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oxidation, dissolution,                      
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Macroseeps 

Gas seeps (gas only) 
Oil seeps (gas and oil) 
Water-gas seeps (bubbling springs or aquifers) 
Mud volcanoes (gas, water, oil and sediments) 

Microseepage - 

Focused flow 

Diffuse flow Miniseepage (invisible) 

Diffuse flow  (invisible, independent from macroseeps) 

Seepage….a jungle of names 

Reservoir rock 
Gas  

GAS 



TOTAL PETROLEUM SYSTEM 

Petroleum 
seepage system 
(Abrams, 2005) 



Gas seeps and “eternal” fires 



Azerbaijan (Yanardag) 

Eternal fires and Zoroastrianism 



Baba Gurgur (Iraq) one of the largest oil fields in the world  

A natural seep active since >4000 years; probably the “burning fiery 
furnace” into which Nebuchadnezzar cast the Jews (Yergin, 1991).  

mentioned by Herodotus, Plutarch, and in the Old Testament’s Book of Daniel 
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Sedimentary volcanism, 3-phase system : gas-water-sediment 

Mud volcanoes 



Mud volcanoes – Azerbaijan 

4 km 
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Maccalube       
(Sicily, Italy) 

Macro / mini seepage 



GLOBAL DISTRIBUTION OF SEEPS                                 
(from GLOGOS - Global Onshore Gas-Oil seeps database) 

Actual global number >10,000 ? 

~2100 seeps           
from 89 countries 
(version 2014.1) 

SEEP EXPLORER 
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tool for oil and gas exploration since 1930s (Laubmeyer, 1933;
then, more recently: Jones and Drozd, 1983; Davidson, 1986;
Schumacher and Abrams, 1996; Klusman, 1993; Tedesco, 1995;
Hunt, 1996; Matthews, 1996; Schumacher and LeSchack, 2002;
Abrams, 2005). Indirect methods, such as microbial prospecting
(e.g., Tucker and Hitzman, 1996; Wagner et al., 2002), remote
sensing (e.g., Van der Meer et al., 2002) and magnetic measure-
ments (e.g., Liu et al., 2004) have also shown the existence of
microseepage throughout large areas over oil–gas fields on
various continents. Nevertheless, these studies focused exclu-
sively on the detection in the soil of anomalous concentration of
methane and light alkanes (and associated geophysical or geo-
chemical indicators); the soil–atmosphere flux measurement, being
not necessary for oil/gas exploration, was never carried out.
Understanding the impact on the atmosphere was not an objective.
Consequently the available data-set on microseepage flux is rather
poor. Only recently, since 2002, a large number of flux data have
been acquired throughout dry soil areas in hydrocarbon-prone
sedimentary basins of Europe and Asia, specifically in Italy,
Romania, Greece, Azerbaijan and China (Etiope et al., 2002; Etiope
et al., 2004a,b; Etiope et al., 2006; Tang et al., 2007; Tang et al.,
2008). These surveys and the US surveys performed by the
Colorado School of Mines (e.g., Klusman, 2006; and references
therein) form the only systematic programme of measurements of
microseepage flux to the atmosphere.

Today, it is known that the positive flux of methane, or micro-
seepage, can reach levels of tens, hundreds and thousands of mg m−2

day−1 throughout large areas, especially around macro-seeps such as
occur associated withmud volcanoes (Etiope et al., 2004a,b; Etiope and
Milkov, 2004). At lower rates, microseepage is quite common and
pervasive within petroliferous and sedimentary basins.

Finally, positive fluxes of methane from the soil can also occur in
geothermal areas (Hernandez et al., 1998; Etiope, 1999; Klusman
et al., 2000b; Etiope et al., 2007a), wheremethane is produced by high
temperature inorganic reactions (Etiope and Klusman, 2002).

All these facts pose some key questions:

1) Has the occurrence of microseepage ever been considered in the
estimates on global soil sink?

2) How large is the dryland area potentially affected bymicroseepage?
3) How large is the globalmicroseepage emission into the atmosphere?
4) What are the implications on the global greenhouse gas budget?

Fig. 1. Sketch of the microseepage process, from a hydrocarbon reservoir, through the
unsaturated zone, to the atmosphere.

Fig. 2. Photos of the closed-chamber systems used in microseepage surveys in USA (a)
and Europe (b, c). Methane concentration increase is measured by GC analysis of
samples taken manually by syringes (a, b) or by direct detection by laser sensor (c).

266 G. Etiope, R.W. Klusman / Global and Planetary Change 72 (2010) 265–274 Microseepage: the invisible emission 



Sedimentary basins with petroleum provinces 

Potential microseepage area (Level 1) 

 

(Etiope, 2015) 



Sedimentary basins with petroleum provinces 

Potential microseepage area (Level 2) 

~ 4-8 million km2  

 

(Etiope, 2015) 
~ 10 million km2  

Petroleum field areas 



GLOBAL MAP OF GEOLOGIC METHANE 
EMISSION AREAS 
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How to detect and measure gas seepage 



CLOSED-CHAMBER METHOD FOR FLUX MEASUREMENT  
 

widely used for soil-respiration, gas fluxes from wetlands, 
rice paddies and permafrost 

Photo: Charlotte Sigsgaard   

VFC (m3) chamber volume 
AFC (m2) chamber area 
c1 - c2 (mg/m3) methane concentrations at times t1 -  t2 (days).  



Ron Klusman 

Closed-chambers used for seepage measurements 

Japan Japan Azerbaijan 

New York China Italy 



Last week at the  
La Brea park, Los Angeles 



Closed-chambers used for seepage measurements 

Etiope et al, 2011 

Etiope et al, 2010 

Etiope et al, 2011 

Chimaera seep, TURKEY 

Giswil seep, 
SWITZERLAND 

Tomakachi seeps, JAPAN 



New solutions for gas seepage investigation  
 
based on a combination of a new generation of portable instruments for the measurement 
of a wide range of gases (methane, heavier hydrocarbons, CO2, H2, SO2….)  
 
- Tunable Diode Laser Adsorption Spectrometry (TDLAS) 
-  Fourier Transform Infra-Red spectrometry (FTIR) 
-  Semiconductors and infrared sensors 
-  Closed-chamber systems for gas flux measurements 



A LARGE METHANE FLUX DATABASE 



A LARGE FLUX DATABASE – Emission factors are today well known 

 
 
Typical EF     103   t km-2 y-1 

MV 

Individual gas seeps (natural fires, bubbling pools)   100 to 103 t/y.  

Typically 101-102  mg m-2 d-1 (similar to wetlands),  

 
up to 102 t/y for individual vents 
 

Microseepage 

VOLCANIC  

 
GEOTH. 

SEEPS 

Thousands of flux data from USA, EUROPE, ASIA… 

30 onshore MV from Italy, Romania, Azerbaijan, Japan, Taiwan 

>80 gas seeps from 15 countries 

> 1000 data in different soil types and countries 

Hundreds of direct or derived CH4 fluxes in USA, Europe, Asia…. 
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Upscaling based on emission factor and activity  
(EMEP/EEA 2009 Guidelines) 

SEEPING 
AREAS 

NUMBER OF 
SEEPS 

TOT. EMISSION =  EMISS.  FACTOR   X 

Same up-scaling procedures applied to  
wetlands, rice fields, soil CO2 respiration, soil CH4 consumption….. 

Point sources (vents):    ton/year  
  

Area sources (with microseepage):  t km-2 y-1  or   mg m-2 d-1 



GLOBAL EMISSION ESTIMATES 
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23-49 Tg/y	

Etiope and Milkov (2004)	


Etiope and Klusman (2010)	

Etiope et al (2008)	


Etiope (2012)	


3-7 Tg/y	

Etiope and Klusman (2002)	


Lacroix (1993)	

Etiope et al (2008)	


TOTAL = 60 (45-76) Tg/y 

? 

20 Tg/y	

Kvenvolden et al. (2001)	


Judd (2004)	

	


(theoretical estimate)	




Geological CH4  
2nd natural CH4 source 
≈10% of total CH4 source 

   

wastes 



CO2 and  CH4  
geo-sources vs. man-made vs. natural 

atmosphere 

CO2 

~1000 

35000 

700000 

Mt/y 

35 times 

! 

atmosphere 

CH4 

! 

340 
220 

380 
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 ~5-6 times 



U N C E R T A I N T I E S 

limited knowledge for 
-  mud volcanoes 
-  submarine seeps (only 

theoretically estimated)             
-  microseepage area 

Uncertainty is comparable or better than that of other natural sources 
(EMEP/EEA Guidebook 2009)  

Emission factor            x            Area (or N. point sources) 

-  MV eruptions 
 

-   Temporal variability (decadal, 
centuries…) due to endogenic factors                        
(changes of pressure gradients, tectonics...)  

Tot. emission 
=  



  TOP-DOWN EMISSION ESTIMATES 
 
Based on 14C-free, fossil CH4 in atmosphere 

Overall geo-CH4 emissions could be in the range 30-100 Tg/y. 

14C-free 30% of tot. emiss. (580 Tg/y ?) = 175 Tg/y 
 
geo-CH4 = 175 – fugitive (100?) = 75 Tg/y 
 
 

Schwietzke et al (2016) 

Atmospheric box models modeling based on two independent datasets:  
(a) CH4 and isotopic data from ice-core records  
(b) current day atmospheric CH4 and isotopic data 

 
(a)  suggests  geo-CH4 : 30-70 (50) Tg/y 

(b)  suggests total fossil fuel (fugitive + geo): 200 Tg/y  
If fugitive=150 Tg/y,  geo-CH4= 50 Tg/y 
If fugitive=100 Tg/y,  geo-CH4=100 Tg/y 

(Etiope et al 2008; Lassey et al. 2007)  



1. Geologic methane sources: definitions, classifications (what and where) 

2. Acquisition of methane flux data: building a global flux data-set 

3. Bottom-up global upscaling (and top-down verifications) - uncertainties 

6. Geo-emissions in the official inventories (and the fake gas hydrate story) 

5. Improving emission estimates: revision of emission factors and activity 

7. Abiotic methane: a newly discovered geo-source 

4. Two key concepts for inverse modelling: isotopic signature and variability 



How to consider GEO-CH4 emission  
for inverse studies? 

 
Two misconceptions 
(wrong paradigm) Geo-CH4 is always 

 13C enriched 

 
Geo-CH4 emissions are 
constant over time 



Mud volcano eruptions over time 

Aliyev et al (2002) 



geologic CH4 flux (advective process) depends on       

k  subsurface permeability                  ΔP gas pressure gradient 

Fracturing  

tectonics (long term)                                
seismicity (short term) 

Fluid charge/discharge 

deep gas migration pulses                        
natural gas extraction                                      

hydrostatic (aquifer) variations 

Geo-CH4 emissions are NOT constant over time 



Enhanced degassing related to seismicity 

It is well known that gas migration, seepage and, in particular, eruptions of mud volcanoes, can be 
stimulated by earthquakes, i.e. by the passage of seismic waves or by coseismic changes in crustal 
stress and permeability (e.g. Mellors et al., 2007; Manga et al., 2009; Mazzini and Etiope, 2017).  
 
Reports of correlations between earthquakes  
and mud volcanoes eruptions are widespread 

Examples:  
 
Changes in Yellowstone geysers eruption behaviour after the 
2002 M 7.9 Alaskan Denali earthquake (Husen et al., 2004) 
 
 
Nirano MV (Italy) emissions after June 2013 M4.7  
(Lupi et al., 2016) 
 
 
Eruption of LUSI mud-gas flow (Indonesia) in March 2006,  
2 days after 6.3 M earthquake (Mazzini et al, 2009) 
 
 
Formation of the Kevachy MV island few hours after the 
September 2013 M7.7 Makran coast (Avouac et al., 2014) 
 
 
Many eruptions of CH4-rich mud volcanoes in Azerbaijan…. 

0.08 Mt of CH4 injected into 
the atmosphere since 2006 

LUSI Indonesia 

Lokbatan MV, 
Azerbaijan 



Examples of decadal changes of seismicity 



geological CH4 flux (advective process) depends on       

k  subsurface permeability                  ΔP gas pressure gradient 

Fracturing  

tectonics (long term)                                
seismicity (short term) 

Fluid charge/discharge 

deep gas migration pulses                        
natural gas extraction                                      

hydrostatic (aquifer) variations 

Geo-CH4 emissions are NOT constant over time 



Examples of decadal changes of hydrostatic pressure (groundwater depletion) 

Famiglietti (2014; The global groundwater crisis. Nature Climate Change 4) 



Famiglietti (2014; The global groundwater crisis. Nature Climate Change 4) 

Examples of decadal changes of hydrostatic pressure (groundwater depletion) 

higher hydrostatic pressure        
=                                             

lower gas flux 

lower hydrostatic pressure        
=                                             

higher gas flux 



 
Two misconceptions 
(wrong paradigm) 

 
Geo-CH4 emissions are 
constant over time 

Geo-CH4 is always 
 13C enriched 

How to consider GEO-CH4 emission  
for inverse studies? 



GEOLOGIC SOURCES ARE NOT ALWAYS 13C-ENRICHED 

Mean δ13C -49 ‰ 

GLOBAL STATISTICS OF SEEPING METHANE ORIGIN                                    
(629 data, GLOGOS data-set) 

≈10% of seeps release 
microbial gas 
 
≈30% of gas is mixed  
δ13C from -50 to -60‰.  

CAUTION IN THE EXCLUSIVE 
ATTRIBUTION OF LOW δ13C 

VALUES TO MODERN 
BIOGENIC SOURCES 

Microseepage 
in Siberia? 



Geologic microbial methane sources (with “wetland type” δ13C) 
δ13C < -60 ‰ 
  



Geologic microbial methane sources (with “wetland type” δ13C) 
δ13C < -60 ‰ 
  Transylvania seeps 

Porsugel mud volcano (Turkmenistan) 

0.5 km 
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associated 

secondary 
methanogenesis 

seeps reservoirs (conventional, coal, shales) 

Seepage by 
Sapart et al 2012  

-38 ‰ 

Seepage 
(GLOGOS data-set)       

-49 ‰ 

Old attribution of Fossil 
Fuel in inverse modelling  
(-41 ‰ conv; -36 ‰ coal) 

 Updated Fossil Fuel         
(new GLOREG-NOAA data-set)  

-44 ‰  
(Schwietzke et al. 2016) 
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point 
sources area 

sources 

B  
macro-seeps 

A  
geothermal 

C  
microseepage 

Revision and development of data-sets for each category of geo-sources 
 
1. Emission factors:  - accurate analysis of seep size and intensity (gas, seeps, mud volcanoes) 

    - new microseepage flux data 
 

2. Activity (number of seeps and seepage area); developing accurate microseepage maps 
 

3. Gridded maps for inverse studies 

volcanoes 
geothermal 

mud 
volcanoes 

seeps 

D       
marine 

seepage 

point 
sources 

Improving emission estimates: revision of emission factors and activity 
          (2017-2018) 

NASA-IDS project (2017-2019) coordinated by  
Stefan Schwietzke (CIRES-Colorado Un-NOAA)  

 
Process-level investigation of revised global methane budget 

based on in situ and remote 
sensing of atmospheric composition and the land surface 



Spatial join 

Volcano-geothermal 

Macro-seeps 

Microseepage 

Marine seepage 

Gridded mapping 

CH4 flux (order of magnitude) in each cell 
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1990 
AR1 

Evolution of the IPCC Assessment Reports 

NO GEOLOGICAL 
SOURCES 

1995 
AR2 

NO DISTINCTION 
OF SOURCES 

NO GEOLOGICAL 
SOURCES 

2001 
AR3 

NO GEOLOGICAL 
SOURCES 

2007 
AR4 

GEOLOGICAL 
ADDED, BUT ONLY 

OLD/ODD NUMBERS 
FROM MARINE 

SEEPAGE 

2013 
AR5 

RECENT 
GEOLOGICAL 

VALUES 
ENDORSED 





2013 
AR5 

GAS HYDRATES….   

FICTIONAL NUMBERS  

Ciais et al (2013) 

?



GAS-HYDRATES MISQUOTATION and SPECULATION 

IPCC (2013) : 6 (2-9) Tg y-1        
 

EPA (1993)  5 
only continental hydrates  (not oceanic) 

FICTIONAL NUMBERS, NO EXPERIMENTAL DATA!   
Nobody has ever measured or experimentally estimated the emissions 

IPCC (1992)  5 

Kvenvolden (1991)  3-4 

Cicerone & Oremland (1988)   
5 

IPCC (2001)   5-10 

Fung et al. (1991)  

IPCC (2007)  4-5 Dickens (2003)                     
1 page comment of a book –  
NO NUMBERS 

Lelieveld et al. (1998)  5-15  
permafrost+hydrates+other geologic sources  
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23-49	

Etiope and Milkov (2004)	


Etiope and Klusman (2010)	

Etiope et al (2008)	


Etiope (2012)	


3-7	

Etiope and Klusman (2002)	


Lacroix (1993)	

Etiope et al (2008)	


TOTAL = 60 (45-76) Mt/y 

? 

20	

Kvenvolden et al. (2001)	


Judd (2004)	

	


(theoretical estimate)	


GEOLOGIC METHANE SOURCES 
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Thermal cracking of kerogen or oil 

The commercial gas 
driving global economy 

    Methane origin on Earth 

Biotic 

CH4 
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peridotite massif 

intrusions 

CO2-rich gas 
(<1% CH4) 

 
Precambrian 

shields 

High T, magmatic 
(geothermal-volcanic 

systems) 
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Low T gas-water-rock                   
reactions (serpentinization) 

C H 4 – r i c h  g a s  

 
peridotite-hosted 

hydrothermal 
systems 

continental 
serpentinization  

deep 
wells 

Fossil (14C-free) 

confirmed isotopically 
only in 3 ocean sites  

Canada, Scandinavia, 
S.Africa 

>16 countries 

the largest abiotic CH4 amounts observed in surface seeps 
and boreholes are produced in the crust, not in the mantle 

 



    Abiotic methane…not so rare 



SEEPAGE OF ABIOTIC METHANE 

Ronda 
Malaga 

Cabeco de 
Vide 

Japan 

Philippines 

New 
Zealand 

Oman 

Canada 

Portugal, 
Spain,            
Italy,  
Greece, 
Turkey 
Bosnia-Herz. 

Genova 

Othrys 
Chimaera 

UAE California 

Costa Rica 
New 

Caledonia 

Argolida 

Tizildag 

Bosnia-Herzeg. 

Is the global emission important? 

Microseepage in serpentine soils? 
 

3% of the Earth's surface is made up of peridotite (Guillot and Hattori, 2013) 
 



TAKE HOME MESSAGE 
 
Geo-CH4:   2nd most important CH4 natural source (~10%) 
                (2nd source in absolute in pre-anthropogenic times)  

 
          Bottom-up estimates  
     - confirmed by inverse modelling 
     - updates and improvements in progress 
     - more geo-marine flux data are needed 

 
         Not constant over time (decadal changes possible) 

 
         Not always 13C-enriched  
       (partially overlapping with wetlands) 

 
                   Abiotic CH4 emission unknown (to be added) 
 
 



Thanks 

Chestnut Ridge Park, New York State 


