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Hed studies of naturad gas hydrates have been carried out in Canada for many years by the

Geologica Survey of Canada and by anumber of universties. Thisarticle describesthe two largest field

programs. (1) Arctic permafrost-related hydratestudies,
induding the Mdlik research drilling on the Mackenzie
Ddtaand, (2) Geophysica studies and ODP drilling of
maine gas hydrate beneath the continental slope off
Canada swest coast. Gas hydrate hasbeen known for
many yearsas a probleminblocking cold-regionnatural
gas pipdines, and as a drilling hazard in the arctic.
Shdlow gas in the Mackenzie Ddta, that may be
attributable to hydrate, resulted in the loss of life of two
drillers during early exploration. However, natura gas

hydrate studies have rapidly expanded globaly in recent
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years, with large programs in Japan and USA,
and condderable efforts in Canada, India,
Korea, and numerous other countries.

Why the sudden interest? There are

three reasons, (1) Gas from hydrate may bea - e ! o* = n_,—:m

new clean energy source. It isnow recognized

that there are huge amounts of natural gas,

mainly methane, tied up in gas hydrate globally, =

(2) Naturd gas hydrate may play a role in

Mallik self-preserved hydrate core

climate change. Methaneis strong greenhouse
gas o itsescape to the atmosphere fromnatura
gas hydrate could result in globa warming, (3)
Gas hydrate is a hazard in conventiond

hydrocarbon exploration, from shdlow gas

redlease and from seafloor insthiIity, especidly Massive hydrate from deep-sea piston cores
Figure 2. Gas hydrate samples from: (upper two)

in the arctic and in deep water where hydrateis actic Mallik well, (lower) piston cores from deep sea
off Vancouver Idand.
sable.
By most estimates, gas hydrateisthe largest globa  reservoir of organic carbon, greater than all
conventiona hydrocarbons (Figure 1, after Kvenvolden, 1993). The greatest interest in energy from

hydrate comes from countries that have limited domestic reserves of conventiona hydrocarbons such as

Japan, USA, Koreaand India. Even high-cost domestic energy is dtractive to these countries if thereis
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security of supply. Thereisnow little doubt that the quantity of gas in hydrate is large. The question for
economic development is, can acommercidly viable recovery system be devel oped?

Methane is some 30 timesmore effective as a greenhouse gasthan CO,, dthough it oxidizes quite
quickly in the atmosphere. In one mode, naturad hydrate dissociation due to human-initiated global
warming feedsback to further warming and run-away globa temperature increase. Present atmospheric
methane isincreasing at such arate that if it continues, methane will be the dominant greenhouse gasin the
second hdf of the century. Destabilizing of naturd gashydrate may be contributing to this buildup. It has
been argued thet at least one hydrate-mediated catastrophic warming is evident in the past geologica
record. The paleo-record of alate Paleocene therma maximum has been attributed to dissociation of
global gas hydrate that contributed a huge blast of carbonto the earth’ s atmosphere (e.g., Dickens et dl.,
1997). A catastrophic temperature increase resulted, giving a’5-7 °C rise in deep ocean temperature.
Also, naturd hydrate dissociation could be associated with the end of glacid periods. These arguments
are persuasive, but only crcumdantial. We do not know how such a methane release can occur, nor
whether the methane comes mainly from the arctic land and shalow sea hydrate whichis most susceptible
to amospheric temperature change, or from the larger deep seahydrate at lower |atitudeswhichprobably

isless ble to atmospheric temperature change.

What is gas hydrate? Where does it occur? How doesit form?

Gashydrateisaclathratestructurehaving gas enclosed inwater molecule cages. Hydrateissmilar
inappearanceto water iceand to dryice (CO,) (Figure 2; deep seaimage courtesy of G.D. Spence), and

many but not al of its physical properties are amilar to ice.  Mogt naturd hydrate contains biogenic
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may be the first exploited, and they probably are the most senditive to climate change.

The most common occurrences of natura methane hydrate partidly fill sediment pore spaces,
athough massive hydrate has beenfound as nodules and occasonaly asthick veinsor lenses. Hydrateis
frequently concentrated in sandier high porosity-permesbility sediment sections, especidly in arctic
occurrences. Most deep seafloor hydrate occurs in unconsolidated or semi-consolidated sediments,
commonly slts, with about 50% porosity but quite low permesbility.

The dissociation or melting temperature of hydrate is srongly affected by pressure, in contrast to
water icethat hasonly asmdl pressure coefficient. Methane hydrateis stable at the conditions of the deep
sedfloor and benegth land in the arctic where average surface temperatures are very low (Figures 3 and
4). The base of hydrate stability is commonly a few hundred metres below the seafloor on continenta
dopes, and up to 1000 metres below arctic permafrost areas. Hydrate is not stable beneath continental
shelves at temperate latitudes; the minimum water depth there is 600-800 metres.

Usudly the amount of local sediment organic carbon is not sufficient to produce substantial
concentrations of methane hydrate. Biogenic methane generated over a large depth interval must be
concentrated upward to the hydrate sability fidd. Migraioniseither asfreegasor asfluid containing near-
saturationconcentrations of dissolved methane. Especidly inarcticland occurrences, thisupward migration
may be smilar to conventiond hydrocarbon migration with hydrate concentration in Smilar structures,
athough redtricted to shalow depths. The important differenceisthat the hydrate itsdf may form the trap
againg further upward migration and loss. This is Smilar to the sed provided by permafrogt. It is
interesting that gas is observed escaping to the surface through some arctic lakes that, because of ther

warm temperature, provide underlying holes in otherwise continuous permafrost. In contrast, for many
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marine occurrences there is less dructura control.  Widespread pervasive upward migration and
horizontally semi-continuous hydrate formation is inferred.

The most common environment for seafloor hydrate isin clastic subduction accretionary prisms
(i.e., active margin fold and thrust belts), such as off western Canada and SW Japan, where tectonic
sediment accretionand consolidationresultsin upward fluid migrationand expulson. Thefew placeswhere
wide-spread hydrate occurs benegth stable continenta margins, upward fluid migration is aso indicated.
The well-studied Blake-Bahamas area off eastern U.S. is an example, dthough the concentrations there
are farly low. Hydrate is not usualy found beneath the deep sea floor of ocean basins, only benegath
continental dopes, presumably because in basns there is little upward fluid expulson to concentrate
methane upward into the stability fied.

An interesting recent occurrence highlights that large amounts of natural gas hydrate redly exigts,
not just anartifact of seismic or other remote sensing. A fishing dragger dredged and loaded on the deck
severa tons of gas hydratefromthe seafl oor of the upper continenta dope off the west coast of VVancouver
Isand. No doubt disappointed about the lack of fish, the wise crew shovelled the hydrate over the sde
asquickly as possible before anyone litamatchto smoke! Apparently therewasgreet frothing in the ocean

as the hydrate dissociated to methane in the warm surface ocean water.

How do we detect gas hydrate?

The change in sediment physica properties due to the presence of hydrate and of underlying free
gas dlows detection and semi-quantitative concentration estimates in field studies, and in exploration and

research wells. The two primary properties are seismic velocity and dectrica resdivity. Both properties
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can be measured in fidd surveys and in downhole
logs. Sediment velocities are strongly increased by the inclusion of high-velocity hydrate. Asis well
known, evenavery smal concentration of gas can decrease velocity substantidly. Partia replacement of
porefluid by hydrate doesnot change the density much, so the impedance contraststhat produce hydrate-
related reflections are primarily due to velocity. Because the formation of hydrate excludes sdinity,
incluson of hydrate increases sediment electrica resdtivity. Small amounts of gas have only asmall effect
on resdivity.
For marine occurrences, the bottom-smulating reflector (BSR) isthe most obvious indicator of gas
hydrate. The BSR occurs a the base of the P-T dability field for hydrate. It marks the bottom of the

hydrate “ice’, and the top of underlying freegas. Since isotherms approximately pardld the seefloor, the
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base of sability also commonly pardles the seafloor. BSRs can be impressive reflectors that cut
completely across dipping dratigraphic reflectors.  Understandably, until they were understood, BSRs
often were though to be artifacts of seilsmic acquisition or processing.

BSRsare produced by the negativeimpedance contrast betweenhighve ocity sediments containing
hydrate and low velocity sediments containing free gas (Figures5 and 6). An example of astrong BSR
onthe continental dope off Vancouver Idand isshown. For thoseaccustomedto interpreting subtlessismic
characterigtics, this reflector can berefreshingly smple and unambiguous. It isimportant to recognize that
BSRs require anabrupt impedance contrast. Hydrate can be present where thereisno BSR and aBSR
can occur where thereisllittle hydrate and only smdl amounts of underlying free gas, smal amounts of gas
can have alarge velocity effect.

For Arctic permafrost areas, hydrate has been detected mainly in conventional exploration well
data, especidly by high velocities in borehole sonic logs, high resigtivitiesin dectrica logs, and high mud
gas. A BSRisrardy generated intheseareas. The impedance contrasts from hydrate and underlying gas
ether are not aufficently large or are not aufficiently abrupt. A critica requirement for quantitative estimates
of hydrate and underlying free gas is accurate knowledge of the reference velocity and resdtivity depth
profiles for no-hydrate and no-gas. References are especidly difficult to obtain in the arctic where there

isoverlying high-velocity, high-resdtivity permafrog.

Two Canadian Study Areas

Gashydratein Canada as been studied off dl coasts and in the arctic associated with permafrost.

Hydrate is not common on the east coast continental ope, at least as evident by BSRs. However, as
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exploration and development move to deep water where hydrate is sable off Newfoundland and Nova
Scotia, the hazard from hydrate and underlying free gas may become important. Inthis article we present
results from the two areaswherethere hasbeen most extensive study and research drilling, the Mackenzie

delta and the continental dope off Vancouver 1dand.

The Arctic
The Geologicd Survey of Canada and severd universities have carried out studiesof gas hydrate
inthe arctic for many years with goplication both to hazard in conventiona exploration and for itsrolein

climatechange. Assessments of gas hydrate occurrenceinthe Mackenzie Delta-Beaufort Searegionhave
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in the clagtic sedimentary rocks of the Kugmallit, Mackenzie Bay, and Iperk sequences. Two were

associ ated withice-bearing permafrost; the remainder were beneath the permafrogtinterva. Thefrequency

of gas hydrate evidence in offshore wells was greater, 63% of 55 wdls. Smith and Judge (1995) have

estimated that the Mackenzie Delta-Beaufort Sea regionmay contain 16 trillionm?® of natural gasinhydrate

form.

The Mdllik 21_-38 Gas Hydrate Research Well

Thisearlier arctic hydratework led to a much larger effort indrilling onthe Mackenzie Deltaof the

firg arctic research wel specificaly for gas hydrate research (Figure 7). The well was an effort by a

consortium including the Japan Nationa Oil Corporation (JNOC), the Geological Survey of Canada, and
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principa collaborators, the Japan Petroleum Exploration Company (JAPEX) and the U.S. Geological
Survey. The research well (JAPEX/INOC/GSC Mallik 2L-38) was drilled to a depthof 1150 m on the
north coast of theMackenzie Deltanear the Ste of anexiding industry explorationwel. Many of theresults
have been published inaseriesof article in GSC Bulletin 544 (Ddlimoreet a., 1999). Scientific operations
included permafrost and gas-hydrate bearing core samples, downhole geophysica logging, and inhole
vertical and offsst sagmic profilesurvey (V SP). Laboratory studies and modelling included sedimentology,
biogtratigraphy, physical/petrophysica properties, pore-water and gas geochemidry, geophysics, and
reservoir characterigtics of the Mallik field gas hydrate accumulation. Only older seismic data and atest
high-resolution survey are so far avalable over the ste (e.g., Figure 8). The wdl ddineated the most
concentrated gas hydrate deposit presently identified, and recovered significant amounts of hydrate. The
Mallik hydrate layers exceed 110 m in thickness, in some parts having 80% pore saturation by hydrate
(Figure 9). Thetota amount of ingtu gaswithinthe Malik structure is estimated to be gpproximately 100

billion m? (see Dalimore et d., 1999).
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and geotechnical properties of gas hydrates and the stability of the gas hydrate to climate change.

Offshore western Canada
Marine gas hydrate was first discovered beneath the continenta dope off the west coast in

conventional marine multichanne sasmic data acquired as part of the Geological Survey of Canada's
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Figure 10. ODP scientific drilling and geophysicd
studies of seafloor gas hydrate off Vancouver Idand.

gte survey for drilling by the international Ocean
Drilling Program (ODP). A successful proposal
to ODP resulted intwo closely spaced shdlow research wellsinto themid continental dope off Vancouver
Idand on (ODP Sites 889 and 890) and areferencewd | in the adjacent deep sea Cascadia Basin (ODP

Site 888) (ODP Init. Rept. Val. 146). Thereis now a very comprehensive geophysica data base from
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Figure 11. Region of gas hydrate benesth the continental dope off Vancouver
Idand and location of ODP research well.
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Figure 12. Seismic section across N. Cascadia margin through ODP Site 889/890 showing
clear BSR (GSC Line 85-02).

surveys, studies and sampling in the area with work by the Geologica Survey of Canada, University of
Victoria, University of Toronto, Dahousie University, Cambridge University UK., Universty of Bremen

Germany, Scripps Ingt.
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the geologicd controls of hydrate

formation.

On thismargin thereisalarge clastic accretionary sedimentary prism (i.e., active fold and thrust
belt), the most common environment for high concentrations of marine gas hydrates. BSRs are evident
beneath about hdf of the mid-continental dope (Figures11 and 12). Specia sasmic sudiesindudeBSR
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far offsets. This behaviour may represent



turning or divingraysinthe high-velocityhydrate
rather than normal interface AV O behaviour.
Additiond information on hydrate
concentrationis provided by electrical resgtivity
profiling, and measurements of  seafloor
compliance. Detaled heet flow surveys have
mapped the thermd regime that controls the
depth to which gas hydrate is stable. ODP

downhole geophysica logs and core anayses
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vent structures that may carry upward migrating gas and associated gas hydrate (Figure 16).

A consderable amount of work has go to understanding why gas hydrate occurs in environments
suchasoff Vancouver Idand. Asnoted above, it isbeieved that upward advectivefluid expulson carrying
methane is required for high concentrations of natural gas hydrate. A genera model for the upward
migration of biogenic gas and hydrate formation on subduction zone accretionary prisms such as off

Vancouver Idand isshown in Figure 17.

How can we recover natural gas hydrate?

We do not yet know how to recover gas from natural hydrate. We are not aware of aredly
practical proposal for how to recover methane from natural hydrate. We do know that there are
formidable technica difficulties
(@ Although the total gas amounts are huge, most naturd hydrate represents a quite low energy density;
(b) substantia latent heat must be provided for dissociation; (€) the sediments are often fine grained,
unconsolidated, and low permesbility silts.

There are four main possibilities, (1) add heat and raise the temperatureto out of the Sability field,
(2) depressurize the section by pumping, especidly within the free gas belowthe BSR. The hydrate may
then dissociate downward into the low pressure gaslayer. However, the dissociation latent heet still must
be provided, (3) add antifreeze such asmethanal; it may be possible to recover the methanol with the gas
for re-use, (4) replace the methane in the hydrate with CO,.  An intriguing possibility isto inject the
unwanted greenhouse gas CO, into natural methane hydrate deposits where it forms CO, hydrate in

exchange for methane gas which, in tun, is recovered. CO,, hydrate appears to be more energeticaly
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favourable than methane hydrate so such a replacement should occur. Thisan attractive way to get rid of
troublesome CO, and recover vauable methane.

Although there are no clear answerstoday, it is worthremembering that many yearswererequired
to develop the technology for economic recovery of many other resources; tar sands are an example.
Sometimesthe answers come very quickly, sometimes only after many years. Gas hydrateisavery large

potentia resource, it just needs some very bright people with new ideas to find the solutions.
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