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Structural systems involving mobile shale represent one of the most difficult challenges for 1 

geoscientists dedicated to exploring the subsurface structure of continental margins. Mobile-2 

shale structures range from surficial mud volcanoes to deeply buried shale diapirs and shale-3 

cored folds. Where mobile shales occur, seismic imaging is typically poor, drilling is hazardous, 4 

and established principles to guide interpretation are few. The central problem leading to these 5 

issues is the poor understanding of the mechanical behaviour of mobile shales. Here we propose 6 

that mobile shales are at critical state, and discuss how this proposition can explain key 7 

observations associated with mobile shales. The critical-state model can explain the occurrence 8 

of both fluidized shales (e.g., in mud volcanoes) and more viscous shales flowing with grain-to-9 

grain contact (e.g., in mud diapirs), mobilization of cemented or compacted materials, and the 10 

role of overpressure in shale mobility. Our model offers new avenues for understanding complex 11 

and fascinating mobile-shale structures.   12 
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Mobile shales are bodies of highly sheared shale that lack coherent reflections in seismic 13 

images. Mobile-shale structures range from surficial mud volcanoes to deeply buried shale 14 

diapirs and shale-cored folds (Fig. 1a–e). Although they exist in all tectonic regimes (Fig. 1f), 15 

they are mostly found in shortening settings (40%) or delta systems on continental margins 16 

(31%) (detailed information in Supplementary Discussion 1).  17 

Mobile shales create challenges for seismic processing, seismic interpretation, drilling, and 18 

geohazards analysis. A primary source of uncertainty in interpreting these structures is a poor 19 

understanding of the mechanics of mobile shale. Although mobile shales appear to deform 20 

through some sort of ductile flow1−3, we have little insight into what can make shales flow. Most 21 

authors suggest that shales become mobile simply by becoming highly overpressured4−5, 22 

although this simple model fails to account for the full range of mobile-shale occurrence. For 23 

example, shales (defined broadly, sensu Aplin et al.6) can apparently become mobile even after 24 

significant burial, consolidation, and cementation7−8. Overpressure can mobilize unconsolidated 25 

mud, but an increase in pore pressure alone cannot cause a cemented shale to flow. 26 

Our lack of a viable mechanical model for mobile shale is due partly to the difficulty in sampling 27 

subsurface mobile shales. Although mud volcanoes have been extensively studied9−13, little 28 

progress has been made in studying plastic flow of mobile shales using sampling 29 

observations2,14−17 or drilling data18−19. As a result, we have little knowledge of the physical 30 

properties of plastically flowing shales in the subsurface and even less knowledge of the 31 

mechanical processes by which they become mobile or stop moving.  32 

This uncertain understanding is reflected in the existing definition of mobile shale. The term was 33 

introduced by Morley and Guerin1, who defined them as “any shales deforming complexly by a 34 
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combination of ductile deformation and brittle failure in the presence of a fluid phase.” This 35 

definition was an excellent starting point because it recognized the roles of lithology, 36 

deformation style, and fluids in shale mobility. However, it suffers from several shortcomings. 37 

First, the definition is overly broad because it includes almost any type of deformation involving 38 

shales. Second, it provides little insight into what makes a mobile shale mobile or how it 39 

deforms.  40 

In this paper, we summarize observations concerning mobile shales, and then propose a 41 

mechanical model that can explain these observations. We explore the implications of this model 42 

and its answers to key questions in mobile-shale research: How do shales become mobile? Is 43 

deformation in mobile shales brittle, ductile, or both? Why do some mobile shales become 44 

immobile? Can shales with diagenetic cements become mobile? Does depth of burial play a role 45 

in shale mobilization? Do all mobile shales have to be highly overpressured? If so, how high 46 

must the overpressure be? How does shale mobilization affect its seismic properties? 47 

 48 

What do we know about the mechanics of mobile shales? 49 

There are some observations about mobile shales that are widely accepted. We use these 50 

observations as a framework to suggest a mechanical model for mobile shales. 51 

First, there are two distinct types of mobile-shale structures3. The first occurs when the shale 52 

behaves as a fluid suspension without grain-to-grain contact20-21. Because of their low viscosity, 53 

this type of mobile shales forms smaller features like mud volcanoes (Fig. 1a−b) in which the 54 

shale moves at high velocities (up to tens of meters per second)11−13,22. In the second type, shale 55 

behaves as a viscous-plastic solid involving grain-to-grain frictional flow2 or creep23. Because of 56 
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their high viscosity, this type of mobile shale forms large-scale bodies like shale diapirs (Fig. 57 

1c−e) that move at lower velocity than in mud volcanoes.  58 

Second, bedding and other fabrics in mobile-shale structures are strongly disrupted, recording 59 

large and extensive shear deformation. This disruption is one factor causing the loss of seismic 60 

signal in mobile shale (Fig. 1c−e)24,25.  61 

Third, mobile shales are typically associated with high overpressures. Overpressure is obvious in 62 

the fluidized material erupted from mud volcanoes, where there is almost no contact between 63 

grains9,10,11,13,14. High overpressure in other types of mobile shales such as shale diapirs can be 64 

inferred from the low seismic velocities of these bodies1,3,18,24,26. Most researchers attribute these 65 

overpressures to a combination of increase in the volume of the pore fluid (due to, e.g., 66 

hydrocarbon generation and cracking, diagenetic transformations, or thermal expansion) and in 67 

total compressive stresses27. For example, based on the abundance of methane expelled during 68 

mud-volcano eruptions9-14,22, the mobility of shale in mud volcanoes is attributed to hydrocarbon 69 

transformations and the depressurization of a gas-charged source layer. 70 

Fourth, given the stratigraphic position of blocks ejected from mud volcanoes, some mobile 71 

shales are sourced from depths of 9 to 10 km11,13,22,28−30 (detailed information in Supplementary 72 

Discussion 1). Units sourced from these depths were cemented prior to incorporation in mud 73 

volcanoes. This observation represents a challenge for workers in mobile shales, because it is 74 

difficult to explain how these cemented blocks were mobilized. 75 

Any viable mechanical model for mobile shales must be able to explain and be consistent with 76 

these observations: fluidization and plastic flow of shales, disruption of fabrics, existence of high 77 

overpressure, and mobilization of cemented units.  78 
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 79 

Mechanical model for mobile shales: deformation at the critical state 80 

As mentioned earlier, field observations of subsurface mobile shales are scarce owing to the 81 

understandable reluctance of drillers to penetrate them. We therefore turn to experimental 82 

deformation of shales, to examine whether they provide any explanation for mobile-shale 83 

behaviour. Because these tests are typically conducted at low stresses and on poorly lithified 84 

soils, they do not directly mimic subsurface conditions. The principles governing the mechanical 85 

behaviour of soils31−32 have also been used to analysed the behaviour of consolidated shales, 86 

although important differences exist between the mechanical behaviour of soils and shales33−35. 87 

According to these studies, shales differ from soils in that they have a major cohesion (stiffness), 88 

develop some degree of cementation and anisotropy, and their mechanical characteristics change 89 

with depth and temperature (detailed information in Supplementary Discussion 2, Table s2 and 90 

Fig. s4). Principles of soil mechanics have also begun to be extrapolated to depths at which 91 

diagenetic transformations operate in shales so that the mechanical behaviour of cemented shales 92 

deformed under contraction might be modeled36−38.  93 

We use the behaviour observed in laboratory tests to infer the mechanical behaviour of mobile 94 

shales. Figure 2 illustrates the stress paths and the stress-strain response obtained from undrained 95 

triaxial tests on Norrköping clays39
 (Fig. 2). In these tests, the clay sample, retrieved from a core, 96 

was first consolidated under uniaxial-strain condition to the in situ vertical effective stress (point 97 

B, Fig. 2). This represents the loading on the clay as it was buried to its final depth. Then, the 98 

sample was compressed horizontally in undrained conditions; during this period, the total 99 

vertical stress was kept constant (path BCD, Fig. 2). This represents the loading that the clay 100 



Proposal for a mechanical model of mobile shales (Soto, Heidari & Hudec) 

7 

 

would undergo if it was in a shortening region, a common setting for mobile shales (Fig. 1f). The 101 

test was conducted under undrained conditions because shales have very low permeability, 102 

therefore, pore fluid could barely drain out of buried shales during shortening. 103 

The clay response during undrained shortening includes two distinct phases (path BCD, Fig. 2b). 104 

First is a period of strain hardening (BC), during which deviatoric stress (q, ordinate axis in Fig. 105 

2a) increases as the clay is compressed horizontally and the shear deformation increases. During 106 

this period, the effective mean stress (p′, abscissa axis in Fig. 2a) decreases. The sample tends to 107 

compact as it is sheared, but this compaction is prevented by pore fluid that cannot escape, 108 

leading to an increase in pore pressure (shear-induced overpressure) and decrease in effective 109 

mean stress. The strain-hardening phase occurs at relatively low strains (point C in Fig. 2b).  110 

The second stage consists of strain-weakening behaviour (CD, Fig. 2b), during which deviatoric 111 

stress (q) decreases. Softening is attributed to the collapse of rock fabric or breakage of 112 

cementation/bonds, also known as destructuration40 (sketches in Fig. 2). Destructuration entails 113 

elevated rock compression, which, in undrained conditions, translates into a significant increase 114 

in pore pressure (uD, Fig. 2a) and decrease in effective mean stress32,41. 115 

The clay reaches a state where stresses almost stop changing (point D, Fig. 2), even though the 116 

sample is still being shortened and deformed. This is the critical state, at which unlimited 117 

(plastic) shear deformation occurs without any changes in stresses or volume31,42-43 (plateau, Fig. 118 

2b). The material in fact flows at the critical state, destroying the material fabric or cement 119 

(schematic boxes, Fig. 2). 120 

Vane tests show that the clay flow at critical state is viscous, that is, the strain rate at critical state 121 

varies with shear stress (Fig. s6 in Supplementary Discussion 2). As such, the clay behaves as a 122 

Herschel-Bulkley material: it is solid (no flow) when shear stress is smaller than the static shear 123 



Proposal for a mechanical model of mobile shales (Soto, Heidari & Hudec) 

8 

 

strength, and when shear stress exceeds the strength, it flows at a strain rate that increases with 124 

the excess shear stress.  125 

Destructuration of fabric, breaking of cement, large shear deformation, high overpressure, and 126 

plastic flow associated with the critical state tie this state to mobile shales. We therefore propose 127 

that mobile shales are at the critical state and suggest the following definition for mobile shales: 128 

“bodies of clay-rich sediment or sedimentary rock undergoing penetrative, (visco-) plastic 129 

deformation at the critical state.”  130 

 131 

Implications of a critical-state model for mobile shales 132 

Fluidized behaviour vs grain-to-grain plasticity 133 

The critical-state model can explain not only the viscous-plastic behaviour of shales in structures 134 

such as shale diapirs, but also the fluid-like behaviour of fluidized shales in mud volcanoes. At 135 

critical state, all cements and bonds are destroyed, and the material flow is purely frictional 136 

(failure envelope has no cohesion and passes through the origin in a p′−q diagram). Thus, when 137 

pore pressure increases in mud volcanoes so much as to bring the effective stresses to zero, the 138 

grains lose contact, and the shear strength becomes zero (Figs. 2a and s2 in Supplementary 139 

Discussion 2). In this case, the Herschel-Bulkley behaviour converges to a viscous-fluid model, 140 

which corresponds to the behaviour of the fluidized shale in mud volcanoes (further details in 141 

Supplementary Discussion 2 and Fig. s6).  142 

The drop in effective stress leading to fluidization of shales in mud volcanoes may result from a 143 

combination of an increase in fluid pressure and a drop in total stress. One important scenario 144 

producing fluidization occurs when mobile shales rise up a fracture system below a mud 145 
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volcano. Total stress decreases as the material approaches the surface. This drop in total stress 146 

during rise leads to methane exsolution, elevating the pore pressure. This combination can bring 147 

effective stresses to zero, leading to the highly fluidized ejecta sourced from mud volcanoes. 148 

Brittle vs. ductile behaviour  149 

There is a longstanding debate concerning the relative importance of brittle and ductile 150 

behaviour in mobile shales1−3,44. Brittle behaviour is seen in a stress-strain plot with a strain-151 

softening behaviour; i.e., residual strength at the critical state is significantly lower than peak 152 

strength (Figs. 2a−3a). Conversely, ductile behaviour exhibits strain hardening, having similar 153 

residual and peak strengths (Fig. 3). The critical-state model suggests that shales with either 154 

behaviour can reach the critical state (plateau at the end of the curves) and become mobile (Fig. 155 

3a). In Figure 2, for example, the sample reaches the critical state through brittle behaviour. A 156 

shale can behave in a brittle or ductile way, depending in part on confining stress and 157 

temperature45−47 (Figs. 3a−b and s3−s4 in Supplementary Discussion 2).  158 

Although deformation is ductile once the critical state is reached, any brittle structures formed 159 

during approach to the critical state may be preserved during critical-state flow to present a 160 

mixture of structural styles. 161 

Pore-fluid pressure  162 

Low velocity of mobile shales suggests overpressure is high in these shales1,3−5,8,18−19,24−29. The 163 

critical-state-model provides insight into the role that overpressure plays in shale mobilization. In 164 

principle, it is possible to reach the critical state (see the critical state line in the p′−q diagram in 165 

Fig. 2a) purely through an increase in shear, without any increase in pore pressure. However, 166 

increase in pore pressure decreases effective confining (mean) stress, making it possible to reach 167 
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critical state at lower shear stress. Without high overpressure, forces driving shear stress in 168 

mobile shales may not be enough to bring the shales to critical state and make them mobile. This 169 

explains the observed link between shale mobility and high pore pressures.  170 

Several sources have been suggested to increase pore pressure in mobile shales, including 171 

disequilibrium compaction or generation of hydrocarbons27. The critical state model suggests 172 

shear-induced overpressure as another mechanism for increasing pore pressure in mobile shales 173 

during deformation (cf. blue curve in Fig. 2b, and Figs. s2−s4 in Supplementary Discussion 2).  174 

Degree of consolidation  175 

The critical-state concept can explain mobilization of both granular and consolidated 176 

material33−38. Consolidated or cemented shales have a higher shear strength than unconsolidated 177 

materials, particularly when they are compressed parallel to the fabric or stratification (Figs. 3c 178 

and s5 in Supplementary Discussion 2). It thus takes higher shear stress to break cements and 179 

drive these shales to the critical state. However, once this disaggregation occurs, critical-state 180 

flow can occur just as in any other shale.  181 

In contrast to previous interpretations8, critical-state mechanics thus suggests that there is no 182 

depth or temperature limit on the formation of mobile shales (Figs. 3 and s2−s4 in 183 

Supplementary Discussion 2), Even if cementation has occurred, mobilization in deep shales 184 

remains possible—it just takes a higher shear stress to overcome their strength.  185 

End of shale mobility 186 

In many areas, stratal patterns on seismic data suggest that some formerly mobile shales became 187 

later inactive (Figs. 1c−e). The critical-state model provides an explanation for stabilization of 188 

formerly mobile shales. According to our model, mobile shales stop deforming when the shear 189 
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stress becomes smaller that the static shear strength (Fig. s6 in Supplementary Discussion 2). 190 

This may occur through either a drop in shear stress or an increase in shear strength, because in 191 

either case the shale would depart from critical-state conditions (Figs. 2−3). For example, in 192 

shales that have become mobile due to regional shortening, shear stresses may drop if shortening 193 

stops. Shear strength might increase due to dissipation of overpressure, which increases the 194 

effective mean stress and thereby the shear strength.  195 

Seismic properties 196 

The critical-state model also gives insight into seismic properties of mobile shales. First, it 197 

predicts that overpressure increases in mobile shales due to shear deformation (Figs. 2b and 198 

s2−s4 in Supplementary Discussion 2) and seismic velocity thus decreases, which affect the 199 

seismic impedance of the shales. Second, shear stiffness of a material drops significantly 200 

approaching the critical state. Therefore, our model predicts that mobile shales should have a 201 

lower S-wave velocity than immobile shales at the same porosity18−19,48. Third, although flow at 202 

the critical state destroys preexisting rock fabrics, it may create new flow fabrics2. Seismic 203 

anisotropy is therefore affected.  204 

An important consideration in seismic imaging of mobile shales is whether the shales are 205 

presently mobile—that is, whether they are presently at the critical state. Once shales leave the 206 

critical state, overpressures and shale stiffness may return to normal values. However, any 207 

changes in anisotropy will remain.  208 

In conclusion, we suggest that the critical-state model is a viable hypothesis for the mechanical 209 

behaviour of mobile shales. It explains the key observations related to mobile shales, and offers 210 

many exciting prospects for future research. We look forward to seeing tests of this hypothesis as 211 

the study of mobile shales advances into the future.   212 
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Fig. 1 (legend in next page)314 
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↑ Fig. 1 ׀ Structures formed by mobile shales. a, Garadagh mud volcano in onshore Azerbaijan (40.24°N 315 

and 49.51°E). b, Gryphon structure within the Dashgil mud volcano49 in onshore Azerbaijan (39.99°N 316 

and 49.47°E). c−e, Buried mobile shales, as seen in seismic profiles (offshore, north-western Gulf of 317 

Mexico): c, shale sheet; d, shale diapir, and e, shale-cored folds. Seismic images extracted from a 3D 318 

depth seismic cube (seismic data courtesy of PGS). f, Global distribution of mobile-shale structures over 319 

plate-tectonic map of Earth. Surface-elevation model and complete details of compilation in 320 

Supplementary Discussion 1 (Fig. s1 and Table s1). Map plotted using Robinson projection. Inset pie 321 

diagram shows relative proportion (in %) of mobile shales according to their tectonic setting (for total 322 

population of 65 regions; Supplementary Table s1). 323 

 324 

 325 

 326 

Fig. 2 ׀ Mechanical behaviour of shales. a, Stress paths of an anisotropic clay (Norrköping clay) as 327 

depicted in the p′-q space (mean effective stress vs. deviatoric stress), according to experimental results 328 

of undrained triaxial compression tests39 (using results with high pre-consolidation stress). b, Stress-329 

strain curve of sample (axial strain vs. deviatoric stress) and variation of pore-fluid excess pressure 330 

during experiment. c, Approximate variation in idealized sample of main stresses and strain during 331 

evolution from sedimentation (A) to critical state (D). Note how different passive markers in sample can 332 

be deformed and finally disrupted when fabric collapses and rock achieves critical state. A to B: Uniaxial 333 

strain consolidation; B to C: undrained shearing deformation, sample exhibiting strain-hardening until 334 

peak strength (C); and C to D: undrained-shearing, sample exhibiting strain-softening due to fabric 335 

collapse. Additional experiments documenting how shales can achieve critical state conditions in 336 

Supplementary Discussion 2 (Fig. s2). 337 

  338 
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 339 

Fig. 3 ׀ Experimental stress-strain curves and critical-state conditions in shales. a, Mudstone samples 340 

from Kuqa Depression (Tarim Basin, China) deformed at different consolidation stresses46. Brittle 341 

behaviour characterized by strain-softening (experiments at consolidation stresses of 10 and 20 MPa), 342 

ductile behaviour showing no difference between peak and residual strengths (consolidation stress of 65 343 

MPa). Tests with compression perpendicular to bedding. b, Stress-strain curves for Tournemire shale 344 

(Massif Central, France) deformed at different temperatures47. Tests under constant consolidation stress 345 

(20 MPa) and compression perpendicular to bedding. c, Stress-strain curves for Pierre-1 shale (USA) 346 

deformed with different orientations () of bedding509. Tests under constant consolidation stress (25 347 

MPa). Other symbols like in Fig. 2. Detailed information about these experimental tests and about shale 348 

samples in Supplementary Discussion 2 (Tables s2−s3). Additional experiments documenting how 349 

confining pressure, temperature, and fabric anisotropy affect geomechanical behaviour of shales in Figs. 350 

s3, s4, and s5, respectively (Supplementary Discussion 2).351 
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