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ABSTRACT

Masstransport deposits (MTDgpmprisecomplex, multiscaledeformation that rendsr
them unique compared to sedimentstbfer depositional origing hetopics ofthis research
entailcompartmentalizatiofoutcrops)and grairfabric modificationgthin sectionsjn MTDs
developed during the emplacement processes, which can significantly forpaetion
heterogeneity and aotropy.Our research emphasizes on (1) the recognition criteria ef sub
seismic MTD compartmentnd (2) qualitative and quantitative characterizations of adaric
alignments, both of which utilize the walkposed Cutoff MTDs in the Permian Basinxag

Our study show that subseismic compartments in MTDs can be predicted from the
intersegment contrasts of lithofacidgformation types, and deformation orientations. Using
these recognition criteria in conjunction increases the likelihood of fgiegtiMTD
compartments. Thin section analysis over 29.000 elongated grains (predominantly sponge
spicules) reveals that grafabric alignments in MTDs are heterogeneous in multiple scales, and
are likely controlled by grain lengths (with constant aspatad)yand matrix types.

Theresults of this studgontributeto the following fields:(1) identification of sulseismic
MTD compartments, which can serve as barriers or casduituid flow, (2) anisotropy
prediction of petrophysical (e.g., permeab)lind mechanical (elastic moduli) properti€
the kinematic of MTD evolution during emplacement, including the origins of MTD

compartments and the prediction of paleotransport directions.
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microbeds (yellow pin) have relatiyehigher silicon (Si). The blue pin is
calcitecemented podtthification fracture. The thin section location is given
N FIQUIE Bt ee e 14

Figure 1.7 (A) uninterpreted Lunch CIiff outcrop: whitarows are the position of major
termination surfaces. The yellow line is the location of measured section. The

viii



green circle is human for scale. (B) interpreted Lunch CIiff outcrop: Consist of
segment A, C, and D (not sampled) that are bounded by majonétion

surfaces LC 0 and LC 2. Other major termination surfaces are observed around
A-C segment contact, which result in closspaced susegments. Minor
termination surfaces (dashed lines) can be-dighing (thrust faults) and low
dipping (shear staces and intrdold 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 intodd truncations are not shown

Figure 1.8 (A) uninterpreted Snake Rock outcrop: white arrows are the position of major
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for each plane point array Pair...........cccooviiiiiiiiiiiieee e 22

Figure 1.1IMTD architecture: The MTDs in the area of interest is divided into three
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spatial elevations. The characteristic contrasts between segments-and sub
segments are also summarized in this figure, amdiacussed in detail in the
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Figure 1.14The log tracks are given as follows (from left to right): (1)-segment name,
(2) lithology, deformation style, and the stratigraphic position of photos
(right), (3) the proportion of Calcium and Silicanresilient 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 @ 180 degrees of
compass direction. The rose diagrams summarize the strésdensional
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Figure 1.16The log tracks argiven as follows (from left to right): (1) stdegment name,
(2) lithology, deformation style, and the stratigraphic position of photos
(right), (3) the proportion of Calcium and Silicon in resilient beds (wt.%), (4)
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Figure 1.18A) Transportparallelsection: The withirblock Internal shear surface (ISS)
separates the megablock of two distinctive seismic facies -piaydagation
folds (FPF) are detached from the ISS. (B) transperpendicular section:
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Figure 1.1%Grainfabric alignments between segments:-dash line is the predicted trend
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Figure 1.2Q0(A) Thin section without red alizarin (crog®larized light): The black zones
are silicified packstone, which terminate abruptly at the base of clayey
packstone (yellow arrow). (B) Thin section with red alizarin (plane light):
white areas are silicified packste, which terminate abruptly at the base of
clayey- clay-rich packstone (yellow arrow). (C) Thin section with red alizarin
(crosspolarized light): yellow arrows indicate silicification along two highly
permeable paths within packstone............ccoooeviiiiiieeei e 43

Figure 2.1 (A). Basin Configuration: The Permian basin is divided into the Delaware Sub
basin and the Midland Stlimsin by the Central Basin Platform. The research
area is signified by the red square (GuagalMts.). (B) A simplified diagram
adopted from Hurd et al. (2016) and Walker et al. (2021): the deposition of
Cutoff Formation had been influenced by the drowned Leonardian Platform
aNd Shelf Margin.........cooooiiiiii e e 50

Figure 2.2 The Stratigraphy of Cutoff Formation has been mapped in detail by Amerman
et al. (2011) and Hurd et al. (2016). The mattale deformations in the unit of
interest are confined within the top portion of the Cutoff Formation. The
deformation intensity increases basinward. The overall paleotransport direction
is N-S to NNW- SSE, which is oblique to the paleoslope. This study focused
on the Rest Area Gully locale (relic lower SIope)..............vvvvveiiiicceeeveeiiiinnnns 52

Figure 2.3 The Uninterpreted (upper figure) vs. interpreted (lower figure) outcrop
photomosaic of the area of interest: The outcrop is divided into three segments
with distinct lithofacies characteristics, i.e., segment B, C, and D (segment D
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Figure 2.4 The righthand figure illustrates how each thin section is divided into grid of
slices. The observed and measured slices
and columns (1, 2, B,séhedo@rnofslitenA2. upper | e
One hundred circles were assigned to emulate qgoumting. The
measurements from each slice were plotted to a rose diagram and analyzed
QUANTIEALIVEIY . ...t e e 58

Figure 2.5 (A) This figure illustrates how axial data (red lines) are projected to an
arbitrary line (green line). Dashed lines are conjugates of lines from the
opposite quadrant. (B) Empirical examples from two real spicule
measurements and two artificial dafial mean in this research is defined as
the direction that gives maximum value for average of squared projections
(P?avg), and at the same time gives lowesEB (similar to standard deviation).
A condition of where no dominant direction exists ismeatatically
represented by a constarttgand BErr. (C) When the peak ofRgyfrom all
datasets shown in Figure 3B are normalized td 28@Qle, we see that the
difference of peak and through ohR (H-index) shrinks as the data become
more and mordispersed around the Circle.............cccooviiiiieee e, 61

Figure 2.6 (A) An example of interpreted thin section, B1 [PERP] The lithofacies
consist of granul ose packstone,esurround:
most prominent microstructures are packsthlted extensional
microfractures; highly discontinuous with typical length and height of ~1 cm
or less, and width of about 1 mm. These microfractures are only visible in
crosspolarized light. (B) Uninterpted thin section B1 [PERP]0: the two
small boxes represent the zo@ut versions of Fig.6C and Fig.6D. (C) Fining
upward microbed with an erosional base. (D) Contrast between granulose
packstone and clayey packStOne. .........ooovviiiiiiiiiecci e 64

Figure 2.7 (A) An example of interpreted thin section, B2 [PERRPO: The dominant
lithofacies are clayey packstone, followed by eteyn packstone, and
packstone with finingupward features and sharp bases. The microatest
are isoclinal microfolds that verge downslope. Isoclinal microfolds involving
packstone microbeds are discontinuous (detached) with tapered edges. Minor
microstructures include thrust and normal microfaults, and microboudin. (B)
Uninterpreted thin séion B2 [PERP} 290: The two small boxes represent the
zoomout versions of Fig.7C. (C) Detached microbeds with finipgvard
sequence and sharp bases. (D) Replacenimnh thin section B2 [BED]: Red
zones are dominantly calcite, white zones are séitjfand black zones
(Opaque) are PYItiIZEd.........ouvuiii e 65

Figure 2.8 (A) An example of interpreted thin section, C2 [PERB]6: The composition
consists of alternating clayey and clagh packstone,.srounded by
packstone. Silica replacement belts commonly occupy the base of clayey
packstone microbeds. The dominant microstructures are isoclinal microfolds
(larger and more continuous than sample B2), with the crests verging upslope.
Minor features aréhrust, normal, and strikglip microfaults, as well as a
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possible injection. (B) Uninterpreted thin section C2 [PER¥6: The two

small boxes represent the zoaut versions of Fig. 8C and Fig.8D. (C) Silica
replacement belt under cregslarized light (D) Thrust and normal
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Figure 2.9 (A) The mean spicule plunge in B1[PARD is horizontal, strongly following
the apparendip of microbeds. (B) The mean spicule plunge in BERP}O is
also horizontal, mimicking the apparatip of microbeds. (C) In the bedding
plane thin section, B1 [BED], the firscale spicule trends are overwhelmingly
perpendicular to the direction of microfractures, albeit with minor parallel to
subparalel variants. (D) The Original vs. digorrected rose diagram of
spicule trends observed in B1 [BED].........ccoiiiiiiiiii e eeeeeeeeeeeeeeee 69

Figure 2.10(A) The overall mean spicule plunge in B2 [PAE]O is about horizontal,
similar to the overall mean apparetip of microbeds. In finescale, the plunge
varies in accordance to the local appawiptof microbeds. (B) The overall
mean spicule plunge in B2 [PERPJ0 almost coincides with the overall mean
apparendip of microbedsin fine-scale, the plunge varies in accordance to the
local apparentlip. (C) The beddinglane thin section B2 [BED] shows that
local mean spicule trends are mostly parallel to the local strike of microfolds.
(D) The Original vs. digcorrected rose diagm of spicule trends observed in
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Figure 2.11(A) The overall mean spicule plunge in C2[PAH] is about horizontal,
similar to the overall mean appare&hp of microbeds. In finscale, the
spicules are plunging to two directions, NW and SW, following the attitude of
their local microbeds. (B) The overall mean spicule plunge in C2[PBRF]
almost coincides with the overall mean appacdiptof microbeds. In fine
scale, the plungeaviability reflects the local apparedip in which the
spicules are measured. (C) Local mean spicule trends observed in C2[BED]
are following the local strike of microfolds. The wellness of alignments seems
to be dependent on the strike curvature of nfiidds. For example, spicule
alignments on the crestal area, where the curvature is high (e.g, slice #B4), are
generally more chaotic than on the flank (e.qg., slice E7). (D) The original vs.
dip-corrected rose diagram of spicule trends observed in C2[BED].............. 71

Figure 2.12A) A sample zoomin figure, roughly covering slice E5 and E6: spicule trends
are transverse to the strike of microfractures. (B) A sample Zodigure,
roughly covering slic89 and B10: spicule trends are parallel to-pamallel
to the strike of microfolds. (C) A sample zoemfigure, roughly covering
slice B5, B6, C5, and C6: spicules on the limbs of microstructures (low
curvature) are more wedtirganized (unimodal), whilgpicules on the crest of
microstructures (high curvature) are more chaotic (multimodal)...................Z72

Figure 2.1®istributions of spicule lengths in all samples: The measured spicule lengths

are groupedhto classes with Hnicron increments. The class medians are
taken as the-axis and the class frequency as thax¥s. The differences in
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length distributions between thin section orientations are due to the obliquity
of observation planes with respéatthe longaxes of spicules...............c.oece... 15

Figure 2.14A) Frequency distribution of diporrected H index for all beddifgane thin
sections: The calculated H index from individual slices is grougectlasses
with 0.1 increments. The H index class mpigints are taken as theaxis and
frequencies as theaxis. The upsidelown arrows represent the averages of
H-index calculated from the histogram, and the number of data (n) is
essentially the totalumber of slices in the thin sections. (B) Case 1: elongated
grains are welbrganized in théndividual slices but show more variability of
local mean trends (high strike sinuosity). Case 2: elongated grains are poorly
organized in individual zones, buave less variability of local mean trends.
Both cases give the exact same rose diagram, with identical overall trend and
[ BT 0 = TR 7

Figure 2.15The spicule lengths are grouped into classels B6tmicron increment. In
some cases, two classes or more are merged until the combined frequency (n
spicule) is at least 20. The spicule data in a class must originate from multiple
slices to prevent locality bias. For each length class, thelek was
calculated and plotted against the class median of spicule length. The results of
these procedures show that longer spicules are better aligned compared to the
shorter counterparts. These observations are true for uncorrected (Fig. 14A)
and dipcorrected (kK. 14B) Hindex. In sample B2 [BED] and C2 [BED], the
H-index seems to flatten as the length groups approaches maximum.......... 80

Figure 2.16A) Spicule length to Hndex crossplots, sorted by mait types: The argillic
groups show higher trendline positions compared to the micritic groups. The
separation is very subtle in sample B1[BED], likely due to its lower clay
content (lack of clayich packstone). This observation indicates thandéex
is dependent not only on grain length, but also the presence of clay. (B) Dip
corrected Hndex distributions from individual slices: The inherently high
trendline position of argillic groups are counterbalanced by their relatively
lower overall lengths. As sult, there is no significant difference irittlex
distribution mean between argillic and micritic groups............ccoevvvvvivieeeeen.n. 81

Figure 2.17A) Key features of microfractures in sample A: poatbfined margis,
devoid of fractured grains, filled with sediments instead of calcite cement, and
localized upstanding spicules along the fracture walls. (B) Interpreted key
features of microfractures in sample A. (C) An example of necking and tapered
edges in sample tat evidenced of nehrittle, prelithification deformation.
(D) Schematic diagram showing the stages ofimattie failures in sample B

Figure 2.18A) Original interpretation ofhe Cutoff MTD paleotransport: The fold axes
and shortening lineation methods are in agreement, but the result from
extensional lineation method differs significantly. (B) Alternative
interpretation of the Cutoff MTD paleotransport: Fold axes, fold aXsadey

Xiv



shortening lineation, extensional lineation, and gfabric alignment methods
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Figure 2.19llustration of anisotropy in elongated miegoains: We assume that the
property of interest to a certain directia@aq) can be represented with
bidirectional vectors. The left figure depicts a property that grows stronger
toward the long axis. The right figure illustrates a property that grows stronger
toward the short axis. (B) This figure illustrates how the progpomi
elongated micragrains (anisotropic components) and R2 (degree of
orientedness) control the shape of anisotropy. The resultant shape of
anisotropy is assumed to be the aggregate of contributions from isotropic
(orangecircles) and anisSotropic COMPATB............ccceevvvvveerviiiimnneeeeeeeeeeeeeennnenns 87

Figure 2.2Q(A) Threedimensional model of spicule orientations: the short axes of spicules
are perpendicular to microbeds. If the microbed is tilted, the spicules are also
tilted, suchthat the plunge of each spicule grain approaches the apparent dip of
the microbed. Their long axes are parallel to the strike of isoclinal microfolds
and transverse to the strike of flgyarallel microfractures / microfaults. Thin
sections transverse the dominant spicule alignments exhibit shorter apparent
spicule length. (B) Outcrop Scale: the strikes of isoclinal folds are parallel to
isoclinal microfolds and perpendicular to flgearallel microfractures /
microfaults. This allows for upscaling of gnefabric alignments from
microscopic to localized outcrop scale. (C) seismic scale: the strikes of
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CHAPTER 1
CHARACTERIZATION OF VERTICAL SEGMENTS IN MASSTRANSPORT
DEPOSITS: THE CUTOFF FORMATION

PERMIAN BASIN, TEXAS

1.1 Abstract

Recent studies suggest that mtiassport deposits (MTDs) are vertically
compartmentalized either by amalgamation of successive mass failimesrwal 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 outcrdpsaismic data, a comprehensive study on
how to predict vertical MTD compartmentalization in the subsurface, especially-stisofic
scale, are still lacking. Our research focuses on (1) defining segment architectures, (2)
delineating recognition critexi(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 tragable 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, aslateltaly
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 severalsegmerd. Our research indicates that



lithofacies contrasts can only resolve segments, while the change of microstructure styles and
deformation orientation are more reliable in recognizingsagments. We conclude that all
criteria must be used in conjunctiandonfidently identify vertical segments (and sdgments)

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 datavahability of
segment (and sukegment) 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 e\ation.
1.2 Introduction

Masstransport deposits (MTDs) are the products of cohesive gravity flows emplaced due
to slope instability, and aimportant constituents of marine and lacustrine stratigraphic
successionfPosamentier and Walker, 2006; Sammartini et al., 20ABDs may occur in shelf
margins(Moscardelli and Wood, 2016he upper and middle part of continental slopes, or
locally in the proximity of salt domgg.g., Gamboa and Alves, 2018blcanoege.g., Clare et
al., 2018) and the flank of channédvee systemge.g., Posamentier, 2003; Ortlarpf et al.,
2015) MTD facies encompass a wide process continuum, including slidap and debris
flow (often with m to km-scale rafted blocks), and associatedjeaetic turbidity curnet
(Posamentier and Martinsen, 201The areal extent of such deposits can range from 0.3 to more
than 100.000 ki with thicknesses of less than 1 meter to more than 1000 rteders
Moscardelli and Wood, 2016)

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

depositional processes. These msitiale deformation in MTDs can pose geohazard risk in-deep



sea drilling(Sun et al., 201, 7Sun and Alves, 2020and can influence sealing capagibugan,

2012; Cardona et ak020) reservoir qualityfAllen et al., 2013; Gamboa and Alves, 2Q1d)d
reservoir compartmentalization issues. At the-suale, MTDs undergo fabric modification that
includes consolidation and densificati@hipp et al., 2004; Sawyer et al., 2009; Dugan, 2012)
rearrangement of clay minerals and pore struct{iPayg-Stirrat et al., 2013)assimilation of the
underlying sediments by basstiear processé€ardona et al., 2020and alignments of grain
fabric (Simabrata et al., part B). MTDs can develop millimeter to rsete fractures, faults,

and folds that are embedded in larger fibidist systemée.g., Woodcock, 1976; Amerman et

al., 2011; Alsop and Marco, 2014hd also in individal rafted blockg¢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 faciesd deformation structurdgs.g., Bull et al.2009;

Steventon et al., 2019; Nugraha et al., 20¥@)tically compartmentalized MTDs are

recognized from continuous to faint, horizontal to cnesizontal internal reflectors that

separate the MTD bodies into packages of distinct seismic characténnay also emerge
upward as thrust faul{e.g., Schnellmann et al., 2005; Ogetal., 2014; Gamboa and Alves,
2015; Le Goff et al., 2020)n 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 exlying contorted intervalge.g., Van Der Merwet al., 2011; Ogata

et al., 2014; Jablonska et al., 201&) simply as laterally extensive termination surfaces that
dissect MTD bodies into several segmdetg., Amerman et al., 2011; Le Goff et al.2a)

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

MTDs: (1) pulses of retrogressive failures from unstable headwall J€2gpsa et al., 2014,



Walker et al., 2021)2) partial remobilization of initial failur@Ogata et al., 2014{3) stacking

of coeval MTDs triggered by regional events (e.g., earth gake)Strasser et al., 2013;
Kremer et al., 2017; Praet et al., 2017; also see Sammartini et al., Z818)single mass
failure that deforms the underlying stré&chnellmann et al., 200¥an Der Merwe et al.,

2011) (5) partial flow transformatiofHaughton et al., 2009; Talling et al., 2012; Jablonska et
al., 2018)and, (6) vertical partitioning during emplacement by internal shear suffae€ff et
al., 2020)

Although the vertical compartmentalization of MTDs have been documented widely i
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 MTDsuWiee 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 tactiare). 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 PermiamBasin is the foreland basin related to the MaratBoachita Orogenic Belt
that resulted from the collision between Laurentia and Gondwana Continents during late
Mississippian tim€Galley, 1958; Horak, 1985; Yang and Dorobek, 198&iring late
Pennsylvanian basement uplift divided the PerrBiasin into the Delaware Basin to the west

and the Midland Basin to the east, with the Central Basin Platform remaining topographically



high (Hills, 1984a; Horak, 1985; Yang and Dorobek, 19%%y. 11A). This basin configuration
facilitated carbonate platform, shallawarine siliciclastic, to deewater d@ositional systems to
thrive until the cessation of subsidence at the end of PefM#&arg and Dorobek, 1995)he

Cutoff Formation was deposited on the antecedent Leonardian shelf margin of the northern
Delaware Basin during late Leonardian regional transgression andzegdialupian
regression/progradatidqiKerans and Fitchen, 1995; Hurd et al., 20E6y. 1.1B). MTDs

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

generally increase basinwg@imerman et al., 2011; Hurd et al., 2016)

1.3.2 The Cutoff MTDs

The Cutoff MTDs exposed along the Guadalupe andvizeka Mountains are well
constrained paleogeographically and have been thoroughly mapped in both proximal (Hurd et al.,
2016) and distal locales (Amerman et al., 20Fig.(12A). The lithofacies comprising the
Cutoff MTDs are stacked millimeteto centineterthick, mixed carbonatsiliciclastic
wackestones to packstones, with abundantdiraned bioclastéAmerman et al., 2011; Hurd et
al., 2016; Simabrata et al., part Bndividual beds often host internal thin packagesefhe
microbeds), most likely turbidites and hemipelagites that were deposited prior to the
emplacement of Cutoff MTD@Hurd et al., 2016; Simabrata et al., part@mmon MTD
related structures include metes decametescale operio-recumbent folds and millimeteto
cenimeterscale, bedestricted microstructures (e.g., microfractures / tension gashes,
microfolds, microfaults, microboudins) that often deform the microlp&dserman et al., 2011)
These microstructures form lineations whemiisécted by bedding planes (Amerman et al.,
2011). Elongated bioclasts (primarily sponge spicules) in the Cutoff MTDs exhibitfghain

alignments, whose degree of orderliness increase with grain length and the presence of clay



(Simabrata et al., part)BThis multiscale deformation in the Cutoff MTDs is likely-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-fghiit
alignments vary slightly from NNWSSE to NNE SSW(see Amerman et al., 2011; Simabrata
et al., part B)Using data fronrAmerman et al., (20138ndHurd et al., (2016)we estimate that
the length of the Cutoff MTDs is at least 14 km (slpaeallel measurement, i.e., NVBE) to
about 21 km (transpogarallel measurement, i.e., NNESSE) (Sed-ig. 12A). Using scaling
relationships derived biyloscardelli and Wood (2016this length range predicts an area of 93
km? to 190 kn%, which is comparable to, if not larger than, the Bone Spring MTD of the
Delaware Basirfsee Allen et al., 2013nd the Upper Leonard MTD of the Midland Bagre
Bhatragar et al., 2019Fig. 12B and1.2C).

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 baneasily identified with nakeelye observations. These
surfaces are typically lowdipping (0- 30°), can be localized or laterally extensive, and
sometimes compartmentalize the MTD into segments with distinct deformation styles and
lithofacies typegsee Amermasn et al., 2011; Hurd et al., 20T6Ggse surfaces have been
interpreted as boundaries between different MTD e\sets 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 tenination surfaces are overlain by seemingly undisturbed, discontinuous,
organicrich carbonate mudstone intervals (up to ~2m), and have been interpreted as draping

infill that separate madsilure eventg Amerman et al., 2011; also see Armitage et al., 2009)
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Figurel.1 (A) Basin configuration: the Permian Basin consistdefDelaware 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 illustrabn of slopeto-basin depositional systems of the Cutoff Formation.
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Figurel.2 (A) Exposure map of the Cutoff Formation, Guadalupe Mountains: The research focus is in the Rest Area Gully Locality
where theCutoff 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 staged transporparallel measurements, respectively. Applying the morphometric
relationship ompiled by Moscardelli and Wood (2015) to the estimated MTD lengths, we estimate that the area of the Cutoff MTDs
is at least 93 kAo 190 kn?, 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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Figurel.3 (A) Rest Area Gully: This research focuses on two-&iffe outcrops called Snake Rock (SR) and Lunch CIiff (LC). About

200 meters downstreaftom 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 asdeiggity turbidite (noMTD). The bedding orientation of this massive
sandstoneilkely reflects the depositional dip. (C) Our drone model suggests that the dip of termination surfaces in the area of interes
are similar to that of the massive sandstone.



Figurel.4 (A) Termination surdices and complex folding in Snake Rock (uninterpreted). (B) Interpretation of figure 4A. (C)

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

This research focuses on two mairifelace outcrops in the Rest Area Gully locality (herein
area of interest) (sédg. 12A) i termed Snake Rock (SR) and Lunch Cliff (LC), and one
outcrop that acts as a bridge (BR) between SR andFlgC 1 3A). The outcrops expose several
segments of th€utoff MTDs that are separated by termination surfaces traceable across the
outcrops, as well as other meter decametescale deformations, predominantly complex folds
associated with minor termination surfaces that are laterally discontinuous (rsecgiam 4)
(Fig. 14). Internal truncations within fold limbs are also common, caused byirtigsity
folding. The lithology generally consists of alternating resilient and fissile;siagdl carbonate
and siliciclastic compositiorH{g. 14A, 1.4C). Thefissile beds contain more chaich 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 totabf ~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 dronphotogrammetrare similar to that of the massive sandstonerva, which
suggests that these surfaces are goasillel to original depositional difrig. 13C) (the
regional dip is 2to the east)
1.4 Methods

We focus on the subeismic scale contrasts and/or similarities between MTD segments,
including the lithdacies, 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 byphotogrammetry

Detailed graphic logs record bed thickness, bed geometry (e.g., planar horizontal, folded),

11



microstructure types and lineation trends, fold axes, hand samples for thin section and XRF

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

Tablel.1 Data Recapitulation

Locations
No Item Unit
Snake Rock Lunch CIiff
1 | Measured Section 5.4 10.5 Meters
2 | XRF Samples (Resilient Beds) 39 56
3 | XRF Samples (Fissile Beds) 27 17
4 | Thin Sections 25 6
5 |Fold Axes 91 75
6 | Microstructure Lineations 287 111
7 |Drone Image 320x 208 Square Meter
8 |Photomosaic 48 x 20 125x 40 Square Meter

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 nattoamuaolor 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 hsardples 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 reseafolow the premise that the primary elemental
constituents in the area of interest are Calcium and Silicon, which are inversely proportional to
one another (R= 0.94, n = 138) and make up about ~40% of the total weight comtiiged (

15A). We also includ the prediction of relative clay abundance using the sum of Potassium,

12



Titanium, and Iron, which are demonstrably reliable as clay indicator when compared to thin
sectionsFig. 16). In addition, the proportion of Potassium, Titanium, and Iron in ouplesm
display excellent lineaproportional relationships that suggest these elements are largely
dependent on each other?(®0.85i 0.92, n = 138)Kig. 15B, 1.5C), except for few outlieris

e.g., lron may come from pyritization instead of clay (Sige 15C). Silicon also exhibits poor
correlation with clay indicator (Resilient = 0.28, n = 94; Hissile = 0.42, n = 42)Hig. 15D),

due to disruptions by silicification (especially in resilient beds), the abundance of siliceous
bioclasts (e.qg., radiarians), 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 @egntent

box plots) to more generally summarize irgegment variability.
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Figurel.5 (A) Calcium vs. Silicon. (B) Potassium vs. Titanium. (C) Titanium vs. Iron. (D) Clay
indicator vs. silicon.
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Figurel1.6 Thin section (top right) and composition masp in the same location (rest of the figures): Clayeyitthgagkstone
microbeds (white pin) contain high potassium (K), titanium (Ti), and iron (Fe). yHaidified packstone microbeds (yellow pin)
have relatively higher silicon (Si). The blue pin is calcégnented podithification fracture. The thin section location is given in
Figure 6
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1.4.2 Microstructure Types andDeformation 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 microstruotagdns
were measured from exposed bedding planes, with the trends displayédlid®®logs;
because the orientations are bidirectionak18@® log summarizes the measuremet. Some
microstructure types and lineation trends were also extracted froreetiions oriented
perpendicular and parallel to the bedding plane, respectively. Lineation trends and fold axes
outside of the measured section | ocations wer
Oprojected fol ds6) raams We iqdrpeet MTP paleatransporgdirectorsse d i a
that are perpendicular to the mean axes of fAdisop and Weinbrger, 202Q)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 lineaticar® 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 CIiff (LQ

Lunch Cliff is divided into segments A, C, and D, which are bounded by major termination
surface LC 0 and LC 2, respectiveBid. 17). Three major termination surfaces (LZ; LC-1,
and LC 1) are also documented above andvbéhe contact of lithofacies-& that result in sub

segments. The staegments exhibit some lateral thickness variability but their full lateral extent
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is unknown. Minor termination surfaces can be gpasallel to the major surfaces, or of
moderate toiigh dip magnitudes. The lodipping, minor termination surfaces are interpreted as
internal shear surfaces and/or iatoéd truncations. Some of the moderai® high-dipping

minor surfaces are detached from major termination surfaces (e.g., southefrLga@t and LC

1), which we interpret as downsleg@ping thrust faults. The common folding styles are
upslopeinclining folds (especially in segment C), recumbent folds, and sheath foldieh are
concentrated inside the sgbgments.

Snake Rock (SR)

Snake Rock is divided into segments B, C, and D, separated by major termination surface
SR 0 and SR 2, respectivelyig. 18). Similar to Lunch CIiff, other major termination surfaces
have been observed around the boundary of lithofacies B and C, faulisggments. Major
termination surface SR is truncated by SR 0, which indicates some lateral discontinuity of
subsegments. Minor termination surfaces with moderate to high dip are generally downslope
dipping, some of which are detached from the migonination surface SR 1 and are interpreted
as thrust faults. Lowdipping, minor termination surfaces (almost parallel to the major
termination surfaces) are less common. The prominent folding styles are tipslopeg folds
(typically in segment Cyecumbent 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 outcesd-{g. 13A for
the location) shows that segment B piggybacks on segment A, and the major termination

surfaces of segment B are likely truncated above LEId) (9A and1.9B) (in this figure, SR1
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terminates on LC 0). Our drone model projection ingisdhat the contact of segmenBAs

buried about 1.5 to 2 meters beneath the Snake Rock outcrop. Major termination surfaces in the
Bridge outcrop are closefspaced and are dominated by sheath folds and myldeteenses,

which indicates intense shregy (Fig. 19D). Furthermore, this outcrop also demonstrates
interfacemixing phenomenon, where one segment is incorporated into another along the
bounding termination surface (i.e., LC 8jd. 19C and1.9D). The interfacemixing

phenomenon is likely siilar to mixing of sediments in MTD basal shear zojsege 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 CIiff, a robust correlation
must be established. Howevanlike norMTD sediments, there is no wdtirmulated method
for intraMTD 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
moremechanical rather than sedimentological. The procedure involves tracing the major
termination surfaces as point arrays from drone image, such that the aceuicedrdinates, as
well as the elevations of the point arrays, can be converted into 3D piarigangulation Fig.
1.10A). Triangulations are carried on point arrays that best capture the 3D shape of the surface,
in this case, the Lunch CIiff is the most suitable because the outcrop is geometrically more
curved than Snake Rock (dég. 110A). 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) methded. 110B). The result of plane to point RMS errors are

summarized in Tabl2 (units in meters and the least RMS errors highlighted in green).
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Figurel.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 segraadt[?, C,
(not sampled) that are bounded by major termination surfaces LCL0Ca2dOther major termination surfaces are observedrar

A-C segment contact, which result in closspaced suisegments. Minor termination surfaces (dashed lines) can belipgimg

(thrust faults) and lovdipping (shear surfaces and infadd truncations). Some of the thrust faults are detached frerhdhnding
termination surfaces, e.g., see the southern part of surface LC 0 and LC 1. Smalfeldimtuamcations are not shown here.
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Figurel.8 (A) uninterpreted Snake Rock outcrop: white arrows laegobsition 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 terminat8 surface
Top. (B) Interpreted Snake Rock outcrop: Consist of segmedt &)d D (not sampled) that are bounded by major termination
surfaces SR 0 and SR 2. Other major termination surfaces are observed atgedrBent contact, which result in closspaced
subsegments. Minor termination surfaces (dashed lines) cargbelipping (thrust faults) and lowipping (shear surfaces and intra
fold truncations). Some of the thrust faults are detached from the bounding termination surfaces, e.g., see the noitbarfapart

SR 1. Smaller intrdold truncations are not shownere.
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Figurel.9 (A) Uninterpreted Bridge outcrop: Red rectangle highlights the zioopmoto in Figure 9C and 9D. (B) Interpreted Bridge
outcrop: Segment B piggybacks on segment A. Major terminatiomcgii$R-1 is truncated above LC 0. (C) Interfacéxing
phenomenon (uninterpreted). (D) Interpretation of interface mixing: Segment B has been incorporated into segment A along majo

termination surface LC 0.

20



The statistical model suggests that the meggomination surfaces in segment C of Snake
Rock (SR 1, SR 2) and Lunch CIiff (LC 1, LC 2) are correlated within acceptable errors of 0.5 to
1 meter Fig. 111, Fig1.12). Segment C from both outcrops have similar thickness, i.e. 10 8
meters, whichdg rather welmaintained laterally, and host folds that incline upslope, possibly
accommodated by downslopigping thrust faults. Note that the spatial position between Snake
Rock and Lunch CIiff (~150 meters away) is almost parallel to the strike ohtgron surfaces
(dip: ~2°71 3°), 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 Bridgicrop demonstrably shows that these surfaces are
truncated on the /8 segment boundaryig. 111, Fig.1.12). We interpret the sukegments in
the vicinity of segment margins as shear zone (damage zone). The resukssgsEnts are
hereafter termedl, A2, B1, B2, and so on, based the hosting segments and the spatial

elevationsFig. 111, Fig. 112).

Tablel.2 The summary of Root Mean Square error of plap@int arrays

SNAKE ROCK (as point arrays)
Segment C Segment B
SR2 SR1 SRO SR-1
E Lc2 1.017 10.251 12.251 13.058
c
E
Fry
wn LC1 10.022 0.509 1.618 2.406
LUNCH
CLIFF (as
planes) < LCO 11.782 2.095 0.599 0.832
@
£
&
v LC-1 12.818 3.432 1.651 0.817
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Point Array of SR 1
( X-Y Coordinates & Elevations )

Point Array of LC 1
( X-Y Coordinates & Elevations )

Figurel.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 CIiff. (B) The resultfuidions from Lunch Cliff are
projected to Snake Rock point arrays, and the RMS error for each-glams array pair.
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Figurel1.11 MTD architecture: The MTDs in the area of interest is divided inteethegments based on their lithofacies, i.e., segment
A, B, and C. The smaller segments formed around the contact between segments are referssjasesuldl, A2, B1, B2, etc.,
according to the hosting segments and the spatial elevations. The chatractentrasts between segments andssgments are

summarized in this figure, and are discussed in detail in the followingeailons.
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Figurel.12 MTD architecture (borehole style): The MTDs in the avkmterest 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 referegthessah, A2, B1,
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1.5.3 Segment A
Lithofacies

The resilient beds of segment A are comprised of-ighy bels and occasional
intercalations of black beds, associated with undeformed to slightly deformedrdgirk
microbeds and thin white laminaeig. 1141 P1 through P6). Thin section analysis shows that
the darkgrey microbeds are composed of shbgged pdcstone that fine upward into clayey to
clay-rich packstone, which have ligbgtey weathering coloiHg. 11471 P5). The lithofacies are
locally associated with gravsized, semrounded intraclasts and fiyp clastsig. 1147 P2
and P4). According tXRF data, the blackolored clasts are Calcium rich (~37.5 wt.%), but low
in Silicon (<1 wt.%); while the lightolored clasts contain moderate Calciumi(11l7 wt%),
and high Silicon (28 36 wt.%). Based on the textural characteristics, thdgiare
depositional processes of these beds are likely a combination of turbidity currents and debris
flows.

The lithofacies of segment A is defined by its ultva silicon content in both resilient
(5.2 wt.%) and fissile beds (9.21 wt.%), which measure abdiuiohanethird those in segment
B and C Fig. 113, see the log iRig. 112). The resilient beds make up about 92% of the overall
measured section (86% andi885% in segment B and C, respectively). The thickness
proportion of r erdeathe rediénybeds is Veey dow, danging feokn 8% to
14%, with an average of 8% (n = 6) (27% and 3®% in segment B and C, respectively)
(compareFig. 114 - P5,Fig. 1157 P.2, and Figl.167 P2), except for some localities with

intercalations oflark 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 midrafoldEA(-
P1, P6), symmetricdl open microfolds, microboudins (Fig.143), and microfracture$ig.
1.147 P5). There is no obvious microstructure variation betweerssgment A1, A2, and A3.
However, fold axis and lineation measurements are very effantdlistinguishing segments.
The paleotransport direction in sebgment Al, A2, and A3 notably vary from NEW, NS,

to NNWT SSE, respectively (> 4@ifference).

1.5.4 Segment B
Lithofacies

The resilient beds of segment B are dominantly {gylety in cola, associated with
millimeter-scale, darkgrey microbedsKig. 1157 P1 through P5). The microbeds can be
laterally continuous or discontinuous / detached, and exhibit offsets, depending on the
corresponding microstructure types. Under thin sectiondithioéogy consists of stacked fining
upward packages with sharp bases that grade from grainspamstone (darkrey weathering
color) to clayeyi clay-rich packstone (lighgrey weathering color), which likely represent

rhythmic turbidites depositedipr to the emplacement of the Cutoff MTOSEd. 1157 P2). In

addition, some beds in Segment B1l contain

packstone O6matrix6 (described in detail i

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 Fteri(13). The second

6gr

Si

defining characteristicis thatthethitkk s s pr oporti on of rel atively
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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 40%). The resilient beds make up about 86% of the overall measured section, and
thereforevirtually identical to segment C in this departmenti(&5 %). Based on these

evidences, we interpret the lithofacies in segment B as thtygalof lithofacies in segment C.

Microstructure & Deformation Orientation

Segment B hosts a noteworthy vaoatiof microstructure styles that enables distinction
between sulsegment B1 from B2. Subegment B1 is comprised of almost exclusively
extensional microfractures (with minor microboudins) that manifestasgdarke y 6t i ger st r
in the outcropfig. 1157 P1 through P3). Under thin sections, the microfractures do not exhibit
clear margins, are not grapenetrative, and are filled with packstdanmside which some
spicule bioclasts are oriented upwaiy( 1157 P2) (see Simabrata et al., Part B). 8avhthe
microfractures create offsets on microbeds, which qualify as normal microfaults. The extensional
microfractures terminate abruptly below surface-$Rn contrast, susegment B2 is dominated
almost exclusively by asymmetrical microboudins thatine 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 \aion, i.e., <10difference.

1.5.5Segment C
Lithofacies

The resilient beds of segment C comprise alternating-¢jgy, darkgrey, and brown
microbeds Fig. 1167 P3 and P6). Under thin sections, the lighty, darkgrey, and brown
microbeds are identifteas clayey to clayich packstone, packstone, and silicified packstone,

respectively Fig. 1167 P2). Sharp bases and fining upward features on packstone microbeds
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are sometimes visible, but are sometimes absent. Silicification preferentially occums with
packstone and abruptly terminate close to the base of dlaglay-rich packstoneKig. 1161
P2) (see section 5.3). Pyritization and dolomitization are also present, though not as widespread
as silicification. Based on the textural characteristitsofiacies C likely originated from pre
failure turbidity currents. Note that silicification in lithofacies C may have been caused by pre
failure or postfailure diagenesis.

Lithofacies C in Lunch Cliff and Snake Rock share similar proportion of resesig
(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. 113), which subtle differences can be atttdalito 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, tlough the highly silicified areas of thin section P2 (Sge 116) 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 measurétogrdver, the
Lunch CIiff counterpart of lithofacies C does exhibit an upward increase in silica (fran9816
meter, sedig. 116), which is likely caused by more intense silicification.

Microstructure & Deformation Orientation

Subsegment C1 in SnakRock hosts chaotic microfolds in the lower paig (1167 P1)
and downslope&erging microfolds in the upper part. Ssbgment C2 has a wider variety of
microstructures, which include predominantly microfolds that are greater in amplitude and
wavelengh compared to subegment C1Kig. 1167 P2, P3) (also see Simabrata et al., part B),

which crests are inclining upslojpepposite to microfold inclination in stsegment C1. Other
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accessory microstructures include transform and normal microfaultg, narsfaults, and
microboudins. However, the microstructure styles ofsediment C1 and C2 in Snake Rock do
not correlate well with their Lunch Cliff counterparts. In Lunch CIiff, s@igment C1 is

dominated by poorhkgdeveloped microboudins and commoagsociated with normal

microfaults and localized microfractures, all of which make the hosting microbeds appear wavy
to discontinuous, with pinching and swellirfgd. 116 - P4). These poorigdeveloped

microboudins seem to affect only thin microbeds 2Imm), while the thicker counterparts (0

20 mm) remain intact. In sekegment C2, the microbeds are also invested by microboudins, but
much weltdeveloped compared to the previous-segment, which now affect both thin and

thick microbedsKig. 1167 P5, P6). Microstructure lineations and falgis orientations

between sutsegment C1 and C2 show distinctive vertical variations in Snake Rotk31%7
difference), but are relatively subtle in Lunch Cliff (2H¥ference). The lateral continuity of
deformation orientations from Snake Rock to Lunch CIiff rotates@atikwise in suksegment

C1, but is relatively welmaintained in stisegment C2.

1.5.6 Recognition Criteria for MTD Segments

Lithofacies Contrasts

As exemplified in this research, segments caprbdicted 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
resilientandfisi | e beds, the thickness pr-agportion of
packstone, and (3) differences in grain size and depositional textures (e.g., presence of
intraclasts). These observations are consistent with recent outcrop and seismic stughesvthat

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 log¢e(igMI)
Asmus and Grammer, 2013nd core data. Furthernegisegments 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). Howeveaprupt changes in thickness and/or termination may occurkeg.,
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 areot resolved under lithofacies contrasts, albeit with mixed results. As shown in
this research, some sskgments can be easily identified from the change of microstructure
styles, e.g., extensional microfractures in-segment B1 vs. asymmetrical microioins in sub
segment B2; while other stdegments show subtle to no microstructure contrasts, e.g., sub
segment C1 and C2 in Lunch CIiff differ only in the development of microboudins, and sub
segment Al through A4 are devoid of microstructure contrastthérmore, 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 CIiff show that microstructure styles can change
significantly within a distance of 150 metehsthe subsurface, although the contrast of
microstructures is rather difficult to resolve due to scale issues, cores and log image may still be
useful. Subsegments (thickness:i12 meters) identified from such methods should be expected
to terminate owvea relatively short distance (perhaps a few tens or hundred meters).

Deformation Orientation Contrasts

Identification of vertical suisegments using the contrast of deformation orientation (i.e.,

paleotransport direction) also shows mixed results. ImsagA, this method is capable of
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resolving all three subegments with high degree of clarity, with ove? dfdifference in the
inferred paleotransport direction. On the other hands, the same method is not effective in
segment B (<10difference), and mly somewhat effective in segment C (£1®B1° difference).
Furthermore, intersegment correlation using the similarity of paleotransport direction is
inconsistent; for example, stdegment C2 has consistent paleotransport direction at SR and LC,
but subsegment C1 varies by almost?fetween SR and LC. In the subsurface, the
measurements of paleotransport indicators can be measured using FMI log or orientddgores (
1.12;also see Henry et a018) Rose diagrams (e.drig. 112) are particularly useful for
microstructure lineations, where multimodality can help identifysedments (e.gkig. 117)
due to the high Hndex of microstructure lineations (0.v®.97, this research).
Summary

Based on the outcrop analog in this research, MTD segments asdgubknts are best
determined when all three approaches, i.e., the contrast of lithofacies, deformation styles, and
deformation orientations, are applied in conjunction. The first stepdslitteate and correlate
segments using electrical borehole data, or other techniques that can distinguish lithofacies
contrasts in MTDs such as FMI logs. Ssdgments can be further identified by examining the
change of deformation styles (i.e., microstuue types) and deformation orientations. While
some segments and ssbgments may be successfully resolved in one method and left
unrecognized in the other, a combination of multiple approaches can enhance the likelihood of

predicting compartmentalizatidn MTDs.
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Figurel.13 XRF data of resilient and fissile beds grouped according to the segments and outcrop locations.
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Segment A (Lunch Cliff)
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Figurel.14 The log tracks are giveas follows (from left to right): (1) subegment name, (2) lithology, deformation style, and the
stratigraphic position of photos (right), (3) the proportion of Calcium and Silicon in resilient beds (wt.%), (4) clagnsdwao)

for resilient (bludine) and fissile beds (brown line), and (5) bidirectional lineation orientatieft to right panel is @ 180 degrees

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds andmaicroboud
(blue), and fold axes (red). Photo: yellow arrows are graizeld clasts and rippeag clasts. Green arrows are black beds and
microbeds (high calcium, usually packstone). Blue arrows are recumbent microfolds. The grew arrowbassgthriining upward
paclkstone- grainstone. The red arrow is microfracture.
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Segment B (Snake Rock)
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Figurel.15The log tracks are given as follows (from left to right): (1)-sehment name, (2) lithology, deformation style, and the
stratigraphic posibn 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 orientakednto right panel is @ 180 degees

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds andmaicroboud
(blue), and fold axes (red). Photos: yellow arrows are sbaspd, fining upward packstongrainstone. Green arrows anetensional

microfractures. Blue arrows are asymmetrical microboudins.
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Segment C (Snake Rock - Lunch Cliff)
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Figurel.16 The log tracks are given as follows (from left to right): (1)-segment name, (2) lithology, deformation style, ard th
stratigraphigoosition 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 orierntakdnto rightpanel is 0 180 degrees

of compass direction. The rose diagrams summarize the strike of extensional microstructures (green), microfolds andmaicroboud
(blue), and fold axes (red). Photos: The grew arrow is normal microfault associated withdesethped microboudins. The red

arrow is weltdeveloped microboudins. Yellow arrows are silicified packstone.
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Figurel.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 theuddta

(n) used in this procedure has been normalized to avoierepersentatin 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) compartmentalizgtiba b
amalgamation of multiple magailures (includes hypothesis-#, see Introduction), (2) partial
flow transformation, and (3) compartmentalization by internal deformation (i.e., a single MTD

with internal shear surfaces). Here we further explorg@dssibilities 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-MidDdargancech, carbonate mudsiones) ( n o n
sandwiched between several MTD segments in the Cutoff Formation has been invoked as
evidence for the multiple magailure hypothesi$Amerman et al., 2011Yhe localized nature
of these dape intervals can be attributed to the infilling of preexisting paleotopography created
by former MTDs, or to partial removal by subsequent erosive MAD®&rman et al., 2011)
Furthermore, the coeval mafsslure hypothesisan satisfactorily explain the data collected in
this research. Lithofacies characteristics tend to change between segments because the coeval
massfailure events were sourced from different localities. For instance, pulses of retrogressive
failureswouldp ocedur e segment amal ga-mapwiaod ot hatenedxheE
new sediment sources progressively retrograde toward the platform. Microstructure types can be
distinctive across segments because independent MTD events experience difféneanstitae
lateral continuity is not wellnaintained within the same segment due to strain partitioning
across different morphodomaiesg., Cardona et al., 202@eformation 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 insedments. These sglegments behaved like
individual MTDs, which stress regime and deformation were isolated from one another.

While the kinematic of coeval matailure can be inferred directly from the intercalation
of nonMTD units between segments, the internal defoionatypothesis (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 Krof area) in the Espirito Santo Basin, SE Brakit)( 118C)

(see Gamboa and Alves, 201%he mega block is compartmentalized into two segments (upper
and lower) by a withirblock shear surface, which is unlikely the product of multiple
amalgamated MTDE-ig. 118A). The upper segment of the mega block hostssrgke fauk
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 af feurlts Eig.
1.18B). These observations indicate that the witilotk termination surface predates both the
FPFs and the normal faults, i.e., formed early during the-fadsse event similar to the

model proposed by Le Goff et al. (2020). Furthermthe withinblock 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 alstve explained in the similar manner: (1) Initially, a failure occurred on
sediment mass that contained multiple hagter lithofacies packages, (2) during the early stage
of emplacement, these contrasts in lithofacies triggered the formation of sheattmaine
compartmentalized the failed mass into segments andegrhents, (3) Mechanical slip

facilitated by termination surfaces allowed these segments argbguients to decouple, and (4)
the decoupling of segments and sa@gments promoted differenti&tain and deformation (akin

to the contemporary flowell model;see Alsop and Marco, 2014; Nugraha et al., 20&28jch

gave rise to the contrasts of microstructure types and deformation orientktgprisi@D). The

only observation the internal deformation hypothesis cannot explain is the presencéMatdon
intervals draped between segments. Notwithstanding, theimmpbifeed hypotheses discussed

here are not mutually exclusive, and the Cutoff MTDs may have undergone both mechanisms.
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*ISS = Internal Shear Surface , *FPF = Fault-Propagation Fold

Figurel.18 (A) Transportparallel section: The withiblock Internal shear surfagksS)

separates the megablock of two distinctive seismic facies -piaydagation folds (FPF) are
detached from the ISS. (B) transppdrpendicular section: The withislock ISS is offset by
series of normal faults. Based on the deformation archite¢hereyithinblock ISS likely
predates both the FPF and normal faults. (C) Map of vhegk. (D) Segments bounded by
termination surfaces behave like individual MTDs with distinct stress regime, deformation
characteristics, and relative transport direciosimilar to the contemporary flowell 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 alignepgmelicular to the transport
direction, which has been demonstrated in outcrop and subsurface studies using ffadyeetic
anisotropy(e.g., Kanamatsu et al., 2014; Weinberger et al., 28Hdever, previous studies do
not consider the variability of graifiabric alignments between segments and/orsegments.

This study presents an such opportunity due to the abundance of sponge spicule bioclasts in the
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area of interest. Four beddiptaneparallel thin sections collected in Snake Rock indicate that
the ordeliness (Hindex) and dominant trend of spicules vary quite notably from one sub
segment to anotheFig. 119). We predict that differential shear experienced by each sub
segment controls the intersegment heterogeneityiofleix (also see Simabrata et &art B),

with the shear vertex rests on the segment boundaries. Note-ithdincreases with average
spicule longaxis lengths, and has relatively higher values in clay matrix compared to carbonate
mud (Simabrata et al., Part B). The disparities @ndlex between subegments 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 subswe.

The alignment of graifiabric 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 qéaligotropy direction is
governed by the dominant trend of fabric alignm@ee Saroglou et al., 2003; Barton and
Quadros, 2015)xand the strength of anisotropy is likely dependent on the orderlingad k)
and the relate 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-iHdex vary between suekegmentsKig. 119), which llustrates how
the anisotropy of mechanical and petrophysical properties in compartmentalized MTDs can be
extremely complex in subeismic scale. This issue becomes even more intricate when the
variations of microstructure types and trends are taken amsiaderation, e.g., microfracture vs.

microfold zones.
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Figure1.19 Grainfabric alignments between segments-dash line is the predicted trend ofiitiex. Note the pikes of Hindexon
termination surces.
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