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DEEP CARBON
The head OBSERVATORY

Associate prof.

Research area

Elena Mukhina * High-pressure-temperature
Daniil Kudryavtsev experiments

PhD, Anton Kolesnikov

e Behavior of hydrocarbons
Alexandr Serovaisky

* Planets’ interior processes
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CO, as part of Global Carbon Cycles

Daniil Kudryavtsev, PhD student
Scientific supervisor: Prof. Vladimir Kutcherov



Chemical symbol

Carbon is ...

Atomic mass

@ ImproveChamistry.com

1A VA
1A 8A
1 Periodic Table of the Elements 2
2 13 1 15 17 He
Hydrogen [[LY na L\7 VA VIA Hedum
1.008 24 3A 4A 5A A 4.003
3 4

Li Be
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13 14 15 1
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b . . b I ' I I ' . 19 20 2 22 . 23 24 25 26 27 28 ; 29 30 N 32 33 34 35 36
Car on Latln. carbo coa IS K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Potassium Calcium ‘Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Gallium Germanium Arsenic Selenium Bromine
39.008 40078 44,956 47.88 50.942 51.996 54.038 55.933 58.933 58.603 63,546 6538
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Hicksl Copper Zinc Kiypton
69.732 7261 74922 78.08 79.904 84,80
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Is a king
ements!

* Carbon atoms can bond fto
each other to a practically
unlimited degree!

« Carbon forms more than 10
million compounds!

e Carbon has the richest
chemistry!




is a building b

 Carbon is an element found in all living
things and without it there would be
no life on Earth

Nitrogen

* Itisthe second most abundant
element in the human body by mass Frdegen
(about 18.5%) after oxygen abon

 The carbon atoms in your body were
all once part of the carbon dioxide
fraction of the atmosphere ©

By OpenStax College [CC BY 3.0
(http://creativecommons.org/licens 5

fppt.com

S



e Carbonis the 15th most .
. Magnesium 0.004%
abundant element in the Silicon 0.004%
Iron 0.003%
Earth's crust Sulfur 0.002%  _|

e Carbonis the fourth most © Encyclopaedia Britannica, Inc.
abundant element in the iz‘°
universe O

» &

* Elemental carbon can take the °°i°°
form of one of the hardest bhoxcf’
substances (diamond) or one & ,°

&

of the softest (graphite). Vsko(

6 fppt.com



Distribution of carbon on the Earth

HCO; (36000 Gt) +
dissolved CO, + ~ ™
organic carbor €O, (0.0360% of Limestone and " Crudeoil 150 GY), |
+CO,* + partially "\ atmosphere) dolomite, marble natural gas (105 Gt),
methane hydrates CH, (0.00017% (Ca,Mg) CO3 coal (4000 Gt)
=> 200 times less shale gas (540 Gt)
Organic (soil
biota + dead
biotic
material) and
inorganic
A h Continents carbon
tmosphere
reda 6.5 x 10° Gt K(carbonates) )
(0.000015%) (1.5%) Biosphere [Silicate compounds\
(0.00001%) R 600 Gt of Mg, Fe, Ca, and
Soils Al, contain about

3M:g§'e 1800 Gt 0.01% (100 ppm)
Deep oceans (,‘8-996) carbon by weight y
38,000 Gt Fossil fuels T/’
(0.001%) 5000 6T

Bonald J. DePaolo , 2015

A conservative estimate is that
the Fe—Ni alloy in the core
contains about 0.2% by weight
carbon. /

. J




key to make Earth
capable of sustaining life

This is a line.
This is a linear process.

J
This is a cycle.

It is a circular pathway and has
no clear start and finish.

Carbon molecules cycle, - N
meaning that they move Biological/Physical The Geological

through the land, the air, and (Short-term) (Long-term)
the water. _ (10'-10"7 gram/year) ]| (10%-10%° gram/year)

Follow the simpe example of carbon trip!

é:&t-am*
burning

£ i

Cellulose (C4H4¢05), 8

harvesting




Short-term carbon cycle

\ <~ Sunlight Auto and

—

g factory
7 , A\ CO; cycl emissions

“hotosynthesis I
Plant

respiration

Animal
respiration

Decay) | 1 Root

organisms Dead organisms respiration ,
and waste products

Organic carbon

Fossils and fossil fuels

R. Johnson, 2010



L ———

R

Plants use light energy from the Sun and
CO2 from the air for the process of
photosynthesis. Producers absorb carbon
dioxide from the air to make molecules of

Oxygen is
released

. . Carbon dioxide
lucose (food) which includes carbon
g (food) ~—
atoms.
Photosynthesis:
6CO> , 6H0 U9t CoH1506 , 60; 1 formed
Carbon dioxide  Water Sugar Oxygen

After plants make glucose molecules,

they change these molecules into By Riyasachdeva250 (Own work) [CC BY-SA 4.0
molecules of (https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia
starches, proteins, and fats, all which Commons
also contain carbon atoms—carbon
atoms that were once part of the CO,
in the air.

By photosynthesis, tiny producers in the
ocean called phytoplankton, absorb a

massive amount of dissolved carbon

dioxide from the water and release _

) (Tllustration adapted from A New Wave of Ocean 10
oxygen into the atmosphere. Science, U.S. JGOFS.)




o —

Auto and
factory
CO, cycle emissions

-. >

Plant
respiration

Photosynthesis

v

Animal

rocniratinn

” ROG®

Dec ay : | .
orgenisms Dead organisms respiration 4

and waste products

Oro~ .e carnon

Ocean
uptak

Fossils and fossil fuels

R. Johnson, 2010



. T
~Kie Basic Photosynthesis
RES DECOMPOSER S

'\' N ‘E:J Colnsumdegep:t) d&i F'aﬁtj 3
pon a . nimals oW om < them - ¢dm
=i 'QRES ‘ them by simpler &fm; ?;;mﬂ ‘

mainly meat; — PrimarY pECOMPoseERS
Aall Gwimals. ‘ Fungi £ Bacteria )

"letlhs

«mos| bears

. raccoon’$ —_41'
- most primates (@ges § monkeys,
> Seo Gulls§ other birds

12
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Auto and
factory
CO; cycle emissions

-. »

Photosynthesis
Plant
respiration
P 7
Animal ’
. respiration
Organic carbon )
Decay T Root
organisms Dead organisms respiration _

and waste products

Ocean
uptak

Fossils and fossil fuels

R. Johnson, 2010



carbon
dioxide

ey

sunlight

organic
matter

ﬁ PHOTOSYNTHESIS \

carbon dioxide 9':‘:‘:80
and
water oxygen

Courtesy of the

V 2007 IPCC report

\eat
CELLULAR
RESPIRATION

©Sheri Amsel

\S @/
e www_exploringno®-

What goes in What comes out
|

CH,O, + O, m) CO, + HO + Energy

animal £/
cell

‘ Courtesy of the
2007 IPCC report

Glucose Oxygen Carbon Water Energy that
(food) {in air we dioxide keeps our
breathe) (in air we bodies running 14

exhale)



T

Auto and
factory
emissions

CO; cycle

-‘ >

Plant
respiration

Photosynthesis

Animal

_ resr —Loun
Organic carbon
Decay i~y Root :
: ; respirat on
organisms Dead organisms

and waste products

4
A

< Ocean

(-"

Fossils ano fassil fuels

R. Johnson, 2010



OCEAN
300-400 million years ago

OCEAN
50-100 million years ago
W

By P R

Sand & Silg
=N,

Plant & Animal Remains

Saﬁd & Silt S. Greb, Kentucky Geological Survey.

Oil & Gas Deposits

Oil & gas formation Coal & Peat formation
Fossilization 16
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Auto anu
factory
emissions

CO, cycle

S

Photosynthesis
Pla it
res, iration
\ ——
Animal |
; respiration
Organic carbon g
S e s ?eosOtirat'on
organisms Dead organisms P A

and waste products =l

Ocean
uptak

Fossils and fossil fuels

R. Johnson, 2010



Combustion

HydroCarbon Carbon Dioxide
CH + Oz — COZ + Hzo
Oxygen Water

! Coal F|red Plant

v"'

Running Appliances

Combustion .



—

\ :
\\ ‘ 1// Sunlight -
B ~ factory
/ y T\ CO; cycle emissions

.‘ >

Plant
respiration

Photosynthesis

Animal
respiration

' 1 Root

Decay . | S
organisms Dead organisms respisakien=
and waste products

Organic carbon

Fossils and fossil fuels ~—_

R. Johnson, 2010



CO; absorbed from the atmosphere

carbon carbonic hydrogen  bicarbonate
dioxide acid ion (acidity) ion

CO, + water makes bicarbonate

Bicarbonate stored in the ocean interior

https://serc.carleton.edu/eslabs/carbon/index.html

The vertical ocean churning
o0 o currentis the result of ocean level
20 +2 20 temperature difference—essential

The ocean biological pump

ATMOSPHERE
/% CO, molecules lat

to ocean health and marine life.

ANIESEAY S
EXGHANYE]

Surface ocean

Respiration
and
decomposition

Phytoplankton
photosynthesis

Net ocean
uptake

Deep ocean
(37,000)

Reactive sediments
(6000)

Courtesy of the 2007 IPCC report 20

ram adapted from U.S. DOE, Biological and Environmental
Research Information System.



CO, in the Atmosphere

2. CO, combines with
Rain to form Carbonic Acid

3. Carbonic Acid
reacts with Rocks

A Y
Ay L4

:; ‘ 'v — ol — . ‘
5. Carbon is used g
~#"\_ o form Animal Shells o ||} w

6. When Animals die, their

Shells form Limes‘ton‘ep—\ 7

modified from National Aeronautics and Space
Administration

What about geology? 20



Yearly CO2 emissions
from fossil fuel use and
land conversion

Volcanism

Gerlach 2011

Acid Rain

1992

oo,

Nucleation

Oondensation 1
Coagulation Sedimentation,
Circulation
Cirrus Cloud
Nucleation 0—/

Troposphere

figure modified from Richard Turco in American Geophysical
Union Special Report: Volcanism and Climate Change, May

22

fppt.com



2. CO, combines with

3. Carbonic Acid
reacts with Rocks

What about geology?

Rain to form Carbonic A

CO, in the Atmosphere

1. Release of CO,
into the Atmosphere
by Volcanism

modified from National Aeronautics and Space
Administration

22



H,CO; + H,0 + silicate minerals -> HCOy"
+ cations (Ca**, Fe**, Na*, etc.) + clays

ca+* +2HCO; -> CaCO; + co, + H,0

The carbon is now stored
In the seafloor!

CaCO3 + S|02 -> C02 + CaS|O3

Some of this carbon is returned to the atmosphere via
metamorphism

Weathering




3. Carbonic Acid

reacts with Rocks
1. Release of CO,

into the Atmosphere
by Volcanism

‘ CO, in the Atrhosphere
2. CO, combines with
Rain to form Carbonic Acid
X
4

5. Carbon is~
~#"\_ to form Animal Shells

6. When Animals die, thei

Shells form Limesto Ve
7. Subduction of "
Carbonate Rocks /
i =

L
—

—

modified from National Aeronautics and Space
Administration

What about geology? 24



i, N

CO; in volcano gases

CH, and CO, in Arc volcano b

Sediment forearc fluids — ’

Cln e D T "
organic matter{ Oceanic S
and carbonate Y Nt hacnars

minerals

Mantle

flow 2 \

Cinslab
fluids -

' ’ ‘s\ Arc
\ magma

source
. Cinslab
N \ fluids Asthenospheric

g\‘ mantle
N\
\ C mostly in

carbonate minerals
carried to deeper mantlr

+«—— Mantle flow

-~

Asthenospheric \

mantle

Manning, 2014

Subduction 26



Abnormality - not part of
Earth’s natural carbon cycle

O
xxxxxx

‘Geological
;arbon cycle
millions of years)

(Diagram adapted from U.S. DOE, Biological and \}‘ activity 26
Environmental Research Information System.) s



o]t M
S0 IEG02 GAS LEVELS ARE

RISING, WHAT GASES ARE DISSIPATING?
NITROGEN2 OXYGEN?

OR IS THE EARTH'S ATMOSPHERE
GETTING BIGGER2 ANDIEIT/IS!DOES
HAT MEAN PLA) AN FLY HIGHER2

28
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Deep methane in the global

methane budget
Elena Mukhina

Lecture | Stockholm, Sweden | December 1-4% 2017



Methane

Gas

ELENA MUKHINA | METHANE LECTURE 2



Methane emission to the atmosphere

Changing climate
Methane | Green house effect
accmijrzntlrj]lstlon Accul_rlwélg?tmg .Affecting phySiCS and

atmosphere biogeochemistry of

the Earth

P — e .

ELENA MUKHINA | METHANE LECTURE 3




Greenhouse effect — natural process

(Earth, Now)
Contribution
to GHE
H,O vapor —up to 70 %

Atmosphere oh . CO,—upto 26 %
reflects gases absorb and reflects CH, — up t0 9 %

Greenhouse effect

Radiation

Radiation goes

th h adiatic o,
atm(r)cs)l;%ere ‘ N ‘
Heat energy

Surface
reflects

ELENA MUKHINA | METHANE LECTURE 4



Methane and CO, in atmosphere

Concentrations

0.036% CO, = 200 * 0.00018% CH, (absorbs radiation)
How much heat the gas traps in
Amount in atmosphere (NOW) the atmosphere
CO, ~3000 Gtvs. CH, =5 Gt — 0/ *
’ 'éss than 19! CH4 860% COZ

Contribution to the climate change
CH, = 30% of CO,

Rising concentration last 200 y
5 Gt CH, =900 Gt CO,

150% CH, vs. 40% CO,

ELENA MUKHINA | METHANE LECTURE 5
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38 OCH KONST 2%

8 0
TR

S04 ot GOSN b 2008 pene 11 Sm1. 81 Inages by Leonid Yurganoy, JCET, UNBIC w51 o
a W UWSIMETOR satelte cata (EUMETSAT)
e W gy

st GO0 e 2004 moer U1 s, 0 1
1

Methane 2008
November 1410 =

- 1
Figure 2.

I
180

1840 10 10
084 Mexing Ratlo (apbw) o 606700 b

Methane 2011
23000 November 1-10

AIRS atmospheric methane concentration data showing an anomalous
buildup of methane over the Arctic region from November 2008 to November 2011

Diagram from Yurganov 2012 in Carana 2012.

ELENA MUKHINA | METHANE LECTURE

Increasing of methane in atmosphere

Current concentration of CH,
5 Gt ~ 5000 Tg

Emissions
~ 720 Tg per year

Removal
~ 710 Tg per year

Imbalance
~ 10 Tg per year




Where this methane emits from?

ELENA MUKHINA | METHANE LECTURE




Anthropogenic methane emissions

Total
~ 720 Tg per year

Biomass Coal Landfills ~60
burning mining Rice fields ~30
~40
Gas, oil, and industry ~75
Ruminants Oil & Gas ~18
(Livestock) Biofuel burning ~12
Total anthropogenic ~335
Rice fields ’
Agriculture & waste Fossil fuels r
p -{3"-;'}?"‘ ~ = 7! g
){ 5 v N { st N
v { 7 e, &) y e, “
/ Vi S A 8- ) Vo S A\ S\
335 Tg per year “_ . ‘iObvious? . . i
g pery AL 200 (e
\ Y \ 4
- ; Sljanoi§2016

ELENA MUKHINA | METHANE LECTURE
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Qé@ = g‘%g

{E VETENSKAP gz}'

Sttt Methane emissions from rice fields

Organic  Rice straw, etc
material

Rice paddy field
l

_Y w\\.a:.

Floodlng

Organlc |
material \ Methane produclng “\_
bacteria

Global Adoption of SR in 2017

| Srabgcak wsing, wih S8 proven ohecte;
e s

mu
Natonsipoloy 2upoart Sty esabienss
nmutive ogces

et sasien

Nigel Goodman

ELENA MUKHINA | METHANE LECTURE
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Methane from landfills

e e K 34 *~-—‘«: 7 g ]
— N

g
oty AN

Methane

(a very strong greenhouse gas)
produced from food and garden
waste kept in anaerobic conditions.

Landfill
Food scraps and garden waste create acids in

anaerobic conditions and pollutes groundwater.
Greeniacs.com

ELENA MUKHINA | METHANE LECTURE
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S,
EKTHS

38 OCH KONST 8%

S Methane from livestock

Intestine e

Rumen

Omasum

Methane emissions per animal/human per year

120kg 60kg 8kg 1.5kg 0.12kg
Oriant O Bacteria @ H, O
material —>digestion/ —>  — > Methanogens —>CH,
in fermentation  CO, out
pinterest.com ' 1
o o 4
N p'S
~ 100 Tg per year F. ' Y Iy
. S\ | ) Ao r_ i
Compare to Oil & Gas! T ¢ ‘il ¢ Efﬁ I
~ 75 Tg per yeal’ Western cattle Non-western cattle Sheep Pig Human

SOURCE: Nasa's Goddard Institute for Space Science

ELENA MUKHINA | METHANE LECTURE




Total
~ 720 Tg per year

Natural methane emission

~ 400 Tg per year

ELENA MUKHINA | METHANE LECTURE




Global carbon cycle

Total
~ 720 Tg per year

Atmosphere

What is carbon on Earth? CC i

Native C minerals — graphite,
diamonds, coal

Oxidized C - CO,, CO, carbonates like
CaCO,

Reduced C - CH, (methane) and other
hydrocarbons

Complex organics — living organisms

ELENA MUKHINA | METHANE LECTURE




Methane as a part of
the global carbon cycle

Total
~ 720 Tg per year

Atmosphere

17

CH, formation

CH, paths in
atmosphere

Deep CH, paths

4
gy
4

ELENA MUKHINA | METHANE LECTURE




Methane removal from atmosphere and soill

Lifetime ~12 years Methanotrophic bacteria in soil

iation
hoto—dissOC'at'O
p

03 +hv— 0O+ 02 Hydroxyl
O- + H,0 —+ OH +. OH "™
CH, + - OH — - CH, + H,O
-CH;+ 0O, — Cl_\l_:fz

co,

http://sti.srs.gov/fulltext/ms2001058/fig3.gif

~ 650 Tg per year
~ 50 Tg per year

T CH,inthe Longer CH,
atmosphere =) | - OH life 12 years ?

ELENA MUKHINA | METHANE LECTURE




Natural sources of CH,

Total
~ 720 Tg per year

f?

Geological

* CH, formation

CH, paths in
atmosphere

~ 400 Tg per year M

~305
55
20
-15
400

ELENA MUKHINA | METHANE LECTURE




@m Liquid-gas

BT Ry, separator

GPS recaiver

gg E;]N:‘SE % E::t;:‘uemng Stern thruster
98 OCH KONST 2% .
Ss? Methane hydrates
Bow
thruster Side stern
thruster

Side baw

thruster Safety control valve

Hydrate recovery
system z

"'? .

C I ath rates I-;,;d;:;a;
lce BBC News
500 — 11000 Gt
of methane in hydrates?
Water molecules 7.9 1 m3 of hydrates contains

~160 m?3 of methane!

Fuel reserves
in 106 tons of carbon

e D

m Gas from hydrates m Natural gas m Oil m Coal

3000 +

ELENA MUKHINA | METHANE LECTURE



Methane as a fuel

Liquid-gas
separator

Gas liquefying i
system 3 - Stern thruster

Destructive
Unsafe for environment

Bow
thruster

Side bow
thruster

Side sterm
thruster

Safety control valwe

Hydrate recovery
system z

il Methane is a part of Nature
same as wind or water

Non-destructive

Methane Environmental friendly
substitution

[
>

ELENA MUKHINA | METHANE LECTURE
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"ORGANIC MATTER
I N——‘- “Microbial origin

5 4100

-150 -100 -50 0 50 100
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150
Wallmann 2012

Methanogenic
bacteria




ESAS = 1700 Gt of CH, in hydrates

Permafrost

Hydrates

‘?
E‘Yee Gas:

Methane hydrates on Earth

Arctic Ocean

| ALASKA
| (UNITED STATES)

Chukchi
Sea

Low temperature <15 °C
Pressure 3-12 MPa

ELENA MUKHINA | METHANE LECTURE

% ¢
o

2 *ome
T =

uafsunstar.com

||||||||||

Current CH, concentration in the Earth’s

atmosphere - 5 Gt
Currently increases in 0.01 Gt per year




Mantle formation of methane

inorganic
Source of Carbon [C]
+

Source of Hydrogen [H]

.

Granites

{CH} fluid @ 2
] o
UM _—
Migration up o
ab'\oge‘;.‘c
(o)
Accumulation 9% nesi® "ns
hy

ELENA MUKHINA | METHANE LECTURE




Experiments

Main goal:

The relationship between mantle
methane and formation of
methane hydrates.

Tasks:

1. pT conditions of
deep CH, formation

2. Redox conditions of » DEPTH
deep CH, formation

3. Migration paths of CH, and
hydrate formation

ELENA MUKHINA | METHANE LECTURE




Experiments

Experiments (High pressure, high temperature)
Large reactive volume device

Pressure 2-7 GPa

Resistive Heat
Metallic sample container Temperature 250-900°C -

0.3 o =50 - 250 km depth!
,3Cm

Hydraulic pressure

Toroid calcite

/I/—|eaters chamber

@ Oxygen buffer

“ H,0 H — source

. Inor anlcl Hard a||Oy base
© CacO, C-source 9

Matrices-anvils

ELENA MUKHINA | METHANE LECTURE




Sample preparation

ELENA MUKHINA | METHANE LECTURE




v “ luu' R
' lllll .
l----‘u

Large
reactive
volume
device
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\

Metallic sample :
P 9

container
Pistons

° s N

- Cg~Al,0; heaters covering ampoule
-

toroidal calcite chamber |-

Anvils

”~

P O
Y -

3 | A4 paper for scale
T A ™

Duration of experiment: 5 sec to 48 hours

g

ELENA MUKHINA | METHANE LECTURE
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Nah Chamber after the experiment
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Gas product analysis

Identification of hydrocarbons
Gas-extracting cell and gas chromatography

» Sealing

» Separation of individual hydrocarbons
* Quantitative analysis

Sealing rubber ring

Hard-alloy needle

Hydrocarbon gas escapes
the container into the cell

Solid product

Connection with
chromatograph

Gas-extracting cell

ELENA MUKHINA | METHANE LECTURE




Chromatograms. Identification of

hydrocarbons
-
—] | |E
/E g =
—3 & g, |7
/ o S N e
E 3 ¢ 7 /
1 g 9
{p) T
E 60 f 10--(13
Q _ o g - - y 4
2. T | 1| 10 15 20 25 30 35 40 45, 4.0GPa/450°G/
o 40- T S 1] | e <L 3.0 GPa400° G
o O 1 A - .
@ . E/_uu { L L 2.6 GPa 16Q0° C
0 201 /t[g&g 2.0GPa/600°C/
o | /
' | | - T I .
0 10 20 30 40

Time, min

From CaCO, + H,O interaction

ELENA MUKHINA | METHANE LECTURE




Large amount of hydrocarbon gas

Bubbles after container gas
analysis. Container is opened.

Exploded container

ELENA MUKHINA | METHANE LECTURE




Experimental gas product vs. Natural gas

Experimental
gas product”" Formation of natural gas is

possible in mantle!

CH,

FID response, mV

Natural gas
sample

13 i A bt &
P |

ELENA MUKHINA | METHANE LECTURE




Experimental results 1. Depth limit

Exp |P,GPa|T,°C
1.1 2.0 600
1.2 2.3 250
1.3 2.3 300
1.4 2.6 300
15 2.6 600
1.6 3.0 250
1.7 3.0 300
1.8 3.0 400
1.9 4.0 250
1.10 4.0 280
1.11 4.0 450
1.12 6.5 250
1.13 6.5 280
1.14 6.5 400
1.15 6.5 550
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Experimental results 2. Redox conditions

Crust

120 km

Mantle

400 km

2008

Reduced Oxidized
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Mid-conclusion

Conditions of deep CH, formation

Crust

50 km

120 km

400 km

- 2008

Reduced Oxidized

Formation of methane is possible at depth below 50 km in any mantle surroundings
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Sea-floor spreading from a Mid-Ocean Ridge (eg Mid-Atlantic Ridge)
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Migration paths of CH, from mantle

Mantle

Hydrocarbon Deposits
ediments or crystalline basement)

® ®

S Zone of HC =« !

7 .
Slow ¢ /t. generation .-. 3 Fast
Thousands migration . eruption
" igration

of years! through oy migra

tight ICHIH] % per s through
fractures T ee, T ** .. o~ deep faults
Asthenosphere

Hours!
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Migration of mantle methane to ocean floor
sediments

Mid-ocean
ridge

Q{p wouts

I Hydrates Fractures
I Free methane A
Mantle generated & Methane Asthenosphere

methane * migration paths

Migration of methane is possible close to the shelf, in the ocean floor sediments
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HYPOTHESIS. Contribution of mantle CH4
to hydrate formation

Permafrost

Methane can be generated Hydates
abiogenically in mantle at gas

depth of ~50 km and below m

despite redox conditions. Mid-ocean Blowouts

ridge
Hypothesis: Deep

generated methane migrates
up through tectonic faults,
forming hydrates in marine

sediments and accumulating o e
as free gas under hydrates.  tggrss A0S FeeeeRe

Crust

This methane will eventually
emit to the atmosphere
during hydrates’
degradation.

50
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‘Poor air quality

Extinction ?
Phanerozoic marine biodiversity

I /\%gv*eadmg dlses
What will actually happen when temperature
IS abruptly increased in 2-4-8 °C?

Dr ing lakes and seas
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What is the solution?

There is no reason to panic.
There is areason to think.
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Support

DEEP CARBON
OBSERVATORY

BGI (@

Bn}w{scﬁu
Geotrstitiit

SKOLKOVO

Global Education Program
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Resistance, Q

Phase transition Bt
at 4,3 GPa
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Figure 2.4. Representative graphics for a toroid-type high-pressure chamber
calibration: a — pressure calibration at ambient temperature, the reference
substance 1s PbSe, the resistance leaps after a phase transition at 81 atm of
hydraulic pressure of the equipment, which applies 4.3 GPa to the sample; b —
temperature calibration at 2.6 GPa, the reference substance 1s Pb, the resistance
drops after a phase transition at the power of 620 watt of the equipment, which
applies 510 °C to the sample 62 (appended Paper A).
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Arctic ice degradation

2012 Satellite model of the thinning of ice in Arctic 2017
Credits to Sam Carana, Arctic News

¥
No Arctic ice In 20407
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g Methane formation in wetlands
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Methane oxidation: Methanogenesis:
CH,+20,> CO,+2H,0 - Hydrogenotrophic: CO,+4H, > 2H,0+CH, : ' 2 _
- Acetotrophic: CH,COOH - CO, + CH, . ; - - . Methanogenic

bacteria
the ACSESS Digital Library
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