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Presenter
Presentation Notes
I am excited to see all of you here today. I am pleased to present you something today I`d never expected. An extract of my Doctoral thesis after more than three years work in the geochemistry section of Michael Schlüter. 
You will hear about the Detection, mapping and inventory calculation of submarine released methane by novel in situ mass spectrometry. 
Those of you who know me and my professionell background better will not be surprised that my thesis containes a high amount of technical developements. During my theses I realized that  - up to now - In situ mass spectrometry is one of the most efficient tools to quantify dissolved methane above gas seeps  in the water column. 
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Submarine gas seeps



Presenter
Presentation Notes
One of the most fascinating moments during my thesis was this video observation of the seafloor. This is a video of a submarine gas seep and in most of the cases the bubbles are loaded with the “greenhouse gas” methane. This methane has a global relevance related to the world climate if it reaches the atmosphere.



Dtroduction

WORLDWIDE DISTRIBUTION OF SUBMARINE METHANE RELEASE

Man-made gas releases

Pockmarks

Submarine Groundwater Discharge
e e — Mud Volcanos

Free gas (Fleischer et al. 2001) Mud volcanoes (Milkov 2000)
Pockmarks (Hovland et al. 2002)  Gas hydrates (Kvenvolden et al. 2001)


Presenter
Presentation Notes
Natural active or potential active submarine gas seeps which are characterized by fluid and gas outflows are found worldwide at the continental margins. due to the ongoing examination of the seafloor the number of dicovered seep areas is increasing. One location which is not yet considered in this distribution map is the one showed in the video. This gas seep is ...
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GLOBAL RELEVANCE OF METHANE
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Presenter
Presentation Notes
All the submarine gas release areas contribute (here shown as a red arrow) to the atmospheric methane budget. This graph show the contribution of different methane sources and sinks to the atmosphere according to the IpCC (Intergovernmental Panel on Climate Change) report of 2007. Natural  sources like wetlands or termite take part of 40 % to the total methane emissions and coal mining or rice agriculture which are sources related to human society take 60 %. Main sink (90%) is the reaction with hydroxyl radicals in the troposphere. In the last years a imbalance of the sinks and sources was observed and
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GLOBAL RELEVANCE OF METHANE
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Presenter
Presentation Notes
The average atmospheric concentration of methane has increased by 151 % since year 1750 . 

In the atmosphere methane is largely transparent to incoming solar radiation (UV, visible, and near IR radiation) but absorbs and re-radiates the resulting reflected far infrared thermal radiation (4 – 100 μm wavelength) which results in global warming.  

This is the reason, 
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GLOBAL RELEVANCE OF METHANE
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Presentation Notes
Why methane is called  greenhouse gas
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The average atmospheric
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1750 (Houghton 2001).

CH, acts beside CO, and water

vapour as a greenhouse gas
(Houghton 2001).

On a 100 year timescale the
global warming potential

(GWP) of CH, is 20 — 40 times
higher than of CO, (shindell 2009).

according to IPCC (2007)


Presenter
Presentation Notes
Compared to CO2 the global warming potential of methane is 20 – 40 times higherOn a 100 year…
This increasing concentration and the high GWP of methane leeds to  the fact, that



GLOBAL RELEVANCE OF METHANE
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Presentation Notes
CH4 represent the second largest contribution (about 15 %) to historical warming after CO2
Therefore, it is really important to know the present and future strength of each source. Marine seeps are not yet included in the IPCC report, but 



GLOBAL RELEVANCE OF SUBMARINE SOURCES

Present estimations: 8 - 65 Tg CH, yr™! are released into
the ocean and 0.4 — 48 Tg CH, yr! reach the atmosphere

which is up to 9 % of the total methane emission (Hoviand et al.
1993; Judd and Hovland 2007; Judd 2004; Judd et al. 2002; Kvenvolden and Rogers 2005).

Future Scenarios induced by global warming:

Thawing of permafrost (e.g. shakhova et al. 2010)

Destabilization of gas hydrates (e.g. Jung and vogt 2004; Mienert et al. 2005;
Ruppel 2011)

Free gas (Fleischer et al. 2001) Mud volcanoes (Milkov 2000)
Pockmarks (Hovland et al. 2002)  Gas hydrates (Kvenvolden et al. 2001)


Presenter
Presentation Notes
At Present the methane released from the seafloor into the ocean is estimated to a large range of 8 - 65 Tg CH4 yr–1  and 0.4 – 48 Tg CH4 yr–1  reach the atmosphere which is up to 9 % of the total methane emission into the atmospher. Due to the global warming future scenarios like the thawing of permafrost as well as destabilization of gas hydrates could increase these numbers significantly. 
For a better understanding of this source a lot of scientific work in the marine science has been done,      my thesis included. 
What are gas seeps?
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WHAT ARE SUBMARINE GAS SEEPS?

Atmosphere

Qrganic

Bubble rise

Hydrosphere

Depth
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Petroleum
storage

Lithosphere

»

Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent pathways of methane in
the sediment (modified after Judd 2004). Crystallographic image of gas hydrates after Bohrmann and Torres (2006


Presenter
Presentation Notes
Gas bubble release into the water column is a result of several processes The production, migration, storage and utilization. 
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WHAT ARE SUBMARINE GAS SEEPS?
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Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent pathways of methane in
the sediment (modified after Judd 2004). Crystallographic image of gas hydrates after Bohrmann and Torres (2006)


Presenter
Presentation Notes
Organic matter sinks down to the seafloor and is buried in the sediment.


Dtroduction
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Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent pathways of methane in
the sediment (modified after Judd 2004). Crystallographic image of gas hydrates after Bohrmann and Torres (2006)


Presenter
Presentation Notes
After several redox processes in the first meter of the sediment like the aerobic respiration methane is produced in two main pathways: the microbial formation in  shallow sediments and the thermocatalytic breakdown of complex organic molecules as part of petroleum generating processes in deeper sediment.  
� 
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Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent pathways of methane in
the sediment (modified after Judd 2004). Crystallographic image of gas hydrates after Bohrmann and Torres (2006)
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Presentation Notes
After the formation of methane upward migration through for example fracture zones or faults in the sediment take place. If the methane ist not accumulated in one of the storages it could reach the sulfate methane transition zone in the shallow sediment where the utilization of methane starts.


bulk flow driven by a pressure gradient 

buoyancy 

diffusion within pore waters 
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Utilization of methane
in the sediment
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CH, +2 0, - CO, + 2 H,0

Anaerobic oxidation of methane (AOM)
CH, + SO,> — HCO3 + HS + H,0

(Boetius et al. 2000)
Sulfate / Methane Transition Zone (SMTZ)

Free methane gas

Lithosphere

Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent
pathways of methane in the sediment (modified after Judd 2004).
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Presentation Notes
In occurrence of sulfate the methane will be utilized by methanotrophic archaea as a chemosynthetic energy source. This process is called the anaerobic oxidation of methane (AOM).
Methane, which enters the zone were oxygen is avaiable will be utilized by methanotrophic microorganims
Only if the the rate of methane production in relation of migration exceeds the rate of microbial utilization, seepage into the water column occurs.  


Seen in the video…
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‘ Lithosphere

Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent
pathways of methane in the sediment (modified after Judd 2004).




Dtroduction

Pathways of methane Air/Sea exchange

. Atmosphere
in the water column -

Vertical or horizontal transport of dissolved
methane

Dilution

Bubble rise

Sl Microbial oxidation

Dissolution of methane from gas bubbles
(Epstein and Plesset 1950; Leifer and Patro 2002;
McGinnis et al. 2006)
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Air
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Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979) and the subsequent
pathways of methane in the sediment (modified after Judd 2004).
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Presentation Notes
In the water column the bubbles rise quickly towards the sea surface. during there rise dissolution of the gas bubble as well as change in their composition take place. 

At the sediment the gas bubbles are supersaturated compared to the ambient water. That means, that methane is transported out of the bubble until a dynamical equlibrium with the ambient water is reached. Simultaneously air consisting of oxygen nitrogen and carbondioxide will be transported into the gas bubble. 
These processes are investigated in detail by for example leifer and mc ginnis. 
If the process of dissolution take longer than the rise time of the bubble to the sea surface direct methane transport to the atmosphere could be observed. 
The dissolved methane could also reach the atmosphere but pathways like microbial oxidation dilution or horizontal transport could hinder this transport.
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MOTIVATION, SCIENTIFIC FRAMEWORK

1. Quantification of the dissolved methane above gas seeps in high temporal
and spatial resolution.

2. Which are the main pathways of methane in the water column?

3. How much of the submarine released methane in the studied areas contribute
to the global atmospheric budget?


Presenter
Presentation Notes
My motivation was the Quantification of the dissolved methane above gas seeps in high temporal and spatial resolution to answer following questions.
What are gas seeps
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HOW TO INVESTIGATE THE WATER COLUMN ABOVE GAS SEEPAGE?

Hydroacoustic “image” of gas Gas release in the North Sea via
bubble plumes in the water video observation
column by Simrad EK60.


Presenter
Presentation Notes
One powerful tool for the detection of gas flares is the hydroacoustic. To calculate the gas release optical methods like video observation are mostly choosen.
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GAS ANALYSIS: STATE OF THE ART

S

Phase separation: G&hnalysis by gas
Water column sampling gas phase from aqueous phase OChromatography

“S %
ﬁa pace technique
r analysis of discrete

samples

(Lammers and Suess 1994)

Problems:

$ -time consuming

-coarse spatial and temporal resolution



Presenter
Presentation Notes
For the quantification of the dissolved methane concentration water column sampling with subsequent phase seperation and gas analysis on board by gas chromatography is well established. 

Due to the limited number of samples taken by conventional ex situ methods, an accurate quantification of the methane distribution could hardly be estimated.



@ Novel Instruments

REQUIREMENTS FOR IN SITU SENSORS:

e Robustness for the use in harsh environment

* The energy consumption needs to be low to allow long term
measurements

o Sampling rates should be high and respond times
correspondingly short for high temporal and spatial resolution

* Maintenance of the analyzer should be easy and short in time
» Alow detection limit for trace gases.

» Calibration of all gases of interest


Presenter
Presentation Notes
This are only examples of new techniques. We have the mono paramter instruments from Contros and the Mets from franatech. Both are mono parameter Technichs for the detection of methane.
Also the mass spectrometer Inspectr200-200 from Aml and the Nereus mass spectrometer by camilli and hemond are shown. Benefit of the massspectrometry is the simultaneuos measurement of gases. Also if the four instruments have different technologies  the inlet system is all the time the same. It´s an membrane inlet system. Maybe the shape, the thickness or the material is different, but the main drawback they have together is the permeation of WATER VAPOR in the analytical line. 


E Novel Instruments

INSPECTR200-200 FOR IN SITU, ONLINE, REAL TIME AND SIMULTANEOUS MEASUREMENTS:

Houghing Iyt Embedded hass ( pC MIS & Sample
Furnp Cahle PC Spec, p Gear Pump infoutlet

‘ (Short et al. 2001)
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Sampling rates sh be high and respond times correspondingly short for

high temporq'@ atial resolution
@ Main@& of the analyzer should be easy and short in time

A~ &detection limit for trace gases

@ Calibration of all gases of interest (Dr. T. Gentz; Diploma thesis 2007) .
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Presentation Notes
In 2005 we bought the membrane inlet mass spectrometer (Inpectr200-200) which is developed by tim short and gottfried kibelka. It  operates in situ and the data are online and in real time avaible. Additional the inspectr could measure most of the dissolved gases simultanously. Nevertheless the detection limit was more than 100 nol l which is too high for several applications in the marine science including the investigation of gas seeps. 
How to improve the detection limit. Keyword is the water vapour.


Novel Instruments

IN SITU MASS SPECTROMETER MODE OF OPERATION

Membrane Inlet Mass Spectrometry (MIMNS)

Ion source
Electron impact

Membrane

e
+
o ® O
+

Ton and
fragments

Mass-filter
Quadrupole

Mass-scan

Detector
Electron multplier




D Novel Instruments

IN SITU MASS SPECTROMETER MODE OF OPERATION

70 times magnification 320 times magnification

Water vapor

is the main gas that permeates through this membrane?

eDowngrades the detection limit

eAffects on the ionization effency

*Could cause condensation in the analytical line
eDowngrades the life time of the filament

For several applications including investigations of natural as well as manmade gas
seepages there is a strong demand for:

1. Lower detection limit

2. “Security System® in case of membrane rupture


Presenter
Presentation Notes
So we had to find a way to hinder the water vapour to arrive the sensor unit. It is not possible to hinder the water vapor to permeates tgrough the memebrane. 


@ Novel Instruments

IMPLEMENTATION OF A CRYOTRAP

Ton source
Electron impact

Mass-filter Detector
Quadrupole Electron multplier

Mass-scan

Micro Stirling Cooler, Ricor K508

Cooling of the capillary between sample inlet
and sensor unit up to -90 °C

e Water vapour is reduced up to 98 % of initial
e Reduce the internal pressure significantly
* A higher ionization effency is observed

—>Results in an obtimized detection limit

* Expand the lifetime of the analyser
e Secure the analyser for inflowing water


Presenter
Presentation Notes
This are only examples of new techniques. We have the mono paramter instruments from Contros and the Mets from franatech. Both are mono parameter Technichs for the detection of methane.
Also the mass spectrometer Inspectr200-200 from Aml and the Nereus mass spectrometer by camilli and hemond are shown. Benefit of the massspectrometry is the simultaneuos measurement of gases. Also if the four instruments have different technologies  the inlet system is all the time the same. It´s an membrane inlet system. Maybe the shape, the thickness or the material is different, but the main drawback they have together is the permeation of WATER VAPOR in the analytical line. 


D Novel Instruments

OPTIMIZED AND REDESIGNED INSPECTR200-200
A CPM 200 Turbo pump B MIS

T Pressure sensor )
Roughingpump EmbeddedPC Solenoid valve | Stirling cooler

o] New detection limit of the
2 e optimized Inspectr200-200:
f o ~16 nmol L

0.0 0.2 0.4(-:H4 [Hmom{;ﬁ 0.8 1.0

Calibration of the optimized Inspectr200-200
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Presentation Notes
IS that enough for the study of dissolved methane in the water column at gas seeps?


D Novel Instruments

OPTIMIZED AND REDESIGNED INSPECTR200-200
A CPM 200 Turbo pump B MIS

T Pressure sensor )
Roughingpump EmbeddedPC Solenoid valve | Stirling cooler

o] New detection limit of the
2 e optimized Inspectr200-200:
f o ~16 nmol L
z.oc.ﬁ[m 0:2 0-.4 OZGO-S%O 0:8 1.0 Low enough?? [
CH, [umol/l]

Calibration of the optimized Inspectr200-200


Presenter
Presentation Notes
IS that enough for the study of dissolved methane in the water column above gas seeps?


Novel Instruments

IN SITU MASS SPECTROMETER FOR FIELD APPLICATIONS

Gas seep in the North Sea

Methane [nmol L-1]

0-16
17- 50
51-100

101- 150
151- 250
B 251- 400
N 401-600
601- 800
801- 1000
1001- 1250
1251- 1500

Concentration Area
[nmol L] [%]
<16 3.6

16 - 100 48.3

> 100 48.1

(Gentz and Schliiter 2012)



D Novel Instruments

IN SITU MASS SPECTROMETER FOR FIELD APPLICATIONS

Gas seep in the North Sea

without
CrVOt rap: Methane [nmol L-1]
0-16
48.1 % 17-50
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! 401-600
601- 800
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<16 3.6

16 - 100 48.3

> 100 48.1

(Gentz and Schliiter 2012)
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Presentation Notes
Whitout the cryotrap in only 48.1 % of the area methane concentrations could be detected by the in situ mass spectrometer. but with the improved detection limit by the cryotrap we could observe in nearly the entire area methane. 


Novel Instruments

IN SITU MASS SPECTROMETER FOR FIELD APPLICATIONS

Gas seep in the North Sea
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(Gentz and Schliiter 2012)



Study Areas

APPLICATION OF THE IN SITU MASS SPECTROMETER IN HARSH ENVIRONMENTS

Ex situ In situ in a frame In situ at sediment- Laboratory measurements

including benthic chamber water-transition-zone



Ir| Study Areas

APPLICATION OF THE IN SITU MASS SPECTROMETER IN HARSH ENVIRONMENTS
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Presentation Notes
Within the framework of this thesis two gas ebulliton areas were studied. While one, which is located in the continental shelf northwest of Spitsbergen, is in the center of scientific attention, the gas ebullition area that was studied in the North Sea has not yet been examined with regard to the amount of methane release into the water column and its subsequent pathways. 
Due to the limited time i will present shortly the main results of the spitzbergen gas seep and focus in the gas seep at the north Sea.



Ir| Results and Interpretation

STUDY AREA SPITSBERGEN
7°30'E 9°E 10°30'E 12°E

79°N

78°30'N

(Gentz et al. in review)


Presenter
Presentation Notes
The first study area at the west spitsbergen continental margin is strongly affected by climate change. 


(i) Results and Interpretation

STUDY AREA SPITSBERGEN
7°30'E

79°N

78°30'N

78°30'N

(Westbrook et al. 2009)


Presenter
Presentation Notes
In 2009 westbrook et al discovered more than 250 gas flares in the water column. Red square.
 We studied  the water column of a detailed area with a mean water depth of 245 m to estimate the fate of this released methane.



. He assume, thet the source of the methane might be from dissoziating gas hydrates as a response to the recent warming of the water in this area


Ir| Results and Interpretation

HYDROACOUSTIC:

Ten gas flares lined up in S — N direction and max.
rise height of up to 200 m were found.
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(Gentz et al. in review)
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Presentation Notes
Ware depth of 245 m S-N und W-e kürz erklären! Due to this images we assumed enhanced methane concentrations in the entire water column but…
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DISSOLVED METHANE AND HYDROGRAPHY
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Results and Interpretation

Potential density o[kg/m’]
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. Potential density ad[kg/m’]
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78.645°N 78.65°N 78.655°N 78.66°N

Graphic created by Ocean Data View
(R.Schlitzer, Ocean Data View, 2011, http://odv.awi.de)
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Presentation Notes
The methane sampling show that increased methane concentrations above 25 nmol are only observed in the first 25 m above the seafloor. So something needs to limits the vertical transport of methane significantly. The oceanographic data show a strong pycnocline. I assume that the salinity rich bottom water is introduced water of the WSC.  If we overlay the data sets…


Ir| Results and Interpretation

DISSOLVED METHANE AND HYDROGRAPHY
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(Gentz et al. in review)
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Presentation Notes
We see that the pycnocline is in the same water depth like the strong decrease in the dissolved methane concentration.  Therefore, I assume, that….


D Results and Interpretation

MAIN RESULTS SPITSBERGEN

The pycnocline is a strong limitation for the vertical transport of methane released at the
Spitsbergen continental margin.

- ~80 % of the methane will be dissolved and trapped below the pycnocline and
horizontal transport in north direction to greater depth and subsequent oxidation
occur.

- ~20 % could reach the water mass above the pycnocline.
— Due to dilution of dissolved methane in the upper water mass the contribution of the

released methane to the global atmospheric methane budget could not been
determined.

— Bubble transport can be excluded as direct
pathway for methane to the atmosphere.

- In winter the stratification breaks down which
could lead to methane release into the atmosphere.
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50 – 100  days.


OBSERVATION OF A GAS SEEP AREA IN THE NORTH SEA

4°E
1 1
iy
pd - =
o) < ~©
o 8
R
L L\\
— \ \\
\ P
= Block / ck =
&1 y E
7/, / .
5% il
= . =
£/8  Investigated area: 140.000 m?; HE
5 [ = T m
£/ 370mx380m 50
T T T
3°E 4°E

3°E

Results and Interpretation

Modified after Schroot et al. 2005
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Source: biogenic methane from a reservoir of Plio- Plestocene age in 600m depth



@ Results and Interpretation

OBSERVATION OF A GAS SEEP AREA IN THE NORTH SEA

Under water gas analyser, sampler and observing system

Inspectr200-200; 11900 samples ¢ Multibeam; 140000 m?

GC; discrete 154 samples e CTD 14; vertical profiles

Video observation; 12 h e Bubble sampler; 5 samples
Hydroacoustic; 12 h * Multiple sediment corer; 5 cores
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Presentation Notes
In the north sea we studied the methane distribution in the water column using a variety of techniques including the in situ use of the Inspectr200-200. 


(i) Results and Interpretation

OBSERVATION OF A GAS SEEP AREA IN THE NORTH SEA
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Sea surface
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(Gentz et al. unpublished data)
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Presentation Notes
Also in this area a pycnocline and gas flares were observed but in cotranst to the gas seep at the spitsbergen continental margin the gas flares reach the surface which is confirmed by the video observation. Due to the calm weather condition we sampled the gas bubbles at the surface and:
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OBSERVATION OF A GAS SEEP AREA IN THE NORTH SEA
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VIDEO OBSERVATION OF THE SEAFLOOR
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| Affected area: ~3800 m?

Number of streams: 113

Bubble diameter: 4.5 to 16 mm (average 7 mm)

Release frequency: 0.3 — 40 bubbles s (average 23 bubbles s?)
Methane flux: 28.27 L min-t

Methane release: 35.3 + 17.65t CH, yr!
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Rotational ellipsoid with a spherical radius
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DISSOLVED METHANE SAMPLING IN THE WATER COLUMN
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DISSOLVED METHANE SAMPLING IN THE WATER COLUMN

e Discrete sampling: max 1.5 umol L?

— e |n situ sampling: max 3.5 umol L

\ | m e A methane saturation of 23200 %
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DISSOLVED METHANE SAMPLING IN THE WATER COLUMN

e Discrete sampling: max 1.5 umol L?

e In situ sampling: max 3.5 umol L?
e A methane saturation of 23200 %
was observed in 8 m water depth.
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Results and Interpretation

MAIN RESULTS NORTH SEA

—> Conservative estimation of methane release into the water column: 35.3 + 17.65 t CH, yr!
which is in the same order like the geogragraphically close Tommeliten area (schneider von
Deimling et al. 2011).

— The total inventory of dissolved methane is calculated to ~0.6 mol.

— The pycnocline is a limitation for the vertical transport of methane like at the Spitsbergen
continental margin but only 35 % of the methane will be dissolved below the pycnocline.

- 40 % of the dissolved methane reaches the water mass above the pycnocline and could
indirectly contribute to the atmospheric methane budget.

- 25 % of the released methane reaches the atmosphere via gas bubbles.
- In total 65 % (23 + 11.5 t CH, y !) of the released methane potentially reach the

atmosphere, which is high compared to the Spitsbergen continental margin or the
Tommeliten area.



E Conclusions

CONCLUSIONS

Studies of methane above a gas seep in high
resolution are now possible.

After 7 years optimization (in full time) and more than 20 (test)
expeditions, the UWMS fulfil the requirements of low detection
limit for methane as well as calibration to 11 gases.

Pycnoclines are limitations for vertical
transport of methane.

The fate of methane as well as the
contribution to the global atmospheric
methane budget of each source depends on
bubble size, the water depth, the water
current and the water stratification.

The use of the improved in situ mass spectrometry is one step forward B
to understand the pathways and potential global relevance of these

methane sources.

Spitsbergen| North Sea
Water depth [m] 245 40
Water stratification [m above seafloor] 25 10
Observed bubble rise [m above seafloor] 150 40
Estimated bubble diameter [mm] <5 7
Bubbles at seasurface No Yes
Direct methane transport No Yes

Indirect transport

277

Yes

Methane to atmosphere [% from origin]

?77?

~ 60
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Within the framework of this thesis two gas ebullition areas were studied in detail. While one, which is located in the continental shelf northwest of Spitsbergen, is in the center of scientific attention, the gas ebullition area that was studied in the North Sea has not yet been examined until now with regard to the methane release into the water column and its subsequent pathways. 

The global climatic change in the Arctic regions can be increasingly monitored. Thus years an increase in ocean temperature was observed in the last 30, which potentially leads to destabilization of gas hydrates and reduced methane storage capacity of the sediments. In the studied area with a size of 175 km² and an average water depth of 245 m, 10 gas ebullition locations, which were possibly induced by these climatic changes, were detected by using hydroacoustic methods. In this study, the release of dissolved CH4 into the water column and its subsequent lateral and vertical transportation, microbial oxidation and dilution were investigated. For this purpose, methane concentrations, isotopic ratios and oxidation rates were determined and compared with hydroacoustic and oceanographic data. The study area is influenced by the northwards flowing West Spitsbergen current (WSC), which leads to a stratification (about 20 m above ground) of the water column due to salinity differences. With the help of detailed sampling and a subsequent modeling, we determined that ~80 % of the methane contained in the ascending gas bubbles is dissolved under the pycnocline into the surrounding water and leads to a locally increased CH4 concentration. Even though rise heights of up to 50 m under the sea surface were detected by means of hydroacoustics, a direct transport of methane into the atmosphere via gas bubbles can be excluded due to the fast dissolution of the gaseous CH4 into the ambient water. 
 
 
Therefore, the vertical transport of dissolved CH4 was studied in more detail as a potential source for atmospheric methane. The observed pycnocline represents a limitation for the vertical transportation of dissolved CH4. Therefore, dissolved methane is mostly laterally transported underneath the pycnocline to greater depths and is, as shown by the determinations of the oxidation rates, microbiological oxidized over time. As long as there is a stratification of the water column, the transport of methane in the gas bubbles (about ~20 % of the entire amount of CH4) into the water masses above the pycnocline and the subsequent dissolution of the gas bubbles represent the only potential pathway of methane into the atmosphere.
 
The investigations at the gas seepage area in the Netherland economic zone in the North Sea reveal significant differences regarding to the fate of dissolved CH4 in the water column. It has been shown in previous studies that most probably the gas source is a gas reservoir at a sediment depth of 600 m, which reaches the sediment surface through fractures (gas chimneys) in the sediment structure. Our video observations indicated 113 gas streams with an estimated release of 35.3 + 17.65 t CH4 yr-1. The dissolved methane concentration in various depths was measured in high resolution with the optimized in situ mass spectrometer. This data set, consisting of 11.900 single measurements sampled in between 24 hours, represents the dissolved CH4 concentration above a gas seepage in up to 750 times higher temporal and spatial resolution than would be possible by conventional methods. Highest methane concentrations (~3.5 µmol L-1) were detected in the surrounding water of the gas bubble streams and the inventory in the entire water column was calculated to a total amount of ~6.4*105 µmol. Due to the unique measurements, these results are not yet comparable with other gas seep areas. During the time of measurement the oceanographic data reveal a pycnocline, which we indicated as the main forcing factor for the pathway of methane at the gas seepage in the shelf area offshore West Spitsbergen. However, due to the short distance to the seabed (~10 m), a high grade of gas bubble dissolution takes place in the mixed layer above the pycnocline, and we consider that ~40 % of the total seabed released methane could enter the 
� 
atmosphere via this indirect pathway. Additionally, we measured direct CH4 transport via gas bubbles of ~25 % by discrete gas bubble sampling at the sea surface, which emphasize, that 65 % (23 + 11.5 t CH4 yr-1) of the entire seabed released CH4 potentially contributing to the atmospheric methane budget, which is far above most studied gas seepages.
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Natural neighbor interpolation is a method of spatial interpolation, developed by Robin Sibson.[1] The method is based on Voronoi tessellation of a discrete set of spatial points. This has advantages over simpler methods of interpolation, such as nearest neighbor, in that it provides a more smooth approximation to the underlying "true" function.
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In the study area we assume a mean diameter of lower than 5 mm and a maximum bubble size of 10.25 mm which is in order of the backscatter intensities of the gas flares. That means that most of the methane will be dissolved in the first 70 m of the water column but if we assume a bubble diameter of 10.25 mm methane could be tranported from the gas bubbles into the ambient water up to 100 m water depth. 
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Therefore, the vertical transport of dissolved CH4 was studied in more detail as a potential source for atmospheric methane. The observed pycnocline represents a limitation for the vertical transportation of dissolved CH4. Therefore, dissolved methane is mostly laterally transported underneath the pycnocline to greater depths and is, as shown by the determinations of the oxidation rates, microbiological oxidized over time. As long as there is a stratification of the water column, the transport of methane in the gas bubbles (about ~20 % of the entire amount of CH4) into the water masses above the pycnocline and the subsequent dissolution of the gas bubbles represent the only potential pathway of methane into the atmosphere.
 
The investigations at the gas seepage area in the Netherland economic zone in the North Sea reveal significant differences regarding to the fate of dissolved CH4 in the water column. It has been shown in previous studies that most probably the gas source is a gas reservoir at a sediment depth of 600 m, which reaches the sediment surface through fractures (gas chimneys) in the sediment structure. Our video observations indicated 113 gas streams with an estimated release of 35.3 + 17.65 t CH4 yr-1. The dissolved methane concentration in various depths was measured in high resolution with the optimized in situ mass spectrometer. This data set, consisting of 11.900 single measurements sampled in between 24 hours, represents the dissolved CH4 concentration above a gas seepage in up to 750 times higher temporal and spatial resolution than would be possible by conventional methods. Highest methane concentrations (~3.5 µmol L-1) were detected in the surrounding water of the gas bubble streams and the inventory in the entire water column was calculated to a total amount of ~6.4*105 µmol. Due to the unique measurements, these results are not yet comparable with other gas seep areas. During the time of measurement the oceanographic data reveal a pycnocline, which we indicated as the main forcing factor for the pathway of methane at the gas seepage in the shelf area offshore West Spitsbergen. However, due to the short distance to the seabed (~10 m), a high grade of gas bubble dissolution takes place in the mixed layer above the pycnocline, and we consider that ~40 % of the total seabed released methane could enter the 
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atmosphere via this indirect pathway. Additionally, we measured direct CH4 transport via gas bubbles of ~25 % by discrete gas bubble sampling at the sea surface, which emphasize, that 65 % (23 + 11.5 t CH4 yr-1) of the entire seabed released CH4 potentially contributing to the atmospheric methane budget, which is far above most studied gas seepages.
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Calculation:

Bubble diameter: 7 mm by Image) r, = (a’b)* (1)
> ? (2)

V =-mnr,
Leifer and Patro 2002

3

Release frequency: 23 bubbles s

Methane flux: 28.27 L min! PVA = nRTZ (3)
Modified after Romer et al. 2012

Seafloor methane release: 35.3 + 17.65t CH, yr!
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atmosphere via this indirect pathway. Additionally, we measured direct CH4 transport via gas bubbles of ~25 % by discrete gas bubble sampling at the sea surface, which emphasize, that 65 % (23 + 11.5 t CH4 yr-1) of the entire seabed released CH4 potentially contributing to the atmospheric methane budget, which is far above most studied gas seepages.
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Our idea was to trap the water vapor out of the analytical line to lower the detection limit for major and trace gase and also tocreate a security system in case of the membrane rupture because we only had money for one mass spectrometer!
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Gas analysis: New in situ sensors for high resolution mapping

TRL 1Basic principles of technology observed and reported

TRL 2 Technology concept and/or application formulated

TRL 3 Analytical and laboratory studies to validate analytical predictions
TRL 4 Component and/or basic sub-system technology valid in laboratory environment

TRL
TRL
TRL

TRL

5 Component and/or basic sub-system technology valid in relevant environment
6 System/sub-system technology model or prototype demonstrated in relevant environment
7 System technology prototype demonstrated in an operational environment
8 System technology qualified through test and demonstration

9 System technology qualified through successiul mission operations

Sensor Measurement/ Technology Membrane/ Concentralion Limit of T 90 TC Depth Power Manufacturer/ TRL
environmens Sensilive layer range detection range supply Research Institute/
Reference
METS— Gas phasefwater S0, semi— Silicon rubber 10 nM-150mM 10 nM 1-30 min 2-40°C  0-3500m 3I5-100mA Capsum GmbH/ TRL 7
CAPSLIM column conductors (5—100 pm) a12v Franatech GmbH
(26
HydroC/CH,  Gas phasefwater Dimect IR Modified silicon 30 nM-500 pM <10ppm  17-30s 0-50°C 0-6000m 250 mA Contros GmbH TRL 7
column absorption rubber (2-100 pm) [=6 nk) ai1zwv hittp fwaana.
SpeCiroscopy CONROS eu
(3.4 pm)
Deep-sea Gas phasefwater Laser absorption Silicon-membrane  40-320 ppm 40 ppm 0-2000 m Hokkaido TRL &7
et hane colurmn spectroscopy tuebses (25-200 ni) (25 nM) University
SEMS0r (3.3 pm) (Japan) [15]
Deep-sea Gas phasefwater MIR-off-axis Silicon rubber less than 045°C 0-2000 m Internal Iginc (LUSA) TRL &7°
gas column integrated-cavity 1 min hanery
amlg,-z(&r' Oulpul spectroscopy
Equilibrator Gas phasefsurface Photoacoustic Glass marbles up 1o 400 ph 20 pM 12 min at [33] TRL &
water S pECIrosCopy in tube 7 m depth™
In situ mass Gas phasefwater In situ mass Semi-permeable no data Sub-ppm 0-30m 0w WHOI TRL &
spectrometer  column S peCtrometer mermibrane inle (=1 nh) (200 m (USA) [36]
possibl el
I silu mass Gas phasefwater In situ mass PDMS membrane no data 1-5 ppb 0-30m 20W University of TRL &
spectrometer  column S peCtrometer inlet (=1 nh) (200 m South Florda
possibl el (USA) [35]
Biosensor Dissolved Ampermetry Silicon up 1o 350 phd 5 phd surface University of TRL 5/
phase/sediments, memb rane Aarhus
pore waler (Denmark)
(101
Biosensor Dissolved Disso vied “hacterial 0.4-2 mM 100 ph 100 s surface [44] TRL 5/&
phasefsediments, OXYEEN SENSOT beads™
pore waler
FEWS Dissolved phasefwater  Evanescent wave Optical fiber Possibly up [50] TRL 273
column SPECIrOsCopy sensitive o GOO0 m
layer
SERS Dissolved phaseiwater  Surface-enhanced Silver—colloid SERS ib—ph Possibly wp Technical TRL 45
colurmn Raman scattering substrate to GO0 m University
Berlin
(Gemany)
-
SPR Dissolved phasefwater  Surface-plasmon PDMS/cryplo- 0—400 nk 0.2 nM 2-5 min 453 Surace 1 mivy [6:4] TRL 45
colurmn resonance phane-A (Appendix 2)

Compilation of in situ methane sensors and technologies, modified after Boulart (2010) including
the explanation of the TRL levels, modified from a UK Defence Procurement Agency version.
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This are only examples of new techniques. We have the mono paramter instruments from Contros and the Mets from franatech. Both are mono parameter Technichs for the detection of methane.
Also the mass spectrometer Inspectr200-200 from Aml and the Nereus mass spectrometer by camilli and hemond are shown. Benefit of the massspectrometry is the simultaneuos measurement of gases. Also if the four instruments have different technologies  the inlet system is all the time the same. It´s an membrane inlet system. Maybe the shape, the thickness or the material is different, but the main drawback they have together is the permeation of WATER VAPOR in the analytical line. 
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Within the framework of this thesis two gas ebullition areas were studied in detail. While one, which is located in the continental shelf northwest of Spitsbergen, is in the center of scientific attention, the gas ebullition area that was studied in the North Sea has not yet been examined until now with regard to the methane release into the water column and its subsequent pathways. 

The global climatic change in the Arctic regions can be increasingly monitored. Thus years an increase in ocean temperature was observed in the last 30, which potentially leads to destabilization of gas hydrates and reduced methane storage capacity of the sediments. In the studied area with a size of 175 km² and an average water depth of 245 m, 10 gas ebullition locations, which were possibly induced by these climatic changes, were detected by using hydroacoustic methods. In this study, the release of dissolved CH4 into the water column and its subsequent lateral and vertical transportation, microbial oxidation and dilution were investigated. For this purpose, methane concentrations, isotopic ratios and oxidation rates were determined and compared with hydroacoustic and oceanographic data. The study area is influenced by the northwards flowing West Spitsbergen current (WSC), which leads to a stratification (about 20 m above ground) of the water column due to salinity differences. With the help of detailed sampling and a subsequent modeling, we determined that ~80 % of the methane contained in the ascending gas bubbles is dissolved under the pycnocline into the surrounding water and leads to a locally increased CH4 concentration. Even though rise heights of up to 50 m under the sea surface were detected by means of hydroacoustics, a direct transport of methane into the atmosphere via gas bubbles can be excluded due to the fast dissolution of the gaseous CH4 into the ambient water. 
 
 
Therefore, the vertical transport of dissolved CH4 was studied in more detail as a potential source for atmospheric methane. The observed pycnocline represents a limitation for the vertical transportation of dissolved CH4. Therefore, dissolved methane is mostly laterally transported underneath the pycnocline to greater depths and is, as shown by the determinations of the oxidation rates, microbiological oxidized over time. As long as there is a stratification of the water column, the transport of methane in the gas bubbles (about ~20 % of the entire amount of CH4) into the water masses above the pycnocline and the subsequent dissolution of the gas bubbles represent the only potential pathway of methane into the atmosphere.
 
The investigations at the gas seepage area in the Netherland economic zone in the North Sea reveal significant differences regarding to the fate of dissolved CH4 in the water column. It has been shown in previous studies that most probably the gas source is a gas reservoir at a sediment depth of 600 m, which reaches the sediment surface through fractures (gas chimneys) in the sediment structure. Our video observations indicated 113 gas streams with an estimated release of 35.3 + 17.65 t CH4 yr-1. The dissolved methane concentration in various depths was measured in high resolution with the optimized in situ mass spectrometer. This data set, consisting of 11.900 single measurements sampled in between 24 hours, represents the dissolved CH4 concentration above a gas seepage in up to 750 times higher temporal and spatial resolution than would be possible by conventional methods. Highest methane concentrations (~3.5 µmol L-1) were detected in the surrounding water of the gas bubble streams and the inventory in the entire water column was calculated to a total amount of ~6.4*105 µmol. Due to the unique measurements, these results are not yet comparable with other gas seep areas. During the time of measurement the oceanographic data reveal a pycnocline, which we indicated as the main forcing factor for the pathway of methane at the gas seepage in the shelf area offshore West Spitsbergen. However, due to the short distance to the seabed (~10 m), a high grade of gas bubble dissolution takes place in the mixed layer above the pycnocline, and we consider that ~40 % of the total seabed released methane could enter the 
� 
atmosphere via this indirect pathway. Additionally, we measured direct CH4 transport via gas bubbles of ~25 % by discrete gas bubble sampling at the sea surface, which emphasize, that 65 % (23 + 11.5 t CH4 yr-1) of the entire seabed released CH4 potentially contributing to the atmospheric methane budget, which is far above most studied gas seepages.


Dtroduction Novel Instruments Study Areas Results and Interpretation Conclusions Future Perspective

Formation of methane:

Degradation of organic matter by
redox processes

Organic
matter

Aerobic respiration

(CH,O)x(NH3)y(H;PO,)z + xO, — xCO, + xH,O + yNH; + H;PO,
Nitrate reduction

5CH,O + 4NO, — 4HCO; + CO, + 2N, + 3H,0
Manganese oxide reduction CH,O + 2MnO, + 3CO, + H,0 — 2Mn?*+ 4HCO;

’ Iron oxide reduction CH,O + 4Fe(OH); + 7CO, —» 8HCO; + 3H,0 + 4Fe?*

= sulfate/methane transition zone (SMTZ)

Depth
.

Microbial formation of methane:

Hydrogenotrophic CO,+4H, - CH, +2H,0
Acetotrophic CH,COO" +H,0 — CH, + HCO,
Methylotrophic CH;-A +H,0 —- CH, + CO, + A-H
Thermocatalytic formation of methane

Schematic concentration profils

Schematic view of the formation (modified after Froelich et al. 1979)
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In the marine sediments hydrocarbons, dominantly CH4, are produced via two main pathways: the microbial degradation of organic matter in shallow sediments, or the thermocatalytic breakdown of complex organic molecules as part of petroleum-generating processes occurring deep within sedimentary basins. (Fig. 1-4) (Floodgate and Judd 1992; Judd 2004). 
An essential requirement for the formation of methane in sediments, whether by microbial or thermogenic processes, is an abundance (at least 0.5 %) of organic matter (Judd 2004). Therefore, to understand the microbial formation of CH4 by methanogens we have to follow the sequence of redox processes with different electron acceptors during decomposition of the particulate organic matter (POM; Fig. 1-4) presented in fundamental works by Froelich et al. (1979). Particulate organic matter sinks down in the water column and is buried in marine sediments. Due to the high production rates and shallow water depths highest fluxes of POM to the seabed are measured at the continental shelves (Judd and Hovland, 2007). In the open ocean, most of the POM is aerobically oxidized in the water column and the fluxes to the seafloor are thus low (Suess 1980).
 
In the oxic zone of the sediment POM is degraded by aerobic respiration (Fig. 1-4 left side). This process reveals the highest energy yield (ΔG0= -479 kJ mol-1 C) for bacteria and therefore, they are most active close to the seabed. After oxygen depletion usually in the first millimeters of sediment (Sauter et al. 2001), remineralization of POM proceeds through anaerobic respiration (Canfield and Thamdrup 2009; Froelich et al. 1979). The successive processes involved in POM degradation are nitrate reduction (ΔG0= -453 kJ mol-1 C), manganese oxide reduction (ΔG0= -349 kJ mol-1 C), iron oxide reduction (ΔG0= -114 kJ mol-1 C) and sulfate reduction (ΔG0= -77 kJ mol-1 C), which are distributed in a characteristic vertical pattern within the seabed (Fig. 1-4). During dissimilatory metal reduction, solid phase iron (Fe(III)) and manganese (Mn(IV)) are reduced, and Fe2+ and Mn2+ are released to the pore water. Organoclastic sulfate reduction usually occurs in sediments below the Fe(II)/Fe(III) redox boundary (Fig. 1-4). Below sulfate concentrations of            200 µmol L-1 the degradation of POM via methanogenic pathways with competitive substrates (CO2 and CH3COO-) and non competitive substrates (e.g., CH3OH, CH3NH2 or (CH3)2S) takes place (Whiticar 1999; Whiticar and Faber 1986). Three possible processes for methane production are known and can be distinguished by their hydrogen isotopic ratio (Whiticar 1999): 
Hydrogenotrophic	 	CO2+ 4 H2 → CH4 + 2 H2O   (ΔG0= -130 kJ mol-1 C)  (1)
Acetotrophic 	CH3COO-  + H2O → CH4 + HCO3    (ΔG0= -30 kJ mol-1 C)     (2)
Methylotrophic   CH3-A  + H2O → CH4 + CO2 + A-H    (ΔG0= -106 kJ mol-1C)     (3)
 
 
If organic matter is not microbially remineralized in shallow sediments of up to 2 km (Judd 2004) and buried by subsequent sedimentation to greater depth it may be degraded by thermocatalytic processes deep within the sediments where high temperatures caused by the geothermic gradient (~ 30 °C km-1) are observed (Claypool 1974; Schoell 1988). With increasing depth POM is converted into "kerogens", a mixture of high molecular weight organic materials which are classified into groups according to their morphology, color in white and ultra-violet light, and chemical composition (the C, H and O content). Depending on the origin of the organic matter and the depth, the thermocatalytic breakdown (`cracking´) of the kerogens releases various hydrocarbon compounds and may accumulate in deep petroleum reservoirs (Fig. 1-4) (Cornford 2009). The geological processes occurring throughout all the stages of the POM breakdown are known as diagenesis, catagenesis and metagenesis. Related to the increasing temperature and the origin of the kerogen liquids like crude oil are produced first, then condensates (C8 – C15) as well as gases like ethane, propane, iso-butane and at the end methane. These processes are mostly consist in fine-grained sedimentary rocks like mudstones, claystones, shales or certain limestones (Floodgate and Judd 1992).)  
The type(s) of hydrocarbons generated depends
After generation of methane formed by any of the processes outlined above, migration occurs by bulk flow driven by a pressure gradient or buoyancy as well as diffusion within pore waters (Floodgate and Judd 1992; Kubala et al. 2003). Generally the migration is an upward process from the source rocks in which it is generated towards the surface. Due to the highest buoyancy force and the ability of diffusion lighter hydrocarbons are more able to migrate upwards than crude oils and may become trapped in shallow gas reservoirs (< 1000 m) below impermeable sediments (Fleischer et al. 2001). Beside this reservoir, large quantities of CH4 are sequestered in gas hydrates (Hesse and Harrison 1981; Shipley et al. 1979; Trehu et al. 2006). This reservoir is formed under certain conditions like high hydrostatic pressure, low temperatures and salinity, oversaturation of low molecular-weight hydrocarbons and an adequate supply of pore water (Bohrmann and Torres 2006). At the studied areas in this thesis we assume that the methane from these reservoirs reaches the seabed by fracture zones or faults in deeper sediment which is mostly observed at submarine gas ebullition areas (Rajan et al. 2012; Schroot et al. 2005;Westbrook et al. 2009). Nevertheless, mud volcanoes like the Håkon Mosby Mud Volcano provide other major pathways (Etiope and Milkov 2004), which is, however not in scope of this thesis.
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Comparison of potential pathways of methane at two different gas ebullition areas.
Within the framework of this thesis two gas ebullition areas were studied in detail. While one, which is located in the continental shelf northwest of Spitsbergen, is in the center of scientific attention, the gas ebullition area that was studied in the North Sea has not yet been examined until now with regard to the methane release into the water column and its subsequent pathways. 
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Comparison of potential pathways of methane at two different gas ebullition areas.
Within the framework of this thesis two gas ebullition areas were studied in detail. While one, which is located in the continental shelf northwest of Spitsbergen, is in the center of scientific attention, the gas ebullition area that was studied in the North Sea has not yet been examined until now with regard to the methane release into the water column and its subsequent pathways. 
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