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The Qinghai-Tibet Plateau (also referred to as the Plateau) is the largest area bearing alpine permafrost
region in the world and thus is endowed with great formation conditions and prospecting potential of
natural gas hydrates (NGH). Up to now, one NGH accumulation, two inferred NGH accumulations, and a
series of NGH-related anomalous indicators have been discovered in the Plateau, with NGH resources
predicted to be up to 8.88x10'2 m*. The NGH in the Qinghai-Tibet Plateau have complex gas components
and are dominated by deep thermogenic gas. They occur in the Permian-Jurassic strata and are subject to
thin permafrost and sensitive to environment. Furthermore, they are distinctly different from the NGH in
the high-latitude permafrost in the arctic regions and are more different from marine NGH. The formation
of the NGH in the Plateau obviously couples with the uplift and permafrost evolution of the Plateau in
spatial-temporal terms. The permafrost and NGH in the Qilian Mountains and the main body of the
Qinghai-Tibet Plateau possibly formed during 2.0-1.28 Ma BP and about 0.8 Ma BP, respectively. Under
the context of global warming, the permafrost in the Qinghai-Tibet Plateau is continually degrading, which
will lead to the changes in the stability of NGH. Therefore, The NGH of the Qinghai-Tibet Plateau can not

be ignored in the study of the global climate change and ecological environment.

©2021 China Geology Editorial Office.

1. Introduction

NGH are ice-like solid substances formed from
hydrocarbon gases dominated by methane and water under
low-temperature and high-pressure conditions. They mainly
occur in submarine sediments and terrestrial permafrost. They
are a new type of potential energy source with great energy
potential. It is predicted that the global resources of NGH are
up to 2.1x10m’ ( Kvenvolden KA, 1988; Milkov AV,
2004). Additionally, they have significant implications for the
environment and ecology. Therefore, they have attracted high
attention all over the world. The perennial permafrost in
China covers an area of about 2.5x10° km?, which makes
China rank as the third largest country in terms of permafrost.
They are mainly distributed in the Qinghai-Tibet Plateau and
Da Hinggan Mountains areas. Among them, the Qinghai-
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Tibet Plateau is the main body bearing permafrost with an
area of about 1.5x10°km?, and the permafrost is typical
alpine perennial permafrost (Zhou YW et al., 2000). The
Qinghai-Tibet Plateau boasts great formation conditions and
prospecting potential of NGH (Xu XZ et al., 1999; Ku XB et
al., 2007; Zhu YH et al., 2011). Furthermore, NGH samples
have been obtained by drilling and a series of anomalous
indicators have been discovered in the Plateau, proving that
China is one of a few countries where both marine and
terrestrial NGH are stored. However, the detailed
characteristics of the NGH in the Qinghai-Tibet Plateau are
yet to be systemically summarized under global vision.
Moreover, the formation and evolution of the NGH in the
Qinghai-Tibet Plateau are to be further studied under the
context of global warming and permafrost degradation. This
paper systemically summarizes the main characteristics of the
NGH in the Qinghai-Tibet Plateau and discusses their
formation and evolutionary history based on more than ten
years’ research achievements gained by survey teams of NGH
in terrestrial permafrost affiliated to the China Geological
Survey (CGS) as well as a large amount of literature.

Copyright © 2021 Editorial Office of China Geology. Publishing services provided by Elsevier B.V. on behalf of KeAi.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Basic characteristics of NGH in the Qinghai-Tibet
Plateau and comparison with arctic permafrost regions

Three NGH accumulations and a series of NGH-related
anomalous indicators have been discovered in the Qinghai-
Tibet Plateau currently, including one NGH accumulation
discovered in the Muli area in the South Qilian Basin, two
inferred NGH accumulations found out in Kunlun Pass Basin
and Wuli area in southern Qinghai Province, and a series of
anomalous indicators revealed in the Qiangtang Basin and
Halahu Depression of the South Qilian Basin (Fig. 1). NGH in
the Plateau are all occurred under permafrost zone, mainly
occur in consolidated Mesonic strata, and are mostly
distributed in sandstone pores and shale fractures. They are
dominated by thermogenic gases, are controlled by the fault
and fissure structures, and are well trapped (Table 1).

2.1. Distribution characteristics of NGH

The Muli Depression in the South Qilian Basin was
formed during Late Paleozoic—-Mesozoic based on the Early
Paleozoic tectonic evolution. It is the first NGH accumulation
found in the middle-latitude alpine permafrost region in the
world, where the NGH were firstly discovered in 2008 (Fig. 2).
So far, the CGS and the China Shenhua Energy Co. Ltd.
(Qinghai) have drilled 25 wells for NGH exploration and four
wells for NGH production test in the depression, discovering
NGH samples in 11 exploration wells and four production

wells and NGH anomalies in the remaining wells. It was
discovered that the NGH in the depression are produced under
the permafrost, with a burial depth of 133-396 m, and they
mainly occur in the Middle Jurassic Jiangcang Formation
(Zhu YH et al, 2010; Li B et al., 2017; Wang PK et al.,
2019).

The Kunlun Pass Basin is a Pliocene-Middle Pleistocene
fault basin with an area of about 50 km?, where about 600 m
thick Neogene—Quaternary sediments were deposited. The
well KZ-3 was drilled in the basin in 2013, through which a
series of evidence of NGH occurrence was inferrred. For
instance, large amounts of gases were observed releasing in
multiple strata at a depth of more than 250 m, which contains
methane of about 22%-32% and have the characteristics of
intermittent release of NGH dissociation. Furthermore, the
gas-release horizons show logging characterized by low
density and increase in lateral resistivity and sonic velocity.
Meanwhile, marks of authigenic minerals associated with
NGH dissociation such as authigenic carbonate and pyrite
were found. All these indicate that NGH may occur in the
basin (Wu QB et al., 2015).

The Wuli area in Qinghai Province is located on the
northwestern margin of the Qiangtang Basin. The wells TK-2
and TK-3 were successively drilled in this area in 2015-2016.
As a result, strong bubbling and “sweating” phenomena (gas
and water release after hydrate dissociation) were found in the
core taken from Permian Nayixiong Formation at a depth of
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Fig. 1. Distribution of NGH in the Qinghai-Tibet Plateau.
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Table 1. Summary of the properties of global NGH in permafrost.
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permafrost

mixed with
biogenic

nodular, and veined

permafrost zone

Majorowicz

JA etal.,

1.8 2.7

-15—-20

510-740

Arctic

Thermogenic
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890-1110  Oligocene - Disseminated,

Below or in

Samples

Mackenzie,
Canada

permafrost

veined, clastic, and

nodular

Holocene
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2001

Notes: Hp—thickness of permafrost; 7g—Annual average ground temperature; Gp—geothermal gradient within permafrost; Gg—Geothermal gradient beneath permafrost.

52-241 m. They were associated with the marks such as
infrared low-temperature anomalies and combustion-
supporting ignition. The logging curves show the marks such
as a decrease in density and increase in sonic velocity and
lateral resistivity. Meanwhile, gas leak structures, authigenic
minerals, and salting out phenomenon were observed. All
these serve as the significant marks of NGH occurrence.
Besides, as shown in the gas logging results of well TK-3,
there are rich CO, manifestations in multiple layers of the
Nayixiong Formation, and the CO, content is up to 91.09%
with an average of 31.03%, implying that there may be CO,
hydrates in the area (Liu H et al., 2019).

A series of anomalous indicators associated with NGH
have been discovered in the Qiangtang and South Qilian
basins in the Qinghai-Tibet Plateau, indicating the possible
occurrence of NGH. The main anomalous indicators are stated
as following. (1) Thick hydrocarbon source rocks and distinct
hydrocarbon gas manifestations were found in Quemocuo
area of Qiangtang Basin. The gas logging of well QK-8 shows
the maximal total hydrocarbon content of 5.425% and the
maximum methane content of 3.596%. (2) Shallow high-
pressure gases were found in wells QK-6 and QK-7 in Yahu
area of the Qiangtang Basin, and mud volcanoes were found
in its adjacent Tucuo area. (3) A large number of mud
volcanoes were found in Gemucuo area of the Qiangtang
Basin, some of which are still emitting gases and thus are
modern mud volcanoes. (4) Large-scaled mud volcanoes and
their associated modern cold seep and cold seep carbonate
were found in the Tianshuihai Basin, Xinjiang Uggur
Autonomous Region. Meanwhile, hydrocarbon gas anomalies
were also discovered in the basin. (5) The seismic profiles of
the Halahu area in the South Qilian Basin show distinct
velocity reversion and seismic reflection blanking zones. In
addition, some indications for gas hydrate have been
discovered in Mehe Basin, Northeastern China permafrost
(Zhao XM et al., 2018).

The NGH in northern hemisphere permafrost are
primarily stored in the frozen ground in the Arctic, including
the West Siberia Basin and northern areas in Russia, the North
Slope of Alaska in the United States, the Mackenzie Delta and
Arctic Archipelago in Canada, and Svalbard and other islands
in Norway (Collett TS et al., 2011). Among them, the
Messoyakha in West Siberia Basin, Mackenzie Delta, and the
North Slope of Alaska are most famous and have been
produced test at present (Fig. 3; Table 1).

2.2. Characteristics of gas sources of NGH

A vast majority of marine hydrates are a microbial gas
hydrates, except for the thermogenic gas hydrates in a
minority of regions such as Black Sea and Gulf of Mexico.
On the contrary, NGH in permafrost are mostly thermogenic
gas hydrates (Dai JX et al., 2017), so does in the Qinghai-
Tibet Plateau. The NGH in the Muli area consist of relatively
complex gas components. They contain large quantities of
methane as well as heavy hydrocarbon components such as
ethane and propane, and some NGH samples even contain a
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Fig. 3. Distribution of global NGH in permafrost.
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Fig. 4. Gas source types of global NGH in permafrost (the data of
Kunlun Pass Basin from Wu QB et al., 2015; data of Alaska from
Collett TS et al., 1990 and Lorenson TD et al., 2011).

certain quantity of CO,. Therefore, the NGH in the Muli area
are rare (Zhu YH et al., 2010). The §'3C, values of methane in
the NGH mainly range between —31.3 %o and —52.6 %o, and

thus the NGH mainly originate from thermogenic gas, which
is associated gases of crude oil, and some of the NGH are
mixed gases (Fig. 4). The NGH in the Muli area are formed
from as deep thermogenic gases migrate to the shallow
hydrate stability zones through faults and then are covered by
the overlying permafrost.

The gas sources of NGH in the Kunlun Pass Basin are
thermogenic gases and mixed gases. The analytical results of
desorbed gases and mud gases of the cores taken from four
wells in the basin indicate that the gases mainly consist of
methane and trace of ethane and propane. Among the four
wells, wells ZK1 and ZK2 are shallow and only the
Quaternary Qiangtang Formation was revealed, and the gases
have low content of methane and thus are in-sifu microbial
gas hydrates. Wells ZK3 and ZK4 are deep, and the gases
have obviously higher content of methane and thus are mixed
gases, indicating that they are blended with the thermogenic
gases originating from underlying Triassic Bayan Har Group
and deep strata (Xiao HP et al., 2016). The gases revealed by
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the wells ZK1 and ZK2 have high content of CO, with
01Cco, values of —26.8%0——20%o, indicating that the CO, is
organic gas (Zhang JH et al., 2016).

The gas sources in the Wuli area are more complicated.
As indicated by the analytical results of 65 samples of on-site
desorbed gases and water-soluble gases, the gases in the area
mainly consist of CO, and a small amount of CH;. Among
them, the content of CO, is as high as 69.66%-99.98%, with
an average of 98% and the content of CH, is 0.01%—40% and
is 16.3% on average for four samples with high content of
CH,. Meanwhile, the CH, has relatively heavier 6'°C; values,
which are up to —27.82 %0 —32.38 %o. Therefore, it can be
inferred that the gases originate from thermogenic gas and are
mainly coal-bed methane gases, not excluding the possibility
that they are blended with some inorganic gas. Meanwhile,
the 0'°Cco, values are also relatively heavier, which are
—13.9 %o —1.18 %0 and are dominated by —4 %o —6 %o.
Therefore, the CO, should be inorganic gas (Gong JM et al.,
2014) and most likely are mantle-derived CO,.

The Mackenzie Delta in Canada features pretty complex
gas sources. Lorenson TD et al. (1999) analyzed the gases of
well Mallik 2L-38, including the gas components and carbon
isotopes of CH, in the gases. According to their analytical
results, the hydrocarbon gases revealed by the well are mixed
gases dominated by thermogenic gas and show obvious
regular changes with depth. In detail, at a depth of shallower
than 350 m, the gases are microbial gases with high content of
CH,4 and very light carbon isotopes of CH,. At a depth of
350-785 m, the gases are mixed gases, with the content of
thermogenic gases being higher and the carbon isotopes of
CH, growing heavier with an increase in depth. At a depth of
785-1165 m (bottomhole), the gases are thermogenic gases.
This indicates that NGH at this depth mainly originate from
deep thermogenic gases, which migrate to the hydrate stability
zones through faults and so on to form hydrate. The NGH in
the North Slope of Alaska also consist of methane primarily,
ethane and propane secondarily, and a very small amount of
other gases. Their genetic types are similar to those of the
NGH in Mackenzie Delta and they are also mixed gases
dominated by thermogenic gases. Lorenson TD et al. (2011)
obtained the samples and test results from the Mount Elbert
Gas Hydrate Stratigraphic Test Well and the details are as
follows. At a depth of 0-200 m, the gasses are typical
microbial gases since the 0C; values of CH, are
—80%0—86%o. The strata at a depth of 200-600 m serve as a
distinct transition zone. The gasses at this depth are mixed
gases since the o13C, values of CH, are —45%o0——80%o. At a
depth of more than 600 m, the carbon isotopes of CH, are
heavier and very stable, with ¢'°C, values of —42 %o—48 %o.
Therefore, the NGH are typical thermogenic gas and are
possibly associated with bio-degradation.

Little data are reported in publications on gas sources of
the NGH in Messoyakha, Russia currently. However, under
the hydrate layers in the area lies the Messoyakha gas field, of
which the content of CH,, ethane, propane, CO,, and nitrogen
is 98.6%, 0.1%, 0.1%, 0.5%, and 0.7%, respectively

(Makogon YF et al., 2007). Therefore, the hydrates in this
area should be thermogenic gas.

2.3. Characteristics of NGH reservoirs

The NGH reservoirs in the Muli area are diagenetic rocks
in the Middle Jurassic Jiangcang Formation (Fig. 5). They are
comprised of oil shale, mudstone, siltstone, and fine- and
medium-grained sandstone. There are two types of NGH in
terms of occurrence patterns, namely fracture-filling and pore-
filling hydrates. Among them, the fracture-filling hydrates are
mostly white and milky and thin-bedded, flaky, and cloddy in
shape. They occur on the fracture surface of siltstone,
mudstone, and oil shale and are visible to naked eyes, and a
single layer of them is merely a few millimeters thick. The
pore-filling hydrates occur in the pores of fine-grained
sandstone and siltstone in a disseminated shape, and they are
invisible to naked eyes.

There are also two types of NGH reservoirs in the Kunlun
Pass. One type is large numbers of fissures and tectonic
fractured zones. They formed from metamorphic flysch, sand
slate, and black shale in the lower Triassic Bayan Har Group
due to tectonic activities. The other type is the fluviatile-
lacustrine clastic sediments of the Neogene-Quaternary
Qiangtang Formation. They have not been consolidated into
rocks yet, with porosity of up to more than 20% (Wu QB et
al., 2015). The hydrates in Wuli area, Qinghai Province
mainly occurred in Upper Permian Nayixiong Formation. The
reservoirs mainly consist of gray and dark gray argillaceous
siltstone,  siltstone, gray fine-grained sandstone, and
argillaceous fine-grained sandstone, interbedded with a few
coal seams. The measured porosity of the cores is 2.25%—
16.61%, with an average of 5.03%, and the permeability is
0.479-0.132 mD, with an average of 0.261 mD. Therefore,
the reservoirs in the area are generally dense, but the cores are
broken, which is favorable for occurrence of fracture-filling
hydrates.

The hydrates in the Mackenzie Delta, Canada mainly
occur in the clastic sediments of Paleogene Kugmallit
Sequence and Neogene Mackenzie Bay and Iperk sequences,
which are unconsolidated-weakly cemented. Most of the
hydrates are stored below permafrost and only a few of them
are occrred within permafrost. Among them, five hydrate
layers were discovered at a depth of 897.25-1109.8 m in the
well Malik 2L.-38, with accumulative thick of up to 113 m.
The hydrates occur in the coarse sands primarily and in the
silty sediments partially. Meanwhile, some thin hydrates in
veined, clastic, or nodular shapes are occasionally visible. All
these indicate that the hydrates are under strong control of the
lithology. The logging data indicate that there is a thin free
gas layer below the bottom of the lowest hydrate layer.
Meanwhile, there is a positive correlation between hydrate
saturation and the content of sand in the sediments. That is,
the higher the content of sand, the higher the hydrate
saturation (Dallimore SR and Collett TS, 1999).

The hydrate reservoirs in the North Slope of Alaska are
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Fig. 5. Comparison among global NGH reservoirs in permafrost regions.

similar to those in the Mackenzie Delta. All of them are stored
in Paleogene-Neogene Sagavanirktok Formation and are
coastal-delta sands. Among them, the sand layer C in the
Mount Elbert Gas Hydrate Stratigraphic Test Well is
composed of hydrate-bearing sand with a thickness of 16 m
(burial depth: 650-666 m), and the overlying sand layer D is
composed of hydrate-bearing sand with a thickness of 14 m
(burial depth: 614—628 m). Meanwhile, there is also a positive

correlation between the hydrate saturation and the grain size
of sediments (Kneafsey TJ et al., 2011).

The hydrates in Messoyakha, Russia are located in the
West Siberia Basin. The basin is a large anticline with a size
of 12.5 kmx19 km, covering an area of about 237 km®. The
hydrate layers are occurred in the core of the anticline, with a
burial depth of 750-836 m and a thickness of about 84 m.
Under them lies the Messoyakha gas field, and thus the
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hydrate layers play a role in trapping natural gas reservoirs.
The hydrate reservoirs are comprised of sandy claystone in
the Upper Cretaceous Dolgan Formation, with a temperature
of 8-12°C and pressure of 7.8 MPa. Meanwhile, the porosity
of the reservoirs is 16%—38%, with an average of 25%, and
the permeability of the reservoirs is 10-1040 mD, with an
average of 203 mD (Makogon YF et al., 2007).

2.4. Characteristics of NGH cap rock (permafrost)

The gas sources of hydrates in permafrost mostly originate
from deep thermogenic gases. The seal of permafrost is
necessary to form NGH when the deep thermogenic gases
migrate upwards the gas hydrate stability zone. The reason is
that the permafrost can effectively prevent the free gases
escape due to its extremely low permeability, and thus serves
as an important trap for the formation of NGH.

The Plateau is the largest permafrost region in China. It
covers an area of 1.50x10% km?, which amounts for 69% of
the total permafrost area in China. Furthermore, the
permafrost in the Plateau is typical alpine permafrost and has
the characteristics of high elevation, high annual average
ground temperature, thin permafrost zone, and poor stability.
The Qiangtang Basin is the area where permafrost is the most
developed in the Plateau. The permafrost in the basin is
continuously distributed. Furthermore, from the basin to its
surrounding areas, the annual average ground temperature
gradually increases, and thus the permafrost gradually grows
thinner. As a result, the continuous permafrost is gradually
transformed into island-shaped permafrost. The drilling
results indicate that the permafrost in the Kunlun Pass Basin
is 81.5-112 m thick while those in the Wuli area are only
about 60 m since the Wuli area falls in a melting area.

The Qilian Mountains permafrost region is located on the
northern margin of the Qinghai-Tibet Plateau, with an area of
about 0.1x10° km?. It is an alpine permafrost region but is
classified as a mountain permafrost region according to the
division method proposed by Zhou YW et al. (2000). In this
region, the annual average ground temperature is
—1.5—2.4°C, and the permafrost thickness is generally
50-139 m. The Muli area is the central of the Qilian
Mountains permafrost region, where perennial permafrost is
continuously distributed except for local areas. The annual
average ground temperature in the area is about —2.4°C.
Meanwhile, according to the measurement in the ground
temperature observation borehole DK-12 in the Muli area, the
measured permafrost thickness is 110 m and the underground
ice is usually visible.

In contrast to the Qinghai-Tibet Plateau, the hydrate
accumulations in Messoyakha, Russia; Mackenzie, Canada;
and the North Slope of Alaska, the United States are all
located in the high-latitude areas. They are typical Arctic
permafrost, with the characteristics of low elevation altitude,
low annual average ground temperature, thick permafrost
zone, and stable distribution. The permafrost thickness in
these hydrate deposits is generally 400-500 m thick.

According to drilling results, the permafrost zone thickness in
the Mackenzie Delta, the North Slope of Alaska, and
Messoyakha is 640 m, about 600 m and 420-480 m,
respectively, which are is far greater than that of the Plateau.

2.5. Resource potential of NGH

In the early days, the potential hydrate resources were
estimated as follows. First, delineate the area of potential
NGH distribution regions according to the conditions such as
temperature, pressure, and gas sources. Then, calculate the
thickness of hydrate stability zones. Finally, estimate the
potential hydrate resources by assuming some parameters.
The NGH resources in the Plateau estimated in the early days
differ greatly. They were estimated to be 0.12x10'2-240x10"?
m?® by Chen DF et al. (2005) based on hydrate stability zones,
45.3x10'2-298x10'? m* by Ku XB et al. (2007), and about
3510 m® by Zhu YH et al. (2011) employing the
volumetric method and the Monte Carlo method. With an
increase in knowledge about NGH in recent years, the
methods and parameters used to estimate NGH resources have
been continually improved, and the accuracy of the estimated
results have also been improved. Meanwhile, the estimated
resources have gradually become smaller. For example, the
resources were estimated to be 2.20x10'2 m® by Wang X et al.
(2018). Recently, the authors calculated NGH resources in the
Plateau according to the following procedures. First, the Muli
area was selected as a reference due to its high exploration
level. Then, the volumetric method was adopted to evaluate
the NGH resources in the Muli area. After that, the resources
in the South Qinlian Basin and Qiangtang Basin were
calculated by analogical and genetic methods. Finally, the
NGH resources in the Plateau was calculated and it is about
8.88x10'> m®, showing enormous resource potential (Table
2).

In contrast to the Plateau, the NGH resources in the North
Slope of Alaska in the United States, Mackenzie (including
the adjacent Beaufort Sea) in Canada, and Messoyakha in
Russia are 0.71x10'%-4.47x10'2 m® (median: 2.42x10'> m?),
2.4x10'%-80.7x10" m?, and 0.41x10'>-4.47x10"? m’,
respectively (Table 2). Ruppel C (2015) estimated the
resources in the permafrost of the entire Arctic to be about

Table 2. Resources estimates of natural gas hydrates in
permafrost.
Region Resources References

/%102 m?
Qinghai-Tibet Plateau 0.12-240 Chen DF et al., 2005
Qinghai-Tibet Plateau 45.3-298 Ku XB et al., 2007
Qinghai-Tibet Plateau 35 Zhu YH etal., 2011
Qinghai-Tibet Plateau 2.20 Wang X et al., 2018
Qinghai-Tibet Plateau 8.88 This study
Messoyakha, Russia 0.41-4.47 Makogon YF et al., 2007
Alaska, USA 2.42 Collett TS et al., 2011
Beaufort-Mackenzie, 2.4-80.7 Majorowicz JA et al.,
Canada 2001
Arctic Permafrost 40 Ruppel C., 2015
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40%10"% m’ , which is similar to that of the Plateau.
3. Formation process of NGH

NGH form in a low-temperature and high-pressure
environment. Permafrost provides a relatively low-
temperature environment for the formation of NGH, and it
provides cap rock for the deep gas sources that migrate
upwards to avoid gas escape. Therefore, the key to the
formation of NGH is that the gas sources, permafrost, and
temperature/pressure  conditions are  well  matched.
Meanwhile, the formation of the NGH closely couples with
the uplift and permafrost evolution of the Plateau in spatial-
temporal terms.

3.1. Uplift process of the Qinghai-Tibet Plateau

The uplift of the Plateau was a result of the collisions
between the Indian and Eurasian plates. The continent-
continent collisions between the two plates occurred in about
65-60 Ma BP. As the Indian Plate gradually drifted and
extruded northwards (it is estimated that the Indian Plate
drifted about 2500-3000 km northwards according to
magnetic anomaly belts), the Tethys Ocean disappeared and a
plateau rose and finally formed the Plateau of today. There are
different opinions on the uplift eras and process of the
Plateau. Among them, the one most widely accepted is the
multi-stage, uneven, and varying-speed uplift pattern
consisting of “three stages of uplift and two-time deplaning”
proposed by Shi YF et al. (1999). In detail, it states that the
Plateau rose in 45-38 Ma BP, 25-17 Ma BP, and 3.6 Ma BP -
now and that it was razed to ground twice during three
uplifting. The Plateau only rose to a small extent in the first
two stages on the whole, and the average elevation of the
Plateau was not greater than 2000 m. In contrast, the sharpest
uplift occurred at the third stage after 3.6 Ma BP. Zhong DL
and Ding L (1996) argued that there is the fourth uplift, i.e.
the uplift during 13—8 Ma BP, according to numerous fission-
track ages of apatite in eastern Himalaya. Meanwhile, Ge XH
et al. (2014) simplified the three-stage uplift into two stages,
ie. 23-17 Ma BP and 3.6-0.8 Ma BP, based on the
evolutionary characteristics of sedimentary structures in the
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Qaidam Basin. Despite different opinions on the number of
uplift stages, it is agreed that the quick uplift occurring after
3.6 Ma BP is the most important one in the formation process
of the Plateau.

3.2. Formation process of permafrost in the Qinghai-Tibet
Plateau

The permafrost in the Plateau formed mainly due to the
decrease in the ground temperature caused by the uplift of the
Plateau. However, it is difficult to accurately determine the
exact formation era. The quick uplift of the Plateau was
caused by the “Qinghai-Tibet Movement” starting in 3.6 Ma
BP, which is represented by strong uplift, disruption of the
main planation surface, and the formation of large fault
basins. It is elevation rose to about 2000 m in 2.5 Ma BP,
reaching the “dynamic critical height affecting the
atmosphere. As a result, it is difficult for monsoon to climb
over the Plateau, and thus the modern monsoon pattern in
which the wind system circulates around the Plateau was
formed. The later period of 1.1-0.6 Ma BP during which
Kunlun-Yellow River tectonic movement happened is another
important uplift state of the Plateau. As a result, the average
elevation of the Plateau reached around 3000-3500 m during
0.8-0.5 Ma BP, with the elevation of the mountainous area
even reaching up to more than 4000 m (Shi YF et al., 1999;
Zheng D et al., 2002; Li JJ, 2013).

The Middle Pleistocene Transition (MPT) and global
cooling exactly happened about 0.8 Ma BP. The former is one
of the most important events in Quaternary climate change,
which the main climatic oscillations from 41 ka transform to
100 ka in the Middle Pleistocene (Lu J and Chen MH., 2006).
In around 0.8 Ma BP, the quick uplift of the Plateau, the
transition of the climatic oscillation cycle, and the global
cooling were coupled with each other. As a result, the Plateau
entered the cryosphere, a large scale of glaciers developed,
and accordingly a large area of perennial permafrost begun to
form. After that, the Plateau continued rising and the average
elevation of the Plateau surface gradually rose to more than
4000 m. Despite a short change of climate between glacial
and interglacial periods, the main part of the Plateau has
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Fig. 6.

[lustration of the uplift of the Qinghai-Tibet Plateau and the formation of the permafrost and NGH in the Qinghai-Tibet Plateau (the

data on uplift and permafrost formation modified from Shi YF et al., 1999).
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always remained frozen (Fig. 6).

Qiao YC et al. (2010) calculated the initial formation time
of the permafrost in the Plateau at different uplift rates by
simulation with the finite element method. According to the
simulation results, the formation era of the permafrost and the
current permafrost thickness in the Plateau should be about
0.39 Ma and 124.68 m, respectively assuming that the Plateau
rose from 1000 m to 5000 m at an uplift rate of 2 mm/a in
2 Ma, while they should be about 0.98 Ma and 129.95 m,
respectively assuming that the Plateau rose from 1000 m to
5000 m at an uplift rate of 0.8 mm/a in 5 Ma. The second
results are roughly consistent with the above-mentioned
formation eras, i.e., about 0.8 Ma BP.

There is a lack of consensus on the formation era of the
glaciers and permafrost in the Qilian Mountains. Pan BT et al.
(1995) and Li QL et al. (2003) thought that they formed in the
early stage of the Early Pleistocene and the details are as
follows. During 2.0-1.28 Ma BP, the Qilian Mountains
quickly rose for the first time, leading to decrease in
atmospheric temperature and the first occurrence of massive
glacial activities. As a result, permafrost started to form in the
area. During 1.05-0.36 Ma BP especially around 0.8 Ma BP,
the Qilian Mountains experienced the second quick uplift.
Consequently, the main body of the Qinghai-Tibet Plateau
entered the cryosphere, leading to the largest scale of glaciers
in the Qilian Mountains. Li JJ et al. (2013) considered that the
glaciers and permafrost in the Qilian Mountains formed in the
Middle Pleistocene and the main reason is the Kunlun-Yellow
River tectonic movement occurring around 0.8 Ma BP, which
is roughly the same as the formation time of the main body of
the Qinghai-Tibet Plateau. They even restricted the formation
era to 0.47-0.45 Ma BP, which is consistent with oxygen
isotope stage 12 (MIS12; Zhou SZ and Li JJ, 2003). Recently,
Qi BS et al. (2014) found original sand wedge groups in
Middle Pleistocene alluvial-diluvial sand gravel layers on the
north bank of the Qinghai Lake. The ages of two of the sand
wedges determined by ESR dating are 0.773+£0.070 Ma BP
and 0.774+0.070 Ma BP, indicating that the Qilian Mountains
had largely entered the freeze period and glaciers had spread
to the Qinghai Lake about 0.77 Ma BP. Based on this as well
as the high latitude and relatively early uplift of the Qilian
Mountains, the authors agree with the first opinion, i.e., the
permafrost in the Qilian Mountains possibly formed in
2.0-1.28 Ma BP, which is earlier than the formation time of
the main body of the Qinghai-Tibet Plateau.

Different from the Qinghai-Tibet Plateau, the permafrost
in arctic regions formed earlier. The formation era should be
3.6-2.6 Ma BP, which is basically in the same as that of the
Arctic ice sheet. Glaciers first appeared on the Arctic land in
the late Middle Miocene. Then they gradually spread over the
land in stages until formed the giant Arctic ice sheet during
2.8-2.6 Ma BP. Most researchers consider that the formation
mechanism of the giant Arctic ice sheet is related to the uplift
of the Qinghai-Tibet Plateau or the closure of the Panama
Seaway (An ZS et al., 1998).

3.3. Formation process of NGH in the Qinghai-Tibet Plateau

Due to the lack of direct methods, the formation ages of
NGH can only be indirectly inferred from the factors such as
the formation and migration of hydrocarbon gases and
coverage of permafrost. For example, Zhou Q et al. (2011)
held that the primary hydrocarbon-generating periods of
major oil basins in the Plateau are the Late Jurassic—Early
Cretaceous, and that NGH finally formed after the quickly
uplift of the Plateau, the drastic drop in temperature, and
permafrost formation since 3.4 Ma BP. Lu et al. (2018, 2020)
also indicates that NGH in the Muli area formed over three
stages, namely the generation and enrichment of hydrocarbon
during the Middle Jurassic, the uplift and erosion of strata and
gas migration during Early Cretaceous—Pliocene, and frost
action and the formation of hydrate reservoirs in the early
stage of the Middle Pleistocene.

NGH should form later than permafrost. In other words,
permafrost occurs earlier than hydrates. As stated above, the
permafrost in the Qilian Mountains possibly formed during
2.0-1.28 Ma BP, which might be the initial formation time of
the hydrates in the permafrost in the Qilian Mountains.

In the Kunlun Pass Basin, the hydrocarbon source rocks in
the Triassic and deep strata were highly matured and
produced massive hydrocarbon gases during the Cenozoic.
About 0.8 Ma BP, the basin entered the cryosphere and
permafrost gradually formed. Owing to some faults and their
associated secondary fissures forming during the neo-tectonic
movement since 0.6 Ma BP, the residual hydrocarbon gases in
the deep strata migrate upwards and gradually form NGH
under the coverage of the permafrost (Xiao HP et al., 2016).

The formation progress of the NGH in the North Slope of
Alaska in the United States and Mackenzie in Canada is a
little different from that in the Plateau. NGH in these areas
possibly formed earlier than permafrost, since these areas fall
into the same hydrate-oil system with the Beaufort Sea. For
instance, Dai S et al. (2011) simulated the depth-temporal
evolution of hydrates and permafrost in Mount Elbert area in
Alaska. The simulation results indicate that large-scale
continuous permafrost began to form about 0.5 Ma BP
(ground temperature below —5°C), while NGH began to form
about 1.8 Ma BP in the area, showing a difference of about
1.3 Ma. The current hydrates in Mackenzie, Canada possibly
formed a little later. The permafrost in the Mackenzie forming
during the Illinoian Glacial Stage (115 ka BP) completely
melted during the Sangamonian Interglacial Stage. As a
result, all of the hydrates completely decomposed even if
some hydrates formed. As of the Wisconsin Glacial Stage
(starting about 85 ka BP), the permafrost formed again and
kept thickening, and accordingly, NGH began to form. That
is, the current hydrates in Mackenzie should have formed
about 85 ka BP (Majorowicz JA et al., 2000).

4. Evolutionary process of NGH

NGH form and maintain stable only in a low-temperature
and high-pressure environment. Otherwise, they will
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decompose or form again. After the Plateau entered the
cryosphere 0.8 Ma BP, the permafrost and NGH changed with
global climate change, especially the transition between the
glacial and interglacial periods, which in turn impacted the
global climate change.

4.1. NGH in the Last Glacial Maximum

The Last Glacial Maximum (LGM, 27-10 ka BP) is the
coldest period in the Plateau since the late stage of the Late
Pleistocene, during which perennial permafrost was the most
developed. As calculated based on various relict permafrost
and models, the permafrost in the Plateau massively spread
towards its surrounding areas during the LGM. As a result, it
covered most of the Qaidam Basin, the drainage basin of the
Qinghai Lake, and the Gonghe Basin in the north, the
upstream valley of the Yarlung Zangbo River in the south,
and a large region in the east. It covered an area of about 2.71x
10° km? which is about 40% larger than its current area.
Compare to the current Qinghai-Tibet Plateau, the bottom
boundary of the perennial permafrost in the Plateau was
1200-1400 m lower in general and 1700 m lower in the
northeastern part during the LGM, and the average
atmospheric temperature throughout the Plateau was 7-9°C
lower (Shi YF et al., 1997; Jin HJ et al., 2019).

The NGH stability zones and their thickness are mainly
controlled by the factors such as temperature, pressure, gas
components, and pore water’s salinity. Assuming that the gas
components, pore water’s salinity, and the geothermal
gradient remain constant, the critical parameters affecting the
NGH stability zones can be simplified into annual average
ground temperature and permafrost thickness. According to
more than six years of observation data from the NGH field
observation station in the Muli area, the parameters related to
the NGH stability zones include are as follows. The annual
average atmospheric temperature is —3.6°C, the annual
average ground temperature is —1.67°C, the permafrost
thickness is 110 m, the geothermal gradient within permafrost
is 1.51°C/100 m, the geothermal gradient under permafrost is
3.9°C/100 m, and the density of rock is 2.5 g/cm’. If the
average atmospheric temperature in the Plateau during the
LGM was about 7-9°C lower than it is now (the median:
8°C), the annual average atmospheric temperature and the
annual average ground temperature in the Muli area were
—11.6°C and —6.39°C, respectively during the LGM (Table 3).

The permafrost thickness during the geologic history can

only be indirectly estimated using some parameters since they
are difficult to measure. Li SX and Cheng GD (1996), Luo
DL et al. (2012), and Liu GY et al. (2016) have proposed
different formulas or methods for calculating the permafrost
thickness. However, some parameters they used are also
difficult to acquire. Assuming the geothermal gradients within
and under permafrost since the quaternary were respectively
the same as those now, it can be inferred that the permafrost
thickness in the Muli area during the LGM was up to 636 m
(Table 3).

Based on some parameters and relevant assumptions, the
NGH stability zone and its thickness in the Muli area during
various geological periods can be determined by simulation
and calculation using the program CSMHYD developed by
Sloan. The parameters include the above-mentioned annual
average ground temperature and permafrost thickness;
measured the geothermal gradients within and under
permafrost, and measured gas components of NGH in the
Muli area (i.e., CHy: 65.05%; C,Hg: 8.19%; CsHg: 12.62%;
iC4H;p: 1.35%; nC4H;y: 3.17%; iCsH;,: 0.38%; nCsH,,:
0.51%; Cgt: 2.91%; and CO,: 5.86%; Lu ZQ et al., 2011).
Meanwhile, it is assumed that the pore water is fresh water.
According to the calculation results, the top and bottom
boundaries of the NGH stability zone during the LGM were 8
m and 1355 m deep, respectively. Therefore, the thickness of
the NGH stability zone was 1347 m, which is about twice as
thick as the thickness of the current NGH stability zone.
Therefore, if there were enough gas sources to form NGH
during the LGM, the total NGH resources in the Qinghai-
Tibet Plateau would have been up to 16.54x10'> m* (Table 3;
Fig. 7).

4.2. NGH in Holocene Megathermal Period

After the LGM, the perennial permafrost in the Plateau
tended to degrade in general with the fluctuations and
warming of the climate. Especially during the Holocene
Megathermal Period (HMP, 8.5-3 ka BP), the Plateau
suffered the most intensive, quickest, and widest permafrost
degradation. As a result, the permafrost region substantially
shrank and the bottom boundary of the permafrost was
300-500 m higher than it is now. Meanwhile, the perennial
permafrost was distributed in the shape of islands. In
mountain such as the Qilian Mountains, the permafrost only
remained on the top or upper-middle part of some high
mountains. During the HMP, the permafrost area in the

Table 3. Summary of the NGH evolution in the Qinghai-Tibet Plateau.

Era Area of permafrost ~ Annual average Annual average Permafrost Thickness of NGH ~ NGH resources/10'
region/10® km? atmospheric ground temperature  thickness/m* stability zone/m m’
temperature/°C /°C*
LGM (26-10 ka BP) 2.71 -11.6 —9.67 636 1280 18.10
HMP (8.5-3 kaBP) 1.02 0.4-1.4 2.83 0 213 3.01
Present (2018 AD)  1.50 -3.6 —-1.67 110 628 8.88
2099 AD 0.76-1.25 —0.69 2.33 0 253 3.58

Note: * data in these columns are based on measured data of the Muli area in the Qilian Mountains; other data are calculated according to formulas or assumed

based on inferences in the context.
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Fig. 7. Change of NGH stability zone in the Muli area during the LGM, the HMP, the present and 2099.

Plateau possibly reduced to 10.2x10° km? which is about
73% of the current area. Thus the HMP is the period with the
smallest area of the perennial permafrost in the Plateau. The
annual average atmospheric temperature during the HMP was
4-5°C higher than it is now (Jiao SH et al., 2015; Jin HJ et al.,
2019).

During the HMP, the ground temperature in the Muli area
was up to 2.83°C, leading to the disappearance of perennial
permafrost in the area. However, the hydrate stability zone
still existed during this period due to the complex gas
components and corresponding not very strict temperature and
pressure conditions for the formation of hydrates in the area.
According to the above-mentioned methods, the thickness of
the NGH stability zone in the Muli area was merely 213 m
and the NGH resources in the Plateau were about 3.01x10'2
m® during the HMP. Therefore, more than four-fifth of the
NGH in the Plateau (15.09x10'2 m?) were decomposed from
the LGM to the HMP.

4.3. NGH prediction under the background of global warming

The permafrost in the Plateau has the characteristics of
wide distribution, thin thickness, high ground temperature,
and poor stability, and thus is more sensitive to global climate
change than that in arctic regions. Under the background of
global warming, the Plateau suffered more significantly
warming. For example, over the past 50 years, the rate of
increase in temperature in the Plateau is twice as high as the
global average rate of increase in temperature (Yao TD,
2019). During 1961-2017, the atmospheric temperature
continuously increased at a rate of 0.045°C/a in the Qilian
Mountains, which is clearly higher than the national average
rate in the corresponding period (Dai S et al., 2019). As a
result, the permafrost degraded to different extents, which is

represented by the increase in ground temperature, reduced in
permafrost area, decrease in permafrost thickness or even
disappearance, and expanse of melted region. For example, as
for the perennial permafrost in the Plateau, the annual average
ground temperature increased by about 0.1-0.5°C, the bottom
boundary rose by 40-80 m, and the area reduced by about
100x10° km? since the 1970s (Cheng GD et al., 2019). The
simulation results show that the permafrost area in the Qilian
Mountains also gradually reduced by 97.5x10° km?, 93.5x10°
km?, 88.5x10° km* and 76.6x10° km* in the 1970s, 1980s,
1990s and 2000s, respectively (Zhang W1J et al., 2014).

The Qinghai-Tibet Plateau will further warm in the future.
According to the 4™ report issued by the Intergovernmental
Panel on Climate Change (IPCC) in 2007, the global average
atmospheric temperature will increase by 1.8—4.0°C as of
2099. Based on the predicted data, Jiao SH et al. (2016)
simulated and calculated the permafrost degradation in the
Plateau, and the results are as follows. In the case that the
temperature rises by 1.8°C in 2099, the permafrost area in the
Plateau will be 1.25x10° km? in 2099, which is about 83.4%
of the current area. In the case that the temperature rises by
4°C, the permafrost area in the Plateau will be 1.10x10° kmz,
which is about 73% of the current area. Assuming that the rate
of increase in the temperate in the Plateau is higher than that
in the whole globe, i.e. in the case that the temperature rises
by 6°C, the permafrost area in the Plateau will be only
0.76x10° kmz, which is about a half of the current area. The
simulation results obtained by Li X and Cheng GD (1999) are
similar to the above results. In detail, if the average
atmospheric temperature in the Plateau increases by 1.10°C as
of 2099, the permafrost region in the Plateau will reduce by
19%. If the average atmospheric temperature in the Plateau
increases by 2.91°C as of 2099, the permafrost region in the
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Plateau will reduce by 58.18% and the perennial permafrost
will only exist in the northwestern part of the Plateau.

According to the above-mentioned methods, all of the
permafrost will be melting but the NGH stability zone will
still exist in the Muli area in 2099 if the average atmospheric
temperature rises by 4.0°C in 2099. The thickness of the NGH
stability zone will be merely 253 m, which is roughly similar
to that during the HMP. Meanwhile, the NGH resources in the
Plateau will be 3.58x10'?> m®, which is basically similar to
that during the HMP.

Assuming that the temperature continually rises in the
same way and the ground temperature rises to 4.00°C, the
NGH stability zone in the Muli area will completely disappear
and almost all of the NGH will decompose.

5. Discussion
5.1. NGH comparison among permafrost regions worldwide

The NGH in the Plateau are different from those in the
Arctic permafrost regions and are even more different from
marine hydrates in terms of the gas source, reservoirs,
permafrost conditions, formation mechanism, and formation
age (Table 1). In terms of the gas source, hydrates in the
Plateau mostly originate from deep thermogenic gases, which
have high content of CO, in general. Most especially in the
Wauli area, high-content CO, is extremely rare in the world
and possibly is mantle-derived inorganic CO,. The hydrates in
Arctic permafrost regions also originate from deep
thermogenic gases mostly, but they are mixed with shallow
microbial gases more or less. In contrast, most of the marine
hydrates come from shallow microbial gases (Dai JX et al.,
2017).

In terms of reservoirs, the hydrates discovered in the
Plateau all occur in consolidated Permian-Jurassic strata,
which are mostly low-porosity and low-permeability strata.
Most of the hydrates occur in rock fractures in the way of
fissure filling, and only part of those in the Kunlun Pass Basin
possibly occur in the Quaternary unconsolidated loose
sediments. Similar to those in the Plateau, the reservoirs in
Messoyakha, Russia are also consolidated ancient strata. The
hydrates in the North Slope of Alaska, USA, and Mackenzie
Delta, Canada all occur in weakly-consolidated Paleogene and
Neogene strata or Quaternary loose sediments with high
porosity and high permeability (Majorowicz JA and Hannigan
PK, 2000). They are mostly produced in the form of pore
filling. However, marine hydrates mostly occur in Neogene or
Quaternary loose sediments.

As cap rock, permafrost plays an important role in the
formation of hydrates in permafrost in both the Plateau and
Arctic permafrost regions. Permafrost serves to seal deep
thermogenic gases from migrating upwards, thereby stopping
hydrocarbon gases emission to the ground surface and then
escape. Especially, in the North Slope of Alaska, USA and
Mackenzie Delta, Canada, the permafrost can also isolate the
underlying thermogenic gases from the overlying microbial
gases. As a result, microbial gases are distributed in the upper

part, mixed gases in the middle, and thermogenic gases in the
lower part. For marine hydrates, there is no distinctive cap
rock, and hugely thick seawater and sediments play the role of
blocking gases from migrating.

In terms of the formation era, hydrates in the Qilian
Mountains possibly formed during 2.0-1.8 Ma BP, which is
close to the formation era of hydrates in the North Slope of
Alaska (around 1.8 Ma BP). Meanwhile, the NGH in the main
body of the Plateau possibly formed later than 0.8 Ma BP.

The NGH in the Plateau formed as follows. As deep
thermogenic gases migrate upwards along migration pathways
such as faults, they were gradually enriched under the seal of
permafrost and form NGH in the hydrate stability zones. This
is basically the same in Messoyakha, Russia, but significantly
different from the situation in the North Slope of Alaska, USA
and Mackenzie Delta, Canada. The North Slope of Alaska and
Mackenzie Delta are located in coastal areas and fall into the
same hydrate-oil system as the Beaufort Sea (Majorowicz JA
and Hannigan PK, 2000). Therefore, the formation
mechanism and process of the hydrates in these two areas
have the characteristics of both hydrates in permafrost and
marine hydrates, which may be converted into each other as
the permafrost degrades and the sea level changes.

Most of thermogenic gas hydrates are closely associated
with the underlying oil and gas fields, especially in Arctic
permafrost regions. Messoyakha, Russia, the North Slope of
Alaska, USA, and Mackenzie Delta, Canada, are important oil
& gas distribution areas (Collett TS et al., 2011; Dallimore SR
and Collett TS, 1999). Though the Qiangtang Basin and South
Qilian Basin are important target oil and gas exploration areas
in China, no substantial breakthrough has ever been made so
far, which may be a major factor restricting the prospecting
discovery of NGH in the Plateau.

To sum up, the NGH in the Plateau are similar to those in
Messoyakha, Russia, but they are considerably different from
those in the North Slope of Alaska, USA and Mackenzie
Delta, Canada and are even more different from marine
hydrates.

5.2. NGH in permafrost regions and global climate change

NGH are important carbon depots in the Earth. About
2.1x10'® m*® of methane occurs in the form of hydrates
worldwide, and the formation or dissociation of hydrates has a
great impact on the environment. Therefore, NGH are a hot
spot for the research on global climate change, and large
numbers of studies had been made previously (Kvenvolden
KA, 1993; Dickens GR et al., 1997; Kennett JP et al., 2000).
The hydrates in permafrost are more sensitive to the
environment. For example, hydrates in the Arctic have
decomposed on a large scale over the recent 100 years of
global warming, and the absolute methane quantity released
accounts for about 39% of the total methane in the globe
(Kretschmer K et al., 2015). This indicates that hydrates in
permafrost are of great importance for the research of global
climate change.

NGH provide both positive and negative feedbacks to
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global climate change. For hydrates in permafrost, during the
interglacial period when the globe warms and glaciers and ice
sheets melt, the NGH in permafrost decompose due to the
increase in temperature and decrease in pressure. As a result,
methane is released and the greenhouse effect is generated.
Therefore, they provide positive feedback to global warming,
and vice versa. For marine hydrates, global warming will
directly lead to an increase in the temperature of sea water and
promote hydrates to decompose. However, due to the rise of
the sea level, the submarine hydrostatic pressure will rise,
which will improve the stability of NGH. Therefore, they
produce both positive and negative feedback.

Under the background of global warming, the high-
latitude regions in the Northern Hemisphere experienced a
more significant warming process than other regions,
resulting in permafrost degradation in Siberia, the Arctic
Circle, Alaska, north Canada, northern Europe, and even the
whole Northern Hemisphere. Most especially, the permafrost
in the Arctic Circle is the most sensitive to temperature
change. The warming process promotes the dissociation of
NGH occurring beneath or within the permafrost. So far,
many papers have reported the phenomenon of methane gas
being released from NGH dissociation in the Arctic, North
Atlantic Ocean, and North Pacific Ocean (Mestdagha T et al.,
2017). The permafrost thickness and NGH in the North Slope
of Alaska, USA and the Mackenzie Delta, Canada have
constantly changed with glacial and interglacial cycles. In
addition, the tectonic uplift and glacial advance and retreat
during the Late Pliocene-Pleistocene in the southwestern
Barents Sea shelf may also serve as a reason for NGH
dissociation and natural gas seepage.

The permafrost and NGH in the Plateau are also very
sensitive to global climate change. Under the background of
global warming, the rate of increase in the temperature of the
Plateau was twice as high as the global average rate and the
permafrost degradation is more obvious over the past 50
years. All these will inevitably lead to NGH dissociation.
According to preliminary research, if the temperature in the
Plateau rises by 4.0°C at the end of this century, about
59.68% of NGH will decompose and release about 5.30x10'
m® of methane, a large amount of which will be released into
the atmosphere. This will inevitably further accelerate global
warming, especially in the Plateau and its adjacent areas.

6. Conclusions

(i) The NGH in the Plateau have complex gas components
and are dominated by deep thermogenic gas. They occur in
the Permian—Jurassic strata and are subject to thin permafrost.
Furthermore, they are distinctly different from the NGH in the
arctic permafrost and in marine.

(i1) The formation of the NGH in the Plateau is obviously
controlled by the uplift and permafrost evolution of the
Plateau. The permafrost and NGH in the Qilian Mountains
and the main body of the Qinghai-Tibet Plateau possible
formed during 2.0-1.28 Ma BP and about 0.8 Ma BP,

respectively.

(iii) The permafrost and NGH in the Plateau are extreme
sensitive to environmental changes. Under the background of
global warming, continuous degradation of the permafrost
will lead to NGH dissociation and methane release, thus
further aggravating the warming of the Plateau and its
adjacent areas.
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