
 

 

 

COMPARTMENTALIZATION AND GRAIN-FABRIC ALIGNMENTS IN MIXED 

CARBONATE-SILICICLASTICS MASS-TRANSPORT DEPOSITS:  

THE CUTOFF FORMATION, PERMIAN BASIN,  

TEXAS 

by 

Hanaga Simabrata



ii  

 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines in 

partial fulfillment of the requirements for the degree of Master of Science (Geology).  

 

Golden, Colorado  

Date _________________ 

Signed: ______________________ 

Hanaga Simabrata 

 Signed: ______________________ 

Dr. Lesli Wood 

Thesis Advisor 

 

Signed: ______________________ 

Dr. Zane Jobe 

Thesis Advisor 

 

Golden, Colorado  

Date _________________ 

 

 

Signed: ______________________ 

Dr. Wendy Bohrson 

Professor and Head 

Department of Geology and Geological Engineering 

 

 



iii  

 

 

ABSTRACT 

 Mass-transport deposits (MTDs) comprise complex, multi-scale deformation that renders 

them unique compared to sediments of other depositional origins. The topics of this research 

entail compartmentalization (outcrops) and grain-fabric modifications (thin sections) in MTDs 

developed during the emplacement processes, which can significantly impact formation 

heterogeneity and anisotropy. Our research emphasizes on (1) the recognition criteria of sub-

seismic MTD compartments and (2) qualitative and quantitative characterizations of grain-fabric 

alignments, both of which utilize the well-exposed Cutoff MTDs in the Permian Basin, Texas.  

Our study shows that sub-seismic compartments in MTDs can be predicted from the 

intersegment contrasts of lithofacies, deformation types, and deformation orientations. Using 

these recognition criteria in conjunction increases the likelihood of identifying MTD 

compartments. Thin section analysis over 29.000 elongated grains (predominantly sponge 

spicules) reveals that grain-fabric alignments in MTDs are heterogeneous in multiple scales, and 

are likely controlled by grain lengths (with constant aspect ratio) and matrix types.  

The results of this study contribute to the following fields: (1) identification of sub-seismic 

MTD compartments, which can serve as barriers or conduits to fluid flow, (2) anisotropy 

prediction of petrophysical (e.g., permeability) and mechanical (elastic moduli) properties, (3) 

the kinematic of MTD evolution during emplacement, including the origins of MTD 

compartments and the prediction of paleotransport directions.  
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CHAPTER 1 

CHARACTERIZATION OF VERTICAL SEGMENTS IN MASS-TRANSPORT 

DEPOSITS: THE CUTOFF FORMATION, 

 PERMIAN BASIN, TEXAS 

1.1 Abstract 

Recent studies suggest that mass-transport deposits (MTDs) are vertically 

compartmentalized either by amalgamation of successive mass failures or internal shear surfaces 

within a single event. These compartments (i.e., segments) record important information about 

MTD emplacement and also strongly affect formation heterogeneity in the subsurface. While 

MTD segments have been documented in outcrop and seismic data, a comprehensive study on 

how to predict vertical MTD compartmentalization in the subsurface, especially at sub-seismic 

scale, are still lacking. Our research focuses on (1) defining segment architectures, (2) 

delineating recognition criteria (by simulating borehole data) to identify vertical segments in 

MTDs, and (3) discussing their genetic origin and implications for subsurface prediction.   

MTDs of the Cutoff Formation are vertically compartmentalized by termination surfaces 

that are traceable for several kilometers. We utilized drone photogrammetry, conventional 

mapping, measured sections, and sample analysis (i.e., thin section & XRF) to characterize the 

vertical contrasts of deformation styles and lithofacies between segments, as well as laterally 

within segments. Our results show that the area of interest is compartmentalized into at least 

three segments. A shear zone (damage zone) is formed around the segment contacts, which 

further compartmentalize the outcrop into several sub-segments. Our research indicates that 
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lithofacies contrasts can only resolve segments, while the change of microstructure styles and 

deformation orientation are more reliable in recognizing sub-segments. We conclude that all 

criteria must be used in conjunction to confidently identify vertical segments (and sub-segments) 

in MTDs from borehole data.  

The results of this study can help the prediction of vertical compartmentalization and the 

lateral continuity (or lack thereof) of MTD segments from wellbore data. The variability of 

segment (and sub-segment) characteristics and their associated termination surfaces in MTDs 

can affect subsurface anisotropy, and can act as barriers or buffers to fluid flow in the subsurface, 

which are important factors in formation evaluation. 

1.2 Introduction  

Mass-transport deposits (MTDs) are the products of cohesive gravity flows emplaced due 

to slope instability, and are important constituents of marine and lacustrine stratigraphic 

successions (Posamentier and Walker, 2006; Sammartini et al., 2019). MTDs may occur in shelf 

margins (Moscardelli and Wood, 2016), the upper and middle part of continental slopes, or 

locally in the proximity of salt domes (e.g., Gamboa and Alves, 2015), volcanoes (e.g., Clare et 

al., 2018), and the flank of channel-levee systems (e.g., Posamentier, 2003; Ortiz-Karpf et al., 

2015). MTD facies encompass a wide process continuum, including slide, slump, and debris 

flow (often with m- to km-scale rafted blocks), and associated co-genetic turbidity current 

(Posamentier and Martinsen, 2011). The areal extent of such deposits can range from 0.3 to more 

than 100.000 km2 , with thicknesses of less than 1 meter to more than 1000 meters (see 

Moscardelli and Wood, 2016).  

Multi -scale deformational features make MTDs unique compared to sediments from other 

depositional processes. These multi-scale deformation in MTDs can pose geohazard risk in deep-
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sea drilling (Sun et al., 2017; Sun and Alves, 2020), and can influence sealing capacity (Dugan, 

2012; Cardona et al., 2020), reservoir quality (Allen et al., 2013; Gamboa and Alves, 2015), and 

reservoir compartmentalization issues. At the mm-scale, MTDs undergo fabric modification that 

includes consolidation and densification (Shipp et al., 2004; Sawyer et al., 2009; Dugan, 2012), 

rearrangement of clay minerals and pore structures (Day-Stirrat et al., 2013), assimilation of the 

underlying sediments by basal-shear processes (Cardona et al., 2020), and alignments of grain 

fabric (Simabrata et al., part B). MTDs can develop millimeter to meter-scale fractures, faults, 

and folds that are embedded in larger fold-thrust systems (e.g., Woodcock, 1976; Amerman et 

al., 2011; Alsop and Marco, 2014) and also in individual rafted blocks (Alves, 2015; Gamboa 

and Alves, 2015). At a much larger scale, seismic studies reveal lateral compartmentalization of 

MTDs by longitudinal shear surfaces or zones that may separate the emplaced body into multiple 

flow units with distinct seismic facies and deformation structures (e.g., Bull et al., 2009; 

Steventon et al., 2019; Nugraha et al., 2020). Vertically compartmentalized MTDs are 

recognized from continuous to faint, horizontal to quasi-horizontal internal reflectors that 

separate the MTD bodies into packages of distinct seismic characters, and may also emerge 

upward as thrust faults (e.g., Schnellmann et al., 2005; Ogata et al., 2014; Gamboa and Alves, 

2015; Le Goff et al., 2020). In outcrop studies, the vertical compartmentalization of MTDs can 

manifest as stack of deformed units with distinct rheological and/or lithological characteristics, 

e.g., debris flow deposits overlying contorted intervals (e.g., Van Der Merwe et al., 2011; Ogata 

et al., 2014; Jablonská et al., 2018), or simply as laterally extensive termination surfaces that 

dissect MTD bodies into several segments (e.g., Amerman et al., 2011; Le Goff et al., 2020). 

One or a combination of the following processes may cause vertical compartmentalization in 

MTDs: (1) pulses of retrogressive failures from unstable headwall scarps (Ogata et al., 2014; 
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Walker et al., 2021), (2) partial remobilization of initial failure (Ogata et al., 2014), (3) stacking 

of coeval MTDs triggered by regional events (e.g., earth quake) (see Strasser et al., 2013; 

Kremer et al., 2017; Praet et al., 2017; also see Sammartini et al., 2019),  (4) a single mass-

failure that deforms the underlying strata (Schnellmann et al., 2005; Van Der Merwe et al., 

2011), (5) partial flow transformation (Haughton et al., 2009; Talling et al., 2012; Jablonská et 

al., 2018) and, (6) vertical partitioning during emplacement by internal shear surfaces (Le Goff et 

al., 2020).  

Although the vertical compartmentalization of MTDs have been documented widely in 

outcrops and seismic, these phenomena are recognized largely because the data resolution and 

quality allow for direct identification. Our research emphasizes on testing indirect criteria to 

reliably predict the existence of vertical segments in MTDs. We utilize outcropping MTDs of the 

Cutoff Formation to demonstrate segments with differing lithofacies characteristics and 

deformation styles, bounded by termination surfaces, and how the segments correlate over 

several hundred meters (i.e., the segment architecture). We discuss the origin of vertical 

compartmentalization in MTDs, the implication on subsurface anisotropy, and how termination 

surfaces that bound MTD segments can act as barriers or baffles to fluid flow.  

1.3 Geological Context 

1.3.1 Regional 

The Permian Basin is the foreland basin related to the Marathon-Ouachita Orogenic Belt 

that resulted from the collision between Laurentia and Gondwana Continents during late 

Mississippian time (Galley, 1958; Horak, 1985; Yang and Dorobek, 1995). During late 

Pennsylvanian basement uplift divided the Permian Basin into the Delaware Basin to the west 

and the Midland Basin to the east, with the Central Basin Platform remaining topographically 
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high (Hills, 1984a; Horak, 1985; Yang and Dorobek, 1995) (Fig. 1.1A). This basin configuration 

facilitated carbonate platform, shallow-marine siliciclastic, to deep-water depositional systems to 

thrive until the cessation of subsidence at the end of Permian (Yang and Dorobek, 1995). The 

Cutoff Formation was deposited on the antecedent Leonardian shelf margin of the northern 

Delaware Basin during late Leonardian regional transgression and early Guadalupian 

regression/progradation (Kerans and Fitchen, 1995; Hurd et al., 2016) (Fig. 1.1B). MTDs 

dominate the upper portion of the Cutoff Formation, with the thickness and deformation intensity 

generally increase basinward (Amerman et al., 2011; Hurd et al., 2016). 

1.3.2 The Cutoff MTDs 

The Cutoff MTDs exposed along the Guadalupe and Delaware Mountains are well-

constrained paleogeographically and have been thoroughly mapped in both proximal (Hurd et al., 

2016) and distal locales (Amerman et al., 2011) (Fig. 1.2A). The lithofacies comprising the 

Cutoff MTDs are stacked millimeter- to centimeter-thick, mixed carbonate-siliciclastic 

wackestones to packstones, with abundant fine-grained bioclasts (Amerman et al., 2011; Hurd et 

al., 2016; Simabrata et al., part B).  Individual beds often host internal thin packages (herein 

microbeds), most likely turbidites and hemipelagites that were deposited prior to the 

emplacement of Cutoff MTDs (Hurd et al., 2016; Simabrata et al., part B). Common MTD-

related structures include meter- to decameter-scale open-to-recumbent folds and millimeter- to 

centimeter-scale, bed-restricted microstructures (e.g., microfractures / tension gashes, 

microfolds, microfaults, microboudins) that often deform the microbeds (Amerman et al., 2011). 

These microstructures form lineations when intersected by bedding planes (Amerman et al., 

2011). Elongated bioclasts (primarily sponge spicules) in the Cutoff MTDs exhibit grain-fabric 

alignments, whose degree of orderliness increase with grain length and the presence of clay 
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(Simabrata et al., part B). This multi-scale deformation in the Cutoff MTDs is likely co-genetic 

because their trends are coherent (see Simabrata et al., part B). The overall paleotransport 

direction of the Cutoff MTDs inferred from folds, microstructure lineations, and grain-fabric 

alignments vary slightly from NNW- SSE to NNE ï SSW (see Amerman et al., 2011; Simabrata 

et al., part B). Using data from Amerman et al., (2011) and Hurd et al., (2016), we estimate that 

the length of the Cutoff MTDs is at least 14 km (slope-parallel measurement, i.e., NW - SE) to 

about 21 km (transport-parallel measurement, i.e., NNE - SSE) (See Fig. 1.2A). Using scaling 

relationships derived by Moscardelli and Wood (2016), this length range predicts an area of 93 

km2 to 190 km2, which is comparable to, if not larger than, the Bone Spring MTD of the 

Delaware Basin (see Allen et al., 2013) and the Upper Leonard MTD of the Midland Basin (see 

Bhatnagar et al., 2019) (Fig. 1.2B and 1.2C). 

 Outcrops of the Cutoff MTDs are compartmentalized by termination surfaces that 

physically manifest as thin, fissile layers that truncate both underlying and overlying deformed 

beds, are generally unfolded and can be easily identified with naked-eye observations. These 

surfaces are typically low-dipping (0 - 300), can be localized or laterally extensive, and 

sometimes compartmentalize the MTD into segments with distinct deformation styles and 

lithofacies types (see Amermasn et al., 2011; Hurd et al., 2016). These surfaces have been 

interpreted as boundaries between different MTD events (see Amerman et al., 2011; Hurd et al., 

2016), but could also represent internal shear surfaces within a single event (cf. Le Goff et al., 

2020). Some major termination surfaces are overlain by seemingly undisturbed, discontinuous, 

organic-rich carbonate mudstone intervals (up to ~2m), and have been interpreted as draping 

infill that separate mass-failure events ( Amerman et al., 2011; also see Armitage et al., 2009). 
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Figure 1.1 (A) Basin configuration: the Permian Basin consists of the Delaware Basin to the west 

and the Midland Basin to the east, separated by the Central Basin Platform. The area of interest 

(Guadalupe Mts.) is signified by the red rectangle near the northwestern margin of the Delaware 

Basin. (B) Simplified illustration of slope-to-basin depositional systems of the Cutoff Formation. 
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Figure 1.2 (A) Exposure map of the Cutoff Formation, Guadalupe Mountains: The research focus is in the Rest Area Gully Locality 

where the Cutoff MTDs exhibit compartmentalization. (B) The estimated size of the Cutoff MTDs: The lengths of the Cutoff MTDs is 

at least 14 km and 21 km according to slope- and transport-parallel measurements, respectively. Applying the morphometric 

relationship compiled by Moscardelli and Wood (2015) to the estimated MTD lengths, we estimate that the area of the Cutoff MTDs 

is at least 93 km2 to 190 km2, which measures are comparable to, if not larger than, the MTDs documented in the Delaware Basin 

(Allen et al., 2013) and the Midland Basin (Bhatnagar et al.,2019). 
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Figure 1.3 (A) Rest Area Gully: This research focuses on two cliff-face outcrops called Snake Rock (SR) and Lunch Cliff (LC). About 

200 meters downstream from the SR and LC is the location of massive sandstone outcrop in figure 3B. (B) The units of interest overlay 

the massive sandstone unit (~3m), which is interpreted as high-density turbidite (non-MTD). The bedding orientation of this massive 

sandstone likely reflects the depositional dip. (C) Our drone model suggests that the dip of termination surfaces in the area of interest 

are similar to that of the massive sandstone.  
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Figure 1.4 (A) Termination surfaces and complex folding in Snake Rock (uninterpreted). (B) Interpretation of figure 4A. (C) 

Termination surfaces and complex folding in Lunch Cliff (uninterpreted). (D) Interpretation of figure 4C. 
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1.3.3 Area of Interest 

This research focuses on two main cliff -face outcrops in the Rest Area Gully locality (herein 

area of interest) (see Fig. 1.2A) ï termed Snake Rock (SR) and Lunch Cliff (LC), and one 

outcrop that acts as a bridge (BR) between SR and LC (Fig. 1.3A). The outcrops expose several 

segments of the Cutoff MTDs that are separated by termination surfaces traceable across the 

outcrops, as well as other meter- to decameter-scale deformations, predominantly complex folds 

associated with minor termination surfaces that are laterally discontinuous (more in section 4) 

(Fig. 1.4). Internal truncations within fold limbs are also common, caused by high-intensity 

folding. The lithology generally consists of alternating resilient and fissile, mud-sized carbonate 

and siliciclastic composition (Fig. 1.4A, 1.4C). The fissile beds contain more clay-rich laminae, 

while the resilient beds are more carbonate rich and contain deformed microbeds that enable 

detailed field descriptions, especially in conjunction with thin section analysis. Hurd et al. (2016) 

reported a total of ~50 m of highly contorted units in the study area, which are underlain by 

turbiditic sandstones and shales (Fig.3 B and C). The orientations of major termination surfaces 

mapped from drone photogrammetry are similar to that of the massive sandstone interval, which 

suggests that these surfaces are quasi-parallel to original depositional dip (Fig. 1.3C) (the 

regional dip is 4o to the east).  

1.4 Methods 

We focus on the sub-seismic scale contrasts and/or similarities between MTD segments, 

including the lithofacies, microstructure types, and deformation orientation. The position of 

termination surfaces and the corresponding MTD segments were mapped in the field and 

transferred to photomosaics and digital outcrop models produced by drone photogrammetry. 

Detailed graphic logs record bed thickness, bed geometry (e.g., planar horizontal, folded), 
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microstructure types and lineation trends, fold axes, hand samples for thin section and XRF 

analyses, as well as termination surface locations (Table 1).  

 

Table 1.1 Data Recapitulation 

 

 

1.4.1 Lithofacies 

Since textural characteristics were not readily visible in the field, we documented only the 

weathering profile of beds, i.e., resilient vs. fissile, and we applied the natural outcrop color in 

the measured section log. The detailed lithofacies and microstructure characteristics were 

described from thin sections that were cut perpendicular to the bedding plane (also see Simabrata 

et al., part B). Furthermore, we also collected hand samples every ~20 cm while logging for X-

ray fluorescence (XRF) analyses. The XRF samples were polished in order to expose a fresh, flat 

surface for analysis using a Bruker Tracer 5G at 15 and 50 kV with a Helium purge.  

The XRF analyses in this research follow the premise that the primary elemental 

constituents in the area of interest are Calcium and Silicon, which are inversely proportional to 

one another (R2 = 0.94, n = 138) and make up about ~40% of the total weight combined (Fig. 

1.5A). We also include the prediction of relative clay abundance using the sum of Potassium, 
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Titanium, and Iron, which are demonstrably reliable as clay indicator when compared to thin 

sections (Fig. 1.6). In addition, the proportion of Potassium, Titanium, and Iron in our samples 

display excellent linear-proportional relationships that suggest these elements are largely 

dependent on each other (R2 = 0.85 ï 0.92, n = 138) (Fig. 1.5B, 1.5C), except for few outliers ï 

e.g., Iron may come from pyritization instead of clay (see Fig. 1.5C). Silicon also exhibits poor 

correlation with clay indicator (R2 resilient = 0.28, n = 94; R2 fissile = 0.42, n = 42) (Fig. 1.5D), 

due to disruptions by silicification (especially in resilient beds), the abundance of siliceous 

bioclasts (e.g., radiolarians), or cannibalization by other diagenetic processes. We recognize that 

XRF measurements investigate only a small zone on a target bed, and hence not necessarily 

representative of the entire bed; thus, we also analyze the XRF data grouped by segment (using 

box plots) to more generally summarize inter-segment variability. 

 

 

Figure 1.5 (A) Calcium vs. Silicon. (B) Potassium vs. Titanium. (C) Titanium vs. Iron. (D) Clay 

indicator vs. silicon.   
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Figure 1.6 Thin section (top right) and composition masp in the same location (rest of the figures): Clayey to clay-rich packstone 

microbeds (white pin) contain high potassium (K), titanium (Ti), and iron (Fe). Highly silicified packstone microbeds (yellow pin) 

have relatively higher silicon (Si). The blue pin is calcite-cemented post-lithification fracture. The thin section location is given in 

Figure 6.
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1.4.2 Microstructure Types and Deformation Orientations 

All orientation measurements and interpretations in this research are treated as 

bidirectional / axial data (see Amerman et al., 2011; Simabrata et al., Part B). Microstructure 

types were recorded in the graphic log to record vertical variability, and microstructure lineations 

were measured from exposed bedding planes, with the trends displayed in 0o ï 180o logs; 

because the orientations are bidirectional, a 0-180o log summarizes the measuremet. Some 

microstructure types and lineation trends were also extracted from thin sections oriented 

perpendicular and parallel to the bedding plane, respectively. Lineation trends and fold axes 

outside of the measured section locations were also collected (termed óprojected lineationô and 

óprojected foldsô) and plotted using rose diagrams. We interpret MTD paleotransport directions 

that are perpendicular to the mean axes of folds (Alsop and Weinberger, 2020), perpendicular to 

the mean trend of microfold and microboudin lineations, and parallel to the mean trend of 

microfracture lineations (Simabrata et al., part B). In addition, the degree of orderliness of fold 

axes and microstructure lineations are quantified using a 0 to 1 continuum scale called the H-

index, where 0 corresponds to completely chaotic trends, while 1 corresponds to perfectly 

parallel trends (see derivation of H index in Simabrata et al., part B).  

1.5 Result and Interpretation 

1.5.1 MTD Ar chitecture 

Lunch Cliff (LC) 

Lunch Cliff is divided into segments A, C, and D, which are bounded by major termination 

surface LC 0 and LC 2, respectively (Fig. 1.7). Three major termination surfaces (LC -2, LC -1, 

and LC 1) are also documented above and below the contact of lithofacies A-C that result in sub-

segments. The sub-segments exhibit some lateral thickness variability but their full lateral extent 
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is unknown. Minor termination surfaces can be quasi-parallel to the major surfaces, or of 

moderate to high dip magnitudes. The low-dipping, minor termination surfaces are interpreted as 

internal shear surfaces and/or intra-fold truncations. Some of the moderate- to high-dipping 

minor surfaces are detached from major termination surfaces (e.g., southern part of LC 0 and LC 

1), which we interpret as downslope-dipping thrust faults. The common folding styles are 

upslope-inclining folds (especially in segment C), recumbent folds, and sheath folds ï which are 

concentrated inside the sub-segments.  

Snake Rock (SR) 

Snake Rock is divided into segments B, C, and D, separated by major termination surface 

SR 0 and SR 2, respectively (Fig. 1.8). Similar to Lunch Cliff, other major termination surfaces 

have been observed around the boundary of lithofacies B and C, forming sub-segments. Major 

termination surface SR -1 is truncated by SR 0, which indicates some lateral discontinuity of 

sub-segments. Minor termination surfaces with moderate to high dip are generally downslope-

dipping, some of which are detached from the major termination surface SR 1 and are interpreted 

as thrust faults. Low-dipping, minor termination surfaces (almost parallel to the major 

termination surfaces) are less common. The prominent folding styles are upslope-inclining folds 

(typically in segment C), recumbent folds, and sheath folds, commonly associated with the sub-

segments. 

Bridge (BR) 

The Bridge outcrop serves to clarify the relationship between segment A and B, which are 

found only in Lunch Cliff and Snake Rock, respectively. The Bridge outcrop (see Fig. 1.3A for 

the location) shows that segment B piggybacks on segment A, and the major termination 

surfaces of segment B are likely truncated above LC 0 (Fig. 1.9A and 1.9B) (in this figure, SR -1 
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terminates on LC 0).  Our drone model projection indicates that the contact of segment A-B is 

buried about 1.5 to 2 meters beneath the Snake Rock outcrop. Major termination surfaces in the 

Bridge outcrop are closely-spaced and are dominated by sheath folds and mylonite-like lenses, 

which indicates intense shearing (Fig. 1.9D). Furthermore, this outcrop also demonstrates 

interface-mixing phenomenon, where one segment is incorporated into another along the 

bounding termination surface (i.e., LC 0) (Fig. 1.9C and 1.9D). The interface-mixing 

phenomenon is likely similar to mixing of sediments in MTD basal shear zones (see Cardona et 

al., 2020). 

1.5.2 Correlation  

In order to assess the segment architectures and to compare the lithofacies and 

deformational characteristics laterally between Snake Rock and Lunch Cliff, a robust correlation 

must be established. However, unlike non-MTD sediments, there is no well-formulated method 

for intra-MTD correlation, owing largely to intense deformation. In this research, we employ the 

well-mapped major termination surfaces as boundaries for correlation, which by nature can be 

more mechanical rather than sedimentological. The procedure involves tracing the major 

termination surfaces as point arrays from drone image, such that the acquired x-y coordinates, as 

well as the elevations of the point arrays, can be converted into 3D planes via triangulation (Fig. 

1.10A). Triangulations are carried on point arrays that best capture the 3D shape of the surface, 

in this case, the Lunch Cliff is the most suitable because the outcrop is geometrically more 

curved than Snake Rock (see Fig. 1.10A).  The 3D planes generated from the Lunch Cliff are 

then projected the point arrays of Snake Rock, and the plane to point errors are calculated using 

root mean square (RMS) method (Fig. 1.10B). The result of plane to point RMS errors are 

summarized in Table 2 (units in meters and the least RMS errors highlighted in green).  
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Figure 1.7 (A) uninterpreted Lunch Cliff outcrop: white arrows are the position of major termination surfaces. The yellow line is the 

location of measured section. The green circle is human for scale. (B) interpreted Lunch Cliff outcrop: Consist of segment A, C, and D 

(not sampled) that are bounded by major termination surfaces LC 0 and LC 2. Other major termination surfaces are observed around 

A-C segment contact, which result in closely-spaced sub-segments. Minor termination surfaces (dashed lines) can be high-dipping 

(thrust faults) and low-dipping (shear surfaces and intra-fold truncations). Some of the thrust faults are detached from the bounding 

termination surfaces, e.g., see the southern part of surface LC 0 and LC 1. Smaller intra-fold truncations are not shown here.  
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Figure 1.8 (A) uninterpreted Snake Rock outcrop: white arrows are the position of major termination surfaces. The yellow line is the 

location of measured section. The lower photomosaic overlaps with the upper one exactly at the uppermost termination surface SR-

Top. (B) Interpreted Snake Rock outcrop: Consist of segment B, C, and D (not sampled) that are bounded by major termination 

surfaces SR 0 and SR 2. Other major termination surfaces are observed around B-C segment contact, which result in closely-spaced 

sub-segments. Minor termination surfaces (dashed lines) can be high-dipping (thrust faults) and low-dipping (shear surfaces and intra-

fold truncations). Some of the thrust faults are detached from the bounding termination surfaces, e.g., see the northern part of surface 

SR 1. Smaller intra-fold truncations are not shown here.  
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Figure 1.9 (A) Uninterpreted Bridge outcrop: Red rectangle highlights the zoom-in photo in Figure 9C and 9D. (B) Interpreted Bridge 

outcrop: Segment B piggybacks on segment A. Major termination surface SR -1 is truncated above LC 0. (C) Interface-mixing 

phenomenon (uninterpreted). (D) Interpretation of interface mixing: Segment B has been incorporated into segment A along major 

termination surface LC 0.   
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The statistical model suggests that the major termination surfaces in segment C of Snake 

Rock (SR 1, SR 2) and Lunch Cliff (LC 1, LC 2) are correlated within acceptable errors of 0.5 to 

1 meter (Fig. 1.11, Fig 1.12). Segment C from both outcrops have similar thickness, i.e., ~ 8 - 10 

meters, which is rather well-maintained laterally, and host folds that incline upslope, possibly 

accommodated by downslope-dipping thrust faults. Note that the spatial position between Snake 

Rock and Lunch Cliff (~150 meters away) is almost parallel to the strike of termination surfaces 

(dip: ~1o ï 3o), and thus the likelihood of discovering the same surfaces across cliffs is very high. 

In contrast, while the statistical model also suggests the correlativity of major termination 

surfaces within segment A and B, the Bridge outcrop demonstrably shows that these surfaces are 

truncated on the A-B segment boundary (Fig. 1.11, Fig. 1.12). We interpret the sub-segments in 

the vicinity of segment margins as shear zone (damage zone). The resulting sub-segments are 

hereafter termed A1, A2, B1, B2, and so on, based the hosting segments and the spatial 

elevations (Fig. 1.11, Fig. 1.12).  

  

Table 1.2 The summary of Root Mean Square error of plane - point arrays 
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Figure 1.10 (A) examples of point arrays picked from the drone model. Point arrays in Lunch Cliff are more curved, owing to the 

shape of the cliff itself. This makes triangulation more suitable in Lunch Cliff. (B) The result of triangulations from Lunch Cliff are 

projected to Snake Rock point arrays, and the RMS error for each plane - point array pair. 
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Figure 1.11 MTD architecture: The MTDs in the area of interest is divided into three segments based on their lithofacies, i.e., segment 

A, B, and C. The smaller segments formed around the contact between segments are referred as sub-segment A1, A2, B1, B2, etc., 

according to the hosting segments and the spatial elevations. The characteristic contrasts between segments and sub-segments are 

summarized in this figure, and are discussed in detail in the following sub-sections. 
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Figure 1.12 MTD architecture (borehole style): The MTDs in the area of interest is divided into segments based on their lithofacies, 

i.e., segment A, B, and C. The smaller segments formed around the contact between segments are referred as sub-segment A1, A2, B1, 

B2, etc., according to the hosting segments and the spatial elevations. The characteristic contrasts between segments and sub-segments 

are also summarized in this figure, and are discussed in detail in the following sub-sections.
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1.5.3 Segment A 

Lithofacies  

The resilient beds of segment A are comprised of light-grey beds and occasional 

intercalations of black beds, associated with undeformed to slightly deformed dark-grey 

microbeds and thin white laminae (Fig. 1.14 ï P1 through P6). Thin section analysis shows that 

the dark-grey microbeds are composed of sharp-based packstone that fine upward into clayey to 

clay-rich packstone, which have light-grey weathering color (Fig. 1.14 ï P5). The lithofacies are 

locally associated with gravel-sized, semi-rounded intraclasts and rip-up clasts (Fig. 1.14 ï P2 

and P4). According to XRF data, the black-colored clasts are Calcium rich (~37.5 wt.%), but low 

in Silicon (<1 wt.%); while the light-colored clasts contain moderate Calcium (11 ï 17 wt%), 

and high Silicon (28 ï 36 wt.%). Based on the textural characteristics, the pre-failure 

depositional processes of these beds are likely a combination of turbidity currents and debris 

flows.  

The lithofacies of segment A is defined by its ultra-low silicon content in both resilient 

(5.2 wt.%) and fissile beds (9.21 wt.%), which measure about half to one-third those in segment 

B and C (Fig. 1.13, see the log in Fig. 1.12). The resilient beds make up about 92% of the overall 

measured section (86% and 82 ï 85% in segment B and C, respectively). The thickness 

proportion of relatively ócleanô packstone in the resilient beds is very low, ranging from 3% to 

14%, with an average of 8% (n = 6) (27% and 36 ï 40% in segment B and C, respectively) 

(compare Fig. 1.14 - P5, Fig. 1.15 ï P.2, and Fig. 1.16 ï P2), except for some localities with 

intercalations of dark beds, which can be as high as 27% or more.  
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Microstructure & Deformation Orientation 

Most of microbeds in segment A are relatively undisturbed compared to the other 

segments. Some sparse microstructures documented include recumbent microfolds (Fig. 1.14 - 

P1, P6), symmetrical ï open microfolds, microboudins (Fig.14 - P3), and microfractures (Fig. 

1.14 ï P5). There is no obvious microstructure variation between sub-segment A1, A2, and A3. 

However, fold axis and lineation measurements are very effective in distinguishing segments. 

The paleotransport direction in sub-segment A1, A2, and A3 notably vary from NE ï SW, N-S, 

to NNW ï SSE, respectively (> 40o difference).  

1.5.4 Segment B 

Lithofacies  

The resilient beds of segment B are dominantly light-grey in color, associated with 

millimeter-scale, dark-grey microbeds (Fig. 1.15 ï P1 through P5). The microbeds can be 

laterally continuous or discontinuous / detached, and exhibit offsets, depending on the 

corresponding microstructure types.  Under thin sections, the lithology consists of stacked fining-

upward packages with sharp bases that grade from grainstone ï packstone (dark-grey weathering 

color) to clayey ï clay-rich packstone (light-grey weathering color), which likely represent 

rhythmic turbidites deposited prior to the emplacement of the Cutoff MTDs (Fig. 1.15 ï P2). In 

addition, some beds in Segment B1 contain ógranuloseô packstone surrounded by clayey 

packstone ómatrixô (described in detail in Simabrata et al., Part B). Silicification, dolomitization, 

and pyritization occurs locally. 

The XRF signatures of segment B is very similar to those of segment C, except that the 

clay indicator in fissile beds of the former is ~ 30% higher than the later (Fig. 1.13). The second 

defining characteristic is that the thickness proportion of relatively ócleanô packstone in segment 
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B ranges between 14% to 33%, with an average of 27% (n = 11), which are half that of segment 

C (mean: 36 ï 40%). The resilient beds make up about 86% of the overall measured section, and 

therefore virtually identical to segment C in this department (82 ï 85 %). Based on these 

evidences, we interpret the lithofacies in segment B as the sub-type of lithofacies in segment C.  

Microstructure & Deformation Orientation 

Segment B hosts a noteworthy variation of microstructure styles that enables distinction 

between sub-segment B1 from B2. Sub-segment B1 is comprised of almost exclusively 

extensional microfractures (with minor microboudins) that manifest as dark-grey ótiger stripesô 

in the outcrop (Fig. 1.15 ï P1 through P3). Under thin sections, the microfractures do not exhibit 

clear margins, are not grain-penetrative, and are filled with packstone ï inside which some 

spicule bioclasts are oriented upward (Fig. 1.15 ï P2) (see Simabrata et al., Part B). Some of the 

microfractures create offsets on microbeds, which qualify as normal microfaults. The extensional 

microfractures terminate abruptly below surface SR -1. In contrast, sub-segment B2 is dominated 

almost exclusively by asymmetrical microboudins that incline upslope, and are commonly 

associated with normal microfaults and detached isoclinal microfolds that verge downslope (also 

see Simabrata et al., Part B). Lineation and fold axis measurements between the two sub-

segments do not exhibit noteworthy variation, i.e., <10o difference.  

1.5.5 Segment C 

Lithofacies  

The resilient beds of segment C comprise alternating light-grey, dark-grey, and brown 

microbeds (Fig. 1.16 ï P3 and P6). Under thin sections, the light-grey, dark-grey, and brown 

microbeds are identified as clayey to clay-rich packstone, packstone, and silicified packstone, 

respectively (Fig. 1.16 ï P2). Sharp bases and fining upward features on packstone microbeds 
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are sometimes visible, but are sometimes absent. Silicification preferentially occurs within 

packstone and abruptly terminate close to the base of clayey ï clay-rich packstone (Fig. 1.16 ï 

P2) (see section 5.3). Pyritization and dolomitization are also present, though not as widespread 

as silicification. Based on the textural characteristics, lithofacies C likely originated from pre-

failure turbidity currents. Note that silicification in lithofacies C may have been caused by pre-

failure or post-failure diagenesis. 

Lithofacies C in Lunch Cliff and Snake Rock share similar proportion of resilient beds 

(82% vs. 85%) in the measured sections, an almost identical proportion of packstone microbeds 

(40% vs. 36%) and clay indicators (resilient: 0.61 wt.% vs. 0.64 wt.%; fissile: 1.12 wt.% vs. 1.25 

wt.%) (Fig. 1.13), which subtle differences can be attributed to lateral variability of lithology 

over 150 meters of distance. Note that silicification is widespread enough (gives off brown hue 

to the outcrops) to be easily seen on thin sections, but not necessarily enough to manifest in the 

XRF. For instance, although the highly silicified areas of thin section P2 (see Fig. 1.16) contain 

about 10 - 15% more silicon than the lightly silicified counterparts, the former areas occur only 

sporadically and therefore does not significantly alter the bulk XRF measurement. However, the 

Lunch Cliff counterpart of lithofacies C does exhibit an upward increase in silica (from 8.6 ï 9.4 

meter, see Fig. 1.16), which is likely caused by more intense silicification.  

Microstructure & Deformation Orientation 

Sub-segment C1 in Snake Rock hosts chaotic microfolds in the lower part (Fig. 1.16 ï P1) 

and downslope-verging microfolds in the upper part. Sub-segment C2 has a wider variety of 

microstructures, which include predominantly microfolds that are greater in amplitude and 

wavelength compared to sub-segment C1 (Fig. 1.16 ï P2, P3) (also see Simabrata et al., part B), 

which crests are inclining upslope ï opposite to microfold inclination in sub-segment C1. Other 
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accessory microstructures include transform and normal microfaults, thrust microfaults, and 

microboudins. However, the microstructure styles of sub-segment C1 and C2 in Snake Rock do 

not correlate well with their Lunch Cliff counterparts. In Lunch Cliff, sub-segment C1 is 

dominated by poorly-developed microboudins and commonly associated with normal 

microfaults and localized microfractures, all of which make the hosting microbeds appear wavy 

to discontinuous, with pinching and swelling (Fig. 1.16 - P4). These poorly-developed 

microboudins seem to affect only thin microbeds (1 - 2 mm), while the thicker counterparts (10 - 

20 mm) remain intact. In sub-segment C2, the microbeds are also invested by microboudins, but 

much well-developed compared to the previous sub-segment, which now affect both thin and 

thick microbeds (Fig. 1.16 ï P5, P6). Microstructure lineations and fold-axis orientations 

between sub-segment C1 and C2 show distinctive vertical variations in Snake Rock (17o - 31o 

difference), but are relatively subtle in Lunch Cliff (<10o difference). The lateral continuity of 

deformation orientations from Snake Rock to Lunch Cliff rotates anti-clockwise in sub-segment 

C1, but is relatively well-maintained in sub-segment C2. 

1.5.6 Recognition Criteria for MTD Segments 

Lithofacies Contrasts 

As exemplified in this research, segments can be predicted from the change of lithofacies 

characteristics, which encompasses but is not limited to: (1) the variation of XRF signatures such 

as Ca/Si ratios and clay mineral indicators, (2) changes in stacking patterns, i.e., the ratio of 

resilient and fissile beds, the thickness proportion of ócleanô packstone versus clay-rich 

packstone, and (3) differences in grain size and depositional textures (e.g., presence of 

intraclasts). These observations are consistent with recent outcrop and seismic studies that show 

how MTD compartments coincide with changes in lithofacies and seismic facies. In the 
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subsurface, these variabilities can be readily resolved using well logs, image logs (FMI) (e.g., 

Asmus and Grammer, 2013), and core data. Furthermore, segments identified from one well can 

be correlated to other wells using lithofacies, as the major termination surfaces separating 

segments can be traced up to a few kilometers in the Cutoff Formation (Amerman et al., 2011; 

Hurd et al., 2016). However, abrupt changes in thickness and/or termination may occur (e.g., Fig. 

1.12), and caution is advised using well log data alone.  

Microstructure Contrasts 

The vertical contrast of microstructure styles can be used as proxies to identify sub-

segments that are not resolved under lithofacies contrasts, albeit with mixed results. As shown in 

this research, some sub-segments can be easily identified from the change of microstructure 

styles, e.g., extensional microfractures in sub-segment B1 vs. asymmetrical microboudins in sub-

segment B2; while other sub-segments show subtle to no microstructure contrasts, e.g., sub-

segment C1 and C2 in Lunch Cliff differ only in the development of microboudins, and sub-

segment A1 through A4 are devoid of microstructure contrasts. Furthermore, the contrast of 

microstructure styles is not a good proxy for intersegment correlation. Examples from sub-

segment C1 and C2 in Snake Rock and Lunch Cliff show that microstructure styles can change 

significantly within a distance of 150 meters. In the subsurface, although the contrast of 

microstructures is rather difficult to resolve due to scale issues, cores and log image may still be 

useful. Sub-segments (thickness: 1 ï 2 meters) identified from such methods should be expected 

to terminate over a relatively short distance (perhaps a few tens or hundred meters).  

Deformation Orientation Contrasts 

Identification of vertical sub-segments using the contrast of deformation orientation (i.e., 

paleotransport direction) also shows mixed results. In segment A, this method is capable of 
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resolving all three sub-segments with high degree of clarity, with over 40o of difference in the 

inferred paleotransport direction. On the other hands, the same method is not effective in 

segment B (<10o difference), and only somewhat effective in segment C (<10o ï 31o difference). 

Furthermore, intersegment correlation using the similarity of paleotransport direction is 

inconsistent; for example, sub-segment C2 has consistent paleotransport direction at SR and LC, 

but sub-segment C1 varies by almost 30o between SR and LC. In the subsurface, the 

measurements of paleotransport indicators can be measured using FMI log or oriented cores (Fig. 

1.12; also see Henry et al., 2018). Rose diagrams (e.g., Fig. 1.12) are particularly useful for 

microstructure lineations, where multimodality can help identify sub-segments (e.g., Fig. 1.17) 

due to the high H-index of microstructure lineations (0.73 ï 0.97, this research). 

Summary 

Based on the outcrop analog in this research, MTD segments and sub-segments are best 

determined when all three approaches, i.e., the contrast of lithofacies, deformation styles, and 

deformation orientations, are applied in conjunction.  The first step is to delineate and correlate 

segments using electrical borehole data, or other techniques that can distinguish lithofacies 

contrasts in MTDs such as FMI logs. Sub-segments can be further identified by examining the 

change of deformation styles (i.e., microstructure types) and deformation orientations. While 

some segments and sub-segments may be successfully resolved in one method and left 

unrecognized in the other, a combination of multiple approaches can enhance the likelihood of 

predicting compartmentalization in MTDs.  
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Figure 1.13 XRF data of resilient and fissile beds grouped according to the segments and outcrop locations. 
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Figure 1.14 The log tracks are given as follows (from left to right): (1) sub-segment name, (2) lithology, deformation style, and the 

stratigraphic position of photos (right), (3) the proportion of Calcium and Silicon in resilient beds (wt.%), (4) clay indicators (wt.%) 

for resilient (blue line) and fissile beds (brown line), and (5) bidirectional lineation orientation -- left to right panel is 0 - 180 degrees 

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds and microboudins 

(blue), and fold axes (red). Photo: yellow arrows are gravel-sized clasts and ripped-up clasts. Green arrows are black beds and 

microbeds (high calcium, usually packstone). Blue arrows are recumbent microfolds. The grew arrow is sharp-based, fining upward 

packstone - grainstone. The red arrow is microfracture. 
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Figure 1.15 The log tracks are given as follows (from left to right): (1) sub-segment name, (2) lithology, deformation style, and the 

stratigraphic position of photos (right), (3) the proportion of Calcium and Silicon in resilient beds (wt.%), (4) clay indicators (wt.%) 

for resilient (blue line) and fissile beds (brown line), and (5) bidirectional lineation orientation -- left to right panel is 0 - 180 degrees 

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds and microboudins 

(blue), and fold axes (red). Photos: yellow arrows are sharp-based, fining upward packstone - grainstone. Green arrows are extensional 

microfractures. Blue arrows are asymmetrical microboudins.  
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Figure 1.16 The log tracks are given as follows (from left to right): (1) sub-segment name, (2) lithology, deformation style, and the 

stratigraphic position of photos (right), (3) the proportion of Calcium and Silicon in resilient beds (wt.%), (4) clay indicators (wt.%) 

for resilient (blue line) and fissile beds (brown line), and (5) bidirectional lineation orientation -- left to right panel is 0 - 180 degrees 

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds and microboudins 

(blue), and fold axes (red). Photos: The grew arrow is normal microfault associated with poorly-developed microboudins. The red 

arrow is well-developed microboudins. Yellow arrows are silicified packstone.
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Figure 1.17 Bulk Plotting can be a powerful tool to predict the number of segments in MTDs. In 

this example, bulk plotting of extensional microfractures, microfolds, and microboudins reveal 

three and four segments in Snake Rock and Lunch Cliff, respectively. Note that the data-count 

(n) used in this procedure has been normalized to avoid over-representation of data from a 

particular segment. 

 

1.6 Discussion 

1.6.1 Kinematic Evolution of The Cutoff MTDs 

 The six possible origins of MTD compartmentalization briefly discussed in the 

introduction can be further simplified into three categories: (1) compartmentalization by the 

amalgamation of multiple mass-failures (includes hypothesis 1 - 4, see Introduction), (2) partial 

flow transformation, and (3) compartmentalization by internal deformation (i.e., a single MTD 

with internal shear surfaces). Here we further explore the possibilities of the first and third 
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simplified hypotheses to be applied in the Cutoff MTDs, and we also discuss how these 

hypotheses fit into the dataset acquired in this research and other studies elsewhere. 

 The existence of ódrapeô intervals (non-MTD, organic-rich, carbonate mudstones) 

sandwiched between several MTD segments in the Cutoff Formation has been invoked as 

evidence for the multiple mass-failure hypothesis (Amerman et al., 2011). The localized nature 

of these drape intervals can be attributed to the infilling of preexisting paleotopography created 

by former MTDs, or to partial removal by subsequent erosive MTDs (Amerman et al., 2011). 

Furthermore, the coeval mass-failure hypothesis can satisfactorily explain the data collected in 

this research. Lithofacies characteristics tend to change between segments because the coeval 

mass-failure events were sourced from different localities. For instance, pulses of retrogressive 

failures would procedure segment amalgamation that exhibit óshallowing-upwardô trend, as the 

new sediment sources progressively retrograde toward the platform. Microstructure types can be 

distinctive across segments because independent MTD events experience different strain, and the 

lateral continuity is not well-maintained within the same segment due to strain partitioning 

across different morphodomains (e.g., Cardona et al., 2020). Deformation orientations also tend 

to change across segments due to the variations in paleotransport directions from event to event, 

yet the deformation orientations (paleotransport directions) are rather consistent within the same 

segment because it was deformed as a single body. Intense shear around the contact of segments 

formed a damage zone that resulted in sub-segments. These sub-segments behaved like 

individual MTDs, which stress regime and deformation were isolated from one another.  

 While the kinematic of coeval mass-failure can be inferred directly from the intercalation 

of non-MTD units between segments, the internal deformation hypothesis (i.e., single MTD with 

interval shear surfaces/zones) is much more difficult to prove. Nonetheless, the existence of 
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internal shear surface/zones has been strongly supported by a seismic study on a mega block 

(350 m of maximum height, 13 km2 of area) in the Espirito Santo Basin, SE Brazil (Fig. 1.18C) 

(see Gamboa and Alves, 2015). The mega block is compartmentalized into two segments (upper 

and lower) by a within-block shear surface, which is unlikely the product of multiple 

amalgamated MTDs (Fig. 1.18A). The upper segment of the mega block hosts large-scale fault-

propagation folds (FPF), detached from the termination surface, much similar to those observed 

in our research. In addition, the termination surface is also offset by series of normal faults (Fig. 

1.18B). These observations indicate that the within-block termination surface predates both the 

FPFs and the normal faults, i.e., formed early during the mass-failure event ï similar to the 

model proposed by Le Goff et al. (2020). Furthermore, the within-block termination surface also 

bounds two contrasting seismic facies, suggesting that its formation may be promoted by the 

contrast of lithofacies characteristics. In our area of interest, the compartmentalization of the 

Cutoff MTDs can also be explained in the similar manner: (1) Initially, a failure occurred on 

sediment mass that contained multiple high-order lithofacies packages, (2) during the early stage 

of emplacement, these contrasts in lithofacies triggered the formation of shear zones that 

compartmentalized the failed mass into segments and sub-segments, (3) Mechanical slip 

facilitated by termination surfaces allowed these segments and sub-segments to decouple, and (4) 

the decoupling of segments and sub-segments promoted differential strain and deformation (akin 

to the contemporary flow-cell model; see Alsop and Marco, 2014; Nugraha et al., 2020), which 

gave rise to the contrasts of microstructure types and deformation orientations (Fig. 1.18D). The 

only observation the internal deformation hypothesis cannot explain is the presence of non-MTD 

intervals draped between segments. Notwithstanding, the two simplified hypotheses discussed 

here are not mutually exclusive, and the Cutoff MTDs may have undergone both mechanisms.   



39 

 

 

Figure 1.18 (A) Transport-parallel section: The within-block Internal shear surface (ISS) 

separates the megablock of two distinctive seismic facies. Fault-propagation folds (FPF) are 

detached from the ISS. (B) transport-perpendicular section: The within-block ISS is offset by 

series of normal faults. Based on the deformation architecture, the within-block ISS likely 

predates both the FPF and normal faults. (C) Map of mega-block. (D) Segments bounded by 

termination surfaces behave like individual MTDs with distinct stress regime, deformation 

characteristics, and relative transport directions - similar to the contemporary flow-cell model. 

Large arrows indicate transport directions. The schematic diagram is also applicable to high-

order segments. 

 

1.6.2 Grain-fabric Alignments and Anisotropy 

 The long axes of elongated grains in MTDs are aligned perpendicular to the transport 

direction, which has been demonstrated in outcrop and subsurface studies using magnetic-fabric 

anisotropy (e.g., Kanamatsu et al., 2014; Weinberger et al., 2017). However, previous studies do 

not consider the variability of grain-fabric alignments between segments and/or sub-segments. 

This study presents an such opportunity due to the abundance of sponge spicule bioclasts in the 
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area of interest. Four bedding-plane-parallel thin sections collected in Snake Rock indicate that 

the orderliness (H-index) and dominant trend of spicules vary quite notably from one sub-

segment to another (Fig. 1.19). We predict that differential shear experienced by each sub-

segment controls the intersegment heterogeneity of H-index (also see Simabrata et al., Part B), 

with the shear vertex rests on the segment boundaries. Note that H-index increases with average 

spicule long-axis lengths, and has relatively higher values in clay matrix compared to carbonate 

mud (Simabrata et al., Part B). The disparities of H-index between sub-segments remain true 

when the grain lengths and matrix types are hold constant (Simabrata et al., Part B). Therefore, 

this observation can potentially serve as another parameter to recognize the 

compartmentalization of MTDs in the subsurface.  

 The alignment of grain-fabric in MTDs can promote anisotropy of mechanical (e.g., 

strength, elastic moduli) and petrophysical properties (e.g., directional permeability), which are 

of critical concern in the assessment of reservoir and seal quality. Anisotropy direction is 

governed by the dominant trend of fabric alignment (see Saroglou et al., 2003; Barton and 

Quadros, 2015), and the strength of anisotropy is likely dependent on the orderliness (H-index) 

and the relative abundance of elongated grains within rock fabric (Simabrata et al., Part B). In 

the area of interest, the abundance of sponge spicules is relatively constant (~12%), but the 

dominant trends and the H-index vary between sub-segments (Fig. 1.19), which illustrates how 

the anisotropy of mechanical and petrophysical properties in compartmentalized MTDs can be 

extremely complex in sub-seismic scale. This issue becomes even more intricate when the 

variations of microstructure types and trends are taken into consideration, e.g., microfracture vs. 

microfold zones.  
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Figure 1.19 Grain-fabric alignments between segments: dot-dash line is the predicted trend of H-index. Note the spikes of H-index on 

termination surfaces.
























































































































