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ABSTRACT

An improve knowledge of the relationstbptween delta and slope deposition has
important applications to petroleum explioa and reservoir development. Few studies
have addressed reservoir-scsti@atigraphic architecture algrihe depositional profile of
prograding systems. The Eocene Sobr&dyenation contains 5.5 km of continuous
outcrop exposure from the shelf-edge delta to the distal slope. The Sobrarbe Formation
records a prograding system deposited dutiegfinal phases of the Ainsa Basin fill
succession. This study, conducted on one feortler parasequence of the Sobrarbe
Formation (maximum thickness 120 m), s stratigraphic columns, photopanels,
paleocurrent measurements, and mappetbge boundaries to document change in

stratigraphic architecture frothe proximal to distal slope.

Several proximal to distal slope clg@s in stratigraphic architecture are
documented in the parasequence. First, actutal elements change from proximal to
distal slope. Proximal sloperata contain a large proportiof mouth bar elements that
are directly associated with channel elemamid mudstone sheets. Medial slope strata
contain mouth bar elements, channel elesaverbank elements and mudstone sheet
elements. Distal slope strata contain adgsgoportion of mudstone sheet elements and
channel elements and overbank eleme®gsond, paleoflow direction change from
proximal to distal slope. Theroximal slope has a low palagecent diversity. The medial
slope has high paleocurrent diversity. Th&talislope has high [gocurrent diversity.
Area with high paleocurrent diversity argdrpreted to reflect area of high channel
sinuosity. Third, channel types are uniquelstdlbuted across slope profile. Proximal
slope channels are highly erosional, consigmoid-shape bars, and stack vertically to
build channel complexes. Medial slope hels are less erosional than proximal slope
channels. They display distinctive axis torgia changes of grainsize and do not contain
sigmoid-shaped bars. The channel stack Bethically and laterally to build channel
complexes. Distal slope channel do not condaiis to margin change in grain size and
they primarily stack laterally to build chael complexes. Fourth, channel geometry
changes down the profile. Channel inceemsthickness, width and aspect ratio

basinward. Channel asymmetries remain tantsacross slope profile. Fifth, facies



diversity changes down the profile. Intnadeextra channel facies diversity decreases
basin ward. Sixth, ovellaggrain size and net-to-grosatio decrease from proximal to

distal slope.

The observations above reveal somg steatigraphic cocepts related to
prograding slope system. First, deepwater cHarare related to delic processes. This
association suggests thaitigtion of slope channels correspond to avulsion of
distributary channels. Second, the timingleépwater deposition in the parasequence
most likely occurred during sea level highmtaThird, the properties of sediment gravity
flows changed down the profile. The sediment gravity flow were largely depletive and
lost turbulent kinetic eergy and competency resulg in on sediment portioning,
decreasing in facies diversity from proxinba distal slope. Fourth, channel element

sinuosity is controlled by a combination ofdrent and the lithology of the substrate.

The results of this study can be useacoréase uncertainty in reservoir prediction
and modeling, and they help better underdtaservoir onnectivity withn deepwater
prograding systems such as West SibersiBaNorthwest Slope Australia and Sahakalin

Island.
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CHAPTER 1
RESEARCH BACKGROUND, OBJECTIVES AND DATA

1.1 Research Background and Scientific Problem

Linked, prograding shelf-slope-basin depositional systems form significant oll
and gas reservoirs around the world suciméise Western Siberia Basin, Northwest
Slope of Australia, on the NdriSlope of Alaska, Sakhalin Basin, Russia, and the Lewis
Shale of Wyoming. Numerous studies haeerbcarried out on linked shelf-slope-basin
depositional systems, most of which ugbsurface data including seismic and log data
which nicely reveal regional stratigraphic patterns. Examples include the Northwest slope
of Australia (Erskine and Vail, 198&d Donovan, 2003) (Figure 1.1) and the West
Siberia Basin (Pinouat al., 2001) (Figure 1.2). Subsurface data has many advantages
and weaknesses. Seismic data has extetieeral resolutin, however, vertical
resolution is limited (ure 1.1). Conversely, log and catata have exdient vertical
resolution, but they are limited in termslaferal resolution (Figure 1.2). Although
seismic, log and core data were utilized together in these studies, due to limited data
resolution, the studies still lackservoir-scale information sl facies and stratigraphic
architecture. For this reason there remaimsertainty regardingeservoir sedimentary
architecture in these systems for petroleum exploration and development purposes.
Outcrop data can complement these edilielings by providing added information of
how facies and stratigraphéechitectural change dowhe physiographic profile of
prograding systems.

Linked-prograding shelf-slopleasin depositional systems are common; however,
few outcrop analogs of these types of systaraknown to exist. Examples include the
Lewis Shale in Wyoming (Pyles and SI&006), clinoforms of Spitsbergen (Plink-
Bjorklund et al., 2005), and the Sobrarbe Formation of Ainsa Basin (Detyatr, 1999).

Of these three, the Sobrarbe Formation glesithe most complete exposure of shelf
edge to proximal basin floor strata. Slagp@nnels can be traced in the landward
direction to their coeval dekaand in the basinward diremti to their coeval fans. The
Sobrarbe Formation is also the least studieithese formations. For these reasons, the
Sobrarbe Formation is theedl outcrop to study in order improve our understanding of



how stratigraphic architecture changes fithie shelf edge to the basin floor in
prograding systems. The lessons learnedaneficial in reducing uncertainty on

reservoir architecture of pragpling shelf-slope systems.

1.2. Research Objectives
This research is driven by a growing et in detailed stratigraphic information
of linked shelf-slope-basin systenThis study has three objectives:

1. To document changes in strafighic architecture from the shelf edge to the basin
floor of one parasequence in the SobeaFormation. The parasequence is about
120 meters thick, and crops out over a down-current distance of 10 km.

2. To describe the stratigraphic architectafgroximal, mediabhnd distal slope
strata for one parasequence in ordeslaoify differencesn slope channel
reservoirs.

3. To test existing hypotheses regardihg timing of slope and basin floor
deposition. For example, are slope channels and basin floor fans strictly
associated with sea level lowstand, or tteey be associated with highstand

deposition?

1.3. Data

This study documents one parasequence of the Sobrarbe Formation. The study
area is 12 km (N-S) by 4 km (E-W) totaling 48%ata collected in this study include
parasequence boundaries, strike and digssured sections, regional and local
photopanels, and geologic map, and channel gegrand paleo current data. These data
were used to construct stratigraphic crasstisns to calculate net-to-gross and channel
geometry.
A. Parasequence Boundaries

The upper and lower boundaries of theagaquence are plotted on a topographic
map. The top and base of the parasequencearappéhe finest grain and darkest color

interval within the parasequence.



B. Strike and Dips

Strike and dip of bedding data are colgtat various locations throughout the
field area including the tomd base of the parasequengdotal of 100 measurements
were collected.
C. Measured Sections

Measured sections collectedthis study record verticahange in lithology, grain
size, sedimentary structurasd bed thickness at the centimeter scale. A total of 967
meters of measured sections were collectesgtathe 1 cm equal to 1 m. It is consist of six
full regional measured sectis, four partial regional easured section and 18 channel
measured section.
D. Regional and Local Phmppanels and Geologic Mapping

Photopanels record a continuous vigealord of the outcrop. This research
utilizes four regional photo panels tiwatlectively document the continuous outcrop
from the shelf edge to basin floor for Parasequence 2. These data are used to record the
distribution, temporal and spailtrelationship and the numbef architectural elements
from the shelf edge to basin floor. Five higdsolution photopanelsaused to constrain
the geometry, internal surfacasd facies of architecturalezhents at various positions
from shelf edge to basin floor. Observatidresn photopanels are further recorded on the
geological map.
E. Channel Geometry

This data set captures channel thicknges position of channel margins (GPS),
position of channel axes (GPS), channel outcrop orientations. The accuracy of position
measurement is within 5 meters. Thisdst recorded 64 channel margins, 32 channel
axes, and 32 channel thicknestes a total of 32 channels.
F. Paleo-current Data

Paleo-current direction measured fréates and grooves at the base of each

channel body. This study recorded 4ffeo-currents across slope profile.
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Figure 1.1 Seismic section of NW Slopefafstralia showing progradational stacking
patterns composed of a linkshelf-slope-basin system (Erskine and Vail, 1988 and
Donovan, 2003). Seismic data have good latemaficuity of reflection that define the
clinoforms but does not reveal resairvscale stratigraphy, including facies and
architectural elements.
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Figure 1.2 Regional cross section from ¥iest Siberian Basin illustrating a linked
prograding shelf-slope-basin system (Pinete., 2001). The cross section is
constrained by well logs and reveals thgioaal stratigraphic geern, but it does not
reveal lateral distbution of reservoir-sda stratigraphic facies and architectural
elements.



CHAPTER 2
GEOLOGICAL SETTING OF RESEARCH AREA

This chapter reviews the regional geologtfisg of the research area as published
in established studies. This chapter ald¢maluces a new geological map that is based on

data collected from recent mapping.

2.1 Location

This study focuses on one parasequentbeoSobrarbe Formation in the Ainsa
Basin of the Spanish Pyrenees. The outcewpdocated in the Huesca Province, 280 km
northwest of Barcelona (Figei2.1). This research focisen continuous outcrops that
reveal coeval strata exposiedm Mondot to Urriales (Figer2.2). The researched area is
12 km (NS) by 4 km (EW).

2.2 Regional Tectonic Setting

The formation of the Ainsa Basinliaked to the Pyrenean orogeny which
occurred from upper Cretaceous to Oligoceme as a result of continental collision
between the Iberian micro-plate and thedsian plate (Figure 2.3) (Puigdefabregas
al., 1986). The Pyrenean orogeny was divided into phases. The earlier phase is ended
in the early Cretaceous and is dominated hissal strike-slip movaent in response to
Iberian anticlockwise rotation relative to France (Le Picttai., 1970; Fischer 1984 in
Farrellet al., 1987). The later phase was active flBaleocene to Oligocene and was
dominated by north to south contractiodaformation with approximately 100 km of
shortening on a southward-propagating shgystem (William & Fischer 1994; William
1985 in Farrelkt al., 1987). This tectonic activity cresd a southward-décted thrust
system (Munozt al., 1986), which indicates more shortegiin the southern part of the
Pyrenees than the northern part. The floor thotihe imbricated thrust system also acts
as a sole thrust for the Pyrenean Orogenyia interpreted to beaused by subduction of
the Iberian micro-plate below the Euraspate (Puigdefabregas and Souquet, 1986).

The Southern Pyrenean thrust systewiveded into upper, middle, and lower
thrust sheets (Puigdefabregasl., 1986). The upper thrustesst, such as the central



south Pyrenean thrust sheet (PedrafargdMontgri-nappes) aeloped during early
Eocene time and involved Mesozoic cover (ffegg2.3). The middle thrust sheet involved
cover sediments and the Hercynian baser{gich as Gavarnie and Cadi nappes
composed of mostly post-Silan deposits). The covers sediment consists of Mesozoic
and overlaying Paleogene foreland basin sediniéhe middle thrust emplaced below the
upper thrust sheet (Figure 2.3). The lower thmmblves the pre-Silurian basement and a
very reduced Mesozoic cover and isiae during late Eocene to Oligocene
(Puigdefabregast al., 1986). Overall, the southward dited fold-thrust system created

a series of foreland basins at the southern part of the Pyrenees (Puigdektlaegas
1986; Farrelket al., 1987).

Two models have been proposed thak the Ainsa Basin to the large South
Pyrenean Foreland Basin. Puigdefabrezjas. (1986) describe the Ainsa Basin as
having formed on top of the Gavarnie Thr8gstem (middle thrust sheet of Figure 2.3).
In contrast, Farrektt al. (1987) proposed that thersa Basin was formed by the
younger Montsect-Segre Thrust Sheet (earlyeBe) (Figure 2.4). Ehlatest regional
studies by Choukroune (1992); Setal. (2002) and Fernandetal. (2004), describe
the Ainsa Basin as having occured onabghe lower and younger South Pyrenean
Frontal Thrust System (or BarbasiBalaguer Thrust System by Satal., 2002; or
Garvanie-Siereas Exteriores Thrust system by Fernatdéz 2004) (Figure 2.5). These
recent studies similar with Puigdefabregaal. (1986) study result.

2.3 Ainsa Basin Structure

The Ainsa Basin was formed by a complex folded-thrust system in the South
Pyrenean Foreland Basin (Farmtlbl., 1987 and Fernandetal., 2004). This basin is
dominated by northwest tremdj imbricated thrust systeraad related folds (Farredt
al., 1987). The basin is bounded to the wmsthe Boltana Anticline, to the east by
Mediano Anticline, and to the north by &olo Anticline (Figure2.6). The present-day
axis of the basin is defined by the Buil Sine which extends from south to north and
opens to form the Buerba and San Vieefynclines around the Anisclo Anticline
(Fernande=t al., 2004).



The formation of the anticlines withthe Ainsa Basin is not conclusively
defined. Previous studies that focus on ghibject express very different opinions
regarding how the anticlines formed. Faretlil. (1987) describe thMediano anticline
as having been formed in response togbuthward moving Montsec Thrust Sheet
System. They interpret the west and gasts of the Montsec Thrust System as
propagating west and east, respectivelgFe 2.4). These autl®interpret the younger
thrust sheet to have propagated in theesdirection and to have merged with the
Montsec Thrust System to create the BoltAnécline. The latest studies by Fernandez
et al. (2004) argue thatlaanticlines are created by prop&ga of the Gavarnies Thrust
Sheet. They further argue thdediano anticline is formebly east-verging detachment
fold, Anisclo anticline by a west-verging fégropagation fold and the Boltana Anticline
also formed by a west-vergitfigult-propagation fold with duhorizontal axis that extend

to north and south dkinsa Basin (Figure 2.6).

2.4 Ainsa Basin Stratigraphic Succession

The stratigraphy of the Asa Basin is linked to ¢hSouth Pyrenean Foreland
Basin (SPFB) filling succession. SPFB stregjghy was deposited during the tectonic
events that formed the basin. Puigdefabré$86) introduces four divisions to the
Pyrenean orogeny that closely rethte Ainsa Basin fill succession:

1. Extensional basin rift (uber Santonian-Maastrichtian).

2. Initiation of tectonic inversion / wrench tectonics (Uppermost Maastrichtian-
Paleocene); sedimentationndimated by flexural subsahce rather than thrust
loading.

3. Continuing tectonic inversion dueltmerian subduction which created sudden
subsidence (Lower to Middle Eocenejtwsedimentation mainly occurring
within the flexural part duw thrust sheet and loading.

4. High inversion tectongcdue to plate convergence (upper Eocene Oligocene);
sedimentation affected bydeced basin subsidence.

Stratigraphically, the Ainsa Basindsvided into six major unconformity-bounded

formations referred to ahe Hecho Group (Mutst al., 1988). More rea# studies by
Pickering and Corregidor (2005) and Fernaretett. (2004) divide the Hecho group into



seven formations which are, from old&stoungest (Figure 2.7): 1) Posado 2) Arro-
Charo, 3) Gerbe, 4) Banaston, 5) Ainsalv@yillo, and 7) Guaso. Each formation is
greater than 100-200 m thick. Imeally they are muddy fornians that have isolated

sand bodies, typically tens of meters thithe depocenters of each succession formation
step progressively to the southwest (Fgr7). The Sobrarbe Formation overlies the
Hecho Group.

Several studies have focused on detemgitine ages for strata in the Ainsa Basin
fill succession. Berggreet al. (1995) used planktonic famdnifera zonation and recently,
by using the same methods, Gradstein@gd. (2004) published a new time scale to
date the Ainsa Basin fill succession fromlg&o middle Eocene (Cusian-Ypresian and
Lutetian Stages) (Figure 2.7). Using thesteslathey conclude that the deep-marine
strata of Ainsa Basin records 10-12 noifliyears of deposition. The latest study by
Labourdettest al. (2008), adds fluvio-deltaic of Sarbe and Escanilla Formation into
Ainsa Basin strata which orging Guaso Formations (Figure 2.8a). The Sobrarbe

Formation is placed in the Lower TSU-5 @die Eocene, Upper Lutetian) (Figure 2.8b).

2.5 Sobrarbe Formation

The Sobrarbre Formation records the final depositional phase of the Ainsa Basin.
It was deposited as part opeograding deltaic system dag the evolution of a lateral
thrust ramp represented by the intrabasBwtana growth anticline (from middle to
upper Eocene) within the Ainsa Basin (Dregeal., 1999). This formation is part of
the large sediment dispersal system ef$outh Pyrenees Foreland Basin. It is
underlain by marls and turbidite saraigs of the Hecho Group, which Dregeal.
(1999) referred to as ti&an Vicente Formation, andaserlain by and laterally
interfingers with the Escanilla Formation.&Bobrarbe Formation @éeposited within a
linked fluvial, deltaic, deepwater slogdepositional setting {(§ures 2.9 and 2.10).
Overall, the sediment packages arerjmteted as regressive deposits (Dregte .,
1999).

The Sobrarbre Formation is characteribgdcyclical alteration between muddy
delta slope, delta front sandstone, colkapsomplexes, carbonate and mudstone-
dominated delta plain deposithis formation is stratiggzhically divided into four



major composite sequences (CS) (Figure 2.10) (Dret\atr, 1999). Each consists of

minor lowstand, transgressivadihighstand components (Dreyeal., 1999). The four
composite sequences are Comaron CS, Las Gorgas CS, Barranco el Solano CS and Buil
CS. The Comaron CS is characteribyca WNW-prograding deltaic system and

consists of six minor sequences (Figure 2.10). The Las Gorgas CS is characterized by a
dominant regressive sandstone wedgeynfsowth strata (Figure 2.10). This composite
sequence was strongly influenced by gnewth of the Boltana Anticline and

intrabasinal Arcusa Anticle. The transition of upper Las Gorgas CS to Baranco el
Solano CS is characterized the deposition of large coliZgdtsefront deposits.

Barranco el Solano form a dominantly carbiengeposits, overlaiby a progradational

mix of clastic carbonate such as nummuliiesk, shoreface marl and sandstone. The

Buil composite sequence is characterizeddgrse sediment deposits that are the

results of coastal plain erosion during updif Ainsa Basin. This composite sequence
records a change from marine to fulyntinental (fluvial) depositional environment
(Dreyeret al., 1999). More recent un-published wdrk Pyles and Clark (2007) divide

the Comaron Sequence into three flooding surface bounded pamaseguT his study
focuses on Parasequence 2 of Pyles aack@2007), which is the best exposed
parasequence in the Comaron CS (Figui® and 2.11). Outcrops of Parasequence 2
show strata deposited contemporaneousiggthe fluvial, delta, spe and toe of slope

profile. This study focuses on the upper slopkase-of-slope strataf Parasequence 2.

2.6 Geologic Map of Research Area
This research focuses on reservoir-s@akthitecture of slope strata in

Parasequence 2. Geologic mapping defineduffper and lower bounding surface of
Parasequence 2 as wells as the lower coofdbe Sobrarbe Formation (Figure 2.12).
The map reveals that some structures imfteel the outcrop’s exposures such as slump
structure, the Boltana anfiice and a large monocline. The slump structures are
observed in the northern parttbe research area, from Arcusa to Rio Enya area. The
slump feature is shown as an unconforrsityface on the top of Parasequence 2 (Figure
2.12 and 2.13) in Arcusa. The slump ren®tltee distal-most basinal strata of

parasequence. The other indication of thetsmp structures are slided shallow water
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sediment blocks located directly above deggrine sediment atutcrops close to Rio
Enya (Figure 2.12 and 2.14). Both monoclamel Boltana Anticlie located in the

northern part of the field aa (Figure 2.12), creates a di@shange of bedding dips
within the study area.
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Figure 2.9 Paleo-geographic map of the AiB=asin during Late Lutetian. This map

shows the Sobrarbe Formation depositioa #8avial-deltaic system linked to a
deepwater basin setting to the north (Dregex., 1999).
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CHAPTER 3
SEDIMENT GRAVITY FLOW PROCESS AND FACIES

This chapter provides an overview of de@per sediment gravity flow processes

as well as description amaterpretation of faciesbserved in the study area.

3.1. Deepwater Sediment Delivery Process

The Sobrarbe Formation was depositedsia linked river-delta-slope system.
This thesis focuses on the sedimentology of slope strata for one parasequence. This
section provides an overview of depositional processes of deepwater slope strata with
particular emphasis on fluichd sediment gravity flows.

Fluid and sediment gravity flows diffar their flow mechanisms. In a fluid
gravity flow, the fluid is moved by gravity vidh drives the sediment. In contrast, in
sediment gravity flows, the sediments anoved by the force of gravity, and the
interstitial fluid is canied along with the sediment (Middleton and Hampton, 1973).
Sediment gravity flows also tend to entraimbient fluid along with them. Since both
flows are most likely co-genetic, it is vedfficult to definitively differentiate the two
processes (Middleton and Hampton, 1973). Ia thapter, these flows are discussed

separately to emphasis the role of falxdeltaic processemn slope deposition.

3.1.1 Fluid Gravity Flows

A fluid gravity flow is driven by fluidal movement in response to the force of
gravity (Middleton and Hampn, 1973). Fluid gravity flows catreate laminar flow and
turbulent flow. Fluid is the main medilat drives sediment movement through
suspension and bed load (traction) (Friedmtaad., 1992; Boggs, 1995). Sediment in the
bed load is transported by traction mechasisuch as rollingsaltating, sliding, and
creeping (Friedmast al., 1992; Pye, 1994). Traction is igited by the movement of the
ambient fluid. Overall, the main sedimesufpport mechanism for the suspended fraction
of the flow is fluid turbulence, dispev& pressure and possibly hindered settling.

Fluid gravity flows have an importandle in initiating submarine flows,

particularly in areas where fluvial/delta syisis discharge sediment directly at the shelf-
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edge. Fluid gravity flows ardivided into three types bad on density differences
between river discharge and ambient seanvkigerpycnal flows occur when the river
water is denser than the ambient sea svatamopycnal flows occur when there is an
equal fluid density of river and sea wateypopycnal flows occur when the river water is
less dense than the sea waltat it enters (Figure 3.JReading, 1996). Athese flows

are responsible as sediment deliverstsns into slope basin. Hypopycnal flow
commonly constitutes a suspended muddy pltimmebypasses the mouth bar basinward
(Bhattacharya, 2006). The muddy plume is crek&tem the suspension part of fluvial
flow whereas bedload part of the flow fagra mouth bar during flow expansion at river
mouth (Bhattacharya, 2006). This plume coistrauddier sediment transported the slope
basin.

Hyperpycnal flow is one déffective flow for depositing sand-sized particles in
linked fluvial deltaic to deepater setting. Hyperpycnaldiv forms when high density
suspended materials in river water reaghdashore and create a submarine hyperpycnal
plume. The flow commonly forms at theer mouth (medium to small rivers) during
flooding or in extreme events such as jokulhaups, dam breaking and lahars @lalder
2003; Kharet al., 2005). The hyperpycnal deposit (hyperpycnite), which is interpreted to
record the waxing then waning energy of #ssociated flood, is characterized by a
coarsening upward unit at the base (wgxperiod) and fining-udeposits at the top
(waning period) (Muldeet al., 2003).

3.1.2 Sediment Gravity Flow Processes and Deposits

There is a continuum of sediment gtgflows that ranges in sediment
concentration and sediment support mechasig-rom low to high concentration they
are: turbidity current, liquedid flow, grain flow and debris flow (Prior and Coleman,

1984) (Figure 3.2). The deposits of each are unique.

a. Turbidity Current

Turbidity currents have been defineg a number of authors (Sanders, 1965;
Middleton and Hampton, 1973; and Lowe, 1982)l@ss that are driven by the force of
gravity and which entrain and suspend sedinby fluid turbulence. Shanmugam (1997)
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stresses this definition by limiting turbigitlows within turbulent sediment support
mechanisms only, while other sediment suppochanisms are excluded. Other authors
such as Lowe (1982) and Kneller and BeeK2000) emphasize that other sediment
support mechanisms such as hindered settliisgersive pressure, buoyant lift and fluid
turbulence can all operate in turbidity cursenfarious interactionsf sediment support
mechanisms within turbidity currents allow them to entrain and transport a wide range of
grain-sizes (silt to granule / pebble). Knebed Buckee (2000) use these observations to
redefine turbidity current as “flow induced the action of gravity upon a (fluidal) turbid
mixture of fluid and (suspended) sedimdt,virtue of the density difference between

the mixture and the ambient fluid.” Turbiditipws are capable of eroding the seafloor at
the locus of the flow head and can entraiewat the top of the flow (Figure 3.3). While
traveling down the slope, tlensity of the flow is alwgs changing in response to
erosion, deposition and water entrainment €hosion and deposition rates control flow
sustainability. The flow will be sustained aiinthe erosion rate is larger than the
deposition rate, and it will die when the eoysrate is smaller than the deposition rate
(Pratsoret al., 2000).

b. Liquefied Flow

Liguefied flows are part of the sedimegravity flow continuum (Figure 3.2). The
liquefied flow is generated in responsestmiden changes of cohesionless sediment from
matrix supported to a suspension supported.flThis process causes the sediment to
lose shear strength and behave as a higkhous fluid that can flow rapidly down a
slope (Boggs, 1995). The sudden change fnwarix-supported tsuspension-supported
flow is likely related to slope instability @ spontaneous process, such as earthquakes
(Prior and Coleman, 1984; Boggs, 1995). Maghors describe the liquefied flow as
essentially the same as the fluidized flow, boer Lowe (1976) statthat the liquefied
flows are more likely to have tuikent process acting within them.

The sediment support mechanism for liiee flow is dominantly dispersive
pressure with a minor amount of fluidbwlence (Lowe, 1976). The flows can be
sustained as long as the sediment grainsaateWhen the grains reestablish grain-to-
grain contact; the flow freezes (Boggs, 19%8diment deposition within this flow
occurs very rapidly, especially when the flaithick and is composed of fine-grained
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sediment. Rapid deposition creates dish strastur response to water escaping from the
sediment (Figure 3.2). Both Lowe (1976) &whgs (1995) imply that this flow type
could evolve into turbidity current whenetfiow accelerates and entrains more water
than sediment.

c. Grain Flow

Grain flow is part of the sedimentayity flow continuum commonly associated
with steep slope conditions (Figure 3.2). Tifosv is described as sediment movement
that involves loose sand graifohesionless sediment) suppdrie the flow by grain-to-
grain interaction or dispers pressure (Prior and @man, 1984; Boggs, 1995). This
type of flow is initially dominated by tréion which evolves into a grain flow when the
shear strength of sediment becomes less than gravity force.

Lowe (1976) suggests that a pure sirgyiein flow can produce deposits of not
more than a few centimeters. The deposit aratterized by reverseagting from fine to
coarse grain-size because the finer graiaditiered first during the flow (Figure 3.2).
Boggs (1995) concluded that grain flowgppan very quickly, and they end by sudden
freezing in response to slope angle changes.

d. Debris Flow

Debris flow is one of two end membafthe sediment gravity flow continuum
(Figure 3.2). These flows have been démdiby many authors who are divided into two
groups based on their definition of debris flokne first group stresses the importance of
the sediment-fluid composition to defittee flow (Middleton and Hampton, 1973 and
Mohrig et al., 1998). Middleton and Hampton (1973¥ides debris flow as “a flow in
the form of sluggish down-slope movementst ttonsists of mixture solid grains (sand
grains, boulders), clay minerals and watereisponse to the pull of gravity.” Mohray
al. (1998) defines debris flow as “a gravity-drivflow of mixturesof solids and fluids
for which the volume concentration of each gghés of the same order of magnitude.”
The second group defines the flow basedl@n rheology. Prior and Coleman (1984)
define a debris flow as “a mixture of intetist fluid and fine sednent that has a finite
yield strength.” Boggs (1995) describedds flow as a Bingham plastic fluid and
emphasizes that flow will initiate if thgravity force overcomes the yield strength.
Shanmugam (2000) describedds flows as a “sedimegravity flow with plastic
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rheology and a laminar state from which defp@s occurs through frictional freezing.”

In summary, debris flows are flows drivby gravity that have relatively high sediment
concentration and which behave as Binghaastt within a laminar state. The Bingham
plastic results from cohesive clay in theidl-grain mixture and eates the yield/matrix
strength which operates the sediment support mechanism.

A detailed description of a debfflsw’s anatomy was published by Pratssmal.
(2000) through numerical and mathematicaldeling. This model encapsulates the
fundamental physics of debris flows fravhserved and interpreted sedimentology and
stratigraphy of field anthboratory data. Prats@bhal. (2000) describe a debris flow as
consisting of a plug-flow (upper part) and &ahflow region (lower part) (Figure 3.4).
The vertical velocity profile in a debrisoflv progressively increases upward in the shear
region as a result of laminar flow in the ba$¢he flows. In this zone, shear stress
exceeds shear strength. In contrast, the veselakity profile in the plug region is
uniform; in this zone shear strength exceslisar stress (Figure 3.4). In hydroplaning
conditions, such as those described by Mo#raj. (1988), the debris flow consists only
of a plug layer due to the presence of aarfiace of a thin watdayer between the base
of the flow and the bed that dismisses theabé&iction. The thin wier layer is the result
of incomplete ambient water displacement by the flow (Moérai., 1998).

Debris flow sustainability is a function tie force of gravity and depends on the
flow shear strength, density and slope steeprebgher initial flow density and steeper
slope will result in higher momentum of the flow that will, in turn, create a longer
sustained debris flow. The flow will everally die or stop when the frictional force
becomes larger than the gravity force (Prattah., 2000). Alternatively, Mohrigt al.
(1998) create hydroplaning debris flow in piogs experiments. They conclude that
hydroplaning debris flows are capable of bdiragsported far into the basin, beyond that
of non-hydroplaning flow.

3.1.3 Facies Models for Sediment Gravity Flows

Numerous authors have proposed faoieslels for sediment gravity-flow
deposits. Gressly (1938) defines sedimgntacies as “the sum of all primary
lithological and paleontological characteristidsa body of rock which differentiate it
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from adjacent bodies of rockpth laterally and vertically."Moreover, facies terms can
be modified into specific rockharacteristic interests suah lithofacies (physical make-
up of rock), ichnofacies (tracedsil content) and biofacieddfa and fauna content). In
this research, the facies concept has gromant role in interpreting the stratigraphic
record.

Application of the faciesoncept to deepwater interpretation was established in
1959 (see summary in Middleton and Hamptt8v3). Since then, several authors have
published facies classifitan schemes for sediment gravity-flow deposits. These
schemes are especially powerful because ¢haybe used to predict facies changes from
the proximal to the distal part of sedint gravity-flow deposits. The four most
commonly cited facies schemes are Bay©62), Lowe (1982), Mutti and Nomark
(1991) and Kneller (1995).

The Bouma Facies Model is based aidiobservations, and it defines a single
turbidite depositional sequence as one flow event that is waning and depletive (Figure
3.5). Bouma proposed a vertical profile ¢laknown as the Bouma Sequence) and map
(later known as depositional cone) to illugtraow turbidity-current deposits vary
through time and space. The proximal part tfrhidite is dominated by coarse-grained
deposits, whereas the distapdsits are relatively fingrained. A vertical facies
succession in a turbidite follows the same patfErgure 3.5) as proxinhaéo distal facies
changes thereby conforming to Walter's Lawttté Correlation of Facies (Figure 3.5 a).

Lowe’s (1982) facies model describeslisgent gravity flow deposits on the basis
of interpreted bed aggradational rate. Thisdel divides faciemto three grain size
populations: (1) pebble-to-cobble-size clas},d@arse-grained sand to small-pebble-size
clast, (3) clay, silt, fine to mediumaned sand. This model emphasizes that flows
laterally evolve from cohesive flow to grailow to turbulent flow. Corresponding to this
flow evolution, deposition occurs lfgictional freezing, traction, and suspension
deposition respectively, Lowe concludeattHistinct sediment-support mechanisms
operate within different graisize populations. A summeof Lowe’s flow evolution
and depositional processes is shamrhis facies scheme (Figure 3.6).

Mutti and Nomark’s (1991) model describes facies distribution as a function of

spatial flow evolution. Flow initiation isantrolled by both slope failure and the direct
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discharge of river flood to the &ia (Mutti and Nomark, 1991). Mutgt al. (1999)
describe sediment-gravity flows as derivingm river hyperpycnal flow and deepwater
processes, and sediment licaetfon flow in fluvial drainageas being initially formed by
slides during flooding. The sediment liquefantflow then evolves to form a heavy
hyperpycnal flow upon arriving in sea water (FFtof Figure 3.7). It then evolves into
submarine granular flow at the proximahdacontinues to evolvey generating bipartite
current: debris flow and turbidity current. pasition of debris flows caused by loss of
pore pressure due to water-escaping, triggeriadldiv to freeze. The finer grains within
the turbidity current will overtake the debris flow, and will be deposited further in the
basin. Muttiet al. (1999) interpret this process to ritsn spatially reduced grain-size
population due to waning flow. Muttt al.’s model, as well as lwe’s, also divides grain
size in their facies classifation into (A) boulder to sniigpebble-size clast, (B) small
pebbles to coarse sand, (C)dnan to fine sand, (D) fine sand to mud. Overall, Mettti
al.’s model divides sediment gravity flowsannine facies that are summarized along
with process and sediment support mechasism Figure 3.8 (Mdikand Nomark, 1991;
Mutti et al., 1999).

Kneller (1995) published an acceleration matrix which uses flow non-uniformity
(accumulative and depletive) and flow wediness (waxing and waning) to classify
turbidite facies (Figure 3.9, 3.10). The matlescribes how turbidity currents spatially
and temporally evolve. Kneller further descelibe behavior of faes as they encounter
topographic obstacles that could create flow defle@imhflow stratification.

Kneller and McCafferey (2003) addedthe above concept by describing how
facies change down the physiographic prdfiggure 3.11) which isterpreted to result
from the longitudinal velocity profile of tuithty current. Longitudinbvelocity structure
of the current is created by flow unsteadseand longitudinal density structure in the
flow is produced by differences in flovorcentration. This model (Figure 3.11) relates
sediment deposition to loss of competeno@ @apacity, both of which are governed by
flow velocity and sediment concenitmn. Kneller and McCafferey (2003) also
introduces facies distributions baseddapletive (non-uniform) flow and waning
(unsteady) flow (Figure 3.11). In a depketflow scenario (Figure 3.11A), a single
competent flow begins with bypass (erosianyl is followed by deposition when the
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flow no longer has the capacity to carry seelnt. This results in massive and non-graded
structureless sand depositage-A). The following bypassirgurrent of the same flow
then erodes the upper part of the massikgctureless sand deposits. Since the flow
continues to be depletive gfflow is not able to keejme eroded material suspended
within the flow and createsteaction carpet deposit at the raalistal position (case-B).
The next stage of deposition is related toduogion of flow compegncy which initiates

the deposition of coarsgrained sediment. This deposit will have a non-erosion diffuse
boundary with an underlying capacity-driven dgipdrl he final stages of deposition will
look similar to the classic Bouma sequence wimclicates a waning process. In contrast
to the waning (unsteady) flow depositional process (Figure 3.11B), the massive
structureless beds are deposited ipoese to reduced flow competency. The
structureless bed will be capped by an erosifaaure due to bypass. The traction carpet
deposit can be found at the base of thisdsed product of the erosional process at the
proximal position. Overall, the depositlilnave a fining upward profile.

3.2 Facies Types of Parasequence-2 of the Sobrarbe Formation
Ten facies are defined in this study. Taeles are defined based on grain size,
sedimentary structures, thiclss associated clasts, anasigy of bioturbation. Table 3.1

provides a summary of facieescriptions and relatégydrodynamic interpretations.

3.2.1 Facies 1: Conglomeratic Sandstone
Description

Facies 1 is thick bedded, matrix-supported conglomerate (Figure 3.12). The
conglomerate is dominated by poorly-sonpetbble- to cobble-sized sand-fill mollusk
clasts and bio-clasts that are randomlyrgd in the bed (Figure 3.12). The bioclasts
consist of mollusks, bivalve and nummulite fragments. The conglomerate matrix is
composed of silty sandstone dominated by very-fine grained sand (Figure 3.12b). This
facies contains 95% sandstone. The bed® planar, conformable lower contact.
Interpretation

Poorly sorted grains, a significgmoportion of clay ad silt, and random
orientation of clast (Figure 3.12 andble 3.1) provide information about the
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depositional process associated with this fadiéss facies is interpreted to result from
frictional freezing of a cohesive flow. The tna supported sedimentary structure of this
facies suggests that they redutim debris flow. Furthermorelay and silt content within
the matrix indicates that related flowshl®e as Bingham plastic fluid during facies
sedimentation. Frictional or cohesive freggmechanisms control rapid sedimentation
of the Bingham plastic fluid flow, and this rési the production of poorly sorted clast-
rich deposits. Facies 1 is equal to facieoFllowe’s scheme (1982), and facies F1 of

Mutti’'s scheme.

3.2.2 Facies 2: Bioturbated Structuretss Silty-Sandstone with Bio-clast
Description

Facies 2 is a structureless silty saods (Figure 3.13, Tabl&1). Part of this
facies (60-70%) is composed of structurekmsdstone that contaifesw bio-clasts and
the other part (30-40%) is composed of bibated structureless beds with lesser bio-
clast. The sandstone is dominated by vamg-frained sand which has a “fish scale” look
when weathered due to the presence of sthiénmatrix. The bed thickness ranges from
50 cm to 3 m. The structureless beds witttlaist contain about 10% various bio-clasts
such as mollusk fragments, bivalve fragments and nummulites fragments. Bioclasts size
ranges from 2 mm to 5 cm. The clasts are lycswrted, distributed randomly and are not
in contact with each other (matrix supportethe beds have graduap and flat base.
The bioturbated structureless beds cantairious borrows (Figure 3.13 b, ¢, and d).
Some deposits are highly bioturbated wittyéaand small trace fass but other deposits
show very little borrowing.
Interpretation

The tabular bedded, structureless, witd aithout floating poorly sorted clasts
and a silty matrix in this facies suggeststtthe depositional poess is controlled by a
moving rheology flow (turbidity current) andloigs flow. The thick bedded structureless
sands without bio-clast aneterpreted to result fromuspension sedimentation. The
matrix supported clasts results from rapigakgtion due to decreang flow capacity of
debris flow (probably from a waning evalut of debris flow) or rapid suspension
sedimentation of a turbidityurrent wherein the floatinigio-clast is transported by



32

traction at the base of the flow. The low amoofmbioturbation in this facies implies that
sedimentation happened very rapidly. Faciesi@terpreted as equal to facies S1-S2 of

Lowe’s scheme (1982), and facies F2-F3 of Mutti’'s scheme.

3.2.3 Facies 3: Shale-clast Conglomerates
Description

Facies 3 is thin- to thick-bedded4® cm), grain-supported shale clast
conglomerate (Figure 3.14 and Table 3.1). Thstslconsist of morthan 50% shale and
siltstone clasts, 30-40% mixed bio-clastargimulites, mollusk and bi-valves fragments)
and silica minerals. The grasize ranges from granule tolji@e and is poorly sorted.
Most of the clasts are imbricated. The grsire of the matrix ranges from very fine- to
fine-grained sand. Clays and silt-sized graresfound in less than 2% of sediments.
Beds of this facies are commonly lenticudaud limited in correlation length because they
are top truncated and often fill erosive depressions. This facies is only found at the base
of the channel elements and within the bafsehannel stories. Facies 3 beds have an
erosional upper and lower bounding strata.
Interpretation

The grain supported and imbricate fabriayviene- to fine-sand grain-size matrix
and the large grain size of clast, are integatdo result from shear flow at the base
deposition from bed load sediments at the ledigerbidity currentgTable 3.1 and Figure
3.14). This facies is produced from early defims that only involve the coarser grains
and leaves the finer grain entrainedypassing flows (lag deposits). The erosional
surface at the bottom and truncated surfatleeatops of the beds provide additional
evidence that this facies is associated Withass flow(Figure 3.14). Facies 3 is equal to

facies R3 of Lowe’s scheme (198ahd facies F2-F3 of Mutti’'s scheme.

3.2.4 Facies 4: Clast Rich Sandstone Facies
Description

Facies 4 is thinly- to thickly beddetiQ cm to1.5 m) low angle, large-scale cross
stratificated sandstone (ftire 3.15 and Table 3.1). This facies commonly contains
imbricated litho- and bio-clasts (pebble togid sand) and are normally graded shale clast
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at the base of the beds whereas the uppés pibeds are commanétructureless. The
litho-clasts are composed of mudstone clagiartzite and other silica-clasts, and the
bio-clasts are composed of nummulite Ehddi-valves and mollusk fragments. The
modal grain size ranges from fine sand tblpe (with a total 088% sandstone). The
beds are characterized by an erosional basecommonly truncated tops (Figure 3.15).
Flute and groove are commonly fouatthe base of Facies 4 beds.
Interpretation

Facies 4 is interpreted to result francombination of suspended and bed load
sedimentation from a turbidity current. The krgrain sizes such #tho-clasts and bio-
clasts (granule to pebbétze) with imbricated fabriare deposited under traction
mechanisms at the base of turbidity flowenrery coarse- to fingrained sand parts of
the facies are produced from suspension ofdigbflow. Beds of this facies could be
deposited from a single turbidity flow contaigia wide range of grain sizes from fine
sand to pebble size. However they could &lsee been produced by separate turbidity
flows wherein larger clasts are produced framearlier bypass flow and this could be
followed by a later flow which deposits fingrained sediment. This facies records
significant bypass sediment since most efbleds have erotional bases that produce
amalgamated beds (Figure 3.15). Facies 4usleto Bouma’s facies scheme (Facies Ta),
S1 of Lowe facies (1982), and Féacfes of Mutti’s facies scheme (1999).

3.2.5 Facies 5: Structureless Normally Graded Sandstone Facies
Description

Facies 5 is composed of thinlyttackly bedded structureless and normally
graded sandstone (Figure 3.16 and Table 3.3 .grain size is coarsto fine-grained
sand. Silt and clay size deposits are dalynd at bed boundaries (Figure 3.16). This
facies is composed of 98% sandstone. Tlkthiekness ranges from 5 cm to 2 meters.
Upper and lower bed surfaces are commonly planar; however some lower boundary
surface are weakly enamal, and upper surface are eeddFigure 3.16). Bioturbation,

litho-clasts and bio-clast are not found in this facies.



34

Interpretation

Structureless, normally- and gmaded strata of this facies is interpreted to result
from rapid deposition of suspended seditsdrom turbidity current (Table 3.1 and
Figure 3.16). The absence of bioturbaticsoaduggests that deposition happened
relatively fast, thus preventing a populatariving organisms from living within the
sediment. This facies is equal to Bouma'séagcheme (Facies Ta); Ta of Lowe facies
(1982) and F8 facies dflutti’s (1999) schemes.

3.2.6 Facies 6: Structureless Verkine- to Fine-Grained Sandstone
Description

Facies 6 is composed of thick, tabulawstureless beds ekry fine- to fine-
grained sand (Figure 3.17 and Table 3.1). Oéds are normally composed of graded and
ungraded grain size, with thicknesses ran@iagn 50 cm to 1.5 m. This facies is
dominated by fine- to very fine-sand and a#iramount of silt-size grain associated with
bed boundaries. The basal beds boundarieaate slightlyerosional. The upper
boundaries are flat to scoured.€fé is a very small amount bioturbations in the lower
parts of the stacked beds, and there is ara&ser in borrows density toward the top of the
beds.
Interpretation

This facies resulted from rapid sedintation of suspended material from
turbidity current. This facies also recordkigh rate of sedimentation evidenced via thick
bedded deposits and the lackmternal sedimentary structs (Figure 3.17). The little
amount of bioturbation in the beds aladicates rapid sedimentation that limits the
population of organisms withitme facies. Facies 6 is edti@ facies Ta of Bouma'’s
scheme (1962), facies F5 of Mutti’'s schemueg facies Ta of Lowe’s scheme (1982).

3.2.7 Facies 7: Parallel to Cross Laminated Sandstone
Description
Facies 7 is thin- to thick- bedded, ghatato cross laminted sandstone (Figure
3.18 and Table 3.1). The beds range fidhtm to 50 cm thick and are commonly
intercalated with structurede sandstone beds. The grain size ranges from fine- to coarse-
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grained sand (containing a total of 98% sanustoThis facies has a flat base and top
beds. Burrow account for less then 5% @f sedimentary structaiin this facies.
Interpretation

Facies 7 is interpreted to result fréomv suspended fall out rate and tractive
deposition from turbidity currents. The interdada of this facies with thick structureless
sand indicates rapid sedimetida related to waning flowdJinimum bioturbation in this
facies is a result of rapgkedimentation which does not allow living organisms to live
long in the sandstone bed. This facies rds@ minor bypass of dienent since no clay-
size grains are found in Facies 7 (Figure 3.E8kies 7 is equal to Tb or Tc of the
Bouma’s facies scheme (1962)daF9 of Multti’s facies (1999).

3.2.8 Facies 8: Intercalated Mudstone and Very Fine Sandstone
Description

Facies 8 is structureleggrallel laminated to waviaminated siltstone, shale and
very fine sandstone (< 10%) (Figure 3.19 antl@&.1). This facies is dominated by thin
to moderately thick and tabular bedsstriictureless siltstone. Bed thicknesses range
from 2 cm to 30 cm. Some of the siltstaared shale show relagly darker colors
compared to others. The shale and sandstenmi@rcalated within the siltstone. The top
and base of Facies 8 beds are charactebydlat and sharp contacts. Burrowing is
common in this facies.
Interpretation

Facies 8 is interpreted to result fratternating traction deposition from varying
turbidity currents and pelagic and hemigggc deposition. Parallel to wavy laminated
structure sediment equal to Tc and Td Bouma sequences and F9 of Mutti’s facies model
(1999) (Table 3.1 and Figure 3.19). The preseariaarker color in siltstone beds
indicates a different organic content that was deposited from hemi-pelagic deposition.
Facies 8 is equal to Tc or Td of theuBaa’s facies scheme (1962) and F9 of Mutti's
facies (1999).
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3.2.9 Facies 9: Dark Gray to Black Laninated and Structureless Mudstone
Description

Facies 9 is composed of black to dgry silty-mudstone (Figure 2.20 and Table
3.1). The primary sedimentary structurdaiminated to structureless bed. Bed’s
thicknesses range from 5 to 30 cm (Figure 3&tc). The modal gin size is clay and
very minor silt-size grains. No sand-size grdeposits are found within this facies (0%
sandstone). The beds contaimghflat contacts on the top@base (no erosion features).
The color of this interval changes graduailyhin each bed (Figure 3.20a). Some of the
beds are entirely black in color with no gafidn. This facies isften heavily weathered.
Hard red iron rich nodules are occasionatiyrid within the weathered darker intervals
of this facies. Bioturbation and traf@ssils do not exist in this facies.
Interpretation

The fine grain-size, parallel laminatioasd thin bedded deposits are interpreted
to result from hindered settling mechanisme™ark gray to blackolor, the lack of
bioturbation or trace fossils and the mnese of an iron rich nodule (Figure 3.20 b),
suggests that the depositional environnvesd under anoxic conditions. This coupled
with the extensive distribution of this faciasross the slope depasit indicates that the
controls of deposition were dominated by pelagic and hemi pelagic depositional
processes. The darker color indicates theness of organic content in the beds (Table
3.1 and Figure 3.20). This facies is equal ¢oof Bouma sequences and F9 of Mutti's
facies model (1999).

3.2.10 Facies 10: Contorted Siltstone and Sandstone Beds
Description

Facies 10 is composed contorted iigt and sandstone beds (Figure 3.21 and
Table 3.1). The thickness of the folded aondtorted bed ranges from 40 cm to 1.5 m.
Contorted beds are from Facies 2 and 8 withtal of 70% sandstone. The boundaries of
contorted units in this facies are relativelgtfat the base and thaps. No erosion surface
is found in internal facies. Bioturbation atmdce fossils are found in part of the pre-

deformation sedimentary structure.
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Interpretation
Facies 10 results from slumping of uncdidated siltstone and sandstone that is
possibly related to rapid sedéntation of overlying bed (Rige 3.21). Overall this facies

expresses post-deposiiad deformations and involvesdalr deposits of Facies 2 and 8.
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Figure 3.1. Schematic diagram of hypopychaknopycnal and hyperpycnal flow in
relation to sea water and flaliinteraction. The diagraabove shows how the initial
grain-size of the suspended materials is a cbimgdactor in the initation of flow at the

sea shore (Reading, 1996)
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Figure 3.2 : Diagram comparitypothetical deposits, fromercontinuum of sediment
gravity flow. The continuum is based on fla@ncentration. Turbidity current has the
lowest concentration wheredsbris flows have the highestncentration (Middleton and
Hampton, 1973)
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Figure 3.3. (A) A schematic three dimensiodiagram illustrating a turbidity current

that consists of a body and a head. The mixme occurs when water enters the upper
part of the head of the flow, and depositionaldsion occurs at the lower part of the flow
(after Allen, J.R.L, 1985 in Boggs, 1995); (B)velocity diagram of a turbidity current
shows that the maximum velocity occursha flow head, very oke to the base, and
reduces toward the top of tHew (Kneller and Buckee, 2000).
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Figure 3.4 : A velocity diagram of debris flowhe diagram illustrates debris flows are
composed of plug and shear regions. The pdggpn has uniform velocity, and the shear
region has a decreasing velodibyvard the base. Friction is the main control on the
velocity profile in the shear region (Pratsaral. 2000).
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Figure 3.5. The Bouma (1962) sequence descvibkisal and lateral distribution of fas in a turbidite deposit. (A) A verdl
facies diagram that describes facies asgimn changes from proximal to distal.)(Bap view facies ditribution from proximhto
distal that presents a waning flow process.
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Figure 3.7 Muttet al. (1999) schematic diagraati facies distribution acss slope deposition. Theadram describes the flow
evolution from granular flow into turbulee flow which indicates an overall waningpess. The facies distribution is a fuantof
grain size (like Lowe’s scheme), whereirger grain sizes are deposited in the prat slope and smaller grain sizes areas#ed
near the distal slope.
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TURBIDITE FACIES AND RELATED PROCESSES
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Figure 3.8 Summary of Mutéind Nomark’s (1991) facies schehescribing facies distribution nelation to flow evolution tha
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initiates from cohesive debris flow towadensity turbidity currents. This scheiso describes various sediment support r@aeisims
that control different depositional facies from proximal to disthk facies are divided into nine groups (F1 to F9) maiaset on
grain size and particular dienent structure as indiead in the diagram above.
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Figure 3.9 Kneller's (1995) flow steadines® flow uniformity concept diagram. (&Jow steadiness is measured by using aigto
changes through time. Waxing flow is debed as an increase in flow velocityahgh time, and a waning flow indicates a
decreasing velocity through tim@) Flow uniformity is measured by velocithanges through distance. Accumulative flow is
described as an increasing @ty through distance, and deple is indicated as decreasimglocity over distance. Diagranj€) and
(D) describe the relationship 8w depletion and accumulation in relation to slope physiography.
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Figure 3.10 Kneller's (1995) acceleration masummarizes the interaction of flovelocity changes through time and distantee
matrix describes the effect of flonesidiness and flow uniformity in relationtiming of deposition and non-deposition egerithe
matrix also describes the proximal to digtahnges of facies distriban that are indicated by the arrows within each maduster.
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(A) PROXIMAL DISTAL
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Depasition triggered by depletive flow
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Figure 3.11 The facies distribution model by Kneller and McCaff¢B803) describes two possibkfes distributbn end members

formed from one event. The waxing flomdicates a massive and non-erosive base s$iv@sand from lower proximal to distéhe

waning flow indicates erosive base fadiest are associated withwerked intervals followed by eelated depletive flow degdion.
Both processes produce almost similaticat facies at ta distal position.
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Table 3.1 Summary of descriptiondamterpretation of Parasequence-2 of the Sobrarbe Formation.
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n Imerpreted Interpreted Relative bed
. . . L Modal Grain | Average Sediment L . . .
Facies Facies Name Figure Description . depositional Type of flow aggradations Comparison to others studies
size % Sand Support
R process rate
mechanism
Facies 1 is thick bedded, matrix-supported conglomerate. The conglomerate is Clast pebble-
Conglomerate Figure dominated by poorly-sorted pebble- to cobble-sized sandfilled mollusks clast and bio- cobblep matrix Frictional or Lowe, 1982 (cohesive flow- Facies F1);
1 9 9 clasts that randomly oriented. The conglomerate matrix composed of silty- ! 95 Matrix strength . . Debris flow Medium Mutti et al., 1999 (Facies F1); Gardner et
Sandstone 3.12 . N b very fine grain cohesive freezing .
sandstone dominated by very-fine grained sand. The beds have planar, sand al, 2003 (Facies 1)
with a conformable lower contact.
. Facies 2 is structureless silty sandstone. About 60-70% of the beds are Alternatively by Combination
Bioturbated . N . . y . Combination or y .
Structureless Figure bioturbated with few bio-clast (mollusk, bi-valve and nummulites fragment) and Coarse silt to separate or suspension, separate Lowe, 1982 (low density flow- facies S1-
2 ¥ 9 about 30-40% of the beds do not have bio-clast. The beds has planar contact X 90 alternating fluid tractive and pa Medium S2); Mutti et al., 1999 (Facies F2-F3);
Silty-sandstone 3.13 N . o very-fine sand . Turbidity and )
atthe base and gradual contact at the top. Bioturbation is vary, some is highly turbulence and frictional or Gardner et al, 2003 (Facies 2)
with bio-clast ) - " : N . . debris flow
bioturbate (large and small trace fossils) others show very little borrowing. matrix strength cohesive freezing
Facies 3 is thin- to thick-bedded (5 to 40 cm), grain-supported shale clast
Shale-clast Figure conglomerate. The conglomerate is dominated pebble to granule of shale and Granule to ver Dispersive Lowe, 1982 (cohesive flow and grain flow,
3 Conglomerate 3914 siltstone clast (50%) and bio-clast (30-40%). The matrix compose of silty- fine sand Y 80 repssure Tractive Turbidity current Low Facies 3 or R3); Mutti et al., 1999 (facies
9 . sandstone. The bed is lenticular and has an erosional upper and lower bounding p F2-F3); Gardner et al, 2003 (Facies 1)
surface.
Fgglgs 4 is thinly- to thickly bedded (10 cm to 1.5 m), low angle to large cross- Bouma, 1962 (facies Ta); Lowe, 1982
. stratificicated sandstone with normally graded at the base and structureless at the . . " N ;
Clast Rich . . s . y N Fluid turbulence, | Suspension and (low density flow- Facies S1); Mutti et al.,
Figure upper part. This facies is dominated by pebble to fine grain sand. The beds Pebble to fine . N N " . .
4 Sandstone 98 dispersive tractive Turbidity current High 1999 (facies F5) Gardner et al, 2003
3.15 contains imbricated litho- and bio-clast at the base of beds. The bed has erosive sand . . " . X
pressure sedimentation (Facies 12);Plink-Bjorklund et al.,
surface at the base and truncated or flat surface at the top. Flute and grooves 2001(Facies 1.6)
structure commonly found at the base of the beds :
Structureless Facies 5 is composed of thinly- to thickly bedded (5 cm to 2 m), normally graded Bouma, 1962 (facies Ta); Lowe, 1982
Normally Graded . and structureless, normally to non-graded sandstone This facies dominated by . . (low density flow- Facies Ta); Mutti et al.,
Figure ) . " . " Coarse to fine Suspension . .
5 to Non-Graded coarse- to fine-grained sand. Silt and clay size deposit are only found at bed 98 Fluid turbulence . Turbidity current High 1999 (facies F8) Gardner et al, 2003
3.16 sand sedimentation
Sandstone boundaries. The upper and lower bed surface are commonly plane, however (facies 9);Plink-Bjorklund et al.,
some lower boundary are weakly eronsional and upper are eroded. 2001(Facies 1.2)
Structureless Facie 6 is thick (0.5 to 1.5 m), tabular structureless, normally graded sandstone. Bouma, 1962 (facies Ta); Lowe, 1982
Very Fine- to Figure This facies is dominated by fine- to very fine-sand and small amount of silt-size Very fine to Suspension and (low density flow- Facies Ta); Mutti et al.,
6 Fine Grained 3g17 grain associated with bed boundaries. The basal beds surface is flat to slightly fine {aln sand 95 Fluid turbulence tractive Turbidity current High 1999 (facies F5) Gardner et al, 2003
Sandstone . erosional. The upper bed boundaries are flat to truncated. The borrow is 9 sedimentation (facies 9); Plink-Bjorklund et al.,
increase in density toward the top of beds. 2001(Facies 1.4)
Parallel to Cross- . Facies 7 is thin- to thick bedded (10 to 50 cm), parallel- to cross-laminated. This . Suspension and Bouma, 196.2 (Facies Tb, Tc); Mutti et
. Figure o . ) . Coarse to fine N " . al., 1999 (Facies F9); Gardner et al, 2003
7 laminated facies is dominated by fine- to coarse- grained sand. The bed has a flat base and 98 Fluid turbulence tractive Turbidity current Medium : . .
3.18 - . sand . . (Facies 8); Plink-Bjorklund et al.,
Sandstone top. Borrow account for less than 5% in this facies. sedimentation
2001 (Facies 1.2)
Intercalated Facies 8 is thin- to moderate thick bedded ( 2 - 30 cm), structureless, parallel . Pelagm-hem Bouma, 1962 (facles Teand Tq),Luwe,
. . . " " . Hindered . pelagic settling 1982 (cohesive flow and grain flow
Mudstone and Figure | laminated to wavy laminated siltstone, shale, and very fine sandstone. Shale and Very fine sand ) Suspension . .
8 . . . . . . <10 settling, . from sea water Low Td);Mutti et al., 1999 (Facies F9);
Very Fine Grained | 3.19 very fine sandstone are intercalated within the siltstone beds. The upper and to clay sedimentation " "
. . y 3 turbulence and turbidity Gardner et al, 2003 (facies 13, 14); Plink-
Sandstone lower surface beds are flat and sharp contacts. Burrow is common in this facies. N :
current Bjorklund et al., 2001 (facies 1.5)
Dark Gray to ] Facl.es 9 is thin- to mogera[g thick beds (5 cm-30 cm), structureless to laminated ) Pelagic- hemi Bouma, 1962 (Facies Te): Mutti et al.,
Black Figure silty mudstone with iron rich nodule. The beds commonly dark gray to black Suspension N . N
9 ) Clay 0 Hindered settling . pelagic settling Very low 1999 (Facies F9); Gardner et al, 2003
Structureless 3.20 color. The upper and lower boundaries of beds are flat. The beds do not show sedimentation )
N . from sea water (Facies 15)
Mudstone any bioturbation.
Facies 10 is composed contorted siltstone and sandstone beds. The thickness of
Contorted Figure the folded and contorted bed ranges from 50 cm to 1.5 m. The contorted beds Very fine sand
10 Siltstone and 3g21 are from Facies 2 and 8. The base and top boundaries of this facies are relatively yto silt 70 N/A N/A N/A N/A Plink-Bjorklund et al., 2001 (facies 1.6)
Sandstone ’ flat. Bioturbation and trace fossils are found in part of the pre-deformation

sedimentary structures
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¥ Sandfilled Mollus
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andstone clasts

Figure 3.12 Photographs of Facies 1 shi@athick conglomerate bed (a) and are

composed of sandfilled mollusk and sandstone clast (b).
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Thick tabular bedded
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Figure 3.13 Photograph Facies 2 shovisktbabular sandstone beds (a) and bioturbated sandstone (c and d).
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Figure 3.14 Photographs of Facies 3 show aidelar bed (a) and are composed of shale
clast and nummulites fossils (b and c)
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Figure 3.15 Photographs of Facies 4 shows amalgamated beds (a), large scale cross beds
and are composed of shale tlassthe base (b, c and d)
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Figure 3.16 Photographs of Facies 5 showstththick bedded strustes (a and b) and
structureless santse (c and d).
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Figure 3.17 Photographs of Facies 6 showkthitd tabular beds and structureless

sandstone with less bioturbation (b and c).
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Figure 3.18 Photographs of Facies 7 showlfghlaminated beds (a and c) that
occasionally intercalated with cross laminated beds (b).
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Figure 3.19 Photograph of Facies 8 shows aatlated shaly-siltstone, siltstone and very
fine sandstone (a and b).
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(b)

Figure 3.20 Photographs of Facies 9 show bladark gray intervals of structureless
silty-mudstone beds (a and b). The weathered interval of this facies composed of reddish
iron rich nodule (a and c).
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Figure 3.21 Photographs of Facies 10 showarted beds (a) and folded beds (b). A
large sandstone clast was found withinltled a result of soft deformation (c).
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CHAPTER 4
ARCHITECTURAL ELEMENTS

This chapter provides an overview of atettural element analysis as well as a

description of architecturalements, found in this study.

4.1 Architectural Element Definition and Scheme

The architectural element conceys introduced by Miall (1985) as a
comprehensive and consistent techniqustiatigraphic description, compared to
previous facies model approaches. Miall dedl architectural element as “a lithosome
characterized by its geometry, faciesngmsition, (and) scale which represents a
particular process or suite of processes occurring within a depositional system” (Miall,
1985). This definition stresses that an aegttiiral element description has to include:

1. Nature of lower and upper bounding surfa@ssional or gradational; planar;

irregular; curved (@ncave or convex)

2. External geometry: sheet, lens, wedge, scoop, U-shape fill

3. Scale: thickness, lateral extent parbind perpendiculdo flow direction

4. Internal geometry: lithofacies asseng#avertical sequence, presence of

secondary erosion surfaces and tberntations, bed form paleo-flow
directions, relationship of internbédding to bounding surface (parallel,
onlap, downlap) (Miall, 1985)

Although this concept origiig applied to fluvial depass, it can also be applied
to many studies in deepwatattings, such as Clark aRttkering (1996), Gardner and
Borer (2000), Carr and Gardner (2000), Garabet. (2003) and Pyles (2007). A few
authors have introduced the architecteétement scheme specifically for deepwater
deposits such as Claekal. (1996), Mutti and Nomarkl@91) and Pyles (2007). In
addition to these schemes, Gardetaal. (2003) and Pyles (200 pyopose a stratigraphic
hierarchy for deepwater deposits. Gardae. (2003) divides chantiee stratigraphy
into a hierarchy of channel bodies as follows:

1. Elementary channel fill andlbe (architectural element),

2. Composite channel (dmtectural complex)
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3. Migrating Channel complex or confined channel complex (channel Belt; 6

order cycle)

4. Submarine channel fairway (System Tralt-6rder cycle).

Based on observations in the Ross Sandstyles (2007) proposes a more general
sedimentary body hierarchy which emplaces archital elements into wider ranges of
strata temporal packages, as shown in Eigut. This scheme divides the architectural
depositional bodies into:

1. Element

2. Complex

3. Complex Set

Pyles’s architectural element scheri6(7) is widely applicable to most

stratigraphic settings (Figure 4.T)his research utilizes tlachitectural element scheme
proposed by Pyles (2007) because it accomtesdae wide range of architecture in
many deepwater depositional settings. Moreokgles (2007) re-defed architectural
elements into a more specific scale withre practical meaning. He also modified
Miall's (1985) architectural element inta mesoscale lithosome (> 1 m thick, > 20 m
wide) characterized by its external shape in depositional-strike view that forms the
fundamental building block for larger stratighic unit including pasequence, system
tracts, and sequences” (Pyles, 2007). Basdtismefinition, Pyles uses the following
criteria to determine stratigraphic hierarchy:

1. Scale: covers mesoscale strata thatrsggs smaller from larger stratigraphic
building blocks (Figure 4.1).

2. Geometry: limited to external shape of the deposited strata. The internal
shapes of deposits are classifiedtiy lower levels in the stratigraphy
hierarchy (Figure 4.1).

3. Observation view: limited to depositional-strike view (normal to paleo-flow)
because architectural elements have different external shapes at different
angles.

4. Facies: not included to describe the @ssttural element because facies could
change within one element. Moreovexgikes is not unique for one particular

element.
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5. Process or suite of processes: notudel for defining architectural elements
because this is not unigtee one particular element.

4.2 Relating Flow Processes to Slofthysiography and Slope Architecture

Recent studies have shown that basin physiography and sediment type control
slope architecture. Some authors (Peadtall., 2002; Fildangt al., 2006; Posamentier,
2003; Posamentiend Walker, 2006) describe tf@mation of levees, channels,
crevasse splays, sediment waves, channgsiawm and frontal splay/fans in relation to
flow stripping, basin physiogpdy and lithology. Flow strigpg controls the formation
of levees and crevasse splays. The flow-ginigp process occurs at the outer bend of a
channel when the turbidity current’s heigixceeds the levee’s lggit. The upper part of
the flow that consists of finer suspendedis®nts spills out of the channel and creates
the levee and crevasse splay (Figure 4.2d% fitocess acts as a sorting mechanism by
which sandier sediments are deposited progrelysbasinward. The frontal splay or lobe
occurs when the channel reaches the unconfinea, usually the basin floor. The initial
ratio of sand-to-mud within the flow contrdlsw sustainability and the distance the flow
will travel (Posamentieand Walker, 2006). The initial sedimteype within the flow is
controlled by the type of sediment orettopset of the clinoform (Posamentied
Walker, 2006). The lower sand-to-mud ratidl result in more sustained flows and
higher levee crests in the proximal sloged longer channel distance and muddier
crevasse splays at the medial slope (Posamemtie¥Valker, 2006).

Posamentieand Walker, (2006) described the rofebasin physiography and the
sand to mud ratio on the formation of swime channel crevasse splay and frontal
splays. A summary of this relationship is shown in Figure 4.2. Frontal splays (lobes) form
further basinward when the system hasvadorvature slope andw sand-to-mud ratio
(Posamentieand Walker, 2006). In contrast, a fronsalay (slope) will form closer to
shelf edge in high-curvature sloped high sand-to-mud ratio. Posamendied Walker,
(2006) further describe that systems will gae poorly sorted deposits when the slope
changes rapidly from steep to a flat bastofl(Figure 4.2 b). Inantrast, gentle slope

changes produce well-sorted, samnthated deposits in the basin.
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4.3. Architectural Element Distribution across the Physiographic Profile

Few studies focus on describing how aretiitiral elements change down slope to
basin profile. Examples include 1) Lev8tale Formation (Pyles and Slatt, 2007), 2)
Clinoforms of Spitsbegen (Plink-Bjorklundet al., 2001), and 3) the Brushy Canyon
Formation Texas (Gardner and Borer, 2000k Lewis Shale and the Clinoforms of
Spitsbergen both represent linked, progradingif-slope-basin systems (Figure 4.3 and
Figure 4.4). In contrast tgrushy Canyon formation is aggtational, no sedimentation
occurs on the shelf and completdigtached from shelf (Figure 4.5).

The Lewis Shale and Spitsbergen studiesdee the distribution of architectural
elements of prograding (in grade) systemthatshelf edge, slope, and base of slope
(basin floor) of the clinoform. The Lewihale studies describe delta mouth bars,
mudstone sheets, and slumps as the primuatyitectural elements at the shelf edge;
mudstone sheets, levees and non-amalgad@hannel elements on the slope; and
sandstone sheet, amalgamated channels and fewer mudstone sheet and slump elements at
the base of slope (Figure 4.3) (Pyles andtSX807). The Spitsbergestudies, within two
types of shelf margins, dedoei delta front sheets, mouthar and distributary channel
elements at the shelf edge; sand-rich spfa@hnels and small lobes in the middle slope;
and sheet-like turbidite de and channels on thenler slope (Plink-Bjorklune al.,

2001 and Plink-Bjorklund and &tl, 2005). The Spitsbergemidies indicate a direct
connection of channel bar systems at shdies to turbidities at the slope depositional
system with fewer slump occurrencesgiitie 4.4) (Plink-Bjorklund and Steel, 2005). In
contrast, the Brushy Canyon Formation, (@er and Borer, 2000) revealed that
channels stack more vertically in the slopd avere more laterally offset in the basin.
These previous studies demongrslid observations for describing
architectural elements on proximal, mediad @istal slopes, butdly lack documentation

of how architectural elements, facies, and related lithology change between these areas.
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4.4. Architectural Elements of Parasequence 2 of Sobrarbe Formation

Parasequence 2 of the Sobrarbe Ftionas composed of four types of
architectural elements: mouth bar elemehgnnel element, overbank deposit element
and mudstone sheet elemehtsummary of architecture element types of Parasequence 2
is listed in Table 4.1. A geological map shaws location of elemés in the research
area (Figure 4.6).

4.4.1 Mouth Bar Element

Mouth bar elements are describedvat outcrop exposures. One outcrop is
oriented parallel to sediment transport diratiibigure 4.7); the otles oriented oblique
to sediment transport direction (Figure 4Mputh bar complex are primarily located at
the shelf edge and their extend distribotapproximately 3 km across the upper slope
(Table 4.1). This element has a sigmoid sfssction shape (inlparallel view) and
contains a series of basinward-dipping khimassive sandstone beds. In the study area,
the beds dip Clto 9.5) toward the basin (Figure 4.7 and 4.8). The upper part of the
element is top truncated and the lowerfaee is flat (Figure 4.7). The mouth bar
elements stack to form a complex at shelf margin. Different mouth bar elements
within the complex are separated by erodiconafaces (Figure 4.7). Each of mouth bar
element has approximately 1 to 2 km lengthe thickness of a single mouth bar element
at shelf edge position ranges from 40 to 5@emge The mouth bar complex in this study
area has a total thickee of 75 meters.

Mouth bar elements contain beds ttatken in the landward direction (ranging
from 1 to 8 m) and thin to a feather edgé¢he basinward dirdion (Figure 4.7 and 4.8).
The proximal part of mouth bar containsgsi@e structureless very fine to medium
sandstone with floating bioas$ts (Facies 2) and, to a lesser degree, moderate thick
sandstone conglomerate (Facies 1). The pwveylstrata of togruncated mouth bar
element are part of transgresnfeposits packages. This packages is composed of thick-
to thin-bedded (20-40 cm), structureless, medium-grained sandstone (Facies 5), and
parallel to cross laminated medium to coaardstone (Facies 7). The medial and distal
parts of mouth bar elements contain beddetlt@oturbated very fine to fine sandstone

with few bio-clast (Facies 2). Vertically tlassociation of individual mouth bar elements
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have a fining-upward vertical profile (balhape). The facies, vertically, also changes
from moderate thick of structureless medisamd to thickly bed of very fine- to fine-
sandstone with bio-clasts. but overal tinouth bar complex has a coarsening upward
vertical profile due to progradati from one element to the next.

Mouth bar elements within this research area are interpreted as delta foreset
located in front of the river mouth at tekelf edge. The erosion upper boundary surface
of this element is interpreted to reflecbgion during the initial stage of transgression

(revinment surface).

4.4.2 Channel Element.

The channel element is the most studied element in this research. This element is
widely distributed in proximal- to distal-slops¢rata. Most of the description of channel
elements comes from outcrops that are oe@mblique to- or alnsi parallel to paleo-
flow direction. This study, describes threfeatient types of channel elements. They are
summarized in Table 4.2.

The three different channel elements physically differences in term of bedding
thickness, grain size distribution, facies, mip@s from axis to margin, stacking pattern
and distribution across the slope physiographic. Although channels are divided into three
different types, these channel® part of a continuum.

4.4.2.1 Type | Channel Element.

Type | channel elements are foungnoximal- and medial-slope exposures,
commonly in association with mouth bar etats. Type | channels occur as isolated
individual element or staked into complexes. Type | channel elements have an erosional,
concave upward lower bounding surface aatidbper bounding surface. When found in
complex, 40% to 60% of the older channelneénts in the complex are truncated by the
younger channels. Because of this degree of erosion, the margins of Type | channel
elements are preferentially preservej(ife 4.9 and 4.10). Type | channel complexes
are formed by a number of amalgamated chiarinex narrow geographic area. There is
no single master erosional cut that confines all single channels within the complex
(Figure 4.9).
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The internal strata of Typechannel elements change from axis to margin. The
axis often contains thick, amalgamatblhcky and massive beds (0.5t0 1 min
thickness). Beds in the axis are commonlgposed of normally graded beds (Facies 4
and Facies 5) with shale conglomerate (Fa8)est the base of bedding (Figure 4.9 and
4.10). The margin of Type | channels arencaonly sigmoid-shaped, with some degree
of laterally accreting packages of beds (LAPS) similar to those shown by &laleu
(2004) (Figure 4.9 and 4.10). The LAPs of Tymd channels arshown the present of
small degree of sinuosity aléound within the channel. Thebeds laterally thin and de-
amalgamate (10 to 50 cm in thickness) and become finer grained toward the margin of
the element (Figure 4.9). Strata locatethatchannel margin malso contain thin- to
moderately-thick bedded sanaisé (Facies 5). The transition from axis to margin is
transitional the shale-conglomerate bedemhFacies 3) reduce in abundance toward
the channel margin. In generd@lype | channels have a fing upward to uniform vertical
grain size profile in axial positions which reflected a facies changes from Facies 3 to
Facies 4 and Facies 5. The margin of Type | channel elements are fining upward bedded
to thinly bedded which reflected a ctuges from Facies (Figure 4.9 and 4.10).

4.4.2.2 Type Il Channel Element

The type Il channel elements are descrifiea number of outcrops mostly in the
medial slope and distal slope positiogp€& Il channel elements occur as isolated
individual element or staked into complexd@ype Il channels are described from a
number of nicely exposed chahoeatcrops that are orientgekrpendicular to paleo-flow
direction. Type Il channels have an eoosl, concave-upwardwer bounding surface
and a flat top (Figure 4.11, 4.12 and 4.13kelL.Type | channel elements, Type I
channels stack vertically and laterally to build complexes. However, lateral offset is
greater than in Type | chael and as a result, older channels in type Il channel
complexes are better preserved. Erosion fsogtessive channels removes 20% to 30%
of the older element. With less intensighannel amalgamation, Type Il channels
commonly preserve one side of channel maagid almost all of the channel axis body
(Figure 4.11). Type Il channel elements associated with overbank elements and

mudstone sheet elements. Mostly, however, Tipe associated with mudstone sheets.
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The internal strata of Typéchannel elements also demonstrate axis to margin
changes. Axes commonly contain massive, garahted beds (1 to 2.5 m) of coarse- to
fine-grained sandstone with few nummulites fragments at the base (Facies 5 and Facies
4). These beds thin and de-amalgamate towthedmargin of the channel. Vertically, the
axis is composed of few normally gradedl®&vhich changes from Facie 4 to Facies 5.
Most beds are structureless and have a Wyfbeertical grain sizeprofile (Facies 5), and
the margin shows a fining upward profile oteassion thin beds (Facie 5 and Facies 7)
(Figure 4.11). Overall, Type Il chanrelement is capped by thin parallel bedded
sandstone.

Type Il channel elements differ from Typehannels in the following ways. First,
Type Il channel elements contain massivehtok bedded sand at the axis (Facies 5 and
Facies 4). The bedding surface of channel axes are commonly difficult to distinguish and
no shale-clast conglomerate is found (Fegdrll, 4.12 and 4.13). In contrast, Type |
channel elements have high percentagehafe-clast conglomerates (Table 4.2). Second,
the channel axis of Type Il channel eletisetommonly has a uniform grain size bed and
an overall “blocky” vertical profile. In cordst, Type | channel elements decrease in
grain size upward. Third, while Type Il chahe&ements have axis to margin changes,
they are not as notable &®se in Type | channels. Fourth, Type Il channels do not have
any lateral accretion packages (LARg)ich are common in Type | channels.

4.4.2.3 Type Il Channel Element.

Type lll channel elements are only foundlistal slope exposures. Type Ili
channel elements are also found to stacomplexes. Type Ill channel elements are the
thickest channels ( 8 to 9 rfgund the parasequence. 8anto Type | and Il channel
elements, Type Il channel elementy@@oncave-upward lower bounding surface and
flat at top. The bases of Typkk channel elements are erosa into older strata. Within
complexes, Type lll channel elements mostownly stack laterally with little vertical
offset between adjacent channels. Oveddl? to 50% of indivdual channels in the
complex are removed by erosion (Figdté4). Type Ill channels complexes downcut
into mudstone sheet elements at the matabslope profile with no master cut that
confined the complex.
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Type Il channels have little axis toargin changes in facies. The only
documented change is a slight thinnindpetlding towards the margin. Both the channel
axes and margins are composed of thick beddis beds: 1 to 2 m and margin beds:
0.5 to 1.5 m) structureless very fine- todigrained sandstone (Facies 6) and are
occasionally inter-bedded with very thin sittsé beds (Facies 8) (< 1 cm thick) (Figure
4.14). These beds lap out directly into thegmaof the channel ith little change in
thickness and grain size. Vertically, the chal axis and margin commonly contain a
thick uniform very fine sandstone bed (Fad¢snd few normally graded beds. Toward
the channel tops, type Ill channel is cappganoderate thick parallel bedded bioturbated
and structureless very fine sandstone (Fa&jeBoth axis and margin strata have a
“blocky” uniform grain size profile.

Type Il channel elements differ frofrype | and Type Il channels in the
following ways (Table 4.2). First, Type 11l ahnel elements contain structureless thick
bedded very fine to fine sandstone at the arnd margin (Facies 6). Type Il channels
have the lowest facies diversity of all ama&l types. In contrast, Type | and Type II
channel elements are composed of caaardstone and conglomerates. Second, the
channel axis of type Ill channel commonbntains beds of uniform grain size and few
normally graded beds. It has almost the saergcal profile as Type Il channels, but is
finer grained. In contrast, Type | channadreknts decrease in grain size upward. Third,
Type Il channel elements do not show significaxis to margin changes. In contrast,
Type | channel element show significanange from axis to margin, and Type Il

channels show a decreasing amalgamation to margin.

4.4.3 Overbank Element

Overbank elements encompasses all depttsitsspill from the channel system,
except lobe (frontal splay) elements. Thesduite levees, crevasse splays and sediment
waves. Overbank elements are only found in adedidistal slope strata. This element is

divided into two types based on thdistance to channel elements.
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4.4.3.1 Type | Overbank Element

Type | overbank elements are located adjacent to channel elements. These
elements are lenticular and “wedge” shapecdross sectional giv (Figure 4.15a). The
upper parts of these elements are commormgest by adjacent channel elements (Figure
4.15a). The element is compos#dntercalated very fine sastone and siltstone (Facies
8).The internal bedding (30 to 5 cm) lateydhins away from channel element (Figure
4.15a and 4.15b). These elements also shexrease in grain size and increase in
bioturbation with distance from the chanement. These observations are interpreted
to reflect a genetic relationship between this strata and the adjacent channel. Vertically,
this element has a series of cyclical fining-upward successions

The lateral and vertical amacter of the Type | overbk elements are interpreted
as levee deposits. Based on this evidence the first group of overbank deposit elements is
interpreted to result from a levee tfatmed from flow over spill from channel

confinement.

4.4.3.2 Type Il Overbank Element

Type Il overbank element are locatedagvirom channels. They have planar
bedded, thin to moderate thick ( 10-30 cahjeet-like bioturbated, very-fine to fine-
grained sandstone (Facies 6 and facies 7 pamdot intercalated to siltstone or shale
(Figure 4.15b and 4.15c). The base of the $leows limited to no erosion. Although they
do not show depositional connection to chamtements, these elements are commonly
found close to channel elements (Figdirgsb and 4.15c). Vertically, this element
contains no graded beddingdahas a flat top. Type Il ovaabk elements are interpreted

as crevasse splay deposits.

4.4.4 Mudstone Sheet Element

Mudstone sheet elements are one oitlost widely distributed architectural
elements in the parasequence. They are foumd fhe shelf edge to distal slope basin.
They occupy at least 30% of the parpsnce volume (Figure 4.16). Mudstone sheet
elements are characterized as extremelyiiwootis, planar, thinly to moderate thickly
bedded (10 cm — 50 cm) and are composed of intercalated siltstone and shale (Facies 8
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and Facies 9) (Figure 4.16). Overall the eletmshow an extended and widely sheet-like
geometry. The most dominant mudstone shkshent is located in the medial and distal
slope. Mudstone sheet elements distinctively dark gray tblack in color or light gray
to light brown in color which is related twganic content. Vertically, mudstone sheet
elements have uniform grain size profile.

Mudstone sheet elements are inteted to reflect deposition of hypopycnal
plumes formed in front of the delta aethroximal slope. The mudstone sheet mainly
results from hindered settlingdimentation. In examples whéhis element is dark gray

to black, this element is interpretedréxord hemi pelagic and pelagic suspension
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Table 4.1 Summary of Architecture Elements desdrihdParasequence 2 thie Sobrarbe Formation

Architectural Element

External Shape

Physiographic
Position

Dominant
Facies Content

Element Thickness

Lateral Dimension

Vertical Grainsize
Profile

Common Grainsize

Associated Elemen

Mouth Bar Element

Sigmoid (Parallel td
paleo flow)

Shelf edge to medig
slope

Facies-1, Facie|

| 2 and partially

Facies 5 and
Facies 7

12
T

Element: 40-50 m
Complex: 60-75 m

Element Length:
1to 2 km

Complex: coarsenin
upward; Element:
fining upward

Very fine to fine
sandstone; few
medium sand and
granule to cobble si

«Q

Type | and Type Il
Channel Element
e

Channel Element

Concave-upward
lower bounding

Proximal to distal

Facies-3, Facids

4, Facies 5,

Element: 1.5to 5

" width: 14 to 300 m

Ranges from fining|
upward to uniform

Very fine sand to
granule, ocassionall

Mouth bar element
overbank deposit

slope Facies 6, FacigsComplex : 6 to 9 m element and mudstope
surface, flat top 7 and Facies B (blocky) pebble sheet element
Lenticular, wedging . . . Type Il channel
Overbank Deposit Element | and planar to sheet- Medlaélt;) e distal Facies 8 Element: 1to 2 n Iargethn(;?Ta:sured. Fining upward Fine sand to silt | element and mudstohe
like P sheet element
. Proximal to distal | Facies 8 and Element:2to 4 rh . Clay to silt with few| Type Il and Type Ii
Mudstone Sheet Element Sheet-like . . - Uniform . channel element and
slope Facies 9 Complex: 5to 8 m very fine sand .
overbank deposits
Table 4.2 Table Comparing the Three Types of Channeldfitsmvithin Parasequence®the Sobrarbe Formation
Channel Type Facies Content PhyS|o.g'raph|c Present Axis to Margin Bed Thickness Domlnant'Vertlcal Stacking Pattern | Common Grainsize
Position Conglomerate Changes (m) Profile
Changes in bed
. B . amalgamation, Axis: 0.5t0 1 m Mostly Fining . Pebble to medium
Type | Channel Element Facies 3,4, 7 and b Proximal Slopq Yes thickness, facies arjMargin : 10 to 50 cn Upward Vertically sand
grainsize
Changes in bed
Facies 4, 5, 7 and fqw Medial to Distal amalgamation, Axis: 1t0 2.5 m | Mostly Uniform and . . )
Type Il Channel Element Facies 8 Slope No thickness and | Margin : 10 to 50 ey few fining upward Vertically, lateraly | Medium to fine sand
grainsize
. Axis:1to2m .
Type Ill Channel Element Facies 6 and Facie(8 Distal Slope No Char_1ges in bed Margin : 0.5 to 1.5 ny MOS“Y pnlform and Laterglly and Very fine to fine sangl
thickness om few fining upward vertically

T.



5o & [E8S
= O = | =
s £ = Stratal .
@ = L 5l & Hierarchy Example Data sets that can resolve features References
0 = Package
qé > ® wl &
= 2ol S
B SN 4 N7
lamina outcrop, core
Lamina .
lamina set outcrop, core
Jackson (1975), Campbell
microform ripple outcrop, core (1967)
Bed mesoform megaripple outcrop, core
bedset macroform bar outcrop. core
El te channel-form, lobe-form, sheet form, T m—
emen chaotic/contorted body P 19 9 Y Miall (1985), Clark and
Architectural C lex * channel-form, lobe-form, sheet form, outcrop, core, high-frequency seismic, Pickering (1997), Gardner
element ompiex chaotic/contorted body (complexes) conventional seismic, well-logs and Borer (2000), Sprague

Complex Set *

channel-form, lobe-form, sheet form,

chaotic/contorted body (conduits)

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

etal. (2002)

Systems tract

lowstand, transgressive, highstand

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

Brown and Fisher (1977),
\Van Wagoner et al. (1987),
Posementier (1991)

4 ———— — — — — _5izeiNCreases = mm === — — — — — — | Size of stratal package

‘__ — —number of cross cutting relationships within packages increases — — wm
‘- — — = —number of superimposed stratal packages iNCreaseSm —— —— — — 4

‘. —— it (T1E $PEN Of EXISIENCE INCTEASES m— - ——— — ——

Depositional
sequence

5th order

high-frequency sequence

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

4th order

high-frequency sequence

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

3rd order

conventional sequence

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

2nd order

sequence set

outcrop, core, high-frequency seismic,
conventional seismic, well-logs

Vail etal. (1977). Mitchum
etal. (1977), Van Wagoner
etal. (1987)

Figure 4.1 The temporal and spatiarairchy of deepwater architectueéément (modified after Pyles, 2007).
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Figure 4.2 The relationship between flowging and slope profile. (a) The crevasse
splays and levees form as products of fRivipping. (b) The effect of sand to mud ratio
within the flow results in a different phygjraphic and location of the transition from
confined channel to unconéd deposition (frontal splayn the slope (Posamenteand
Walker, 2006).
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Figure 4.3 Proximal to distal changes in stratigraphyef_ewis Shale Formation (Pyles and Slatt, 2007).
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Figure 4.4 Stratigraphic architece of the Spitsbergen Clinofar The schematic diagram shotwms different architecture ateent

distributions that relate to ¢htype of shelf margin. Stratigraphic architectwithin type 1 shelf margin is distributedrielative short

distance. This system does wet/elop basin-floor elements (A). In contrastsematigraphic architectarwithin type 2 shelinargin
has more extended distribution withethresence of basin-floor eleme(®3 (Plink-Bjorklud and Steel, 2005).
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Figure 4.5 Stratigraphic architecé of the Brushy Canyon Formation (Gardner anceB@000). Note that unlike the Lewis $ha
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Figure 4.7 Photopanel of mouth bar elemexizosed almost parallel to paleo-flolivection. The photograph shows a seriesasfinward-dipping beds thateate a sigmoid shape. The mouth bar elements have a
planar, flat base and truncatiegh. Three different elemenrase interpreted here. Eachbisunded by an erosional surfacee$é surface correlate landwardigpass surface. The three elements stack to form a mouth
bar complex. Location shown in Figure 4.6.
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Figure 4.8 Photopanel shows depositional stvikgy of mouth bar complex (A= photopdméth interpretation ; B= interpretain results). The same erosional surfacesdbparate the three different elements are
shown in Figure 4.7. Location shown in Figure 4.6.
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81

SEDIMENT TRANSPORT
DIRECTION

LATERAL ACRETION PACKAGES (LAPs)

Channel AXis M SE

Channel Margin

----------------------------

i

- —e

e =
'_'_'_'!'_;_:;,-_-;'.';'.';- e TT— =

2 e
Channel Storey Shale Conglomerate

40 50 60 70 m
I

(b)
Legend : Il Facies 3 (Shale-clast Conglomerate)

] Facies 2 (Bioturbated Structureless
Silty to Very Fine-grained Sandstone)

/o Channel Boundary

I Facies 7 (Pararel Laminated to Cross Laminated Sandstone)
—], Facies 4 (Structureless Normally Graded Clast-rich Sandstone)

B Facies 5 (Structureless Normally Graded to Non-graded Sandstone) 7 Channel Storey

[ Facies 8 (Thin Beds Intercalated Siltstone and Very Fine-grained / Beds Boundary
Sandstone ) A
Facies 6 ( Very Fine- to Fine-grained Sandstone )

"

Figure 4.10 Photopanel showing a single Tlypeannel. Most surfaces within the cimel form sigmoid-shape LAPs. Interpredatishows preserved channel margin body. dif@nel shows the presence of shale-
conglomerate at the base of the channstanies. Laterally, the shale conglomerate is reduced toward channel margin.rLskatim in Figure 4.6
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CHAPTER 5
CHANGES IN STRATIGRAPHIC ARCHIT ECTURE FROM THE SHELF-EDGE
TO THE DISTAL SLOPE

This chapter provides a detailed discussion of proximal to distal changes in
stratigraphic architecture in Parasequence 2. This chapter is divided into three main sub-
chapters that each begin with a brief review of related methodology and research, and
each are followed by description and interpretation of stratigraphic changes, and a

synthesize of the stratigraphic framework.

5.1 Methodology
Various methods were used interpret channel geometry, parasequence thickness,
net-to-gross ratio and the geological map and regional stratigraphic cross-section. These

methods are described below.

5.1.1 Geological Map and Regional Section

A regional 2D cross section through the parasequence is constructed by using
measured sections, photo panels and the geologic map (Figure 5.1). The datum for this
cross section is a black, organic-rich shale that forms the boundary between the Guaso
and the Sobrarbe Formation. Measured sections and architectural elements are accurately

positioned on the stratigraphic cross section (Figure 5.2).

5.1.2 Channel Geometry

Channel geometry calculations used in this study include: (1) Channel preserved
width which is perpendicular to paleocurrent direction, (2) aspect ratio, and (3)
asymmetry. The calculations use the following measurements: (1) channel thickness, (2)
paleocurrent direction, (3) cliff-face/outcrop orientation, (4) location of channel axis, and
(5) location of channel margin (Figure 5.3).

Channel width is calculated by using a combination of Pythagorean’s theorem and

trigonometric functions (Equation 5.1, 5.2; Figure 5.3).
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Equation 5.1 Legend:
e W : Channel apparent width (m)
W’ : Channel true width (m)
W=\/((X1-X2)"2 +(Y1-Y2)"2) X1,Y1: Lat., Lon. position of channel margin 1

(m,m)

Equation 5.2 X2,Y2: Lat., Lon. position of channel margin 2
(m,m)

W’=Sin(@-B) x W X3%Y3: Lat., Lon. position of channel axis (m,m)

/ : North direction
= @ : Cliff face orientation
[ : Paleocurrent orientation

Channel aspect ratio is calculated by using Equation 5.3:

Equation 5.3 Legend:
, AR: Aspect Ratio (dimension-less)
AR=W’/T W’ : Channel true width (m)

T : Channel thickness (m)

Channel asymmetry is calculated by using Equation 5.4-5.8 (from Pyles, 2008). In

sequence, channel asymmetry is calculated as follows:

Equation 5.4

Legend

Wl:\/ (X1-X3)"2 +(Y1-Y3)"2) W1: apparent axis-to-margin distance 1 (m)

W2: apparent axis-to-margin distance 2 (m)

W1’: true axis-to-margin distance 1 (m)

W2’: true axis-to-margin distance 2 (m)
X1,Y1: GPS position of channel margin 1 (m,m)

W2=J ((X2-X3)"2 + (Y2-Y3)"2) X2,Y2: GPS position of channel margin 2 (m,m)

X3,Y3: GPS position of channel axis (m,m)

Equation 5.5

Equation 5.6 @ : CIiff face orientation (degree)
[} : Paleocurrent orientation (degree)
W1’=Sin(@-R) x W1 AS: Channel Asymmetry (dimension-less)
Wmax: Largest value of W1 and W2
Equation 5.7 Wmin: Smallest value of W1 and W2

W2’= Sin(@ - B) x W2

Equation 5.8
AS = Wmax / Wmin
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5.1.3 Parasequence Thickness

Parasequence thickness is calculated by combining Pythagorean’s Theorem and
trigonometric functions. The calculation uses latitude, longitude, elevation (X, y, z), and
strike and dip data of bedding at the base and top of the parasequence (Figure 5.4). The

calculation methods are described sequentially as follows:

Equation 5.9

Qavg = ArcTan ((Sin @1 + Sin @2) / (Cos D1 + Cos 92))

Equation 5.10

H =\[((x1-x2)f~2) H(Y1-Y2)"2)

Equation 5.11 1:
@avg: Average dip of @1 and 02

AV = (V1-V2) @1 : Dip of the bed at the top of the parasequence

@2 : Dip of the bed at the bottom of the parasequence
Equation 5.12 31 : Strike of the bed at the top of the parasequence

B2 : Strike of the bed at the bottom of the parasequence
R =J (H"2) + (AV*2) H  : Horizontal distance between the top and base

of the parasequence (m)
AV : Elevation differences between the top and base
of the parasequence (m)
_ V1 : Elevation at the top of the parasequence (m)
= Arct V/H
H Ketan:(2 ) V2 :Elevation at the bottom of the parasequence (m).

Equation 5.13

_ L : Angle between horizontal position
Equation 5.14 to hypotenuse line (figure 5.4)

T : Thickness of parsequence
T = Sin (@avg + WR parseq

where R1 =32

5.1.4 Net-to-Gross Ratio

Net-to-gross ratio is calculated by dividing the thickness of sand in a measured
section (net) by the total interval thickness (gross). The net thickness is defined by using
grainsize very fine sand. The beds with very fine sand and above are grouped into net
thickness. This cutoff will be different compare to subsurface cutoff that utilize porosity

and permeability data to calculate the net-to-gross ratio. The measured section is recorded
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with scale 1 cm = 1 m actual measurement. With this scale, the beds with less then 10

cm thick are mostly not recorded.

5.2 Proximal to Distal Changes irStratigraphic Architecture

Multiple changes in stratigraphic architecture are documented along slope
physiographic of research area. The startigraphic changes analysis and observation are
mainly focus on several stratigraphic aspects. They are: (1) paleo flow direction, (2)
architectural elements, (3) channel geometry, (4) facies, and (5) grain size and net-to-
gross ratio. In this study, the slope physiography is divided into three equal area
(proximal, medial and distal slope) for statistical analysis and trend analysis purposes as

shown in Figure 5.1 and 5.2.

5.2.1 Changes in Paleo Flow Direction

Paleo flow directions are measured from the flute, grooves, ripples and channel-
margin orientations. 487 paleocurrents were measured in this study. These data are
presented in rose diagrams on the geologic map (Figure 5.5) and a cross plot (Figure 5.6).

The average of all paleocurrent data collected on slope strata of Parasequence 2 is
282° (Figure 5.5). For purpose of statistical comparison, the slope was divided into three
areas of equal length: proximal, medial slope and distal slope. Each zone has a distinctive
average and variance in paleocurrent directions are (Figure 5.5 and 5.6). Since
paleocurrent data are collected form channels, paleocurrent variance is interpreted to be a
proxy for channel sinuosity. Areas with low paleocurrent diversity (proximal and distal
slope) are interpreted to be areas with relatively straight channels. In contrast, areas with
high paleocurrent diversity (middle slope) are interpreted to reflect areas with high

channel sinuosity.

5.2.2 Changes in Architectural Elements

Architectural elements within Parasequence 2 of the Sobrarbe Formation are
mapped from the shelf edge to the base of slope (Figure 5.5 and 4.6). The architectural
elements vary by physiographic position. At the shelf edge, the parasequence is

composed of mouth bars, channel and mudstone sheets (Figure 5.2 and 5.7). Mouth bars
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occupy approximately 60% of shelf edge strata. The elements consist of multiple stacked
mouth bar elements which stack basinward to build a mouth bar complex. Channel
elements are found at the boundaries between mouth bar elements (channels occupy less
than 10% of shelf edge strata). Mudstone sheets occur stratigraphicaly below the mouth
bars. Mudstone sheet elements occupy approximately 30% of shelf edge strata.

Proximal slope strata are composed of mouth bar elements, channel elements and
mudstone sheets (Figure 5.2 and 5.7). At this location only the distal toes of mouth bar
are exposed. The toe of mouth bar elements decrease in thickness toward medial slope.
Mouth bar elements occupy approximately 45 % of proximal slope strata. Channel
elements are associated with mouth bar elements. Channel element stack laterally and
vertically to form channel complexes. Channel elements occupy approximately 30% of
proximal slope strata (Figure 5.7 and 5.8). Most of channels in the proximal slope are
Type I channel elements. Mudstone sheet elements are positioned at the lower and upper
part of the parasequence. Mudstone sheets occupy about 30% of proximal slope strata.

Medial slope strata are composed of mouth bar elements, channels elements,
overbank elements and mudstone sheet elements (Figure 5.2 and 5.9). The distal most toe
of mouth bar elements are located at this position and they are partitioned to upper part of
the parasequence (Figure 5.9 and 5.10). The mouth bar element occupies about 25% of
medial slope strata, channel elements and associated with mouth bar element and
overbank elements. They occupy about 30% medial slope strata. Channels stack
vertically and laterally to build channel complexes (Figure 5.9 and 5.10). At this location,
channels have greater lateral stacking than observed in proximal slope strata. Type II
channels are most common in medial slope strata. Overbank elements are difficult to map
in medial slope strata due to vegetation. These elements commonly occur close to
channel elements in the medial slope strata (Figure 4.14). The overbank element occupies
about 5% of medial slope strata. Mudstone sheet elements occupy approximately 45% of
medial slope strata.

Distal slope strata are composed of channel elements, overbank elements and
mudstone sheet elements (Figure 5.2 and 5.11). They stack laterally to build complexes.
Channel elements are associated with overbank elements and mudstone sheets (Figure 5.2

and 5.11). Channel elements occupy about 28% of distal slope strata. At this location,
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most channel elements are Type III channels with few examples of Type II channels
element. Type II channel elements are commonly found in the proximal part of the distal
slope and are formed as thinly to moderately thick (2- 4.5 m) individual channel (Figure
4.12,4.13 and 5.11). The overbank element commonly occurs adjacent to channel
elements. When not adjacent to channels, the overbank element is not easily mapped. The
overbank elements occupy approximately 10% of distal slope strata. Mudstone sheet
elements occupy approximately 60% of distal slope strata (Figure 5.2 and 5.11).

Figure 5.12 summarizes proximal to distal changes in stratigraphic architecture.
The chart shows that mudstone sheet elements increase basinward at the expense mouth
bars. Overbank strata are only located in medial and distal slope strata and channels are
roughly uniform in proportion across the slope. Figure 5.12 show the proximal to distal
slope changes in channel architecture. Lateral offset between channel elements increase
basinward. Associated with these changes is a basinward decreasing in vertical offset
between channels. Type I channel elements are most common in the proximal slope.
Type II channels are most common in medial slope, and Type III channel are most

common in the distal slope.

5.2.3 Changes in Channel Geometry

Channel geometry changes from the proximal to distal slope. Because most of the
exposures are oriented parallel to paleo flow direction, the geometry of several channels
in the parasequence can not be measured. Table 5.1 contains the data collected in this
analysis.

Four channel geometry variables are used in this analysis. They are channel
thickness, width, aspect ratio and asymmetry. The analysis reveals the following trends.
First channel thickness increases from the proximal to the distal slope (Figure 5.14).
Second, channel width increases from the proximal to the distal slope (Figure 5.15).
Based on these first two trends, channel size increases from the proximal to the distal
slope. Third, aspect ratio increases basinward (Figure 5.16). The average aspect ratio
increases by the factor of four from the proximal to the distal slope. Fourth, there is no

measureable change in channel asymmetry from proximal to distal slope (Figure 5.17).
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5.2.4 Changes in Facies

Data used to define proximal to distal facies patterns are from measured sections
and photopanel interpretations. Six regional measured sections spanning the shelf edge to
distal slope document vertical facies information for the entire the parasequence. Lateral
facies information is gathered from photo panel documentation of facies in several
selected channel elements spanning upper slope to lower slope.

The facies distribution chart shown in Figure 5.18 show that the numbers of facies
decrease from the shelf edge to distal slope. Figure 5.19 only shows extra channel facies.
This chart shows the same overall decrease in the number of facies from the proximal to
distal slope. When only observing strata outside of channels, bioturbated structureless
silty-sandstone with bio-clast (Facies 2), which is only associated with mouth bar
elements decrease to zero within 3 km of the shelf edge (Figure 5.19). The other non-
channel fill facies, such as intercalated mudstone and very fine sandstone facies (Facies
8) and dark gray to black structureless mudstone facies (Facies 9), increase basinward
(Figure 5.8). The diversity of facies in extra channel strata decrease basinward. Sandstone
conglomerates (Facies 1), structureless normally graded to non-graded sandstone (Facies
5), shale-clast conglomerate (Facies 3), clast rich sandstone (Facies 4), structureless very
fine to fine grain sandstone (Facies 6) and parallel to cross-lamination sandstone (Facies
7) decrease from proximal to distal slope (Figure 5.20).

In summary there is a basinward decrease in facies diversity for channel and
extra-channel strata (Figure 5.18, 5.19 and 5.20). Associated with this decrease is an
overall decrease in grain size. All coarser facies (Such as Facies 1, 3,4, 5, 6 and 7) are

deposited within channel elements.

5.2.5 Changes in Grain Size and Net-to-Gross

Grain size and net-to-gross ratio are calculated from measured sections. Grain size
data was measured using a hand-held Wentworth grainsize chart. For purpose of this
study, grain size populations are divided into silt- to clay-, very-fine sand and fine- sand
to granule. Net-to-gross ratio is calculated for each measured section by separating the
proportion of sand and coarser sediment from the total thickness of the measured interval

(Figure 5.21D).
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Figure 5.21 shows the decrease in coarse-grained facies in proportion down the
slope. The coarsest grainsize population shows the largest basinward changes from 28%
to < 5%. Associated with this pattern is an over all decrease in net-to-gross from 0.81 to

0.05.
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Table 5.1 Geometry of from proximal to distal slope channels.
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1D

Channel Thickness Width ASP?Ct Asymmetry 2::7:::;:
(m) (m) Ratio

(m)
4B shelfedge 2 16 11 2 350
o 3 shelfedge 4 25 6 1 550
8— 4 shelfedge 2 32 18 1 570
wn 8 shelfedge 4 66 19 1 840
g 9 shelfedge 3 67 27 1 850
< 16_shelfedge 2 22 13 2 1110
g y_waterfall 4 21 6 2 1430
1 waterfall 6 63 11 1 1760
2 waterfall 7 1780
HorgeA 2 3 28 9 2 2440
$  [HorgeA 1 2 46 23 3 2480
% HorgeB 3 7 116 17 2 2600
= HorgeB 2 2 21 11 1 2610
g HorgeB_1 5 45 9 1 2630
= HorgeC 1 2 98 38 1 2760
HorgeC 2 5 70 31 1 3000
s :_|||()mgec_7 (pe 8 250 31 3770
& @ | HorgeC_8 (type 4 300 75 4500




Table 5.2 Geometry of proximal to distal slope channels
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Variable Mean Star_ldqrd Variance Number of
Deviation Samples

Thickness
Proximal 3.5 1.82 1.354 9
Medial 3.85 1.827 1.35 7
Distal 6 2 1.41 3
Width
Proximal 38.8 20.9 4.6 9
Medial 60.59 32.8 5.7 7
Distal 275 25 5 3
Aspect Ratio
Proximal 13.66 6.61 2.6 9
Medial 19.48 10.7 3.3 7
Distal 53.125 21.875 4.67 3
Asymmetry
Proximal 1.52 0.3 0.55 9
Medial 1.51 0.54 0.73 7

Distal
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5.14 for explanation of variables).
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Figure 5.11 Photopanel interpretationdidtal slope strata. Mudstone sheets aganibst common element at this location. Test common type of channel is Type llaamels. They stack laterally to build the
largest channel complex in the slope. Most of the channekaksnn this position occur within mudstones sheet elements.
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Figure 5.13 Schematic diagram of channel evatutrom proximal to distal slope basiThe channel evolution is characterize b
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Figure 5.14 Channel thickness distributioonfrproximal to distal slope. The thiclaseis measured from preserved chanridisse

data covered both truncated and non-truncekeshnel thickness. The ceptot shows that channel mean thickness generallgases

basinward, but it also increases in variance.
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Channel Width Distribution
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Figure 5.15 Channel width distributions frgaroximal to distal slope, gtuding truncated and noruticated channels. The dibt
channel widths are calculated from twaamplete channel outcrops which only pregsdrapproximately half of the channel body.
The distal channel widths obtain by assognihe channel is perfectly symmetry. Alee channel width data are corrected for
paleocurrent orientation. The crqast shows that mean channeldivi generally increases basinward.
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Figure 5.16 Channel asymmetry distition from proximal to distathowing increase in variance but no significant change tinem
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Figure 5.17 Channel mean aspect ratio distron showing an overall inease from proximal to distalope. The variance also

increases basinward.
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Figure 5.18 Chart showing facies distriloutiusing six continuous measured sectmirthe Parasequence 2 Sobrarbe Formafibe.

diagram reveals that coarser fadgieduces in proportion basinward.
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Figure 5.19 Chart showing facidistribution of sedimenvutside channel elements indicatia general trend of a decreaséarries

diversity and grainsize basinward.
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CHAPTER 6
DISCUSSION

This chapter unifies information presentedhe previous chapters to propose a

stratigraphic model and gecess-related concepts.

6.1 Basic Summary of Observation

The data shown in Chapter 5 reveatsimber of proximal to distal change in

stratigraphy. These changes aummarized below in the block diagram in Figure 6.1.

1.

Paleo flow diversity, which is interpreteo reflect sinuosity is low in the upper
slope, high in the middle and low in the distal slope.

Distribution of architectural elementhanges basinward. Proximal slope, strata
contain mouth bar elements, channel elésiand mudstone sheets. Medial slope,
strata contain mouth bar elements, channel elements, overbank elements and
mudstone sheet elements. Distal slgbata contain channel elements, overbank
elements and mudstone sheet elements.

Channel type changes across the sldpe.upper slope contains mostly Type |
channels. The medial slope contains tiyoBype Il channels. The distal slope
contains mostly Type Il channels.

Channel geometry changes basinward.blethickness, width, and aspect ratio
increase from proximal to distal slogghannel asymmetry is uniform over the
same distance.

Facies diversity in the Parasequencéseeghannel strata, and channel strata
decrease from the proximal to distal slope.

Grain size distribution decrease graduéityn the proximal to distal slope.

Net-to-gross ratio decreases frpmoximal to distal slope.
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6.2 Channel Formation related to Deltaic Process

Channel elements in the proximal slope are associated with erosional surfaces
between mouth bar elements (Figure 6.2). Chiartherefore laterall correlate to sharp,
erosional surfaces at the shelf edge withmuth bar complexes. These sharp erosional
surfaces separate distinctive mouth bamants (Figure 6.2, 6.3, 6.4, 6.5 and Figure 4.7).
Immediately overlying these surfaces on thmuth bars are conglomerates (Facies 1 and
2), the coarsest facies documented is $study (Figure 6.2, 6.3, 6.4, 6.5 and 4.7). Above
this thick conglomerate, the mouth bar elemeternally fines upward. Vertical decrease
in erosion and grain sizeiisterpreted to reflect an oradl decrease in energy through
time. The maximum energy is associated \ertbsion at the base of the element.

The unique association between madogin elements and deepwater channel
elements are interpreted to reflect a genlatkage between mouth bar erosion/ bypass
and slope channel initiation. The relatibsbetween proximal slope channels and
mouth bars are described in a three stageein(Figure 6.4). At Time | the delta system
has an established direction of progradatiallusks are living ira shallow water inter-
distributary environment. At Te Il, the distributary channalulsed to the lower area of
the delta, the inter-distributar The avulsion is interpretextcurred during river floods
that produce a dense hyperpycnal flows tbeally flushed the mollusks onto the mouth
bar and subsequently erodes a slope channel.

At Time lll, delta mouth bar deposition resumes and progrades out the proximal
slope. This three-stage processes occur multiple times during deposition of parasequence.
In bigger scale, the climateontrols also contribute faiver flooding cycle. Autocyclic
and allocyclic (climate) piess therefore govern mouth laaid slope channel formation.

6.3 Timing and Sediment Delivery Pocess of Deepwater Deposition

Timing of shelf and slope deposition is telaly coeval. In previous sub-chapters
6.2, the channel element is correlatedhtuth bar elements reflecting a coeval
connection of the fluvial and deepwater defimsal systems. At the shelf edge, the
mouth bars stack in both an aggradati@mal progradational pattern (Figure 6.2, 6.4, and
6.6). The same aggradational pattern ocbets/een parasequences within Sobrarbe
Formation (Figure 6.7). Align with this olxvation, the Sobrarbe Formation does not
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have any large erosional wrformities (sequere boundary) anywhere that temporally

separates slope and basin deposition, with exgepf inter mouth baerosional surface.

Therefore, the physical correlationd#ltaic deposition and slope deposition

reveals that slope and shdéposition was coeval. Theter- and intra-parasequence

stacking pattern is both aggradational armbpaidational. This relenship suggests that

deepwater strata were depositieoling a rising relative sea ldvar still stand relative sea

level (high stand).

6.4 Down Slope Changes in Flow Chaacteristics in Slope Channels

A number of observationsiggest that there are down profile changes in flow

characteristic in deepwater channels.

1.

Grain size distribution within parasequence decreases basin ward.

2. Bedding thickness within channel elements thickens basinward.
3.
4

. Lateral accretions packages (LAPS) witbhmannel element decrease significantly

Overall facies diversity within thparasequence is decrease basin wards

basinward.
Number of intra-channel erosion ciannel storey boundaries decreases
basinward

Channel axis to margin changes also decrease basinward.

These observations are used to interpretfollowing change in turbidity current

flow characteristics.

A. Overall the flow is decreasing in twilent kinetic energy in basinward. This

interpretation is supported by a basinevdecrease of inter-channel erosional
surface / LAPs. Associated with the bagard decrease in turbulence kinetic
energy, is increasing deposition of sanadgr sediment. This interpretation is
supported by increasing bed thickness basin ward.

B. The continuous decrease in grain sizewferosional capabilit coarser facies in

beds and increase in net depositiosarid grades sediment in a basinward

direction, indicate that thediv is continuously deplete&sfrom proximal to distal.
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C. The proximal to distal decrease in grairesof the turbidity currents is controlled
by the following processes.

- On the proximal slope, the flows cairt a range of grain sizes from
pebble to silt-size grains. At this ptigh, most of coarser grain (Pebble to
coarse sand size) are deposited ttua rapid redzion in flow
competency and also flow capacity.

- On the medial slope, the flow still cams the medium to silt size grains.
At this position some of silt size grains are deposited from dilute tops of
flows as overbank strata, enhancedlbw stripping at the bends of
sinuous channels. This is the Idoatwhere paleocurrent diversity
(sinuosity) is greatest. The depositiof overbank silt occurs by flow
stripping where the finer upper parttafbulent cloud spills at the bend.
The medium grain sediment remainghin the channel and is deposited
in this position as re#iLcontinuous energy flow gdetion (decreasing in
flow competency).

- On the distal slope, the turbidity curtemnly have fine to very fine sand
grain within the flow, and this is deptedd as part of last stages of flow
depletion. At this position the flasvdo not have sufficient turbulence
kinetic energy to entrain anything large than silt.

Depletive flow is therefore interpreténl govern the partitioning of grain size
across the profile. In summary the flows tatly indicate a cotinuous depletive from
proximal to distal slope. At the same tinttee general vertical fining upward successions
indicate that the flow isvaning through the time.

6.5 Controls of Channel Sinuosity

Paleocurrent diversity, which is interpzd to reflect sinuosity, is lowest at the
upper slope, high in the middle slope and Iowihe distal slopeThis section uses
observations and data from Chapter 5 torprt possible controls on this change in
sinuosity.

The change in sinuosity describeda® and shown in Figure 5.5 and Figure 6.1
are associated with distincéivchanges. First the lithology thfe substrate adjacent to
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channels changes from sand in the upper dlmgét and clay in the middle slope. These
changes coincide with the imasing in sinuosity (Table 6.Johesive substrata (silt and
clay) are more difficult to erode compareddses cohesive sandisubstrata (e.g. mouth
bar facies). This factor prdhits the flow from forming a&traight channel within the
mudstone sheet element. Other explanation to channel sinudbiéy tke deepwater
channel sinuosity formed as controls stathlannel levee formation. The stable levee is
formed from cohesive sediment that defamkfrom the flow. This is a similar
conclusion to that drawn by an analysisnfintegrated Beacon channel sinuosity data
set by Pyles (2008). The lithology of the substraty therefore be a first order control
on sinuosity.

Secondly, the slope angle is highest {Pvéhere the channel &raight, low (0.5-
1% at area where channehabus and moderate (1 —9.&hen the channels are straight
again. These results exactly match with those describe by &€lark(1992) and
Babonneauet al., (2002), where one slope angle wagipreted as thert order control
of sinuosity (Figure 6.9). Titdly a deep structure under$ the parasequence exactly
where the increase in sinuosity occurs. Btigcture may have caused the channel to
become more sinuous at this position. Howetles, does not explain why they straighten
out in the distal slope. In summary sinuosity may be governed by lithology of the
substrate and angle of slope.

6.6 Comparison of Parasequence 2 of the Sobrarbe Formation to Other Deepwater
System

The study in Parasequence 2 slope sysésmmals an important characteristic of
hyperpycnal dominated deepwater slope diegoBhis study records prograding linked
shelf to basin system witielative short slopé-7 km long). Deepwater channels are
interpreted to be formed and filldoy hyperpycnal process (Figure 6.7).

In contrast to this study, the Brus@anyon Formation shows a detached system
whereby the deepwater channel elements doephysically correlatéo coeval delta.
This system is covers very large aré@-60 km long). The deepwater channel system
and fan system are large compared to the Parasequence 2. The Brushy Canyon shows a

gradual increase in grain size and net-tasgn@tio from proximal to distal slope
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(Gardner and Borer, 2000 and Carr and Gard2@00). This is opposite to the Sobrarbe
Formation system.

Other slope prograding system, sucl.ewis Shale of Wyoming and Clinoform
Spitsbergen, are also different to thetggraphy model of thistudy. First, the Lewis
Shale of Wyoming system is dominated blajuse triggered turbidity currents (Pyles
and Slatt, 2006). Also the slopéthis study is 40 km from shelf to basin floor setting.
Pyles and Slatt show that this system increase in net-to-gross ratio from proximal to distal
slope. Second, the clinoform Spitsbergen védgid into two type deepwater system. The
first system is formed by a relative sea led®p where as the deepwater channel and fan
developed during early low std. It is spread out along 15 Kinom proximal to distal
slope (Plink-Bjokluncet al., 2001 and Plink-Bjoklund and Steel, 2005). The second is
formed during highstand system where teemvater channel linked to shelfedge delta.
This system only spread out 6 km long fronttaléo distal slope that almost similar to
this study Plink-Bjoklundtt al.,2001 and Plink-Bjokind and Steel, 2005).
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Table 6.1 Table relating sinuosity to lithology of substrate and slope angle

Approximate

Position in slope . . Lithology of
. . Sinuosity of Slope Angle Structure
physiographic Substrate (degree)
Proximal Low Sand 2t09 No structure
. . : Possible deep
Medial High Sand and Silt 05to1l structure
Distal Low Silt lto25 Possible deep

structure
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CHAPTER 7
THESIS CONCLUSION AND APPLICATION

This chapter presents the conclusionthaf research and their applications in

petroleum exploration purposes.

7.1 Application of Parasequence 2 Sobrée Formation Stratigraphy Model to
Petroleum Exploration

Thecontinuous stratigraphiceerd of Parasequence 2 of the Sobrarbe Formation
provides information about the reservatake stratigraphic architecture from the
proximal to distal slope. This study revedétailed vertical ad lateral changes in
architecture elements, facies, grain size andagross ratio of the entire parasequence,
as summarized in Figure 5.9 and 6.1. Sonssibte application anctlated limitation are
explained in following paragraphs.

A new deepwater stratigraphic modebpobgrading system is introduced based on
this field study. This model is applicable @&diction tool for reervoir scale analog to
subsurface study of slope prograding systerhs8dace studies such as Western Siberia
Basin, Northwest Slope of Australia, NoSlope of Alaska, and Sakhalin Island of
Russia are relevant in application of timedel. The model created form the Sobrarbe
Formation contributes to reduaacertainty of reservoir predion in the slope setting of
prograding system. An example where thiatgjraphic model and data can be used is
shown from the Western Siberian Basin (Fegidrl). The stratigraphy of this basin was
constructed from log correlation. Therenis detailed control ovdrow the stratigraphy
changes from proximal to distal slopestva Based on the constructed model of the
Sobrarbe Formation, the unpredicted area cbeldtesolved by applying an analog model
between those areas.

Although this stratigraphy informatigrovide a good data analog, the limitation
of this model need to be considered. frittse model is only applicable for slope
prograding systems during high stand Sectm&lmodel is only applied to prograding
systemsthat are related to hyperpycnal floan collapse triggered turbidity current or
non slope failure dominated).
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7.2 Conclusion

This study documents continuous mes@-scale changes in stratigraphic

architecture from the proximal to dissbpe. Prior to this study, only two outcrop

studies recording large and small scaemvater stratigraphic architecture within
prograding systems existed (Py&ew Slatt, 2007, and Plink-Bjorklumtial., 2005). The
result of this study significantly contributdata relating to prorial to distal slope

changes than these earlier studies. Thefmaling and key concepts introduced in this

study are summarized below.

1. The Parasequence 2 Sobrarbe Formaticongposed of four types of architecture

elements: mouth bar elements, channaineints, overbank deposits and mudstone
elements.

. The distribution of architectural elemts changes basinward. Proximal slope
strata contain mouth bar elements, chartements and mudstone sheets. Medial
slope, strata contain mouth bar elemeadt@nnel elements, overbank elements
and mudstone sheet elements. Disbsg] strata contain channel elements,
overbank elements and mudstone sheet elements.

. Paleo flow diversity which is interpreteo reflect sinuosity is low in the upper
slope, high in the middle and low in the distal slope.

. There are three channel type foundethmparasequence. Type | channel is
characterize by multi-storey channel, significantly amalgamated (mainly
preserved channel margin), verticallpgaking and compose of moderate to thick
bedded of pebble to coarse sandstbe@osits with fining upward grain size
vertical profile. Type Il channel is ehacterize by a single storey channel,
amalgamated (preserved the most chaarisland margin)ertically stacking

with few lateral offset and composedtbickly amalgamated beds of medium to
fine grained sandstone with mostly umifograin size vertical profile. Type I
channel is characterize by a single starlegnnel, amalgamated (preserved the
most channel axis and margin), mostly lat@ffset and composed of thickly beds
of medium fine- to very fine graineshndstone with mostly uniform grain size

vertical profile.
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Channel type changes across the sldpe.upper slope contains mostly Type |
channels. The medial slope contains tlyoBype Il channels. The distal slope
contains mostly Type Ill channels.

Channel geometry changes basinward.nbieathickness, width, and aspect ratio
increase from the proximal to dis&bpe. Channel asymmetry is uniform over
the same distance.

Facies diversity in the Parasequencéseeghannel strata, and channel strata
decrease from the proximal to distal slope.

Grain size distribution deeases gradually from the proximal to distal slope.
Net-to-gross ratio decreases frpnoximal to distal slope.

10. Slope channel initiation is relatéo processes active on the delta

(avulsion/hyperpycnal flow).

11.The slope and shelf/deltaic deposition system are coeval.

12. Sinuosity of slope channels is controllegllithology of the substrate and slope

gradient.

13.The Parasequence 2 of the Sobrarbe Fiiomé an excellent reservoir analog for

prograding systems such as West Siberian Basin.
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