid (GTL) plants. Case study.
Siemens AG. www.siemens.com/processanalytics

Sloan ED (1998) Clathrate hydrate of natural gases, 2nd edn. Marcel Dekker Inc., Publishers,
New York, p 705

Stover RL (2008) Energy recovery devices in desalination applications. In: Proceedings, inter-
national water association North American membrane research conference, Amherst, MA,
10-13 Aug 2008, p 8

TOG (2012) Trans Ocean Gas. http://www.transoceangas.com/


http://www.shell.com/home/content/media/news_and_media_releases/2011/first_cargo_pearl_13062011.html
http://www.shell.com/home/content/media/news_and_media_releases/2011/first_cargo_pearl_13062011.html
http://www.siemens.com/processanalytics
http://www.transoceangas.com/

Chapter 14
Natural Gas as Fuel and Renewable
Energy Aspects

Abstract Gas is the fuel of the future, especially in circumstances in which cut-
ting CO; emissions to the atmosphere is an objective to slow the increase in green-
house effect of the atmosphere. Natural gas could be envisaged as a bridge fuel
from higher CO, producing combustibles to a non-CO, renewable energy situa-
tion. In addition, because NGH is generally in the process of crystallizing in the
vicinity of existing deposits now, replacement NGH may form in relatively short
periods of time within a deposit under production. This gives NGH the peculiar
attribute of being a clean, renewable, combustible fuel.

Keywords Renewable ¢ Fuel ¢ Bridge fuel ¢ Greenhouse ¢ Climate change ¢ CO,
NGH

Natural gas produced from NGH will be very clean burning and produces the least
CO; per BTU of any combustible fuel. It could most reliably be considered to be a
bridge fuel from the current mix of combustible fuels to a renewable energy economy
that does not exhaust vast amounts of CO» into the atmosphere. Because of increas-
ing energy demand, concerns for the climate that favor development of alternative
energy sources that do not exhaust CO; into the atmosphere, and the limited nature
of hydrocarbon fuels, major energy system changes are being implemented, albeit
somewhat slowly. Renewable wind, water, geothermal, and solar energy that do not
effuse CO; into the atmosphere are increasingly being seen as beneficial replacement
for energy produced by combustion. This is a commendable objective but renewable
resources are by their nature not full-time or wholly predictable. Therefore, base load,
high energy on demand output power to back up alternative energy sources and fill
any demand gaps is required in any conventional-unconventional power grid.

Natural gas is the best fuel solution for base load power in a dominantly
renewable energy power spectrum for a number of reasons. Power plants can be
relatively small and dispersed, with gas being delivered through low to medium
pressure pipelines. Small gas fired power plants are off-the-shelf items that can be
ordered and installed more rapidly than any other combustible fuel power station.

M. D. Max et al., Natural Gas Hydrate - Arctic Ocean Deepwater Resource Potential, 109
SpringerBriefs in Energy, DOI: 10.1007/978-3-319-02508-7_14, © The Author(s) 2013



110 14 Natural Gas as Fuel and Renewable Energy Aspects

Once installed, they can be started or turned off quickly, as drops in renewable
energy power varies. They can remain in a ‘cold’ state for long periods without
extensive maintenance, and be brought up to full power much faster than either
oil or especially coal, which has a very long startup time. In addition, less CO;
per BTU is produced than from burning coal or oil and because natural gas is
relatively pure and will burn at high temperatures, its exhaust is essentially CO»
and water vapor with low ancillary pollution. ‘Clean gas’ is the standard base line
against which all combustible fuels can be measured.

There is special aspect of NGH that renders it fundamentally different from
other gas sources. Whereas conventional and the other unconventional gas
resources were essentially produced long ago in geological time and trapped in
geological traps that are unlikely to refill from their source beds, oceanic NGH
formation and concentration, such as may be found in the continental margin zone
(Figs 9.1 and 9.2) is dependent on recent or current adequate gas flux into suitable
host beds residing within the GHSZ. The rate of new NGH growth will depend on
the rate at which natural gas or groundwater carrying sufficient dissolved natural
gas migrates into suitable hosts in the GHSZ.

Regeneration of NGH is possible because neither of the most likely potential
NGH conversion techniques, heating and depressurization, significantly disturb the
framework structure of the host sands, although some compaction may take place if
sufficient back flooding to maintain reservoir pressures is not properly carried out. If
the gas flux continues and the GHSZ remains in place, NGH will continue to form
once conversion stimulation effects have come back into equilibration with ambient
conditions. In practice, there is evidence for NGH reformation in a zone of disso-
ciation in the Mallik well in the Mackenzie Delta region of northern Canada, in the
interval between periods of production. During the shut-in period from the end of
the 2007 winter test to the beginning of the 2008 winter test, all the free gas asso-
ciated with the dissociation of NGH during the 2007 winter test was absorbed to
re-form NGH, which had the effect of increasing the MH saturation in the vicinity
of the well by about 1-5 % (Kurihara et al. 2011). Thus, in a manner of speaking,
NGH may be regarded as a renewable resource in which wells could be reentered
for new phases of production on a scale of possibly decades. No other gas resource
has this aspect of reformation, although secondary concentration of both gas and oil
in high zones of conventional reservoir traps is known to take place (Selley 1998).
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