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SEISMIC DATASET 

We analyzed the evolution of shale structures in the East Breaks fold-and-thrust belt (EB FTB) 

using the Crystal WATS® 3D seismic dataset from PGS. This is a wide-azimuth survey covering 

13,500 km2, acquired in 2006 and reprocessed with reverse-time prestack depth migration in 2019 

(Lebit et al., 2018). Inline-crossline spacing is 30 × 30 meters. The survey is zero phase, plotted 

using the SEG polarity convention such that a downward increase in impedance is displayed as a 

peak (black). The survey is processed to a depth of 14.6 km. Confidentiality restrictions prevent us 

from showing the precise location of the seismic cube in the offshore Gulf of Mexico (GOM), 

although Fig. S1 shows the general position of the East Breaks protraction area in the northern 

GOM. 

 

 

Figure S1. Position of the East Breaks protracted area over the bathymetry grid of the deep-water northern Gulf of 
Mexico (Bjerstedt et al., 2016; BOEM, 2016). The studied seismic cube is situated within the East Breaks. The 
precise location of the cube cannot be shown due to confidentiality restrictions. Inset shows the geographic position 
of the map area. 

 

3D SEISMIC INTERPRETATION 

Horizon interpretations in the seismic cube were oriented to the mobile shales and their roof 

sequences, as well as to the seismic units situated immediately below. Seismic interpretation was 

conducted in three dimensions, using DecisionSpace®. Uninterpreted versions of the seismic 

profiles in Fig. 2 are shown in Fig. S2. 
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Interpretation of the seismic discontinuities and main reflections was based on palaeontologic 

information from 19 wells in the study area for which biostratigraphic data are available in multiple 

publications (e.g., Galloway et al., 2000, 2011; Ewing and Galloway, 2019; Snedden and 

Galloway, 2019). Of these wells, only four penetrated through the Miocene into Oligocene units 

(Braithwaite et al., 1988; Dow et al., 1990; Trainor et al., 1990), for example, the Nansen Deep 

well (cf. Pan, 2002; Nicholson et al., 2012).  

According to this information, it is estimated that mobile shales are of Oligocene age (e.g., Camerlo 

et al., 2004) and that the main unconformity interpreted here is middle Miocene. Shales are 

detached along a mixed salt–shale detachment, which corresponds to a remanent weld (Fig. 2) of 

the allochthonous salt in northern GOM (e.g., Hall et al., 1993; Diegel et al., 1995; Peel et al., 1995; 

Rowan et al., 2004, 2006; Radovich et al., 2007; Hudec et al., 2013). Descriptions of the general 

structure and seismo-stratigraphy of the area, the structural position and general geometry of the 

mobile shales, and the configuration of the allochthonous salt are detailed in Hudec et al. (in 

review). The seismic expression of the mobile-shale structures analyzed in this contribution is 

documented in Fig. 2, which is accompanied by a larger and uninterpreted version of the seismic 

profiles and depth slices in Fig. S2.  

Two main seismic reflectors have been interpreted systematically in the study area; i.e., a strong 

positive reflection that describes continuously the fold and thrust structures and the main 

unconformity (Figs. 2 and S2). The first reflector is considered an early syn-shortening surface of 

top-Oligocene age (Camerlo et al., 2004), whereas the unconformity occurs within the middle 

Miocene section. Horizon interpretation was conducted manually over a regularly spaced grid (250 

m) formed by in-lines, cross-lines, and arbitrary lines oriented perpendicular to folds. Horizon was 

then auto-tracked in DecisionSpace®.  

Seismic interpretation in 3D has been complemented with surface gridding using the least squares 

method and a biharmonic smoothing algorithm (with flex passing of 4.0, smoothing modulus of 

0.5, and a search radius of 250 m). The resulting gridded surface for the pre-kinematic surface is 

shown in Figs. 2A and S2A.  

Structure filtering (Marfurt et al., 1998; Fehmers and Höcker, 2003; Chopra and Marfurt, 2007; 

Hale, 2009) and discontinuity filtering (Sobel filter; Bahorich and Farmer, 1995; Marfurt et al., 

1998) were also applied for us to inspect the detailed geometry and characteristics of the feeder 
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systems of shale sheets and the geometry and characteristics of the fractures associated with the 

thrusts (Fig. S2G). The characteristics of both filters were 2 lines and 15 samples for a structure 

filter preserving faults, and 2 cross-lines, 3 in-lines, and 15 samples for the Sobel filter.  

 

 
Figure S2. (Legend in p. 9).  
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UNINTERPRETED VERSION OF SEISMIC PROFILES 

The uninterpreted version of the seismic profiles shown in Fig. 2 is included here with a larger size 

and a simplified geometry of mobile shales. It is also provided various complementary seismic 

profiles to show the lateral evolution of the fold and thrust structures, as well as of the mud 

volcanoes, shale sheets, and their associated feeder systems (Figs. S2D to S2L). 

 

 

 

Figure S2. (Legend in p. 10). 
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Figure S2. (Legend in p. 10). 
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Figure S2. (Legend in p. 10). 
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Figure S2. (Legend in p. 10). 
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Figure S2. (Legend in p. 10). 
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Figure S2. Uninterpreted detailed seismic expression of mobile shales in EB FTB (offshore NW Gulf of Mexico), 
documenting the main structures related to shale sheets. This figure accompanies the interpreted version shown in 
Fig. 2B trough 2G, including new seismic examples (H) to (L) Seismic examples (B to L) include a simplified 
interpretation of the mobile shale structures. (A) Structural depth map of a seismic horizon within the syn-
shortening sequence in the study area (with a correlated age near the top-Oligocene). This gridded surface 
corresponds to the seismic reflector marked with an encircled letter A in (D) to (L). Inset shows the general 
geographic position of the study area within the Gulf of Mexico (GOM) (see Fig. S1). (B) Uninterpreted depth slice 
at 1990 m. (C) Uninterpreted depth slice at 2500 m. (D) Seismic profile situated near the lateral tip of the fold 
structure showing the internal geometry of a detachment anticline with zig-zag thrusts at the core and a stack of 
“inflated shale cores.” (E) and (F) Seismic profiles across the central domain of the fold structures shown in (C) 
and (B), respectively, documenting the occurrence of thrust-related shale sheets. (G) Discontinuity-filter display of 
the fault zone associated with the thrust in (D). (H) to (J) Seismic profiles documenting different geometries of the 
extrusive mud-volcano edifices and how they are connected to thrust-related feeder channels. (K) and (L) Seismic 
profiles showing an incipient shale sheet and how the fluid-migration pathways occur along the thrust surface, 
which is formed by a network of anastomosing fault fractures. All the seismic profiles are arbitrary lines taken 
perpendicular to the structural trend of the fold and thrust structures. Encircled letters show the position of the 
different panels and seismic sections.   
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SHORTENING ESTIMATE OF THE FOLD AND THRUST STRUCTURES 

Two structures (Figs. 2B and C) were studied through multiple depth slices and along parallel 

(SSW–NNE) arbitrary seismic lines that are oriented perpendicular to the fold axis (Figs. 2D–F). 

Fold axis is subhorizontal in most of the WNW–ESE-trending structure (Figs. 2A and S2A), 

although the fold axis is gently dipping (<2–3°) in the two periclinal closures of the folds. In 

consequence, the studied arbitrary seismic lines constitute true fold profiles (sensu Ramsay, 1967). 

In the arbitrary lines we analyzed in detail the following geometric elements for the two key seismic 

reflectors; i.e., the early syn-shortening surface of late Oligocene age and the unconformity of 

middle Miocene age: (1) original length (L0); (2) final length (Lf); (3) dip angle of the main thrust 

(θi); (4) fault heave (h); and (5) horizontal length or advance of the shale sheet (sh). These 

parameters are shown schematically in Fig. S3. Shortening magnitude is calculated through two 

expressions (e.g, Dahlstrom, 1969; Sánchez-Borrego et al., 2016): 

   𝑆𝑆 = 𝐿𝐿0 − 𝐿𝐿𝑓𝑓    [1] 

and 

   %𝑆𝑆 = 100 × 𝐿𝐿0−𝐿𝐿𝑓𝑓
𝐿𝐿0

   [2], 

where L0 is the sum of the different segments of the folded surface (Fig. S3). Our shortening 

estimate is therefore assuming that bed length and layer thickness remain constant during 

deformation. This assumption is common in structural restorations, although we are thus ignoring 

possible deformation-related changes, due for example to dissolution, pore reduction, shale flow, 

and horizontal compaction during shortening (see Fig. 1; e.g., Butler and Paton, 2010; Groshong 

et al., 2012; Eichelberger et al., 2015; Totake et al., 2018; Wu et al., 2020). In consequence, the 

values we estimated represent a minimum value of the shortening magnitude. 

Shortening was measured in every anticline structure through arbitrary lines spaced every 0.5 km 

and using the pin lines defined by the hinge points of the two nearby synclines or where the seismic 

horizon becomes horizontal (Fig. S3) (similarly to Higgins et al., 2009; Totake et al., 2018). Lf 

corresponds, therefore, to the horizontal distance measured in the fold profile between the vertical 

axial surfaces of those synclines. The frontal syncline is marked with a dotted, pinned vertical line 

in the seismic profiles (Figs. S2D–F). Where another fold or thrust structure occurs within these 
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lines, the pin lines were placed to avoid those secondary structures, to restrict the shortening 

estimate to the central fold structure that includes the shale sheet (e.g., Fig. S1F). Where the fold 

crest is eroded, the length of the folded pre-shortening surface was measured along the 

unconformity. In consequence, the shortening magnitude in those regions is a minimum value of 

the real total shortening (e.g., Schlische et al., 2014; Totake et al., 2018). 

 

Figure A3. Diagram of an arbitrary line showing the main structural elements measured in a fold profile, which were 
used to estimate the shortening magnitude [equations (1) and (2)] for the two main seismic reflectors (Fig. 2). Initial 
and original length (L0), final length (Lf), dip variations along the thrust surface (θi), fault heave (h; measured 
according to the horizontal displacement of the gridded top-Oligocene surface shown in Figs. 2A and S2A), and 
horizontal advance of the shale sheet (sh). Other symbols are shown in Fig. 2. 

 

Measured fold parameters and the associated shortening magnitudes are shown in Tables S1 and 

S2. The error of the different variables is as follows: (1) shortening uncertainty is considered to be 

10% in the pre-shortening surface and 20% for the unconformity; (2) the variation of the dip angle 

of the thrust is expressed as the average value of the different fault segments, resulting usually in 

differences of about ±5-7º; and (3) for the fault heave (h) and length of the shale sheets, error is 

±100 or ±50 m for values ≥ 1 and < 1 km, respectively. All these estimates are represented in a 

diagram using the distance along fold strike (Bergen and Shaw, 2010) (Figs. 3 and S4).  



Supplemental Material – Mud volcanoes guided by thrusting 
in compressional settings (Soto and Hudec)  

 

13/19 
 

Correlation between the horizontal advance of the shale sheets with the average dip of the thrust 

surfaces is shown in Fig. S5. 

 

 

Figure A4. Detailed plots for the fold structures analyzed in this study, completing the information shown in Fig. 3. It 
is documented how the different fold parameters, folding type, shortening magnitude, and shale sheets vary along 
fold strike. (A) and (B) Diagrams corresponding to the fold structure shown in Figs. 2B and 2C, respectively. Upper 
panels are depth-contour maps of the early syn-shortening (top-Oligocene) horizon (contour interval is 200 m; Figs. 
2A and S2A) and include the distribution of the shale sheets. Intermediate panels show the heave of the thrusts 
according to the displacement of the Oligocene surface. Lower plots indicate the variation along strike of the 
shortening magnitude, thrust dip, and horizontal shale-sheet advance. Shortening is estimated according to equation 
(1) for the top-Oligocene and the unconformity surfaces (Tables S1 and S2). Horizontal scale is measured parallel 
to the fold strike, using regularly spaced fold profiles (every 0.5 km); it shows the position of the different seismic 
profiles and depth sections shown in Figs. 2 and S2. Positions of the domains interpreted as former linked zones 
are marked with a green bar (e.g., Bergen and Shaw, 2010; Totake et al., 2018). 
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Figure S5. Plot showing the relationship between the horizontal advance of the shale sheets and the average dip of the 
thrust surface. The best correlation between these parameters for the complete dataset is linear and it is included its 
regression coefficient (r2).  
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Table S1. Fold parameters and associated shortening estimate across the fold structure depicted in Figs. S2B, S2D, 
S2F, and S2H to S2J. Results are represented in Fig. 2A. 
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S

 

Table S2. Fold parameters and associated shortening estimate across the fold structure depicted in Figs. S2C, S2E, 
S2K, and S2L. Results are represented in Fig. 2B. 
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