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ABSTRACT

This study investigates tlgometrical distribution, petrophysical characteristics, and block geometry
of submarine mass failures in the salt minibasin of the Thunderhorse field, located in the northern Gulf of
Mexico. By using 3D seismic data that covers an area of approxima2@l im2 and well logs at
shallow depths of approximately 1.2 km, ten mass failures are identified to assess sealing quality and
reduce drilling risks within these failures.

Our interpretations reveal strong evidence of three distinct types of failures. Type 1 failures originate
from the diapir roof, they are characterized by muddy;douplitude chaotic facies and are classified as
basinsourced failures (MFs 3, 4, 7, 8, 9dal0). Type 2 failures are larger than type 1 and consists of
two distinct zones, a basal shear zone and an upper zone characterized by high reflection and consists of a
series of popup thrust failure structures. The lower zone has low amplitude caois and is sandy in
nature. Type 2 failures are driven from the slope to the basin. Type 3 failures are derived from the shelf or
from the delta and are not affected by the roisin topography. This type is larger failures and covers
all the study ara.

Lithology in type 1 failures are predominantly muddy, Type 2 are sandy at the base with muddy upper
layers, and Type 3 are primarily sandy with some muddy intervals. Petrophysical logs show that density
and velocity generally increase with depth. Miah mass failures exhibit slightly higher velocity
increases compared to background sediment andmsaddailures, whereas sanidh mass failures
display lower densities than the background, except in the basal shear zone of Type 2 failures, which
show a satly composition with higher observed velocities and densities.

The blockswithin these failures are closely related to flow size; the smallest are derived from within
the minibasin (Type 1), and larger blocks are sourced from the slope to the basin (Type 2). These blocks
pose drilling challenges due to varying pressures amaldigies compared to the surrounding matrix of
mass failures. Furthermore, these blocks can create pathways for fluid migration, posing a significant risk

of sealing failure.
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CHAPTER 1 INTRODUCTION

Mass failures are prolific deposits in modern and ancient marine basins around the world (Moscardelli
and Wood, 2006; Clare et al., 2018; Cardona et al., 2022). Their properties can be highly varied, and their
presence can cause significant complicationsendrilling exploration and production wells (Morgan et
al., 2009; Cardona et al., 2022). The top surfaces of mass failures are often very topographically complex
influencing postemplacement gravity flow behavior and the distribution of healing phdsaesgs
(Deng, 2021; Kneller et al., 2016). Finally, the highly variable nature of mass failure deposits makes
prediction of their rock and pressure properties very difficult. In effect, we are extremely weak in our
knowledge of mass failure processes dagosits. These failings of knowledge are especially important
around salt diapirs, where mass failure deposits make up a large component of the surrounding
stratigraphy (Henry et al., 2018; Wu et al., 2020; Dunlap et al., 2010) and their presencénenay eit
enhance trapping (Doughfiones et al., 2019), destroy older reservoir units or influence the migration of
hydrocarbons.

Mass failure processes are highly varied and include rock avalanche, sand fall, a variety of density
flows, debris flow, slurry flow, slide, and slump (Dickinson et al., 2011; Shanmugam., 2012). In the
clastic marine realm, mass failure deposits are dantly slides, slumps, debris flows and density
(turbidite) flows. The products of mass failures are referred to as mass transport complexes at the seismic
scale (Cardona et al., 2020), or mass transport deposits when at core, log or outcrop scathi¢k10 m
and the later are interpreted as the result of a single depositional event (Cardona et al., 2020).

(Cardona et al., 2020) emphasized the importance of mass failures as sealing units in deepwater
basins. These authors provided a methodology by whichiskdéhese seals, however this work has
also brought to light how limited we are in production deltere mass failure deposits are postulated to
play a role in sealing. Although carbonate mass failures are known to form hydrocarbon reservoirs (Allen
et al., 2013), Most siliciclastic deposits observed act as seals. However, it has been shown thahdlumps
debris flows can contain thick, amalgamated sand bodies with high porosity and permeability, indicating
their potential to act as reservoirs (Moscardelli et al., 2006). kteattolled basins may correspond to
local or regional bodies induced by either regional tectonics, or diapir growth. These MTDs are
commonly considered as muddy bodies but they may alternatively incorporate a high amount of clasts
and reworked beds with good reservoir properfeprawski et al. (2021).

More recently, researchers are documenting the importance of understanding marine mass failures as
instigators of destructive seafloor processes (Henkel et al., 2011; Yamada et al. 2010), the difficulties they
present in marine well drilling and their rotegenerating tsunamigenic wave (Biain et al., 2016; Borrell
et al., 2016).



1.1 Goals, Expected Outcomes and Research Questions

This research intends to utilize 3D seismic and well data over studiled salt basin in the U.S. Gulf
of Mexico Thunderhorse area,@agamine the variety of shallow to moderate depth (01®66 m
subseafloor) mass failures in this salt basin toward answering the following questions: Can we
distinguish differences in mass failures that originate from inside a minibasin (ie.;ctapad) versus
those that originate from outside a salt minibasin (ie., continentaleslgdf or slope derived)? How do
rafted blocks (known to cause sealing issues; see Cardona et al., 2022 and Alves et al., 2015 for
discussion) distribute themselves aitsliapirhosted mass failures? What role do mass failures play in
the emplacement of pefdilure, healing phase deposits?

To accomplish this investigation, | will map a variety of mass failures within the basin, document their
morphology, seismic facies, and internal mechanical nature, document the relationships between salt
diapir-associated structure and mass failure engpt@nt and nature, and map the distribution, material
nature, size and orientation and deformation fabric of rafted blocks in mass failures. Logs are used to
examine the physical properties of these mass failures relative to the surrounding gravity 8oal,mat
including the velocity, density, resistivity, and gamma indication of sand:shale. Logs are also used to

examine the response of mass failure material and the background sediments.



CHAPTER 2 RELEVANT LITERATUREAND RESEARCHGAPS

Mass failures in marine environments have been documented in literature for over 100 years
(Shanmugam, 2021). While some of the more interesting papers relevant to the goals of this study have
been published in the last decade, the literature remain® spgesding the quantification of mass failure
deposits in salt provinces. Twelve papers are found which examine the nature (density, composition, etc.)
of mass failures hosted in salt diapir basins. These papers are concentrated in three areasifabiecrops
Basque Region in Spain, the Espirito Santos offshore basin of Brazil and the Gulf of Mexico. In addition,
there is one paper from the Congo Basin of offshore west Africa. These papers are summarized below.

2.1 Outcrop Studies ofHalokinetic Sequences

Mass failure events in association with salt diapirs have been studied in outcrops of northern Mexico
by Giles and Lawton (2002) and by Rowan and Giles (2023). They used this work to define the
hal oki netic sequence ( Gi | eyscontformdble surogdsionrofstrala0 0 2) as
genetically influenced by neaurface diapiric or extrusive salt rise and bounded, near the diapir, by
angular unconformities that become disconformable to conformable with distance from the salt body."
The halokinetic squence of Giles and Lawton was described as bounded by an angular unconformity at
its base that is overlain by a mass failure, and it is believed to form in response to variations in the rate at
which bathymetric relief is generated by vertical salt misative to the local sedimeatcumulation rate
(Fig, 2.1).
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Figure2.1 Model of the sequential development in related with halokinetic sequences A) expansion of
diapir whereY 0 . B) reduction of diapir'Y 6 . Giles and Lawton (2002)

In this study area, mass failure elements are classified into two main categories: those within
halokinetic sequences, which are bounded by angular unconformities at the top and base as defined by

Giles and Lawton (2002) and develop due to the net diagseaate exceeding the local sediment



accumulation rate, leading to diapiric inflation and slope instability; and those failures driven from
outside the basin, which, according to Giles and Lawton (2002), are not considered part of the halokinetic
sequences.

Poprawski et al. (2021) focused on evaluating the sealing capacity of Mass Transport Deposits (MTDs
in the Basque Country of Northern Spain. This research distinguished between local and regional Mass
Transport Deposit (MTD), providing detailed insightwittheir origins and transport directions.

Examining up to seven MTDs, which are comparable in scale to those found in subsurface investigations,
the study utilized thorough structural analysis to deduce the transport direction of each MTD and deduce
their points of origin. Facies analysis further facilitated the determination of the percentage of mud or
matrix within these deposits, which in turn, supported discussions around their potential as reservoirs or
sealing layers. The findings of Poprawski etéghlighted three distinct types of MTDs: those

dominated by muddy siliciclastics, those rich in sandstone clasts within a siliciclastic matrix, and those
predominated by carbonate materials. This study recognized the highly varied composition of mass
failures within a single salt basin, and the implications for seal quality.

Cumberpatch et al. (2021) conducted a study that documents thevalieefacies distributions, with
variable amounts of topographic confinement, adjacent to growing salt structures. The study observations
come from two minibasins, one confined (Sollub&) ane partially confined (Jata), that are comparable
in size and facies heterogeneity to subsurface minibasins in salt provinces globally. The research revealed
variations in the type and number of debrites between the Sollube and Jata basins, suliMprstimg
tectonostratigraphic histories despite their geographical proximity. The Sollube basin featured routing
systems constrained by salt structures, leading to the deposition of amalgamated sandstones along the
basin axis. Conversely, the Jata baginilgited different facies and architectures due to its partial
confinement, highlighting the unique depositional dynamics influenced by salt diapirism in each basin.

Roca et al. (2021) conducted an evaluation of growth strata adjacent to the Bakio Diapir in the Basque
Pyrenees, focusing on the distinctive geometries of halokinetic sequences. Their findings reveal that the
thickness of roof edges, a defining characterisf these sequences, is influenced by multiple factors: the
ratio of saltrise to regional sediment accumulation rate, the water depth over the diapir roof, and the
surrounding depositional environment. Moreover, the study highlights that high suofaee and the
resultant debrites are common features not only of hook halokinetic sequences and tabular composite
halokinetic sequences but also occur in other settings, challenging the notion of their exclusivity to certain

types of halokinetic formations



2.2 Subsurface Studies and Classification Schemes
2.2.1 Studiesln the Congo Basin, West Africa

DoughtyJones et al. (2019) distinguished between loesdlyrced and regionalgourced MTDs in
the LowerCongo Basin. Locasourced MTDs result from failures near the source and may travel up to 6
km, while regionalsourced MTDs form through extensive debris flows. Notably, localyrced MTDs
feature distinct domains with associated faulting, whereas r@ggonrced MTDs were noted to

primarily contain only chaotic sediment structures.

2.2.2 Studiesln the Espirito Santos Basin, Brazil

Gamboa et al. (2010), in some of the earliest work in Brazil, analyzeddimeasional seismic data
from the Espirito Santo Basin, Brazil, to study stacked +trassport deposits (MTDs) in the Abrolhos
Formation. They found significant internal hetenogi¢y and identified areas with high sand content and
undeformed turbidites, which were particularly thick near growing diapirs. The research emphasized mass
wasting's key role in shaping the Brazilian Margin during the-Etidene and highlighted the patieh of
these formations as reservoirs. The study also discussed the influence of sediment input, salt growth, and
volcanic activity on the basin's margin development, underscoring the importance of MTDs in the region's
geological evolution.

Jackson (2012) studied two salt minibasins located on the S&o Paulo Plateau offshore Southeast
Brazil, identifying two detached mass failures. These mass failures contain numerous large slide blocks,
as revealed by 3D seismic data in the form of broadyl#a packages of weakly deformed reflections.

The surface bounding the base of each mass transport complex is planar, suggesting limited erosion of the
seafloor. However, the upper surface of the mass transport complexes is rugose, displaying upfto 20 m o
relief due to the presence of 'outsized' slide blocks. This upper surface relief, onlapped by overlying deep
water deposits, indicates that the tops of the slide blocks formed at the seabed with up to 20 m of relief
(Fig. 2.2). Additionally, the occurree of large submarine slides and sediadén gravity currents can

disrupt the water column, potentially triggering tsunamis that threaten coastal communities and
infrastructure. Moreover, the movement of these slides and currents may damage sulia@anssta

including cables and pipelines laid on the seafloor.
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Figure2.2 Detailedseismic sections and line drawings illustrating the scale, and internal and external
geometry of blocks. Slide blocks make the upper surface of the mass transport complexes is rugose and
how the tops of the slide blocks formed at the seabed relief. Tpés sprface relief, onlapped by

overlying deepwater deposits. Jackson (2012).

Omosanya and Alves (2013) conducted a detailed study on foutraasport deposits (MTDs)
situated on the saitch continental slope of the Espirito Santo Basin, located offshore southeast Brazil.
The main objective of their research was to scrutirizeseismic heterogeneity of MTDs, quantify their
degrees and styles of disaggregation relative to transport distances, and understand the dynamics between
strata blocks and growing salt diapirs to deduce the provenance of MTDs. Their examination cevered th
distribution, flow direction, and internal geometry of MTDs. The researchers also investigated the
relationship between the thickness of MTDs, the diameter of adjacent salt diapirs, and their proximity.
They discovered correlations between the thicko&84TDs and the diameter of diapirs. Such positive
correlations also were associated with diapirs actively deforming the seafloor during the MTDs' transport.
Conversely, negative correlation coefficients indicated that an increase in MTD thickness odedspo
with a decrease in diapir diameter, suggesting a period of tectonic quiescence in salt structure growth or
that the growth of these structures preceded the deposition of MTDs.

Gamboa and Alves (2016) utilized higiality 3D seismic data to uncoverriodal deformation
styles within mass$ransport deposits (MTDs) located in a salt minibasin in the southeast of Brazil,
specifically within the Espirito Santo Basin. Their analgsisompassed three MTDs from the Miocene
stratigraphic interval and four from Holocene strata. The research identified two distinct types of MTDs
in saltrich basins: Type 1 MTDs, characterized by their long axes being parallel to the movement
direction andexhibiting significant internal deformation, and Type 2 MTDs, which have long axes



perpendicular to the movement direction, are highly heterogeneous, and include, large undeformed slabs.
Type 2 MTDs are further described based on the condition of the slabs; they are termed "rafted" if they
are remobilized to any degree within or beydmel toe of the MTD, or "remnant” if they remain in situ,
forming isolated volumes of strata in vertical stratigraphic continuity with underlying/idn units.
Additionally, Type 1 MTDs are noted for their higher degrees of internal deformation, deveiapitag

domains with numerous imbricated thrusts and ridges.

Biancardi and Alves (2020) conducted a comprehensive analysis identifying and characterizing mass
transport complexes within the saltthdrawalformed Espirito Santo Basin in SE Brazil. The authors
identified six distinct MTCs, each analyzed based om théitive location, geometry, and transport
direction. The findings categorize the MTCs into three unique types: Type 1 includes discrete landslides
with clear boundaries and no basal ramps; Type 2 encompasses discrete landslides that possess defined
toesas well as basal ramps; and Type 3 consists of multiple, coalesced landslides covering the entire
extent of the salt minibasin, also featuring basal ramps. A notable outcome of this study is the
determination that these MTCs do not follow any specifickétg pattern or present any predictability
concerning their spatial distribution within the minibasin, implying that an MTD could potentially be

found at any stratigraphic level or location within the area under study.

2.2.3 StudieslIn the Gulf of Mexico

Madof et al. (2009), in one of the first focused attempts, conducted a study of MTDs in the Fuji Basin
of north-central Green Canyon, Gulf of Mexico; a salthdrawal intraslope minibasin. The study found
that the basin's late Pleistocene to Holoeageinfill (0 to ~470 ka) is comprised of approximately 45%
mass transport complexes (MTCs), 5% channelized sandy turbidites, and 50% hemipelagites and muddy
turbidites. This study challenges the conventional understanding of sedimentationiatierep
deposiional systems, which has traditionally been attributed to either eustatic sea level changes-or steady
state bathymetry influenced by the basin's antecedent topography. The researchers provide a detailed
description of the three seismic facies assemblaifbs the Fuji Basin. MTCs are delineated by their
hummocky to mounded, higfo-low amplitude seismic reflections, displaying great variability in the
volume and expression of individual units, and they show a tendency to become more abundant and
amalgameed towards the upper section of the basin. Channelized sandy turbidites, with their lew cross
sectional continuity and higamplitude reflections, display lower spatial variability and extend beyond
the seismic volume to the south and southeast. Las#lynbst voluminous assemblage, the
hemipelagites and muddy turbidites, exhibit famplitude reflections and are predominantly located in

the interchannel areas, as they surround MTCs and channelized turbidites. The seismic facies assemblages



in the Fuji Basin are marked by distinctive internal and external architectures, and provide valuable
insights into the dynamic sedimentary processes of thiswatgy environment.

Wau et al. (2020) study utilized 3D seismic reflection and well data to analyze the composition,
geometry, and distribution of six Mass Transport Complexes (MTCs) preserved withicensialed
minibasin in the northern Gulf of Mexico. The authors idédithree main tectorsedimentary phases
in the development of the minibasin: (a) initial minibasin subsidence and passive diapirism, during which
MTCs were derived from the shadfige or upper slope; (b) minibasin margin uplift and steepening, a
period daracterized by the derivation of smatllume MTCs from the sheldge or upper slope; and (c)
active diapirism, marked by the emplacement of very suadlime MTCs, locally sourced from the

diapir flanks or roofs (Fig, 2.3).
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Figure2.3 A) Cartoons of Minibasin 5 evolution model: (a) Passive diapirism and minibasin down
building; (b) Loaddriven passive salt diapirism; (c) Diapir burial, shortening and active diapirism. Wu et
al. (2020).

The Thunderhorse area has been the subject of a variety of studies (Diaz et al., 2011; Cepeda et al.,
2010). However much of their work pertained to the overall sequence stratigraphy and/or deepwater lobe
and channel development in the Thunderhorse d@&& et al., (2011) did discuss the shallowest mass
failures in the field area. The work of these authors has been used to assist with defining the age of the
stratigraphic sections of interest. Henry et al. (2018) tapped into 3D seismic data, welipdatter
data and formation micrmnaging (FMI) data to probe the intricacies of older and stratigraphically deeper

mass failure deposits and their role in reservoir presence ardmpkicement reservoir development.



This integrated approach provided deeper insights into the internal structures of mass transport complexes
and their rapport with adjacent sediments.



CHAPTER 3 STUDY AREA GEOLOGIC AND STRUCTURAL SETTING

The Thunderhorse area, located in the Mississippi Canyon region of the northern Gulf of Mexico, is
about 150 miles southeast of New Orleans, Louisiana (Walker et al., 2002; Kim et al., 2004), (Figure 3.1).
The Thunderhorse field was discovered in 1999yPfaee t al . , 2002). The basin’s
21,135 ft in thickness (Figure 3.28ndis composed of mainly interbedded sandstone units and mudrock
dominated successions (Henry et al., 2018), Formation of the Gulf of Mexico basin tracesaback to
foundational basin structure that emerged in the late Triassic with salt deposition beginning in the middle
Jurassic (Figure 3.3). Movements of the Thunderhorse diapir, ongoing since the Middle Jurassic, have
influenced sedimentary processes to thegmeday (Henry et al., 2018). The Thunder Horse field is
characterized by its sandstone reservoirs, notably the Pink 6.5L and Pink 5.0, linked to the Middle
Miocene massive Harang shelf edge collapse and associated sedimentation events. For further

information on the basin formation see Weimer et al (2017).

Federal Gulf of Mexico Oil & Gas Fields  ——— Water Depth Contours (feet)

2009 Production (Thousands of BOE) [ | BOEMRE Prowaction Areas
0-1.000

*  1,001- 10000
® 1000125000 ‘
@ 2500180000

Figure3.1 The location of the study area, Thunderhorse field. Source: U.S. Energy information
Administration based on data from BOEMRE, HPDI, NOAA.

3.1 Sediment Sources to The Thunderhorse Basin

The sediment sources for mass failure processes ih@aided, minbasins such as Thunderhorse
can be classified into three main categories A) Mass failures that driven from the Mississippian river, B)
Mass failures that driven from the slope due ttateic activity, C) Mass failures that driven from the
roof of the diapirs. These types of MTCs can be classified by Moscardelli and Wood (2007) as attached

and detached mass transport complexes. The sandy shelf edge of the Gulf of Mexico has long been
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considered the source for many large, attached mass failures that occupy the $elsiménin the Gulf
(Henry et al., 2018).
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Figure3.2 Seismic line extracted from the 3D data volume provided fordisisarch, showing the
Thunderhorse salt diapir and the entire imaged section, around the field.

3.2 Drilling Issuein Mass Failures

Mass failures may or may not contain isolated blocks of material that present steeply dipping beds of
intact strata. These strata will suffer varying degrees of deformation, compaction, and fracturing that
present complex drilling processes. Bits may skideflect suddenly. Drill strings may experience
sudden changes in penetration rate. Prediction of the extent of these blocks is important for regulation of

wells and safety planning.
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Viosca Knoll and Northeastern Mississippi Canyon Composite Stratigraphic Column
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Figure3.3 Generalized stratigraphic column of the northeastern Gulf of Mexico. After Mattson et al,
(2020).
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CHAPTER 4 DATA-SEISMIC AND WELL LOGS

This study utilizes an integrated exploration dataset provided by BP. This dataset is derived from both
3D seismic data and wireline logs (Figure 4.1). The seismic data covers an area of approximately 1,224
kmz2 in the northern Gulf of Mexico, specificalyithin Mississippi Canyon Blocks 776, 777 and 778
(Thunder Horse Field: One of the Largest Fields in the Gulf of Mexico, 2023). The data extends from
seafloor to ~ 21,200 feet, however only the upper 1.2 Km (~3900 feet) of data are interpreted for this
study due to propriety considerations. Lines and traces are spaced at 25 m intervals. In addition to the 3D
seismic data, logging suites from more than 90 wells are available, with 5 key wells (Figure 4.1A) serving
as the primary sources of mass failure petieins and data for this study.

Study Interval |

731_1

737_1

V-

8222

Figure4.1 Data provided to the study. A) Base map of the study area showing the general extent of
diapirs in the subsurface and the location of five key wells ustmistudy B) 3D seismic data cube with
the study interval indicated. The thickness of the study interval ranges from 800 to 2940 feet.

25000ftUs

4.1 Methodologies

The workflow for this study initially employs a basic workflow for developing a useful stratigraphic
framework. This framework is then used to guide attribute imaging to define the nature and architecture
of mass failure events and surrounding stratigyapfhe steps in a useful methodology are as follows:

1) Overviewobservations.

2) Examine the initial interval of interest and identify surfaces of relative good reflectivity and
continuity that can serve as guide horizons for attribute analysis.

3) Map three guide surfaces over the interval of interest.

13



4)

5)

6)

7
8)

9)

a) QC those surfaces and just note any major deviations or repair them if they are too critical.

b) interpolate, build surfaces, and smooth surfaces.

c) Extract attributes below those surfaces and above those surfaces. Utilize Petrel Software to
proportionally slice key intervals.

Observation and Interpretation

a) Look at interval attributes, various imaging algorithms (proportional slices), etc.

b) Sketch map each extraction image as a first
interpreting.

Validation

a) Examine inline and crosslines (flatten on the basal downlap mfs) closely to confirm stratigraphic
relationships, shape, etc. (ie., concave, convex, time equivalence of amplitudes, etc.).

b) Tie the seismic interpretation of morphologies and amplitude derived architectures to well data.

Final Interpretations for each interval

a) Morphometrics of and distribution of blocks

b) Shape, nature, erosional behavior of mass failures in and aroudidire

¢) Healing phase top fill over magaslures.

Examine any information on petrophysical properties, including pressure and drilling data.

Examine the nature of rafted blocks within these mass failures; including but not limited to their 3D

morphology, size, orientations, origins, degree of displacement.

Examine spatial changes in block distribution around the central Thunderhorse diapir at the level of

interests.

10) Discus Synthesize observations to discuss the impact of blocks on migration of fluids, exploration

and drilling in the area of the Thunderhorse diapir, as well as implications for other similar sub

basins.

11) Synthesize work into a manuscript.

14
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CHAPTER 5 OBSERVATION OF MASS FAILURES
5.1 MassFailures Intervals

The study area was divided into three main stratigraphic intervals. Interval 1 is bounded at the base
by a regionally mappable surface H3.6 (Redizon) this surface is 3.6 Ma which is of Middle Pliocene
age (Figure 5.1), located betwed3000 ft and- 11000 ft in the data (Fig, 5.2A). This base surface is
characterized by high amplitude reflections, with high evidence of erosion. The interfitidengf the
interval is highly variable in terms of reflectivity, showcasing a diverse range of seismic facies. Interval 1
is bounded at the top by a regionally mappable surface 1.3 Ma surface (blue horizon), which is Holocene
in age (Figure 5.1), anddated betweern8000 ft and-10000 ft in the data (Figure 5.2B). This base
surface is characterized by high amplitude reflections. This interval ranges from 0 ft to 1800 ft, the
thickness of the interval varies significantly, being thickest in the NortkiNgast and thinning towards
the South/Soutiitast, as clearly depicted in (Fig. 5.3M)is chapter shows you some exanfjeres,

such as subfigurelgrge and landscape figures.
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Figure5.1 Composite stratigraphic column from the study areas showing the base of the 3.6 Ma
stratigraphic study interval and the base of the 1.3 Ma stratigraphic study interval. Modified after
(Weimer et al., 2017; Mattson et al, (2020))

Stratigraphic Interval 2 is bounded at the top by an HK80 surface and bounded at the base by H1.3
surface. The top surface is located betwess00 ft and-7500 ft in the data (Figure 5.2C). This base

surface is characterized by high amplitude reflectibns.t er v a | 2’s thickness rang
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ft. The thickness of the interval varies, being thinning in the northwest and thickest towards the
southeast, as clearly depicted in (Figure 5.3 B).

m )mn 12m00 118000 Tieo0m 100 200000

Figureb.2 (A) structure map of horizon 3.6 Ma horizon. (B) shows a structure map of horizon H1.3. (C)
shows a structure map of horizon H80KA.

Figure5.3 Thickness map of the interval 1 between the base surface 3.6 Ma and the top surface 1.3 Ma
(B) Thickness map of the interval 2 between the base surface 3.6 Ma and the top surface H80KA. C)
Thickness map of the interval 3 between the base surface H80Kihesdafloor.

Stratigraphic Interval 3 is bounded at the top by the seafloor and the base by HK80 surface. The
thickness ranges from 300 ft to 1200 ft (Figure 5.3 C).
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These surfaces, mappable across the entire extent of the study area, provide a framework within which
to map the less continuous surfaces that bound mass failures across the area.

5.2 Preliminary Observations of Ten MassFailures

Dozensif not hundreds, of individual mass failures can be found in the Thunderhorse study area.
Both Attached and Detached MTCs are observed (sensu Moscardelli and Wood; 2007) but are herein
divided into those failures Sourced from the roof of the diapirs selgse sourced from outside the
basin (Fig, 5.5). The latter are of two types; those that enter the Thunderhorse basin and are confined to
the Thunderhorse area, and those that enter the Thunderhorse base and overwhelm the basin, being
deposited wikbeyond the basin margins. Ten mass failures of different types have been selected for
detailed analysis and are discussed below.

To further illustrate the characteristics of these ten mass failures, two charts are introduced for
comparison with global mass failures as documented by Moscardelli and Wood in 2015 And 6 mass
failures in the West of the Mississippian Canyon by Wu €2G20 (Figure 5.4). These charts provide a
visual representation of how the Thunderhorse basin mass failures compare in terms of thickness and

volume to those who observed globally.
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Figure5.4 (A) Graph displaying the relationship between thickness (Km) and volume (Km3) of
Thunderhorse mass failures compared to global mass failures, (B) Graph displaying the relationship
between the thickness (Km) and area (Sq Km) of Thunderhorse mass failnpseo to global mass
failures.
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5.2.1 Mass Failure 1 (MF1)
5.2.1.1 Observations

MF1 and MF2 appear to be nearly simultaneous events but are not the same event. It is possible that
they merge into the same proximal source area, but such observations are beyond the extent of the data.
They will be described separately here.

MF1 is the largest of the basin confined failures documented in the study area (Figure 5.5).

It is bounded at the base by the 1.3 ma surface and at the top by the locally mapped TMF1 surface
(Figure 5.6). The base of MF1 is erosional in places, buenasional in other areas (Figure 5.7). MF1
covers an area of 219.2 sq km with its eastern artiern extents beyond the study area It is
volumetrically 43.2 cubic km of material with a maximum length in the study area of 28.2 km and a
maximum thickness of 330 m (1100 ft), ( Figure 5.8). It appears to be thickest in its toe region: Twenty
four individuals, large, rafted blocks are mapped in MF1. They show minor internal deformation, with
blocks attached to the basal surface composed of one facies type, and another set of blocks detached and
“fl oating” at the t op oatiestypee Allfthe lnlogks are sarpoanslesl by ao f a
third facies type composing a flow matrix. Details of these blocks and various facies are discussed in
Chapter 4 of this thesis. An RMS amplitude map shows the different reflections of the four zone of the
flow, including a northern zone of flow confinement, a more southward adjacent zone of flow
confinement breaching, a transition zone and a compressiorafi-iosy zone to the far south (Figure
5.9). The flow appears more confined to the north of the sitely where it impacts the northeastern
margin of the Thunderhorse structure. The entire western margin of this flow where it runs along the
Thunderhorse structure is much steeper than the eastern flow margin. A ponded wedge of seismically

low amplitude naterial overlies MF1 in places, forming a healing phase deposit.
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Salt

Figure5.5 A base map shows the distribution of all mass failure that are documented in the study interval
in Thunderhorse basin.

5.2.1.2 |Interpretation :

MF1 originates from alope location to the north and spreads around the eastern side of the
Thunderhorse salt structure but not over it. The toe of the flow impacts a smaller salt structure along the
southern margins of the study area and compressional thrusts form in dfi¢hiedow. The flow can be
divided into a northern zone of flow confinement, a southernly adjacent zone of flow confinement
breaching, an area of transition and finally a compressional toe to the far south. The blocks in MF1
present an environment fhigh risk drilling as the blocks may present a variety of pressures, bed angles
and material compositions.
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Figure5.6 Inline section 6630 extracted from the 3D seismailtime full stack, interpreted (lower) and uninterpreted (upper). MF1 which is
bounded at the top by the TMF1 green horizon and the base by the 1.3 Ma horizon. The base of the failure (orange da3medrketize

basal shear zone as a highly erosicoualace of varying depth. The healing phase deposit is shown between the green TMF1 and the Yellow top
horizon. MF10 is also shown on this cross section, bounded at the base by the 3.6 red horizon and at the top by MielQuinolezon.
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Figure5.7 Structure map of the 1.3 Ma horizon shows the basal erosion of the MF1 flow, from the zone
of confinement where the flow is highly erosional southward to the flowtpen where erosion is

minimal.
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Figure5.8 Total isopach map between the 1.3 horizon and TMF1 horizon showing the thickness of MF1.
Note the change in the axis of thicks, ranging from nsailith in the more proximal portions of the flow

to becoming eastest as the flow encounters the salt maat®msy the southern edge of the study area

and begins to thicken through thrust embrication.
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Figure5.9 Map of the root mean squared amplitude (RMS) 198 m above the 1.3 ma surface. (Structural
zoning of the MF1 failure is reflected in the map with the toe of the flow showing high amplitude
thrustsembricated with axes oriente\E a transition zone of flowvith highly chaotic, disorganized
amplitudes, a zone of confinement in the northernmost areas where the flow becomes confined between
the Thunderhorse salt structure, and a zone of confinement breaching where blocks; oriented parallel to
flow in the zoneof confinement, reorient themselves in-&8\Eaxis direction and begin to spread outward.

5.2.2 Mass Failure 2 (MF2)

5.2.2.1 Observation:
Mass Failure 2 (MF2) is located in the NW portions of the study area and extends from the North to
the South and SW (Figure 5.5). MF2 is considered the sdaogest confined mass failure documented
in the study area. It seems relatively time equivaletht the MF1 failure, but they are treated here as two
separate events. MF2 is bounded at the base by the 1.3 Ma horizon and at the top by the locally mapped
TMF2 horizon (Figure 5.10). The east margin of MF2 is bounded by the Thunderhorse salt diapir and
causes collateral damage along this margin similar to that observed in MF1. The structure map of the base
of MF2 shows clear erosion at the toe and local erosion in the transition zone (Figure 5.11). The top
surface of MF2 exhibits high topography andvertain by very low amplitude reflections, interpreted as
healing phase gravity flow deposits (Figure 5.10). The failure covers an area of 101 sq km and has a

volume of 23.2 cubic km of material, with a maximiength in the study area of 18.6 km.
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Figure5.10 An Inline section shows MF2, MF7, MF8 and the healing phase deposits about MF2.

23



The crosssection and the isopach map show that MF2 is thickest at the toe; 1®@&ifnum and
thins towards the north (Figure 5.10) and (Figure 5.12). Although it does seem to impact the
Thunderhorse salt uplift to its east, MF2 does not show any evidence of blocks. The basal shear zone of
MF2 is completely deformed. MF2 has a high reflectionrisity (Figure 5.13) and spatially appears to
be the distal transitional zone and the toe zone of a larger flow with the toe zone showing an abundance of
thrustfaulting, deformation, and structural thickening of the flow.
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Figure5.11 A structure map of the 1.3 horizon shows the distribution (dashed line) of MF2, originating in
the north and flowing south to abut up against the western side of the Thunderhorse diapir and the
northwestern edge of the SW diapir. It is highlgsional inthe distal toe area with local areas of erosion

in the transitional zones
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Figure5.12 A thickness map of MF 2 between the 1.3 Ma and TMF2 horizons. Thicknesses shown are in
feet.
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5.2.2.2 Interpretation:

MF2 originates from a slope location to the north and spreads around the western side of the
Thunderhorse salt structure but not over it. It impacts the northwestern side of the Thunderhorse structure
as it enters the basin, but this interaction doesppéar to generate any large sheared off blocks as in
MF1. The transitional and the compressional thrust fault zones are seen in the data (Figure 5.13). The
flow is classified as a frontally emergent mass failure (Figure 5.10:Waetinez, et al., 2006)he basal
regions of the mass failure appear to mix with the underlying material forming a sandy basal shear zone.
A healing phase sequence can be seen overlying the failure that is interpreted here to consist of turbidite
deposits. The flow abuts up &gst a smaller salt diapir at its distal end, causing it to dramatically
thicken along compressional thrusts. This thickened mass shows high amplitude as it emerges, ramping
over mass failure 8, and ponding later healing phase deposits south ofdbdsiisle that some of the
bright amplitude is due to gas accumulation in this thiaugited high mass, however accumulations are

extremely dissociated within thrusted blocks.
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Figure5.13 An RMS map 197 m above 1.3 ma horizon shows the transition and the toe zone of MF2. The
bright amplitude region along the southern margin of MF2 reflected with thrust thickened abutted toe of
the flow.
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5.2.3 Mass Failure 3 (MF3)
5.2.3.1 Observation:

MF3, the third largest basin confined mass failure, is in the southern portions of the study area (Figure
5.5). Its extent is entirely imaged by the data. MF3 issues south to north and is bounded at the base and
top by the BMF3 and TMF3 surfaces, respesiiFigure 5.14). The structure map of the base MF3
shows clear erosion in the proximal areas of the flow (Figure 5.15). There is no evidence of the erosion in
areas where the MF3 flow overlies MF4. The top of MF3 is topographically complex (FigureNsiZB4).
shows a moderately bright seismic amplitude at the base and a low amplitude at the top, with small thrust
faults at the toe of the flow. MF3 abuts the SW salt diapir and overlies MF4 along its east margin and at
its toe. The cross section and the mdpmap show that MF3 is thickest in its proximal region (330 m
max; 1100 ft) and thins at the toe where it overlies MF4 in north side (Figure 5.16). It covers an area of
119 sq km and it is volumetrically 17.9 cubic km of material with a maximum lengfte istudy area of
12.4 km. Twentyseven individual, large, rafted blocks are mapped in MF3. They are relatively
undeformed but more northerly located distal blocks (north) do show some degree of deformation (Figure
5.14). Al l bl ockat arat dehachepg ahdthé fl ow, and

Blocks are thoroughly discussed in Chapter 6 of this thesis.

5.2.3.2 Interpretation :

MF3 originates from the southern diapir and spreads to the northeast. The flow is confined by a SW
diapir in the east. The basal shear zone is mixing with a substratum material interpreted to be submarine
channel levee facies that is sandy in nature.flbweis classified as a frontally emergent mass failure
(FreyMar tinez et al ., 2006; Figure 5.14) as it “emer
composition of the underlying MF4 is interpreted to be quite muddy (see discussion below) and may
preset a resistant substrate to the younger MF3 flow causing it to ramp up and over MF4. As with MF1,
the abundance of large, rafted blocks in MF3 creates an environment faiskighilling as the blocks

may present a variety of pressures, bed angles atetial compositions.
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Figure5.14 An inline seismic line extracted from the 3D survey showing MF5, MF6, MF3, MF4, all
overlying horizon 1.3 Ma. Note the blocks in MF3 and the strong emergent nature of MF3 over the older
MF4 flow. Strata underlying MF3 and MF4 show high amplitude, channelized agedl@rchitecture,
suggesting a sandy nature, a possible indicator of sand in the MF3 and MF4 basal shear zones.
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Figure5.15 A structure map of the BMF3 shows the erosion at southern proximal end of the flow (blue)
and little erosion at the northern (light green) end of the flow as it thins northward.
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Figure5.16 A thickness map between TMF3 and BMF 3 shows the thickest zone located at the proximal
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5.2.4 Mass Failure 4 (MF4)
5.2.4.1 Observation:

MF4 initiates from the southern side of Thunderhorse and runs out southeast of the Thunderhorse
diapir (Figure 5.5). Itis the fourth largest confined mass failure event documented in the basin. MF4 is
bounded at the base by the BMF4 horizon and at theydMF4 (Figure 5.14).

The basal surface does not show any evidence of erosion (Figure 5.17) and the top is a relatively
continuous and planar surface . MF4 is completely imaged in the study area. It is bounded on its eastern
side by the MF1 and on its western side by MF3. Mt uniform thickness in the proximal zone and
gently dips to the south, where it spatially narrows and increases in thickness. It covers an area of 67 sq
km. It is volumetrically 6.7 cubic km of material with a maximum length in the study area of 1@Bckm
a maximum thickness of 201 m (650 ft), (Figure 5.18). MF4 consists of a low amplitude, transparent
seismic facies that do not show evidence of deformation or any rafted blocks. Unlike some of the other

mass failures, there are no apparent amplitmdenalies associated with this flow (Figure 5.19).

Feet
P 7600

5 Km

%

¢

N

Figureb5.17 A structure map of basal surface of MF4 (BSF4) shows no evidemtraroftic basal erosion
and a gentle dip of the basal surface to the south. In addition, no faulting is observed in seismic in the
MF4.
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Figure5.18 A thickness map between BMF4 and TMF4 shows thafithebeing thickest at the distal as
the flow does not overlie by MF3.

Figure5.19 An RMS map 91 m above the base horizon (BMF4) of MF4 shows that MF4 has a uniform
reading.
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5.2.4.2 Interpretation:

MF4 originated from the Thunderhorse diapiric structure due to active tectonic uplift and
destabilization of slopes. These seismic facies are known to be vegrdined and muddy, with poor
permeability creating a high probability for sealing in thiessuface. The lack of observable failure
bound faults supports the interpretation that this may be muddier facies that simply absorb the structural
movements ductily without much brittle fracture. These facies are seen in many interpreted mass failure
everts documented around the study area and appear to indicate the same petrophysics characterization.

Well logs characterization and seismic facies are discussed in more detail later in the chapter.

5.2.5 Mass Failure 5 (MF5)
5.2.5.1 Observations

MF5 is an extremely large failure that covers the entire 1188 sq km of the study area. It appears
unconfined and unaffected by the minibasin topography (Figure 5.5). The base of MF5 is the BMF5
horizon and the top is the TMF5 horizon (Figure 5.14). Tise Isarface of MF5 is eroded and it is highly
eroded above the Thunderhorse diapir. Erosional lineations along this basal surface indicate a direction
flow; at least in some areas, from NW to SE (Figure 5.20). It has a maximum thickness of 300 m (900 ft)
with an average thickness of 102 m (334 ft; Figure 5.21). The thickest zone in the flow is in the proximal
areas (north to northwest). It starts to thin distally in the study area, but this may be a local phenomena as
opposed to any indication that the flisterminating. MF5 consists of two main seismic facies; it is
chaotic at both its base and top but shows seismic continuity internally. The RMS map does not show any
evidence of high reflections within the failure but high amplitudes above the salbdiegté ripped up
salt fragments in the flow (Figure 5.22). Well logs indicate that MF5 has a sandy nature, especially in its

basal material.

5.2.5.2 Interpretation:

MF5 may be an attached mass failure (sensu Mosca
much. NWSE oriented drag marks at its base indicate translation from regions of the Gulf lowstand shelf
edge occupied by the ancestrial Mississippi D@Ma et al., 2020). Its sandy nature would suggest a
sandy sediment source; supporting a lowstand shelf edge origin, but due to the erosional nature of its
base, such lithologies could easily be reworked from previous sandy turbidite deposits. Théafipay is
enough to overwhelm the salbred anticlines at the seafloor. The sandy nature of the flow might suggest
slightly more permeability in the material than other deepwater hosted flows, but permeability will still be
low. However, on a seal qualitgade the material would present a higher seal risk (Cardona et al., 2016).

The structure map o n -modaldistfibation otirelief brsthe basad surfasehao ws a b
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possible indicator of suborizon diapiric topography influence. This flow originates from a much more
westwardnorthwestward location than MF1 and MF2, both of which originate from more northward

locations.
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Figure5.20 Structure map on the base BMF5 surface. Mass failure shows some dramatic; up to 650 m
(2000 feet), relief on the base of the MF5 flow, with highs in the base correlated to underlying salt highs
on the seafloor as the flow navigated southward. Thisosegihleetopography interacts with the mass
failure processes to produce anbbdal architecture at the mass failure base.

Figure5.21 Thickness isopach map of the MF5, bounded at the base by the BMF5 surface and top by the
TMF5 surface. Thickest portions of the failure lie in the southern areas of the study, showingseo nw

oriented linear thicks of up to 100 feet
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Figure5.22 RMS amplitude map over the mass failure 5 showing few trends in amplitude outside of the
diapirs.

5.2.6 Mass Failure 6 (MF6)
5.2.6.1 Observations:

MF6 is an extremely large failure that covers the entire 1188 sq km of the study area. It appears
unconfined and unaffected the minibasin topography (Figure 5.5). The base of MF6 is the BMF6 horizon
and the top is the TMF6 horizon (Figure 18). The badaseiof MF6 is eroded and it is highly erosional
over the top of salt topography, where the flow thins and shows a high degree of internal faulting. MF6
shows prominent lineations along this basal surface that indicate a direction flow; at least anesmne
from NW to SE (Figure 5.23). It has a maximum thickness of 300 m (900 ft) with an average thickness of
116 m (380 ft; Figure 5.24). The thickest zone in the flow is in the proximal areas (north to northwest).
The RMS map does not show any eviderideigh reflections within the failure (Figure 5.18). There is

no evidence of rafted blocks, but there are some remnant blocks observed in the base of the flow.
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Figure5.23 A structure map on thigase of MF6 (BMF6 horizon) shows the influence of the

Thunderhorse salt structures on the mass failure as it moved southeastward. Erosional lineations trend
NW-SE and the overall surface dives to the south. Topography on the basal surface ranges fegeto 200
Several fault lineations can be mapped in association with the basal surface.

5.2.6.2 Interpretation:

MF6 may be an attached mass failure (sensu Mosca
much. NWSE oriented drag marks at its base indicate translation from regions of the Gulf lowstand shelf
edge occupied by the ancestral Mississippi D8Na €t al., 2020). Its sandy nature would suggest a
sandy sediment source; supporting a shelf edge origin, but due to the erosional nature of its base, such
could easily be reworked from underlying sandy turbidite deposits. The flow is large. Largh tmoug
overwhelm the saitored anticlines at the seafloor. The sandy nature of the flow might suggest slightly
more permeability in the material than other deepwater hosted flows, but permeability will still be low.
However, on a seal quality scale the en@l would present a higher seal risk (Cardona et al., 2022). The
failure-confined faults that appears in the base of the MF6 indicate salt activity in the basin during and
immediately following the flow deposition, and thickness trends suggest drantatgctions between
diapir features and mass failures. This flow originates from thewegiwest in contrast to MF1 and

MF2, both out of basin flows that originate from the north

34



Thickness betwoen Top MPS end Dese
Thickness depth US]

[ 800.00 l

—500.00

Figure5.24 The isopach thickness map of MF6; calculated between BMF6 and TMF6, showing dramatic
NW-SEtrends in thickness indicating flow directions and reworking of material from Thunderhorse basin
diapiric highs.

5.2.7 Mass Failure 7 (MF7)
5.2.7.1 Observations

MF7 is a detached, basgonfined mass failure, found on the western side of the Thunderhorse
structure (Figure 5.5). The MF7 upper surface is the 1.3 Ma horizon and the base of the MF7 is the BMF7
horizon. The basal sur f azoeedueto pbsmplacement sait activtyhe f | ow
(Figure 5.10). The base surface shows erosion in the proximal zone and is locally erosion in the transition
regions and the toe of the flow. Like MF3, MF7 hosts from a basin diapir; likely due to weakn&kses an
movement of crestal faults, and is thickest in its proximal zone, decreasing in thickness as it runs out
(Figure 5.25). Several madsilure-contained normal/listric faults characterize the region most proximal
to the diapir (Figure 5.26). MF7 covers amea of 54.15 sg km and is composed of 8.6 cubic km of
material. It has a maximum length of 5.7 km. The entire failure is dominated by very low amplitude,
chaotic facies, however there are a few high amplitudes in the top surface highs of the prartioms p
of the failure, suggestive of gas presence. Some highly deformed blocks are found in the proximal zones

of the failure, but they are very small in size (Figure 5.26).
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Figure5.25 A thickness map between BMF7 and 1.3.Ma

Figure5.26 A seismic cross section extracted from the larger data volume shows MF7 bounded by a
normal fault at the toe and in its proximal head region.
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5.2.7.2 Interpretation:

MF7 originated from the roof of the SE diapir likely along a major crestal fault. Some fadurel
faulting occurs near the origination point in the location of several large slump blocks. However, the flow
very rapidly turns very transparent and homagers suggesting a muddy, homogeneous lithology. The
flow is source limited, as evidenced by its narrowing and thinning away from the source. It is likely a
lower risk to drilling as it shows little variability in its internal composition.

5.2.8 Mass Failure 8 (MF8)
5.2.8.1 Observations:

MF8 is a detached, basaonfined mass failure, located in the SW portions of the study area. It
appears to originate from the southwestern margin of the Thunderhorse structure and extends to the NW
(Figure 5.5). The MF8 upper surface is the TMF8 and#s= of the MF8 is the BMF8 horizon. MF8
immediately overlies MF7, and is buttressed at its front by MF2, causing MF8 to inflate in size as it runs
into MF2 (Figure 5.10). The base surface is not comprehensively erosional but does show local erosion
(Figure 31). MF8 covers an area of 36.2 sq km and is composed of 3.8 cubic km of material. It exhibits a
maximum length in the study area of 6.8 km. The maximum thickness of 170 m (560 ft) is located at the
distal zone where the flow buttresses up against Mife 5.27). MF8 is dominated by seismically

chaotic facies with an abundance of interspersed amplitude highs.
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Figure5.27 A structure map of the base MF8 shows a large fault cutting the base, indicatiagdyn
likely postfailure salt movements. Basal surface shows a unimodal distribution of basal topography,
suggesting little influence by underlying bathymetry on erosion.
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5.2.8.2 Interpretation:

MF8 originated from the roof of the SW diapir initiated by active tectonic uplift and destabilization of
diapir slopes. The seismic facies indicate muddy, likely low permeability lithology, although small bright
reflectors dispersed throughout may suggesia | | pockets of gas. The uni mo
thickness is indicative of simple confined failures whose thickness is a function of flow composition and

runout.
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Figure5.28 Thickness map of MF8 between the base surface (BMF8) and the top surface (TMF8) shows
that MF8 is thinning at the flank of the SE diapir (east of the map) and thickening at the toe (NW of the
map).

5.2.9 Mass Failure 9 (MF9)
5.2.9.1 Observations:

MF9 is located in the north of the study area (Figure 5.5) and is surrounded by the Thunderhorse
diapir on three sides. MF9 has of very limited extent covering an area of 25.11 sq km with a maximum
length of 7.4 km. Itis composed volumetrically of 0.8Dic km of material, . The top and base surfaces
are TMF9 and BMF9, respectively (Figure 5.29). The basal surface shows erosion and it is most
prominently eroded at the toe (Figure 5.29; 5.30). The flow appears quite homogeneous, with no obvious
deformaton or rafted blocks observed. Seismic facies within the flow are very low amplitude and
chaotic. The maximum thickness up to 213 m (700 ft) is located at the distal zone of the flow (Figure
5.31).
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Figure5.29 Seismic cross section extracted from the larger data volume showing the TMF9 and BMF9
horizons that bound MF9. Location is shown in the figure.
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Figure5.30 A structure map of base MF9 (BMF9).
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5.2.9.2 Interpretation :

MF9 originated from the roof of the Thunderhorse diapir due to simple slope oversteepening and loss
of cohesion. MF9 exhibits very loamplitude ands interpreted here to be lithologicaltyuddy. The
RMS map shows a high reflection in the proximal zone, which likely indicated material that was derived
from the roof carapace and walls of the diapir.
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Figure5.31 A thickness map between TMF9 and BMF9.

5.2.10 MassFailure 10 (MF10)
5.2.10.1 Observations:

MF10 is located along the eastern margin of the study area (Figure 5.5), but is entirely imaged within
the study area. MF10 extends to the West and is an older failure, bounded at its base by the 3.6 ma
Surface and at the top by TMF10 (Figure 10). Thectire map of the base MF10 shows there is erosion
in most places (Figure 5.32). MF10 shows very low amplitude facies and small rafted blocks that are
highly deformed and have high reflectivity. These blocks are floating at the top of the flow, as well as
occurring along the base of the flow. MF10 covers an area of 39.2 sq km, and it is volumetrically 9.8
cubic km of material, with a maximum length in the study area of 4 km and maximum thickness 200 m
(656 ft) (Figure 5.33).

5.2.10.2 Interpretation :

MF10 originated from the southeast diapir, spreading westward across the study area. Analysis reveals
the presence of eighteen deformed blocks within MF10, each exhibiting high reflections indicative of

significant internal deformation. The seismic faaaracterizing MF10 are predominantly very low
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amplitude and chaotic, suggesting a muddy composition throughout the mass failure. This interpretation

is further supported by RMS maps, where these blocks appear as high amplitude spots, highlighting areas
of interest within the broader mass failure caht&/hile MF10 generally presents a low risk to drilling

due to its predictable nature and homogeneous internal structure, caution is advised when approaching the
proximal areas where the deformed blocks occur. These blocks are characterized by diffarent s

facies and internal compositions compared to the surrounding muddy and low amplitude areas of the

flow, and they may pose a drilling hazard.
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Figure5.32 Surface map of the base horizon 3.6 ma (base MF10).
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Figure5.33 Thickness map between 3.6 ma surface and TMF10
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5.3 Petrophysical Characterization of MassFailures.

Five wells;911-1, 9522, 8222, 7371, 7371 (Figure 4.1), penetrate and log the section across which
the ten interpreted mass failures occur. Only eight of the ten discussed mass failures are actually
penetrated and logged by these wells; MF 8 and 9 had no welratons. Wells were used to examine
the petrophysical nature of mass failure deposits and the nature of intervening strata.

Wu et al. (2021) is one of the few existing papers that document the naturebaissalhosted mass
failures in the Gulf of Mexico, and there are few works beyond the Gulf to draw on. Wu et al. (2021)
working to the NW of the Thunderhorse field in Bl&lkof the Atwater Valley (AT) protraction area in
the northern Gulf of Mexico, approximately 130 km southwest of the modern Mississippi Delta mouth,
noted that all mass failures tended to have a higlvem velocity (Vp) and resistivity (Rt) values than
surrounding normass failure intervals (Wu et al., 2021). Wu et al also discussed that mass failure are
denser than bounding strata, typically being densest within their basal shear zones.

These observations suggest that mass failure intervals, or at least their mudhkteaetions, are
more compacted than overlying and underlying background deposits. Logs within the Wu et al., study
area shows that the Vp trend of the sandy MFs shifippbhto a constant low Vp response as compared
to the overlying mudstorech intervals. This response indicates that the sandstone is less compact than
the mudstone rich intervals. Furthermore, sandstwheMFs are only weakly resistive when compared
to the overlying mudstorech intervals, suggesting that the sandstocie intervals retain higher
porosity.

Log data were used to characterize eight of the ten mass failures in the study area. Results are shown
below. This work is not meant to be an exhaustive study of log expression in mass failures, since, as
indicated above data are limited. This study regmessthe most abundance of log data through mass
failures that has been publicly compiled. For purposes of my work, | will use a simple association of logs
from Powley (1990) as indicators of formation pressure (Tallle Gamma ray, Resistivity, Densiand
velocity are the most useful logs for determining compaction states, porosity states and pressure states,

and drilling rate in a formation.
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Table5.1The table summarizes typical responses in “pu
pressure

Log Type Overpressure Underpressure
Gamma ray May shift to negative May shift to positive
Drilling rate Faster Slower

Resistivity Lower Higher

Density Lower Higher

Seismic interval velocity Low High

5.3.1 MF1 and MF2

Log data from the 731 well support the division of MFihto an upper zone (2) and a lower zone (1)
(Figure 5.3). MF1 zone 1 represents the basal shear zone material of the MF1 failure and shows a very
low gamma response near the top of this zone (Figu#; si3ggesting a sandy nature, and a decrease in
the resistivity. All these variables suggest a sandy basal deposit with less compaction overall compared to
the MF1 zone 2 overlying it. The change from MF1zonel to MF1zone 2 is dramatically expressed on the
gamma log as a mudding up of lithology and onrdséstivity as a slight overall increase compared to the
units underlying it.

Similar to MF1, the logs and the seismic facies through MF2 support breaking this event bed into two
zones; a lower zoneMF2 zone 1 and an upper zor®&F2 zone. The super bright amplitude nature of
the MF2 seismic horizon is reflected in the log data deamatic change in gamma response in the
interval overlying MF7 suggesting that the MF2 zone 1 interval is a sandier, seismically chaotic, low
amplitude facies.

The 7311 well shows a large upward change in gamma; a sanding up, a sharp increase in porosity, a
sharp decrease in resistivity and a sharp decrease in velocity across the MF7/MF2base boundary. The
very sandy nature of this material would suggest a peoy seal across this surface. The break between
MF2 zone 1 and MF2 zone 2 is reflected in logs by a sharp change from underlying sandy to overlying
muddy materi al (~8180"), and a change from under|
resistivity, lower porosity and much faster velocities. The overall higher velocities hold consistent

throughout the MF2zone 1 interval, decreasing slightly towards the top of the flow deposit, however
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density and resistivity vary throughout as does sand:shale. The overall trend in the flow is toward a

shalier upward materi al unt il overlain abruptly

Feet |-

Figure5.34 Seismic section with location shown in inset map. The well 731_1 logs are tied to the
interval MF2 and MF7, Dashed black line demarcates the break between a low amplitude sheared
interval at the base of MF2 and the high amplitude main flow.

5.3.2 MF3 and MF4

MF3 and MF4 are both penetrated along the southern margin of the Thunderhorse diapir bylthe 911
well (Figure 5.35). MF4 appears to originate from the southern flank of Thunderhorse diapir, se the 911
1 well is penetrating MF4 in the transitiofi-flow position. In contrast, MF3 is penetrated by this same
well in the toe of flow, since MF3 forms along the northern flank of the southern diapir and flows up
against the Thunderhorse structure. The- D52l penetrates MF3 in a more proximal position bgsdo
not penetrate MF4.

MF3, the boundary between the MF4 and the overlying deposits of MF3 in the well 911_1 is marked
by a sharp low gamma spike in the base of MF3. The distal MF3 deposits appear to have similar muddy
lithology intervals to those of the underlying MF4 but the makdérecomes sandier towards the top of
this interval, with sands found in D foot thick intervals that show up as low gamma spikes in the
gamma logs. The velocity log shows a sharp distinction between the MF3 and the underlying MF4 and
overlying sady turbidite interval. Velocities are slower in the underlying MF4, and much slower in sandy
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turbidites that overlie MF3. Similar boundaries occur in the density logs and resistivity logs with MF3
showing a sharp increase in density and resistivity compared with the surrounding strata. The higher
velocity, resistivity and density in MF3 is possildlue to compaction in the compressional emergent toe
of this flow compared to the MF4. This interval may drill slower and be more difficult to penetrate, but
logs suggest that it is compressed (low porosity) and tend to be Underpressure compared/éo #mello
upper strata. (Tablg.2).
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Figure5.35 Seismic section with location shown in inset map. The wells logs from the 952_1 and 911 1
Wells tied to MF3, MF4, MF5, and MF6.

MF4 shows a high gamma throughout the flow deposit, and a similar resistivity to the deposits
beneath it. It is seismically transparent with little recognizable architecture. The Well 911 1 (Figure 5.35)
and the Well 822_2 (Figure 5.36) shows the logsgatssandy/silty interval right at the basal contact
with the underlying material, which themselves show a sandy character, indicating possible localized
incorporation of sand into the basal shear zone of MF4. The velocity in the well logs of 911_1 isf MF4
very similar to the underlying material but slower than the overlying MF3. The gamma log data and the
seismic facies in this flow, as well as its detached origin support an interpretation of its muddy nature. Its
velocity and density suggest it might @eerpressure and the logs suggesting smooth and fast drilling rate

of the penetration in this mass failures (Teh®.
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Table5.2 The table shows eomprehensive overview of well logs corresponding to various mass failure incidents encountered. It details the
responses observed in pressure compaction, porosity, and the rate of penetration for each Mass failure.

Mass Gamma Resistivity Density Velocity (VP) Pressure Compaction Porosity Drilling rate
failures/Logs Ray (GR) (RT) (RHOB) (ROP)
MF1 Zone Decrease Decrease N/A N/A- Lower than MF1 Less compacted than Higher than N/A
1 Z2 MF1 Z2 MF1 Z2
Zone High High N/A N/A Higher than MF1 More compacted than Low N/A
2 Z1 MF1 Z1
MF2  Zone Low Sharp Variable high comparedtc  Lower than Low High Slow
1 decrease overlying zones overlying (MF7) compared to
and underlying MF2 Zone 2
(MF7) and MF7
Zone High High Variable High Higher than MF2 High Low compared Fast
2 Zone 1 and MF7 to MF2 Zone 1
and MF7
MF3 Muddy Sharp Sharp Higher than Underpressure High Low Slow and difficult
increase increase  overlying and to penetrate
underlying strata
MF4 High High High Slower than MF3  Overpressure Compacted but less Low Smooth and fast
than the overline MF3
MF5 Low decrease Low Increasing Normal Normal Variable, tends N/A
downward upward to be high
MF6 Low decrease Low Decreasing Normal Normal Variable, tends N/A
upward upward to behigh
MF7 High Moderate Moderat High Higher than MF2 Compacted Low Smooth and fast
to high e Zone 1
MF10 Variable  Moderate N/A N/A N/A N/A Low to N/A
to high moderate
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Figure5.36 Seismic section with location shown in inset map. The wells logs from the 822 _2 and 737_1
Wells are tied to the MF1, MF4, MF5, MF6, and MF10.

5.3.3 MF5 and MF6

MF5 and MF6 are both attached, unconfined mass failures that extend across the entire study area,
overrunning seafloor topography. These flows are penetrated in the 911 well along the northwestern side
of the Thunderhorse structure, as well as in the SdlRalong the southern edge of the Thunderhorse
structure. In both well 911 and 912, MF6 and MF 5 have a significant stratigraphic interval separating
them. This interval appears to be bedded continuous to discontinuous seismically, with some features that
are interpreted as leveed channels. Overall, it is low amplitude.

Logs through this intervening interval show it to have sevid@@ffoot-thick cycles of coarsening up,
sharp topped deposits in the northeast, but to relatively continuous sedimentary section in the southwest.

This interval shows a generally sandier nature, with lower density, lower resistivity and slower
velocities than the mass failure that surrounds it. MF5 is a relatively thin deposit; ~100ft where penetrated
by wells but the overlying MF6 is up to 300 fidk in the 912 well.

Both of these mass failures have a similar appearariogsiconsistent elevated velocity, density and
resistivity. Both show a shaley appearance (elevated gamma) with MF6 showing a slight sanding up

toward the top. One can note in well 91 the velocity decreasing in MF6 as you get into the upper,
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sandier portions of the flow. The VP, resistivity and density logs suggesting that MF5, MF6 have normal
pressure and normal compacted due to interbedded sandy with shale in those intervals. MF7 MF7

underlies MF2 in the 731 well. It shows a consistentlogga mma t hat presents a “ cheée
and moderate resistivity and velocity (DTC), similar to the underlying material. The seismic facies are
transparent, chaotic to discontinuous. All the data support the interpretation of MF7 as a muddy debris

flow. The MF7 differs dramatically from the overlying MF2 basal interval. ThelA&#Il shows a large

upward change in gamma; a sanding up, a sharp increase in porosity, a sharp decrease in resistivity and a
sharp decrease in velocity across the MF7/MF2basedary. High resistivity, density and velocity

indicate that MF7 is muddy, compacted, with low porosity and low pressure which indicates to smooth

and fast interval to drill similar to that in MF4.

5.3.4 MF7

MF7 underlies MF2inthe 731 we | | . It shows a consistent | ow
appearance, and moderate resistivity and velocity (DTC), similar to the underlying material. The seismic
facies are transparent, chaotic to discontinuousth&ltdata support the interpretation of MF7 as a
muddy debris flow.

The MF7 differs dramatically from the overlying MF2 basal interval. TheI7@&ll shows a large
upward change in gamma; a sanding up, a sharp increase in porosity, a sharp decrease in resistivity and a
sharp decrease in velocity across the MF7/MF2basedaoy. High resistivity, density and velocity
indicate that MF7 is muddy, compacted, with low porosity and low pressure which indicates to smooth

and fast interval to drill similar to that in MF4.

5.3.5 MF10

MF10 is a mixed amplitude, confined at-iwelt hed mas
but thickens to the southwest forming a concave downward deposit that erodes down into the underlying
bedded deposits. Gamma and resistivity logs in tielABell indicate that MF10 is an unusual deposit
with a very serrated gamma appearance in tandem with changes in resistivity. It does not appear to be
very mudrich and shows a moderai@high amplitude, although chaotic appearance. We interpret this

deposit to have originated from a carapace failure of the surrounding salt structures.

5.4 Summary of The Petrophysical L ogs

Mass failures have been noted by other authors (Wu et al., 2021) to exhibit higher density and faster
velocities than surrounding sediment background. However, based on an abundance of well data in the

Thunderhorse basin, we would say that these obsemgadthough true, are more nuanced than they
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appear. Density, porosity, resistivity, and velocity of a deposit continue to be a reflection of lithology;
however, we believe that there are some indications that the degree of compaction is reflected in the
logging suites as well. Muddy material showsasiety of densities across the spatial extent of a mass
failure, being higher in the compressional toes (MF3) than in proximal regions of the flow.

The basal shear zone of type 2 failures (failures that sourced from the slope or nearby basin) have the
highest velocity observed in the study area and have high ddfiaily, the three different types of
mass failures have some interesting differences between those hosted from outside the basin and those

hosted inside the basin. However, more investigation is required.

5.5 SeismicFacies

Seismic reflectivity within failures belies their composition and can give us some indication of the
l ithologic character and petrophysical character
seismic properties, refers to some mix of litlyglppermeability and porosity conditions and fluid types
within the deposits. It may be difficult to derive the contributions of each of these variables to amplitude,
thus well data can provide important information regarding the relationships betwedé#&nderand
reflectivity. We see, from the previous chapter, that mass failures often show higher velocities and higher
densities than surrounding, néailed materials. In addition, we see that sandier mass failures show
internal discontinuous bright refttions that can be interpreted as rafted blocks; composed of a variety of
sand, salt, or even carbonate cemented material, or may be reflecting small pockets of trapped gas in the
low permeability failures.

Individual failures may be composed of multiple seismic facies-&H; Tables.3). Due to the
complex composition of mass failures, we consider not only reflector amplitude and continuity as
defining criteria, but also consider spatial extent of some seismic facies as appropriate criteria to classify

them as separate facies.

5.5.1 SeismicFacies 1

Seismic facies 1 are characterized by low amplitude and chaotic reflections with limited visible bed
bound faulting. SF1 is observed forming many mass failures hosted from within the Thunderhorse field.
Logs indicate that these facies are muddy, likath Wow porosity and low permeability. SF1 in the
study area is associated with MF4, MF9, and the transition zones of MF7 and MF105able

5.5.2 SeismicFacies 2

Seismic facies 2 are identified by high amplitude, wildly chaotic reflections containing a variety of

failure-bound faulting. SF2 is seen most frequently in the proximal areas of failures. Well logs suggest a
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mix of low and high Gamma Ray (GR), resistivity and density readings, indicating a mix of muddy, salty
and likely carbonate material derived from the roof and steep upper flanks of salt diapirs. SF2 is observed
forming MF8 and the proximal zones of MF7 avi&10.

5.5.3 SeismicFacies 3

Seismic facies 3 is composed of low to moderate amplitude chaotic reflections with a variety of bed
bound faults contained within the failure. These faults exhibit a variety of motions, including both
normal and reverse faults, and likely striltigp. These facies possibly hagmod, localizegpermeability
but will not show good connectivity over larger distances. The logs indicate that SF3 is sandy in nature.
SF3 is prominent facies in MF5.

5.5.4 SeismicFacies 4

Seismic facies 4 consist of high amplitude, laterally continuous reflectors in isolated pods, occurring
as erosional remnants or as rafted blocks. There islgteydl connectivity within individual elements.
The nearest well indicates these blocks are sandy in nature. SF4 is found in MF2, MF3, MF10, and as

remnant blocks in MF6.

5.5.5 SeismicFacies 5

Seismic facies 5 are high amplitude continuous reflectors that occur at the base of mass failures, often

as patches of material with variable thickness
well and the logs indicate that it is highlgraly, likely with good lateral connectivity. SF5 is found at the

base of MF6 (Figure 5.36).

5.5.6 SeismicFacies 6

Seismic facies 6 are low amplitude chaotic reflectors occurring in and around rafted blocks, or in the
mass failure body absent of rafted blocks. We interpreted these facies as matrix material which may be
composed of a variety of muddy and sandy constituents. The matrix may reflect variable porosity;
depending on its composition but show a consistent low permeability due to total lack of any continuity of
components. We see SF6 forming the matrix materidMF1, MF2, MF3, and MF10.
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Table5.3 The table shows all seismic facies in the study area and their characterizations.

NO Seismic Facies Image Seismic facies characterization Lithology Permeability and Seal  Occurrences in
Risk Mass Failure
Deposits
SF1 low amplitude chaotic with limited visible bed bound faulting Muddy Low permeability MF4,MF9,MF10
Logs indicate a muddy lithofacies. Poor permeability . , and the
Low seal risk "
transition zones
of MF7
SF2 high amplitude, wildly chaotic with a variety of failure bounc Muddy  High permeability due to Proximal zone of
faulting. faults and fractures MF7, MF8,
Proximal zone of
Mf10
SF3 Mixed to low amplitude chaotic witharious bed bound faults, Sandy Possibly good, localized MF5
both normal and reverse, and likely strike slip in their orientat permeability but not
showing good
connectivity over larger
distances.
SF4 high amplitude laterally continuousflectors in isolated pods. Sandy  Low to high permeability MF2,MF3,MF10
Occurring as erosional remnants or as rafted blocks. Depend on the
deformation
SF5 high amplitude continuous reflectors at the base of mass faill  Sandy High permeability The base of MF6
patchydistribution. Erosional remnants with a variety of High seal risk
lithologies, likely with good lateral connectivity 9
SF6 low amplitude chaotic reflectors occurring in and around raft Muddy Low permeability M1,MF2,MF3,M
blocks and within arabsent of blocks F10

Low seal risk
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CHAPTER 6 BLOCK INTERPRETATION IN MASS FAILURES

Large and small blocks are common but not ubiquitous constituents in salcbasimed mass
failures. Blocks are found in a variety of sizes and in a variety of orientations. These blocks may be
rafted, displaced from their origin and carried varyiegreges down flow in the mass failure, or hion
rafted. Nonrrafted blocks are typically located on the base of a mass failure and are erosional remnants of
underlying material surrounded on all sides by mass failure facies. This research will examiagahe sp
distribution of blocks, their size, shape and orientation relative to thelbasimding salt diapirs.

Rafted blocks are common features in mass failures, typically identified near the source areas or at the
toes of the mass failures (OHBanguino et al., 2020). Blocks may preserve internal stratigraphy to
varying degrees, depending on the magnitude fofrohation during transport (Gamboa et al., 2011).

They can present significant exotic blocks of material at the base of mass failures. Rafted blocks come in
a wide range of sizes, from meters to hundreds of meters, but size tends to decrease wittagetater t
distances (Gamboa et al., 2011). Additionally, blocks in MTDs can serve as viable fluid pathways, which
in turn increases seal risk (Gamboa et al., 2011).

The orientation of blocks has been suggested to organize as the flow moves basinward with blocks
becoming parallel to flow along the margins and blocks remaining perpendicular to flow in the distal
regions (Gamboa et al., 2011). Gamboa et al. (2011) finatdin some areas around salt diapirs in SE
Brazil, the longaxis orientations of blocks are variable, with no predominant directions evident.

However, in other areas, a clear trend in block orientation exists. Additional work is needed on rafted
blocks to better define predictive relationships between blocks and flow morphology.

In the Thunderhorse field many rafted blocked are observed around the diapirs with different size and
different deformation styles. They are found in association with different types of mass failure events.

They are observed in MF2, MF3 and MF10, all fioef different origins, sizes and types.

6.1 The Distribution of Rafted Blocks

Blocks are mapped in three of the ten mass failures: MF1, MF3 and MF10. MF1lihter@4éted
blocks; these blocks were likely transported from the more northern slopes. Their distribution is confined
proximally but they start to spread as the flow enters the Thunderhorse basin. MF3 has 27 interpreted
blocks located at the proximal zmnear the SW diapir, the source of MF3. MF10 also has 27 interpreted
blocks; however, blocks in this flow are the smallest in size and are located mainly in the proximal zone
of the failure, close to the diapir.

The map in (Figure 6.1) displays all the blocks that have been interpreted in the study area interval.

The sizes of the blocks may be similar within each flow but differ from one flow to another (Figure. 6.2),
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with shapes varying between MF1, MF3, and MF10. The largest average block sizes were observed in
MF1, followed by MF3, with the smallest blocks observed in MF10 (Figure 6.2).

The blocks sizes clearly show commonality within mass failure flows, and clearly show differences
between flows. The largest blocks are observed in the largest flow; MF1, with the smallest blocks in the
smallest of the three flows; MF10. Blocks size$4F3; the medial sized flow statistically group medial
in the data set. This observation suggests that
our expectations of block sizes to the size of the flow. However, the lack of obsereakkeiblmany of
the flows suggests that “not all fl ows are made
presence of blocks. It is possible that blocks below the resolution of the seismic (~13.5m) can be found in
other flow but without core or iage logs it is difficult to say this with certainty. The morphology of the
basal surface of these other flows show cats claw scour marks that suggest blocks are dragging along the
base of these flows, however sometimes such blocks are broken downrptaeesnent process and

can never be located.
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Figure6.1 Distribution map shows the blocks in MF1, MF3, MF10.

6.2 Morphologies of Blocksin Mass Failures

Blocks in MF1 and MF3 show an elongated avagw shape. However, in MF10 the shape of the
blocks tends to be spherical (Figure 6.2). In the esestion, blocks in MF1 and MF3 that appear to be
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“floating” near the top of the flow are narrow at
continuous or sergontinuous reflectors that show a variety of degrees of deformation (Figure, 6.4, 6.5).

The sphericathaped blocks in MF10 are loedtat the base of the flow (Figure 6.3). These basal

attached blocks narrow toward their tops and exhibit a chaotic internal character. All of these blocks

likely present different lithologies, bed orientations and pressure conditions than the sug ouvaiix.

This, in turn, poses significant drilling challenges and safety issues, challenging hole stability, impacting
drilling penetration rates and overall impacting the success of wells (Alves, 2015).
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Figure6.2 The plot shows the length and width of the blocks in MF1, MF3, and MF10.
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Figure6.3 Cross section shows the different size of blocks between MF1, MF10
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Figure6.4 Seismic line extracted from the data volume. Image shows the two types of rafted blocks of

Gamboa et al., 2011 with true detached rafted block in the top and basal attached blocks in the base of the
MF1 flow.
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6.3 Summary

Rafted blocks, both displaced and rdigplaced, are found in three of the mass failures in the
Thunderhorse study area; MF1, MF3 and MF10. Quantitative data on block maximum length, maximum
height and maximum width, as well as block volumes, Jaxig oientation and degree of deformation
were collected on each block (ntotal = 78). These are three very different mass failures in terms of their
origin and size. Block morphometrics show similarities within each flow, but statistically a different
nature letween flows. Block size appears to scale to flow size. Block shape may be associated with the
degree of mechanical reworking occurring within the flow transport process as opposed to simple matrix
rafting of blocks in the flow. No specific well penetoats occur in blocks, but caution should be used in
drilling blocky intervals as these blocks will possess varying lithology, bed aspects, degrees of internal

deformation and likely fluid pressures.
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CHAPTER 7 DISCUSSION

The Thunderhorse study area presents a unique opportunity to examine a variety of mass failures that

occur in salt basins and utilize at least five modern wells and logging suites that penetrate and document

the nature of these mass failures. The uppatigtaphic intervals were examined with a focus on

understanding the overburden in these important hydrocarbon basins. The following conclusions from

this study are considered most important:

1)

2)

3)

Three types of mass failures occupy the Thunderhorse basin; Bygautced from uplifts
surrounding the basin, Type-Xourced from outside of the basin but influenced by the
topography of the basin, and Type 8ourced from outside the basin and laggeugh to

overwhelm the basin topography. Type 1 failures are materially limited, meaning that they are
thickest near their headscarps and both thin and narrow in the direction of run out. They are short
and vary in composition but tend to be muddy. M&nhd MF 2 are examples of failure types 2.

The failures are less limited in material than Type 1 failures but exhibit extensively across the
basin in and around basin structures. They may or may not show large blocks. MF2 exhibits no
blocks, however MFEhows an abundance of blocks. These failures erode into basin structures
using their lateral energy to shear off portions of these structures, rafting the material out into the
flows. Type 3 failures are the largest events across the basin. Theyterfginaareas north of

the basin and overwhelm the topography of the basin which in places is up to 365 meters above
the seafloor at the time these failures; MF5 and MF6 occur. Both MF5 and MF6 show nearly 700
m of relief on their basal surfaces, howewams of this relief is likely associated with the

seafloor slope.

Mass failures are hosted from within the Thunderhorse Basin (MFs 3, 4, 7, 8, 9 and 10), from
nearby basins (MFs 1 and 2) and from areas far removed to the northeast shelf margin (MFs 5 and
6).

Different types of mass failures have been identified using some criteria. Mass failures sourced
from diapirs have very low seismic facies and chaotic facies; the internal structures cannot be
observed as they lie below the seismic resolution. This tyf®lofe is observed to have a strong

link to the halokinetic sequence and is mainly muddy in lithology, with the smallest blocks

observed located at the proximal zone.

Mass failures type 2, that originated from the slope, have two zones: the upper zone shows high and

continuous amplitude with highly deformed strata. The internal characteristics of these failures can be

divided into three zones: toe, transition, and tbe tonfinement zone. These failures are larger than

type 1 diapirsourced failures and have the highest seal risk. Blocks within these failures are the largest

observed within all failures.
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Mass failures type 3, originating from the Mississippian river, show38\lrag marks at the base
and have low to medium reflection and discontinued and chaotic facies. These failures cover all the study
area and extend beyond the study area. Type 3daihave the lowest average thickness compared to all
observed failures, and there is some evidence of basal attached blocks.

4) Logs indicate, like many mass failures, these mass failures present higher density and faster
velocities than surrounding sediments. However, these conditions occur regardless of lithology,
being just as prevalent in mudstones as sandstones. Logsdrtmtathe larger failures (MF1
and 2) exhibit clear basal zones of shearing and chaotic facies. Logs indicate that mass failures of
different lithology may interfere with one another during run out. For example, MF 3 initiates
from the southern diapir @amassive slump showing an abundance of extensional blocks sliding
northward with moderate to bright amplitude and eroding quite deeply into the section before
ramping up over an older MF4 flow. MF3 dies quite rapidly after this ramp, showing a very
limited area of embricate thrusts at its toe. In contrast, MF4 is a seismically transparent chaotic
zone with almost no observable erosion at its base. It initiated off the southern margin of the
Thunderhorse structure and, although maintaining a consibteknéss, spatially narrows
rapidly to the south. Based on well log penetrations and its transparent nature we interpret MF4
to be incredibly muddy lithologically. Although we lack density logs in this shallow horizon, due
to its muddy nature MF4 is likequite dense, explaining the tendency for MF3 to move around it
to the west and ramp up over it rather than try to erode the older flow.

5) The3d seismic datahow that mass failurdg/pe 1 6ourced from the diapirs located between
8,500 ft to 9,100 feet, have high velocity and density compared to all other failures, with the
exception of the basal shear zone of Type 2 failures (sourced from the slope). The resistivity
variable within this type is high in MF3 andidn MF4, and gamma ray analysis shows that
these failures are mainly muddy with some sandy spots, interpreted to be blocks.

Type 2 failures, which originated from the slope located between 7,900 ft to 8,500 ft in the study area,
are divided into two zones: the upper zone and the lower one. The lower zone represents the basal shear
zone and is sandy, having the highest veladityerved compared to all other failures and the background
sediments, and has high density and high resistivity. The upper zone shows different characteristics,
where the gamma ray indicates it's muddy and has low velocity compared to the basal shear zone.

Type 3 failures, which originated from outside of the basin and are located between 7,100 ft to 7,900
ft, are interpreted to be mainly sandy with some muddy intervals. These intervals have the lowest density
and velocity.

6) The blocks in type 2 (owdf-basin sourced confined failures) were found to be larger in size than

those in types 1 and 3. These blocks are also considered to be less deformed than the blocks in the
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failure types. Furthermore, blocks in type 2 failures area arranged in block trains, with the long

axes of these blocks being parallel to the flow. All of these blocks are found in the proximal zone

of the flow (north). Thaptopograpbykcseatingacongplexa f f ect e d
accommaodation that is later filled with healing phase gravity flows. Blocks in type 1 mass failures
(basinsourced failures) are smaller in size than those in type 2 mass failures and show no
predominant orientation of thrdong axis. All interpreted blocks in type 1 mass failures are

l ocated in the flow’ s proxi mal zones. Type 3

but do show some evidence for basal attached blocks.

7.1 Conclusions

It was the goal of this work to address three questions:
1) Can we distinguish differences in mass failures that originate from inside a minibasliagie-,
derived) versus those that originate from outside a salt minibasin (ie-dshgid)?

2) Rafted blocks are known to cause sealing issues in mass failures. How do raft elements distribute

themselves in salt diapitosted mass failures?

3) What role do mass failures play in the emplacement offpdste, healing phase deposits?

The emphasis in this research has been put on answering questions 1 and 2 and less so on question 3.
As the research evolved it was noted that a unique contribution to the literature lies in assessing the well
log expression of the many types of masafas, their key surfaces and nature relative to overlying and
underlying strata. Conclusions on this line include:

We can distinguish between mass failures that originate from inside the minibasin versus those that
originate from outside the salt minibasin. Mass failures originating from inside the minibasin are deemed
type 1 failures. These failures are material lgdjtmeaning that they are thickest near their headscarps
and they both thin and narrow in the direction of run out. They are short and vary in compbiséion.
possess a variety of rafted blocks of varying shapes and sizes, but within individual 8dMacthsizes
are clustered. Mass failures originating from surrounding basins but entering the Thunderhorse basin are
deemed Type 2 flows. They exhibit extensively across the basin in and around basin structures. They
may or may not show large blocksyt are volumetrically larger than Type 1 flows. Mass failures
originating from outside the Thunderhorse basin and likely from the distal sandy shelf edges are
considered Type 3 failures. They are spatially extensive, overwhelming the topographyasirtemd
passing south and eastward out of the basin. They show erosional, linearly scoured bases, but no rafted
blocks are identified in them. These flows are sandier than Type 1 and Type 2 flows.

Rafted blocks; both internal to the flow and bes#éhched, are found in type 1 and type 2 flows.

Block size is positively correlated to flow size. Block shape (rectangular vs spherical) may be related to
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the degree of mechanical erosion blocks experience in a flow. Rectangular blocks align with flow
directions. Blocks occur in the tops of mass failures as floating rafts that thin downward into the flow and
show limited compactional deformation, and asdasalocated, highly chaotic, rounded masses that
narrow upward from the base of the flow. Rafted blocks in Type 1 flows tend to be more abundant near
the headwall of the flows, decreasing in abundance downflow.

Healing phase fills were noted over all of the mass failures, often reflected in logs as sandy, fining
packages interpreted as distal turbidites fill overlying accommodation. Lack of time precluded further

analysis of these healing phase deposits.

7.2 Future Work

Healing phase deposits form significant reservoir targets in deepwater basins around the work that are
impacted by mass failures. Additional, systematic seismic geomorphologic and log analysis of these
deposits is needed and can be done in this area.

In addition, the minibasin in the Thunderhorse field requiredejpth investigation to understand how
each detached mass failure interacts with the diapirs at different scales. It is also important to examine
what these mass failures in minibasins loék Iin core. Further investigation is needed into the initial
triggers of both detached and attached mass failures.

Other exciting work can be conducted on other deepwater elements. Channel systems and lobes have
been studied by Diaz et al., but we believe that a deeper investigation is necessary, for instance, to
determine if there are any interactions between chayséms and MFs. A more detailed examination of
the geomorphology of the channels, overbank, and depositional lobes should be carried out in the future

to assess how the mass failure emplacements influence other gravity flow processes.
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