
National Central University. Taoyuan  (May 31, 2024)

What we Know About Mobile Shales?

Seismic Expression and Processes

Juan I. Soto

Michael R. Hudec, Tim P. Dooley, and Mahdi Heidari

.ǳǊŜŀǳ ƻŦ 9ŎƻƴƻƳƛŎ DŜƻƭƻƎȅ

Professor of Structural Geology and Tectonics (Granada University, Spain) ςjsoto@ugr.es

Researcher of the Bureau of Economic Geology (The University of Texas at Austin) ςjuan.soto@beg.utexas.edu

1/36

mailto:jsoto@ugr.es
mailto:juan.soto@beg.utexas.edu


National Central University. Taoyuan  (May 31, 2024)

Acknowledgements
Bureau of Economic Geology

Permission to use seismic data

Applied Geodynamics Laboratory Consortium
www.beg.utexas.edu/agl/sponsors

aŀǊȅƭƛƴŜ [Ŝ .Şƻƴ ŀƴŘ ƻǘƘŜǊ ŎƻƭƭŜŀƎǳŜǎ ŀǘ b/¦Σ 
ǘƻƎŜǘƘŜǊ ǿƛǘƘ !ŎŀŘŜƳƛŀ {ƛƴƛŎŀΣ ŦƻǊ ǘƘŜ ƛƴǾƛǘŀǘƛƻƴ ŀƴŘ 
ǎǳǇǇƻǊǘ ƻŦ Ƴȅ ǾƛǎƛǘΦ

2/36



National Central University. Taoyuan  (May 31, 2024)

What is the scientific problem? 

Mud Volcanoes in Onshore Azerbaijan

Martin Hovland
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Outline of the talk 

1. What is a diapir? Salt vs. Shale diapirs

2. Some principles

3. Mechanical model for mobile shales

4. Tectonic setting of mobile shales

5. Structural styles of mobile shales

6. Experimental models of shales under compression

7. Concluding remarks
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What is a diapir?

ñWe use the term ñdiapirò strictly to refer to a body that has pierced, or appears to have 

pierced, shallower overburden (O'Brien, 1968). Natural diapirs are separated from their 

cover by a strain discontinuity; nondiapiricstructures are in conformable contact with 

their overburden.ò (Jackson & Talbot, 1983)

Experimental Model

1
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Salt vs. Shale diapirs
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Source layer, presalt, suprasalt (overburden), and subsalt

Jackson & Hudec, 2017

¢ȅǇŜ ƻŦ {ŜǉǳŜƴŎŜǎ2
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Vendevilleet al., 1992a, 1992b
Jackson et al., 1994

(taken from Hudec & Soto, 2021)

ñPiercement ïEmplacement of 

a diapir to create a discordant 

contact, in which the diapiric 

margin crosscuts surrounding 

strata.ò 

ñDiapir ïStructure in which a 

mobile material pierces its 

overburdenò

(Jackson & Talbot, 1983)

Piercing mechanisms2

уκос
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Mechanical model for mobile shales3

3
2

1

shear fracture

ǘŜƴǎƛƻƴ ŦǊŀŎǘǳǊŜ

Reza Taheri et al., 2021
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3.1 Mechanical behavior of shales vs. salt

Soto et al., 2021b
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3.2 Experimental deformation of a natural shale

Norrköpingclay, Sweden (Westerberg, 19995)

ς Principles of soil mechanics can be extrapolated to cemented shales (e.g., Jones and Addis, 1986; Brown, 1990; Ewyet al., 2020)

ς Following ¢ŜǊȊŀƎƘƛΩǎequation, effective stress (sΩύ ƛǎ ǘƘŜ ǘƻǘŀƭ ǎǘǊŜǎǎ όs) less some proportion of pore pressure (u):

ς Stages during undrainedtriaxial tests on clays/shales:

Uniaxial burial to final depth                         Horizontal compression(svςsh<0; shear-induced overpressure)

Strain softening (shear-induced overpressure, formation of continuous fractures)

Critical State όƘƛƎƘ ƻǾŜǊǇǊŜǎǎǳǊŜΣ ŦŀōǊƛŎ ŎƻƭƭŀǇǎŜΣ ǳƴƭƛƳƛǘŜŘ ǎƘŜŀǊ ŀǘ ǎŀƳŜ ǎǘǊŜǎǎ Ҧ ǎŀƳǇƭŜ Ŧƭƻǿǎύ 

„ „ ό

BA to CB to

D

5C to

Soto et al., 2021b
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3.3 Evolution of the fabric

Soto et al., 2021b

/ƻƳǇǊŜǎǎƛƻƴΣ ǎǘǊŜǎǎŜǎ ōŜƭƻǿ ǇŜŀƪ ǎǘǊŜƴƎǘƘCB

C

to

at peak strength formation of continuous fractures

D at critical state complete destruction of the fabric (collapse)

5C

11/36



National Central University. Taoyuan  (May 31, 2024)

ά.ƻŘƛŜǎ ƻŦ Ŏƭŀȅ-rich sediment or sedimentary rock undergoing penetrative, (visco-) 
ǇƭŀǎǘƛŎ ŘŜŦƻǊƳŀǘƛƻƴ ŀǘ ǘƘŜ ŎǊƛǘƛŎŀƭ ǎǘŀǘŜέ

London clay (Skepton, 1948)

At critical state, shale behaves as a 
Herschel-Bulkleyfluid material

ς At critical state, shales deform with a high shear strain without any additional shear stress 
ς Strength decreases with water content

5ŜŦƻǊƳŀǘƛƻƴ ǇŀǘǘŜǊƴ ŀǘ ŎǊƛǘƛŎŀƭ ǎǘŀǘŜ

Mobile shales

s1

3.4 Mobile shales as bodies deforming at critical state
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Tectonic setting of mobile shales4

-aŀƴȅ ƳƻōƛƭŜ ǎƘŀƭŜǎ ƻŎŎǳǊǎ ƛƴ ŎƻƴǘǊŀŎǘƛƻƴŀƭ ǎŜǘǘƛƴƎǎόпр҈ύΣ ƭƛƪŜ ŀŎŎǊŜǘƛƻƴŀǊȅ ǿŜŘƎŜǎ ŀƴŘ ŦƻƭŘςǘƘǊǳǎǘ ōŜƭǘǎ ƛƴ 
ŎƻƴǘƛƴŜƴǘŀƭ ƳŀǊƎƛƴǎ

-[ƛƴƪŜŘ ǎȅǎǘŜƳǎ ƛƴ ŘŜƭǘŀǎ όǳǇŘƛǇ ŜȄǘŜƴǎƛƻƴ ŀƴŘ ŘŜŜǇǿŀǘŜǊ ŎƻƴǘǊŀŎǘƛƻƴύ ƛǎ ŀƴƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ ǎŜǘǘƛƴƎ όом҈ύ

Soto et al., 2021b
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Accretionary Wedges (Barbados)

Linked System in Shale Margins & Deltas (Niger Delta)

Tectonic setting of mobile shales4

мпκос
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Structural styles of mobile shales5

5.1 Mud volcanoes
DashgilMud Volcano (Azerbaijan)
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Structural styles of mobile shalesр
Offshore
Barbados

(data courtesy
of REPSOL)

5.1 Mud volcanoes

Soto et al., 2021a
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Structural styles of mobile shales5

bƻǊǘƘ {Ŝŀ όhŦŦǎƘƻǊŜ ¦Yύ5.2 Mud (gas) pipes

Maestrelliet al., 2017
17/36



National Central University. Taoyuan  (May 31, 2024)

Structural styles of mobile shales5

5.3 Detachment folds (with homogeneous strata) 9ŀǎǘ .ǊŜŀƪǎ CƻƭŘ .Ŝƭǘ όDǳƭŦ ƻŦ aŜȄƛŎƻύ

Soto et al., under review

Data proprietary of PGS
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Structural styles of mobile shales5

5.3 Detachment folds (with heterogeneous layered strata)
9ŀǎǘ .ǊŜŀƪǎ CƻƭŘ .Ŝƭǘ
όDǳƭŦ ƻŦ aŜȄƛŎƻύ

Soto et al., under review

Data proprietary of PGS
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нр Ƴ

Ingeborgfjelletcliff in
Spitsbergen

(Svalbard,
Norway)

Image
courtesy of
Prof. Ó lafur
Ingólfsson 

Structural styles of mobile shalesр

Field examples of detachment anticlines

Soto et al., under review
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