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Abstract

Our understanding of fingrained sediment regarding the processes in which they are
transported and deposited is rapidly evolving. However, developing a depositional model and
characterizing the vertt variability within muddominated deposits hasldom been doné
103m Upper Mancos Shale core retrieved from the San Juan Basin, New Mexico was analysed
with detailed thirbedded facies analydis observe vertical variability in lithology, sedimentary
structures, bioturbation intensity, and depositional procekgbslogical variation suggests
there are8 full sequences, 9 system tracts, and 92 parasequédraess observed revealed
multiple facies successions indtmgdepositionaprocesses inading ignitive turbidite,storms
(tempestitg, wave enhanced sediment gravity flows (WESGHaI, biogenic reworking, fluid
mud, suspension settling, agenerabedload transportRelationships between lithology,
bioturbation intensity, sedimentarywsttures and depositional processes were observed to be
interrelated in that energetic procesfes, stormsignitive turbidite)were assoeaited with
coarser depositand low bioturbation intensityvhereas lower energy processes (i.e., biogenic
reworking, suspension settling, WESGFs) were associated with finer deposits and relatively
higher bioturbation intensitieBurthermorelithological variability integrated witklepositional

modelsindicatedtemporal changes in environment of depositoross self.
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Figure 1: A). Middle Turonian paogeographic map showing the maximum extent of the
Western Interior Seaway (Blakey, 2014). B). Middle Coniacian paleogeographic map showing
the Western Interior Seaway during the deposition of the Upper Mancos. The red star indicates

,,,,,,,,,,,,,

locationof coreanalyed i n this studyeéeéeééééééééeecé. 4

Figure 2: Stratigraphic column of the Mancos Shale in the San Juan Basin (taken from
Broadhead, 2015) with ages interpreted using the time stratigraphiesexcism from Ridgley

,,,,,,,,,,,,,

etal.(2013). éééé. . . €ééééééé. éceeeéedéceeee.e.ee. . b

Figure 3: A). Plan view map of New Mexico, including San Juan basin and location of the core
shown as the red star. The short dashed line is the seaward extent of splzaemEposits

during the early Coniacian. The solid line is thedaard extent of shoreline deposits during the
early late Turonian. B). Close up plan view map of the San Juan basin. The blue lines highlight
the county boundaries. The location of the core is shown by the red star (modified after

Molenaar, 1983; Broadhda, 2 0 15) .&ééébééé éécééeééééeéééeeé..é. 7

Figure 4. Photographs of the core from tbavis Federal 3 No. 15 well in Rio Arriba County,
New Mexica The base begins at 7416ft and the top ends at 7076ft. Parasequences examined are
highlighted in the red boxes. Surfaces are marketthé red, blue and green lines, corresponding

with the sequence boundary, transgressive surface and mafiongimg surface

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5: Well Log for Davis Fed Com. 5. Formations areeparted by thethick red lineson
the left, suggested by Broadhead (201%ght blue rectangle shows the length of the core

examined in this studyl.he thin red, blue, and green lines on the well log corresponds to the



M.Sc. Thesis M. Leung; McMaster University

sequence boundary, transgressive surface and maximunmficadface respectively. System
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tract interpretation iéééédcéebécéeégbeécérxéeéec.

Figure 6. Macro-scale analysis of the core, including a stratigraphic log, identified

parasequences, marked by-zap lines, lithology graphic log, Bl logthofacies column, and a
system tract col umn. Parasequences examined a
between. The thin red, blue, and green lines transecting the columns correspond to the sequence
boundary, transgressive surface and marinflooding surface respectivelgequences are

shown by the red arrows on the right of each column. Link to figure is given betow. é .14

Figure 7: Bed and lamina classification, defined by Campbell (1967). (taken from Passey et al.,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2006) e € € €€ ééééee €& ééececeecedéeceeeéeééeéeee . 1s

Figure 8: Facies key with symbols and colours used for sedimentary structures, trace fossils,

l' ithofacies, facies associations, and. .86ur f ace

Figure 9: Photographs highlightg structureless facies. A) Heterolithic with alternating sand

and mud laminations. Structureless mud viAthnolitesburrows are found in between sand

layers. Found at 7103.5ft B). Structureless mudstone bed at 7327ft. C). Structureless sandstone
bed fran 7086ft. D). Structureless mudstone lamination highlighted in white outline at

7123.25ft. E). Structureless sandstoémé&. bEds h

Figure 10: Photographs highlighting bioturbated facies. A). Bioturbated sandigtone (BI:5)
showingChondrities (Ch)Cylindricus (Cy), Planolites (PI), Phycosiphon (P8golicia (Sc),
Teichichnus (T andZoophyos (Z) trace fossils. Taken from 7351.50ft . B). A pervasively
bioturbated sandy mudstone (BI:6). Taken from 71374.8)ftA pervasively bioturbated

muddy sandstone (Bl:6). Takenfrom 7341808 é e ¢ é é e éééeéeééeéée. 21
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Figure 11: Examples of generic ripples. A). Thin starved ripples with asymmetrical crests and
unobservable foresets, at 7315ft. Red arrows point to theigempptes B). Starved ripple with

an irregular crest and few observable foresets at 7147.95ft. C) Starved ripple with no observable
foresets or laminations at 7136.20ft. Deformation of ripple crest and internal foresets renders it
undistinguishable. FeWlanolitesburrowsc a n b e -Goée)e.n .LiA0e dr awi ngs hi i

,,,,,,,,,

facesin AC respectivel yeéeéeeLeLl e 23.

Figure 12: Photographs highlighting wave rippled facies. Sole marks axershy the red

circles. A). Wave rippled lamination at 7137ft. B). Amalgamated wave ripple lamination at
7123.80ft. C). Amalgamated wave ripple bed at 7135ft At. D). Starved wave ripple laminations
and wave ripple laminations at 7094.10ft E). Starved wigyderlamination at 7207.99ft. F).

Thin wavy | -&@)nai inen siirespedtivety.dabelled rell arrows point to

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 13: Photographs highlighting combindidw ripple facies A). Comlniedflow ripple
laminations with foresets dipping to the left at 7134.99ft. B). Starved comflovedipple
laminations with foresets dipping to the left and right at 7094.05ft. C). Starved conrfiloived
ripple laminations with foresets dipping to thet l@fid one dipping to the right at 7136.10ft. D).
Starved combineélow ripple laminations with foresets dipping to the left and one dipping to the
right at 7134.80ft. E). Starved combintow rippled lamina with forests dipping to the left at
7136.80ft. B. Starved combinetlow ripple lamination with foresets dipping to the right at

709299f6 e eéeeéeeéeeéecééeééeééecééecéecéececé. 28

Figure 14: Different combineeflow ripple profiles (taken from Dumas et al., 20@5§¢ é é 28

vii
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Figure 15 Photographs highlightmthe different types of current rippled (CR) laminations seen

in this study. A). Deposit with combindtbw rippled (CFR) laminations, CR laminations,

generic rippled laminations and wavy laminae at 7092.50ft. CR shown have the conventional
straight asymratric ripple crests, and gently sloping stoss and steep lee sides. The respective line
drawing highlights both current rippled (CR) laminations and comHioedrippled (CFR)

laminations B). Current rippled laminations with observable downlapping foesgtstraight
asymmetrical crest. Found at 7263.50ft. C). Compacted current rippled laminations, portraying

scouring, lowangle downlapping foresets and straight asymmetrical crests. Found at 7318.60ft.

///////////

Figure 16: Photographs highlighting parallel laminations and normal grading with line drawings.
A). Silt and very fine lower sand parallel planar laminations at 7263.70ft. B). Very fine lower
sand and silt planar laminationgth normal grading at 7225.20ft. Normally graded laminations
aremarked by the white triangles. C) Very fine lower sand and silt parallel planar laminations
with normally graded laminations at 7225.20ft. Normal grading is marked by white triangles. D)
Very fine lower generic ripples with one normally graded laminae marked by the white triangle

at 7094.20ft. E) Very fine lower sand and silt parallel wavy laminations with normally graded

/////////////

Figure 17: Photographs highlighting A). Relatively thick inoceramid fragments in structureless
mudstone at 7230.408). A concentrated mass of inoceramid fragments found with silt and
sand laminations at 7192.95ft C). Few thin inoceramid fragnfeaitsl within silt laminations at
7229.90ft. D). A mixture of fossil fragments at 7208.50ft E) Massive bioturbated sandstones,
cemented with calcium carbonate, and interbedded with thin wavy sand laminations. Generic

sandy ripples occur within muddy iINtelFa............cooooiiiiiii e 35....
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Figure 18: Photographs highlighting flaser and wavy bedding. A). Wavy bedding, showing
bipolar current ripple orientations at 7091.90ft. B). Wavy flaser bedding. Shaeuble mued

drapes and bipolar current ripples at 7085.80&.é ¢ € ¢ é e ¢ éé e éééeéeé.é .37

Figure 19 Photographs highlighting bentonite ash layers A). A bentonite ash layer, sharply

overlying silty and sandy parallel planar laminated mudstone at 7231.0(FraBjured pieces

,,,,,,,,,,,,,,,,,,,

of bentonite found at 7 3 2 2 . BELEf &t EEEEEeeceeece.8 ¢ ¢ é é é

Figure 20: Slope angles and potential offshore reach of processes for tempestites,
wavel/tide/current aided hyperpycnal flow, wave and current enhanced sediment gravity flows,

and turbidites. Vertical red lines represent slope angles of seaway in this study from most

Figure 21: Conceptualized model for the vertical succession of sedimentary structures in a
wavemodified turbidite deposit, also known as a tempestite deposit. The model was observed in

this study. Modified on the right are the depositional processes for associated sedimentary

//////////

Figure 22 Example and line drawing of a tempestite deposit showing from an upward
succession a basal wave scour, wave rippled laminations, conrflanedpple laminations,

wavy lamina set, and normally graded lamination. Taken from 7137ft....................... €.43

Figure 23: Example of a WESGF deposit. Unit A exhibits combhfieav ripple cross
lamination. Unit B has a wavy lamina set of intercalated silt and clay laminae. Unit C is a
normally graded bed that is bioturbatek(an f r om Macquakergeéeét.ddal .

Figure 24: Example of a WESGF deposit found in this study. A complete Macquaker et al.
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Figure 25: A). Flaser bedding. BWavy bedding. C). Lenticular Bedding (modified after

,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,

| ami nati ons can be s.e.eéné é éTéaékéctdécteemeée7d8/4. 80606 é

Figure 27: The Bouma Sequence exhibiting normal grading. DivisignsTg, Tc, Tp, Te can
be seen. The additional TE subdivision as proposed by Piper (1978) is illustrated as subdivisions

"""

Tea Teo, andTes(taken from Lietal.2015g é e éééeéeé. . . &&eéeééeéé .49
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divisionsf rom 7085. 000ééééeéeécéééeécééeceeéeéeeeceeéeedxr. éé

Figure 30: Depositional model for Tununk Shale in the CWIS. The four lithofacies observed in
their study are assigned to a depositional environment across shedfte@als content is shown

to increases further basinward; whereas preservation potential of wave ripple and clastic dilution
decreases. The green, yellow and blue arrows indicate LST, HST, and TST respectively in the
core. The bottom represents the bottdrthe core and top represents the top of the core. Chart
portrays the change lithofacies and environment of deposition transition throughout the core

within each system tract (modified after Li and Schieber, 2&.&).¢é ¢ ¢ é é € é é .. . é. 57

Figure 31: Depositiondmodel of the CWIS. The red arrows show the processes that transport
sediment across the seaway. The most proximal deposit (shoreline sandstone) is dominated by
coarse grained siliciclastic sediments. The most proximal mudstone deposit (siliciclastic

mudgone) is dominated by clay, silt, and quartz. Further offshore siliciclastic input decreases
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and biogenic sediment increases forming calcareous mudstones. Marlstone and pelagic limestone
are formed near the basincenter where biogenic production are highesie organic matter
(MOM) zones are labeled as3] where 1 has low preservation potential for MOM, 2 have good

MOM preservation potential, and 3 havee 58w MO

Figure 32 Chart summarizing the relative distribar in percentages of facies through each of

the ten parasequences. The facies association for each facies is also iitladgden, yellow

and red indicate the primary, secondar g2 and
Figure 33: Chart sumnarizing the relative distribution in percentages of facies association
throughout each of the ten parasequences. The green, yellow and red indicate the dominant,
influenced, and affected depositional process, respectively. Process classification ®given,

show which processes dominated, influenced, or affectecefiwsiion of the parasequencé6

Figure 34: Two ternary diagrams illustrating the classification of dominant depositional
processes. Suspension settling, Biogenic reworking, and beddwagart are classified in the

first ternary diagram. Bedload transport is further divided into gengave, and tidal
proceséesé&é&écécéeéeéeéeécécécéeceéeéeéeée..b7
Figure 35: Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log for parasequea®. Sample 1 used for miesgale analysis is highlighted by red

///////////

bracket on the | eft . -7B&Ba%elecrece é% €iésb8f rom 7

Figure 36 Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log for parasequen2é. Sample 2 used for micszale analysis is highlighted by red

bracket on the | eft. -7TPRadr0dNedbgpeccrece exle €68 fr om

Xi
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Figure 37: Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log for parasequead24. Sample 2 used for miesoale analysis is highlighted by red

bracket on the | eft . -7P3a3rladséécgacé péé e ¢i.80 fr om

Figure 38 Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log for parasequnee 30. Sample 4 used for miegocale analysis is highlighted by red

bracket on the | eft. Ra3 hk.edgfuéeéenécéeé é360é é .81 fr om

Figure 39: Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log for parsequence 33. Sample 5 (S5) used for msmale analysis is highlighted by

red bracket on the |l eft-:73RDrASOHGFaeceaeeé BRI i s f

Figure 40: Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl log br parasequence 43. Sample 6 used for rEcede analysis is highlighted by red

bracketonthelefPar asequence 43 is RBRéEe®ét2@£e63B067261. ¢

Figure 41 Stratigraphic column, facies chart, facies association column, lithology graphic log,
and Bl Igg for parasequence 54. Sample 7 used for rucabe analysis is highlighted by red

bracket on the |l eft. PRazZ@agejluedhc.e..54..0.8 from

Figure 42 Stratigraphic column, facies chart, facies association column, lithology graphic log,
andBl log for parasequence 80. Sample 8 used for rEcebe analysis is highlighted by red

bracket on the | eft. RH30d.€e q.u.e.n.c.e...8.0..0..35 from

Figure 43 Stratigraphic column, facies chart, facies association column, lithology graphic log
and Bl log for parasequence 88. Sample 9 used for ragale analysis is highlighted by red

bracket on the | eft. RA0 G .e@uideenécéeé é868¢ &6 .86 f r om

Xii



M.Sc. Thesis M. Leung; McMaster University

Figure 44: Stratigraphic column, facies chart, facies association column, lithology grlaghi
and Bl log for parasequence 89. Sample 10 used for 1soaie@ analysis is highlighted by red

bracket on the |l eft. PRPal&as. AT é8Feéi.87 from

Figure 45. Chart summarizing the three components with each abundance end member
cakegorizedinmicrs cal e anal ysis. The AHO r e papreseréasnt s fih
Al ow abundanceo. The AS0, ACO, and ADO repres

respectively. The interpretation of each component and assodmtedaace is given on the

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 46: Chart summarizing the relative proportions of siliciclastic, calcareous, and diagenetic
components in the samples examined in each parasequence. The relative position of the sampling
within each parasequence is also noted. An interpretation of the shoreline migration relative to
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the first sample is géevédéeacebecbéétrom. Badweeé

Figure 47: Sample 1. Plain light photomicrographs of a thin section in parasequence 9. A

generalviewisat he t op and detailed view i&é.at85the bo

Figure 48 Sample 2. Plain light photomicrographs of a thin section in parasequence 21. A

Figure 49: Example of &cies observed in Li and Schieber (2018). The facies observed in their

study are analogous to the ones obserwv.89d in t

Figure 50: Graphical representation of TOC values thraugtihe core. The-gxis is the TOC
value and »axis is depth. TOC values sharply increase at 7269ft and gradually decreases

correlated to decrease in depth. ddita is provided by Weatherfok@boratoriegé € € ........ 96
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1. Introduction

Our understandingf the pocesses that govepnoduction, transport and deposition of
sediment in mudlominated systems has been rapidly evolving dwepast decade. It is well
established that mudi® not exclusivelyleposit in quiescent wateas previously thoughe(g.
Mutti, 1977; Potter et al., 20Q9)utalsoin waters with flow velocities similar to velocities that
transport sandsSchieber, 2007Schieber and Southard, 20@xhieber et al., 201®lint et al.,
2012 Yawar and Schieber, 20l Furthermorefi mo n o t ouncessien® of mudre not
homogenousutare rathecomplex as shown by their wealthgifysical sedimentarstructures.
Thiswas achievetby theintegratedefforts ofexperimental flume studiescrupulous analysis of
muddyoutcropscoreandgeochemical malysis(e.g, Pasley et al., 199%chieber et al., 2007
Bhattacharya and MacEachern, 200et al., 2015; Hart, 201&chieber et al., 2016j and

Schieber, 2018)

Despite thesadvances, there have only been a few studies tha@t@mpted to
chaacterize the variabilitjound in vertical successions tleasociate facies with depositional
environmers (e.g, Hart, 2016;Schieber et al., 201®&irgenheier et al., 201Li and Schieber,
2018) Thislack of studies is partially du the difficulty of outcrop analysisasmudsections
are susceptible to weathering, which makes it difficult to conddetailed facies analysis
(Macquaker and Gawthorpe, 1993; Schieth889; Lazar et al., 201%j and Schieber, 2@).
However, the major factor is dte the inherent comekity of muddominated depositsith
regards to their high variability of sedimentary structures, bioturbatiensitystyle and
lithology. In order to complete guantitativestudy on mudstones,is mandatory to examine
themin high-resolution(i.e. mm to cm scale), to not neglect any lamination/liedy arevital

to understanding the relative proportions of depositional processes throughout a deposit. This

1
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methodcan be timeonsumingand tediousThe importace ofthis detailed examination and
analysisaretwofold. First, the pebleum industry is in need ofiodekthat can be used fwredict
lateral andrerticalvariations thickness, mineralogy, porosity, fahramdorganic contentvithin
mudstonedased on sedimentologiqarametersHart et al., 2013Hart, 2016)It is important

to understandhiese propertielsecause they are directly related to souomk reservoirs, and can
be used to predict hydrocarbon type, porosity, permeability and fracturing properties (Hart et a
2013).Secondly, it is of academic importanto addresdebatableonceptdetween
sedimentologists, organic geochemists, and paleontologists on the processes governing the
deposition of mud; such asir past understandingf the deposition obrganicrich muds

presence of bedload transport of flocculated saaanud-dominated sheks the provenance of
mud clastsand controversy regarding Cretaceous oceanic anoxic €Jents/ns, 1980;

Schieber et al., 200Bchieber and Southard, 2008int, 2014 Schieber, 2013:art, 2016)lt is
shown in this studythat a majority of the fingrained sediment were not deposited by
suspension settling as previously thought, but were depdwsitedergetic bedload processes
composed of flocculated mudSuch enggetic processes mix the water column, which refutes
the idea ofongtermoceanic anoxieventsduring the Cretaceoyusotably at the sedimemiater
interface Furthermoreflocculated clays are observed in this study, suggesting that bedload
transport phyed a role in contributing to the formation of mud cléSthieber, 2015)

1.1 Objective

This study focuses on sedimentological data collected from a slabbetroargh the
upper Mancos Shakndits associated geochemical data provided\satherford_aboratories.
This project lasthree main objectiveg1) To document the facies variabiliggthin theupper

Mancos Shal@.e., candidatesequences, system tracts, parasequeitesparasequengeand
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understand the dominant processes that govemehesition of theipperMancos Shalg(2) to
propose a depositional model, which can help conceptuaiizsynthesizeariousshelf
depositional environmenend processagepending on the distribution of facies in thgper

Mancos Shaleand (3)to disciss the industry implications of the findings in this study

2. Geological backgrourahdstudy area

During the late Jurassic, the Western Cordilleran orogenic belt tookafotheFarallon
platebegan to subdudtteneath the North American Plate (Livacaal991;Kauffman and
Caldwell, 1993DeCelles, 2004Magmatic arcslevelopedn conjunction withsubduction
induced conductive heatingonsequently reducing lithospheric integrity and propetingtal
thickening and the formation tiie Sevier folethrust belt(Livaccaria, 1991; DeCelles, 2004)
Flexural loading from the Sevier orogeny eventually gave rise to an immense foreland basin east
of the orogenic belknown as the Western Interior Basin (WiBauffman and Caldwell, 1993;
DeCelles, 2004Liu et al., 201). At the same the, the Mogollon highlands weuplifted and

tilted, structurally controlling th&VIB from the soutbwest Bilodeau, 1986; Kirkland, 1991)

At the end of the early Cretaceous (Apthaibian), theWIB was flooded in response to
the culmination of both loashduced subidence and largscale tecton@ustatic sea level
fluctuations creating the Cretaceous Western Interior Seaway (CYKE8)ffman, 1977;

Kauffman and Caldwell, 1993; Sageman and Arthur, 19b4¢ CWIS reached if®ak eustatic
highstand in the late Cretaceous, connecting the Gulf of Mexico and the Northern Boreal sea
(Fig. 1).At its deepest, the epeiric seaway never exceeded hurdred meters, but wad500

km wide(Hagq et al., 198 A\Veimer, 1984; Kauffmarl,984 1985; Sagemaand Arthur, 1994)

The circulation of the seaway in the Late Cretaceous was mainly dominated by the activity of
stormsand river processeproducing southerly currentsansporing sediment along the

3
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western margin of the CWIS (Barron,8% Ericksen and Slingerland, 1990; Slingerland and
Keen, 1999, Li and Schieber, 2018he Sevier orogenic belt supplied an immense amount of
Paleozoic lithic sediment to the eashile arlosic sediment was being supplied from the
Mogollon highlands fronthe southwest Molenaar 1983Dickinson et al.1988; Kirkland,

1991) During the Coniacian, the Upper Mancos was deposited (Fi§ubsequently, the
Laramide orogeny created a mosaic of smaller structural basins withivilBhereserving much
of theCretaceous sediment that was depogiBrdwn, 1988; Dickinson et al., 1988; DeCelles,
2004) Today,a majority ofthe Cretaceousnud-dominated sediment deposited in the CW4a
befoundin the Mancos Shaleormation within the Laranide structural San da Basin, New

Mexico.

Fig. 1.A). Middle Turonian paleogeographic map showing the masireutent of the Western
Interior Seaway (Blakey, 2014). B). Middle Coniacian paleogeographic map showing the
Western Interior Seaway during the deposition of theddppancos. The red star indicates
location of core analysed in this study.
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The Mancos Shale the San Juan bass subdivided into the Lower and Upper Mancos
Shale which are separated by thegionalbasalNiobrara unconformityFig. 2) (Dane 1960;
Pentilla, 1964; McPeek, 1965amb, 1968Molenaar, 193, 1977 Molenaar and Baird, 1992,
Ridgely et al, 2018 The Lower Maoscomprises from base to téipe Graneros Shale,
Greenhorn Limestone, lower Carlile Shale, Juana Ladpember and the upper Caldi Shale
(Fig. 2) The Gallup Sandstone can be found above, intertongueing with the lower Carlile Shale,
Juana Lopez and upper Carlile shale members indftheasterparts of the San Juan Basin
(Molenaar, 1973, 197 Broadhead, 2015)ncorformably ovelying the Lower Mancos Shale
(except where th&allup Sandstone can be foundy,the Upper Mancowhich has been
informally divided intoMancos C, B, and A from bottom to tophe subdivisions are based on
prominent laterally extensive markers on gaminagy and resistivity login response tehanges
in sand, silt, and carbonate contéBtoadhead, 2015Yhe Upper Mancos approximately 900
1550ft(274457m)thick, wheregenerallythe thinnest sections are towahg southwest and
thickesttowardthe notheast. The only exception to this trendhisMancos C, as it is thinnest
in the southeast and thickest in the northWBsbadhead, 2015Adjacent to thesouthwestern
flank of the basin ishe Tocito sandstonéundwithin the lower parts athe Manws C. Above
the Tocito Sandstone and within the east of the bksitheinterbedded sandstone, siltstone
and mudstone succession known asBh¥ado Sandstone Membg@fasset and Jentegen, 1978;

Ridgley et al., 2013

The coreexaminedn this studywasobtained from the Davis Federal 3 No. 15 well in
Rio Arriba County, New Mexic@Fig. 3). Paleogeographic reconstruction and regional

correlationgndicate that the coceintervalwas approximately 220n offshoreat the most distal,
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and approximately 11n offshore at the most proxim@tig. 1 and 3)Given that sediment was
deposited in water depths of ~10Qi@ageman and Arthur, 1994; Schieber, 201t slope of
the shelfis estimated to have been aroh@26° (absolute value: 4.5x10and0.04° (abslute

value: 7x10%) for the most distal and proximal respectively.

Point Lookok_—(
Santonian Sandstone

Mancos A

Coniacian

Upper Mancos Shale

| Vado Ss Mbr
(subsurface)

Mancos C
\ Basgy Niop,

"True" arg
U"’C
Gallup alorm,

Sandstone

Tocit

Upper Cretaceous

J

upper Carlile shale member

Juana Lopez Member
Turonian

lower Carlile shale member

Greenhorn Limestone Member

Graneros Shale Member

Lower Mancos Shale

Cenomanian

Dakota Sandstone

Lower
Cretaceous

Fig. 2. Stratigraphic column of the Mancos Shale in the San Juan Basin (taken from Broadhead,
2015) with ages interpreted using the time stratigraphic -G@sson from Ridgley et a(2013).
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3. Methodology

3.1 Age of Core and Stratigraphic Context

A continuous340ft (~103m)orewas analysed, from depths of 741676ft (~2260
2157m) (Fig.4). In order to determinthe age of the cor@nd which formations it includethe
well log and a time stratigraphic m&émm Ridgely et al. (2013)as usedFig. 5 and 6) The
formations jcked from the well log was based dgrsficant changes in gamma and
conductivitythat marks theontacts between formatio(isig. 4). A depth shift betweethe core
and well log was observed. This was solveatayelating theesistivity kickat 716®in the
well log with the contact found &tL655in the core photographs. Therefore, there is an
approximate shift ob feet, where the logppears shallowehan the coreAfter tying the core to
the well log, it was observed that the core runs from middle Mancos C to middle Mancos B (Fig.
2 and 5).The age of this interval was determined by referring to a time stratigraphic cross section
modified byRidgley etal. (2013) revealing that the core was depositenn late Turonian to

Middle Coniacian(Fig. 2).

3.2Thin-beddedFacies Analysis

The analysis of the core was divided into two parts. The first part was done in the core
lab, and the second was done oty by analysing photographSata collection in the core lab
involved various tools consisting of a hand lens, measuring tape, grain size card, 10% HCI acid,
binocular microscope, and a camerheDbjective was to document properties tiwatld notbe
resolved remotely, such as grain size, clay content, and lithology. Sedimentary structures,
bioturbation intensity, fossilgrace fossilsandmineralogywere crudely examined as they were

analysed in greater detail through photographs during the secandhmasecond part of the
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analysis was completed at three different resolutions; mawee, and micrescale.

Photographs of the entire core were takéa metescale and stacked vertically for maccale
analysis. Macrescale analysis was used tontiey candidatesurfaces, parasequences, system
tracts and sequencess well adroad changes ilithology, sedimentary structurelioturbation
intensity,fossils and trace fossils throughout the c@fey. 4). Additional photographs were

taken at theentimetermillimeter scale for mesecale analysidMesoscale analysis of the core
wasconductedntenindividual parasequences to resoivea-parasequence variability

regarding lithology, sedimentary structuremturbation intensityfossils, and @ice fossilsThe
tenparasequences were chogantially based on the availabilityf tenphotomicrographfrom
aWeatherford Laboratoriéseport each found in their own respective parasequence. However,
the ten parasequences were maghigsen becaushdparasequences the ten

photomicrographs and SEM imagesre well distributed throughout the core, to allow analysis
on compositional andepositionaprocess variabilityLastly, photomicrographand SEM
imagesfrom theWeatherford Laboratoriésepot were used for micrgcale analysisMicro-

scale analysis was done to resdlvemineralogyand micrdossilsat a specific section within a
parasequencébundances of calcareous, siliciclastics and diagenetic components were observed
in each photomicragph.When interpreting beds and laminations, the classification by
Campbell (1967) was used (Fig. Ih this study, the range of thicknesses observed include very
thin lamina (i.e., <3mm) tmedium beds (i.e., <&tn). The most ubiquitous thicknesses were

very thin lamina and thin lamina.
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3.2.1 Identification of Core Properties

Grain Size and Clay Content

The Wentworth classification was used to determine grais gigible to the naked eye.
However, for grain sizes that cannot be resolved byd hens (i.e. silt and clay), the rock was
chewed and observed for colour variations to determine percentage of clay (@gtentand
Bhattacharya, 2015Mudstone samples with a lower clay content will exhibit a more gritty
texture, while sampleswit a hi gher c¢l ay content wil/l have
(Lundegard and Samuels, 1980). Furthermore, clays are usually darker and contain darker grains,

whereas silts are commonly lighter and are more greyish in colour.

Lithology

Lithology was déermined with a hand lens. However, at intervals where carbonate and
lithic grains were difficult to differentiate, a binocular microscope was used. Aside from basic
lithological facies observations, this study did not focus on the geochemical propktties o
core. However,theesul t s from a detailed geochemical
report wereused in this studyT heirdataconsisted o& continuous lithology logf the core,
and the examination of ten samples byay diffraction (XRD, scanning electron microscopy

(SEM), and detailed thin section modal analysis (DTSA).

Bioturbation Intensity/Style

The Taylor and Goldring (1993) Bioturbation Index (Bl) was used to determine
bioturbation intensity. Depending on the percent of bibztion, a grade from zero to six was

assignedwhereina zero indicates no bioturbation and a six indicates complete bioturbation.

10
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Each bed associated with a Bl can be plotted and connected, creating a curve known as the Bl

log, which reveals the verticahriability of bioturbationntensitythroughouthe core.

Photomicrograph Analysis

Visual abundances of calcareous, siliciclastic, and diagenetic components of
photomicrographs were based on idhentification of grains and mineralogyovidedby
Weatlerford LaboratoriesInterpretationghat were concluded were made from the abundances
of these three components observed in this stadyeach photomicrograph, the three
components were assessed on a relative ethigh, medium or low. Furthermoreratio

between framework grains and matrix was given.

11
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Top (7076ft)

Base (7416f) ™

d
-

Fig. 4. Photographs of the core from tBavis Federal 3 No. 15 well in Rio Arriba County, New
Mexico. The base begins at 7416ft and the top ends at 7@&&sequens@xamined are

highlighted in he red boxes. Surfaces are marked by the red, blue and green lines, corresponding
with thesequence boundary, transgressive surface and maximunnfisaoiface respectively.
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Fig. 6. Macro-scale analysis of
the core, including a
stratigraphe log, identified
parasequences, markedthg
blackzig-zag lineslithology
graphic log, Bl loglithofacies
column,andasystem tract
column Parasequences are
numbered, 1 at the base to 92.
Only parasequences selected
for more detailed messcale
analysis are actually labelled.
Parasequences examined are
marked by red lines with a

| abel ed AP#0 i
thin red, blue, and green lines
transecting the columns
correspond to theequence
boundarytransgressive
surface and maximum
flooding surface respectively.
Sequences are shown by the
red arrows on the right of each
column.
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Fig. 7. Bed and lamina claggation, defined by Campbell (1967). (taken from Passey et al.,

2006).
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4. Faciesand Facies Association Identificatiand Interpretation

Elevenmain facies were observ@aumesaoscaleanalysisithey include: strutireless
mudstonestructueless sandstonbioturbated mudstone/sandstogenericripple laminations,
wave ripple laminations, combindlbw ripple laminations, current ripple laminationsarallel
laminations normal gradingmuddy carbonatdlaser and wavy beddin@ndbentonte asHayer.

The facies key is provided in figure. 8

Sedimentary Structures Tracc Tossils

Current Ripple Lamination Ch  Chondrites
Cy  Cylindricus
Pl Planolites
Combined Flow Ripplc Lamination Ph  Phycosiphon

Wave Ripple Lamination

Unidentifiable Ripple Sc¢ Scolicia
% 3 § Te Teichichnus
Starved Ripple Lamination
Z  Zoophycos
. Starved Current Ripple Lamination

Starved Wave Ripple Lamination Fossils
Starved Combined Flow Ripple Lamination Inoceramind
- Planar Lamination
... Normal Grading
\ Bioturbated
ILithofacics Facies Tacics Associations

1) Structureless

Muddy Silty Sandstone (MSS) Ignitive turbidite

10) Flaser and Wavy Bedding
11) Bentonite Ash Layer

Suspension Settling
Surlaces

2) Bioturbated -
Carbonate-bearing, Muddy Silty 3) Generic Ripples Tempestite
Sandstone (CMSS) .

4) Wave Ripples

- Silty Sandy Mudstone (SSM) 5) Combined-Flow Ripples - WESGF

Carbonate-bearing, Silty and Sandy 6) Current Ripples Tidal
Mudstone (CSSM) g

7) Parallel Laminations —
Carbonate-bearing Silty Mudstone to L Bi ;L
Muddy Siltstone (CMS) 8) Normal Grading logenic
Silt-bearing Calcareous Mudstone (SCM) %) Muddy-Carhonate - Fluid Mud

Unknown Bedload Transport

Maximum Flooding Surface

Transgressive Surface

Sequence Boundary

Fig. 8. Facies key with symbols and colours used for sedimentary structures, trace fossils,
lithofacies, facies a®ciations, and surfaces. Thefaties in this studgrealso listed.
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4.1 Facies tlentification and Interpretation
Facies 1:Structureless

Facies l1la: Structureless Mudstone with Bioturbation

Structureless mudstonesth bioturbationcontaintrace fossils, butaveno internal
sedimentary structus€Fig. 97A). Thicknesses of this faes rangefrom very thinlaminations to
mediumbeds thatveretens ofcentimeters (Fig.B). Mudstoneébedswerefound in various
sections of the core, commonly wibther muddy intervaldudstoneaminationswvere
commonly found in between other facieg (iwae ripple, combinedlow ripple, currentipple)
(Fig. 9A). Structurelessnud with light to medium bioturbation suggedeposition from
suspension settlingsuspension settling hagelatively low sedimentation rathich allows

organisms to colare the sedimen{fMacEachern and Stelck, 1999)

Facies 1b:Structureless Mudstone without Bioturbation

Structureless mudstones without bioturbation showed no trace fossitgernal
sedimentary structuré€gig. 9B, D). Thicknesses of this facies ragfrom very thin laminations
(Fig. 9A) to medium bedgFig. 9B). Theabsence of internal structures suggesbéd deposition.
This facies was most likely deposited by fluid mud fligehaso and Dalrymple, 200Hluid
muds are any mobile bottom huggimgefgrained sediment with a solid concentration of >10g/L
(Kirby and Parker, 1983; Ichaso and Dalrymple, 20BR)id mud flows are geologically
instantaneous, capable of depositing within hours. At this depositional rate, organisms do not have

enough timeo colonize the sediment. Furthermore, grading or laminations are rare because of the

flowds high viscosity inhibiting grain segrega

2009.
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Facies 1c: Structureless Sandstone

Structureless sandstones wsfed no internal sedimentary structures. The thicknesses of this
facies were variable, ranging from very thin laminations to medium beds. Sandstone beds were
usually found wit other sandy intervals (FigC® and sandstone laminations were commonly
found wih adjacent sandy areas wiliferentially compacted sedime(fig. 9%). Theabsence of
internal structures suggestpid deposition. This facies was most likely deposited by ignitive
turbidites, as this process deposits sand rapidly from a liquefiei$ delv (Lowe, 1982Kneller

and Branney, 1995; Talling et al., 2012).

18
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Facies 2: Bioturbated Mudstoneand Sandstone

Highly bioturbated mudstones and sandstones (B): how very little to no decipherable
sedimentary structures or trace fos@iligy. 10). Thicknesses of this faaswerevariable
throughout, ranging a few millimeters to tens of centimeters. In deposita Bitlb, trace fossils
includeChondrties, Cosmorhaphe, CylindricuBlanolites,Phycosiphon$colicia, Teichichnus,
ThalassinoidesRRhizocoralliumandZoophyos(Fig. 10A) Deposits with a BI6 are completely
bioturbated and any pxisting sedimentary structures or trace fossils haementirely

disrupted(Fig. 10B, C).

Interpretation

High levels of bioturbation disrupt any pegisting laminations, eating a convoluted
deposit of both mud and sand. High bioturbation is indicative of oxygenated waters and slow
sedimentation rage allowing organisms to thrive (Howard, 1975; MacEachern et al., 2005).
Analysis of rarely preserved trace fossils in degosith a Bl: 5 represent mostly a distal
Cruzianato proximalZoophycoschnofacies. Identification of ichnofacies reveals that this facies
is deposited in a marine setting, far below-fa@ather wave base. Deposits with a Bl: 6 were
sometimeobservedthhave Afuzzyod c(e.qy.Pembectonletigld008)(Fihla@R, i o n

Q).
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Fig. 10. Photographs highlighting bioturbated facies. A). Bioturbatawlymudstone (BI:5)
showingChondrities (Ch)Cylindricus (Cy), Planolites (PI), Phycosiphon jP8colicia (Sc),
Teichichnus (Te andZoophyos (Z) trace fossilsTaken from 7351.50ft . B). A pervasively
bioturbatedsandymudstone (BI:6). Taken from 71374.50ft. C). A pervasively bioturbauedidy
sandstone (BI:6). Taken from 7341.30ft.
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Facies 3 Generic Ripple Laminations

This facies is characterized by discontinuous laminae with an erosivdduksag any
observable foresets to distinguish ripple tyiig. 11). The thickness of this facies ranges from
very thin lamina oD.1mm(Fig. 11A, B) to very thin bed of 1cm(Fig. 11C). Bioturbation

intensitycan be lowas seen in figure 2, or moderate as seen in figureCl1
Interpretation

The lack of foresetsiay be from compressional forcafter burialof sediment (Yawar and
Schieber, 2017)Without foresetst is difficult to precisely identify the type of ripple (i.eurrent
or wave, and hence cannbeattributed toa depositioal processTherefore this facies is
interpreed to have been depositeddlyedload transport process, gdvide evidence of

energetic events along the seabstksult of currents and/or waves.
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Fig. 11. Examples ofyenericripples. A). Thin starved pples with asymmetrical crests and
unobservable foresetat 7315ft Red arrows point to thgenericripplesB). Starved ripple with an
irregular crest and few observable foresd{t147.95ft C) Starved ripple with no observable
foresetsor laminationsat 7136.20ft Deformation of ripple crest and internal foresets renders it
undistinguishableFewPlanolitesburrowscan be seen -8 ) . L i n kghlghtimgwhisn g s
faces in AC respectively.
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Facies 4: Wave Ripple Laminations

Wave ripplesvereidentified by theiroundal symmetrical crests and laminations
(Campbell 1966; Jopling and Walker, 196Big, 12). Thicknessesrangefrom very thinwavy
parallel laminations thatre0.1mm(Fig. 12F) to amalgamated wave ripples resembilihip
beddedHCS depositshatareafew centimetershick (Fig. 12C). Amalgamated wave ripplese
similar to HCS deposits bat a smaller scale (i.e., <5cm thigkjg. 12C). Basal scourssoles
marks and the overlapping of hummock and swkiminae were dservedFig. 122, D,C6 , ) D6
(Walker et al., 1983rave and Duke, 199Cheel and Leckie, 199®umas and Arnott, 2006

Bioturbationis generally low{o absent

Interpretation

Wave ripples are caused by oscillatiows that are produced during storifieckie,
1988) Depending orthe storm magnitude and water depth, various thickreestwave ripplesr
wavy laminaecan beformed (Harms, 1979; Dott, 1982k is expectedhatinnershelf
environments vl develop wave rippled laminations/bed#h greater amplitude and wavelengths
than middle to outershelf environmentdecause oscillatory energgcreaseas water beomes
deeperFurthermorethe amplitude and wavelength of wave rippled laminations/beds will also
decreasevhen storm energy beings to waiéelow wavelength of these facies suggests a medial

to distal shelf environment iregths probably less thanQ.
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Fig. 12. Photographs highlighting wave rippled faci&ale marks are shown by the red circles.
A). Wave rippledaminationat 7137t. B). Amalgamated wave ripple laminatian 7123.801tC).
Amalgamated wave ripple bed at 713%ft. D). Starved vave ripple laminations and wave ripple
laminations at 7094.10ft E). Starved wave ripple lamination at 7207.99%). Thin wavy
laminations.A éF 6 ) Li ne d-F aespeativglg. Labdiled Ped arrows point to features
observed.
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Facies 5: CombinedFlow Ripples

Combinedflow rippled laminations/bedarerepresented bsoundedwavy andor
symmetrical ripple crests witthownlapping foresets in one directionto a basal scoibumas et
al., 2005)(Fig. 13) The thickness of this facies ranges fromyvéiin lamina of 0.5mm to very
thin beds of 1cmFigure13A illustratesa few combinediow rippled laminations, with foresets
dipping to the lefes highlighted by its respective line drawifidpe rippled crest andstoss and
lee sides are rounde@therfeatures including wavy laminae agdnericripples can be seen.
Figure 1&, D bothcontain combinedlow ripples with two different foreset downlapping
directions.As shown in their respective line drawings, the foreset directiansatcession of beds
are different Figure 1& shows a symmetricabundedripple creswith foresets downlapping to
the left Bioturbation was often found within mudstone laminations in between the sandstone

combinedflow rippled laminations.

Interpretation

Dumas et al. (206) described the properties of a combfied ripple, such as steepness
of lee faces, roundness, and shape of crest and stoss and lee sides. Cihonbimgoles
generally exhibit a gentler lee side dip angle (<~24°) compared to unidirectional cynpée r
(>30°). Their study also coincides with the findings in Harms (1969), which showed that lee side
dip angles of combinetlow ripples range from ~234°. The roundness of the combiriéalv
ripple crest was recognized to be diagnostic in identifyimgytype of ripple (Bucher 1919; Harms
1969; Dumas et al., 2005). Dumas et al. (2005) noted an increase in visual roundness of a rippled
bedform when flow conditions evolved from a dominantly oscillatory flow to unidirectional
dominant combined flow. Thénape of the crest and stoss and lee sides of combovedipples
varies depending on oscillatory and unidirectional flow velocities. Com#iaecripples formed
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under oscillatorydominant conditions were observed to have straight to biconvex flan&gyloc

deep and narrow troughs, and rounded crests. With further increase in unidirectional flow velocity,

the stoss and lee sides become distinctly biconvex, crests become well rounded and locally distinct
from the brickpoint and local deep scours appedower end of the stoss side (Dumas et al.,

2005). Dumas et al. (2005) summarized their findings in a figure, highlighting the three types of
combinedf | ow ri pples including the finor mal profil e
These propentis described in Dumas et al. (2005) proved helpful in identifying comiflim&d

rippled laminations/beds in this study.

The downlapping foresets indicate unidirectionahfinterpreted to b&rom geostrophic
currents, stormsetup relaxation flows ordal currentsHowever, oscillatory motion from
simultaneoustormsoverprints the unidirectional currempples, forming a symmetrical, rounded
and/orwavy crest(Arnott and Southard, 1990; Dumas et al., 2@¥gs et al., 2016.i and
Schieber2018).The proportion of wave or current influence is depabhd@ which process
(unidirectionalor oscillatory flow) hadyreater influenc€Arnott and Southard, 1990; Dumas et al.,
2005 Baas et al., 2035In the innershelf environmentsnore combined effect avave
dominated processese expectedue to shallower water depths. However in the esibeif,
oscillatorymotion is much weaker and wave overprinting is expected to occyilessd
Schieber, 2018 ombinedflow ripples therefore represdmbth unidrectional and oscillatory

flow.
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Fig. 13. Photographs highlighting combindidw ripple faciesA). Combinedflow ripple laminations
with foresets dipping to the left @1.34.9%t. B). Starvedcombinedflow ripple laminations with
foresets dipping tthe left and righait 7094.05ft.C). Starved combinetlow ripple laminations with
foresets dipping to the left and one dipping to the riglitt&8610ft. D). Starved combineflow ripple
laminations with foresets dipping to the left and one dipping toigh¢ at 7134.80ft. E). Starved
combinedflow rippled lamina with forests dipping to the left74.36.80ft. . Starved combineflow
ripple lamination with foresets dipping to the right at 7092.99ft

— “Normal" "Boxy" "Bulging"
Uu profile profi}; strucg:tu?e

"Normal" Intense local Local
scouring scouring deposition

Fig. 14 Different combineeflow ripple profiles (tken from Dumas et al., 2005).
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Facies 6: Current Ripple Laminations

Current ripplegFig. 195 wereidentifiedby foresets downlapping ontoscour basand an
asymmetrical ripple crest composetla gently sloping stoss and steep lee Sithe. base anap
of these ripples arn@ sharpcontact with adjacent depositicknesses of this facies varies from
very thin laminationgFig. 15C) to thin laminationgFig. 157A). Current ripple laminations that
were very thinveresimilar to parallel laminationdu careful examination reveal lsile
downlapping patterns thatiggest it was once a ripgleig. 15B,C) (Yawar and Schieber, 2017)
The more conventional thin current ripple laminations with a darghtasymmetrical crest
were also seefFig 15A) (Jopling and Walker, 196&eineck and Singh, 198@ioturbationwas

often found within adjacent mudstone lay@s 0-2).
Interpretation

Current ripples are produced by unidirectional flopassiblyfrom geostrophicyelaxation
flows, and tidal currersf forming a basakcour surfacejownlapping foresets and asymmetrical
ripple crest(Suter, 2006; Li and Schieber, 2018)rrent ripples migrate downflow by erosion of
sediment from the stoss side and avalanching of bedload onto the steep le¢hgdrioent
bedform (Dumas, et al., 2005; Baas et al., 2016). This migration leads to the formation of high
angle cross laminatio{s F i g . .IJHBwever, ér@nt ripple cross laminations are difficult to
identify in muddominated rock successions be@asthe ability for ripples to compress. After
compaction of sediment, they can easily be mistaken for parallel laminations (Yawar and Schieber,
2017). In this study, thin lowangle current ripples were dominantly obser{fed. 15B, C) In
order to dishguish between current ripples and parallel laminations, it is mandatory to examine

for low-angle downlapping surfacésatindicate they wee once current ripple foresets.
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Fig. 15. Photographs highlightinthe different types ofurrent ripplel (CR) laminationsseen in

this study A). Deposit with ombinedflow rippled (CFR)laminations CR laminations generic
rippled laminations and wavy lami@at 7092.50ftCR shown have the conventional straight
asymmetric ripple crestandgently sloping stossna steep lee sides. The respective line drawing
highlights both current rippled (CR) laminations and combiit@a rippled (CFR) laminations

B). Currentrippledlaminatiors with observable downlapping foresets atihightasymmetrical
crest.Found at 726350ft. C). Compacted arrentrippledlaminations, portraying scouring, lew
angle downlapping foresets asilaightasymmetrial crests. Found at 7318.60ft. The respective
line drawing highlights the foresets and crests seen.
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Facies 7: ParallelLaminatio ns

Parallellaminationsarecomposed of sand or siindfoundin lamina setgFig 16).
Common parallel laminations observed in thigdgtincludeplanar and wavy. Laminae in a
parallel planatamina setrerelatively straightshowedno striatal terrmationsand did not
intersect other laminae (Lazar et al., 2005Yy. 16A, B) Wavy parallel laminae also did not
intersect other laminae, bateundulabry instead of straighfFig. 16E) Parallel laminationare
regularlyfound underlyingnormally graled bedgFig 16B,C). Individuallaminae areommonly
0.1mm Lamina setshowever have variable thicknesses, ranging from 1mm to Rturbation

is generally present within adjacent mudstone lag®i§-1).

Interpretation

Parallel laminationare conmonly produce bysmaltscale fluctuations within flopnsuch
as oscillatiorcurrentsand turbidity currentswhere oscillation currents produgarallel wavy
laminations and unidirectionalrrents produce parallel planar laminatigBsuma, 1962;
Shanmugan, 1997; Lazar, 20)5Thin parallel laminations come in lamina sets, often alternating
silt- and clay rich mud laminadFig. 16B, E) The laminations were dominantly continuous,
suggestinghatsedimentation was continuous (Bohacs et al., 20®&allé laminations are often
found underlying normally graded beds as they are comnassiyciated with waning flows such
as turbidity currents or tempestit®8hen flow energy decreasesnormallygraded
lamination/bed will deposas sediment fallout from spensior{Bouma, 1962; Walker et al.,
1983; Myrow et al., 2002; Suter, 2006)g. 16B, C, D, E). Lamina sets could also be tidal

rhythmites if spring and neap bundles are obsefVieumder and Arima, 2005
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Fig. 16. Photographs highlightingarallellaminationsand normal gradinwith line drawings. A

Silt and very fine lower sand parallel planar laminatiang263.70ft. B). Very fine lower sand and
silt planar laminationsvith normal grading af225.20ft Normally graded laminations anearked

by the white trianglesC) Very fine lower sand and silt parallel planar laminations with normally
graded laminations at 7225.20ft. Normal grading is marked by white triangles. D) Very fine lower
genericripples with one normally graded laminae marked bythite triangle at 7094.20ft. E)

Very fine lower sand and silt parallel wavy laminations with normally graded laminations marked
by the white triangles at 7181.10ft.
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Facies 8: Normal Grading

Normal grading wasecognized by a gradual fining upwatgbically from sand to silt to
clay (Fig. 18, C, D, E). Thicknessearedominantly a few millimeters but have a range froemyw
thin laminationof 0.5mmto very thin bed of 1cm Bioturbationis uncommon, however if present,

bioturbationis commonly foundwithin the top clay layer.

Interpretation

Normal grading is formed fromuspension settling, often associated wiéming processes
and usually caps facies successions (i.e., Tempestites, WESFGs, Bouma se(Beuces)
1962; Walker et al., 1983; Myrow at., 2002; Suter, 2006; Macquaker et al., 20If0)
bioturbation is absent, this faciesslikely depositedapidly. If bioturbation is present, it
suggests that the deposition happened gitadymaoviding organismime to establish themselves

in the séiment(Reineck and Singh, 196BlacEacherret al.,1999;Ichaso and Dalrymple, 2009).
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Facies 9:Muddy Carbonate

Muddy carbonatwerefound throudpout the entirety of the coreomposed of fossil
fragmentsand/or carbonate cement (Fig.) 1At the macrescale fossil fragments include
InoceramidagFig. 17A), which wasthe dominant fossil found througho&ragments were
observedo be associated wistructureless, parallel laminated and rippled fadiisrofossils
werealso present includinpraminiferd tests thahave beeimnfilled/replaced by calcite.
Carbonate cement was observed typically surrounding framework grhinknesses of this

facies range from very thin lamimd 0. Lmmto thinbeds of 3cm

Interpretation

Low faunal diversi and ubiquity of benthic organismssich as thénocerimidaesuggest
dysoxic conditionersusanoxic conditionsOxic conditions would yield greater faunal diversity
(Brett and Allison, 1998Schieber et al., 20)6Fragmentation oihoceramidshellsindicate
transport before depositi@nd was noin situ (e.g.,Kiel et al., 2008)Association with ripples
suggestransportoy bottom current processem adifferentlocation Fragmentghatwere
within parallel laminated facies suggest slow depositiomfsuspension settligig. 17C). The
presence gpelagicforaminiferd tests further refutes sélmor anoxig and the diagenetic
infill/replacementof the foraminiferatest suggest lower sedimentation rates, allowing more time
for calcite to diagentally change the foram chambers (Li and Schieber, 2®&{igh carbonate
content is an indication of hemiplegieposition where sedimentation rates are low. Further
evidence of this is seen by the presence of diagenetic calcite and dolomite within feramini
tests, as they require time to precipitate out of the wdtexever, diagenetic material may be

formed postdeposition and have no direct implications of sedimentation rate and deposition.
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Fig. 17. Photographsighlighting A). Relatively thick inceramid fragments in structureless
mudstone at 7230.408). A concentrated mass of inoceramid fragments found with silt and sand
laminations at 7192.95ft C). Few thin inoceramid fragments found within silt laminations at
7229.90ft. D. A mixture offossl fragments at 7208.50ft Bylassive bioturbated sandstene
cemented with deium carbonate, and interbedded witmtivavy sand laminationsGeneric

sandy ripple®ccurwithin muddy intervals.
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Facies 10:Flaserand Wavy Bedding

Flaserand Wavybeddirg arecharacterized by a heterolithic deposit (Fig. 18). In figure 18,
two examples are providefigure 18A represents a wabeddedcheterolithic deposit, and fige
18B represents a flaser beddederolithic deposit. Individual laminations in figure 18¢ less
thick compared to laminations in figut8B. Wavy bededheterolithics (Fig. 18A) were
identified by mud layers overlying ripple crests and troughs. It can only be called wavy bedding
whenthereis a sequence of mwhd sand ripplethyers wherén both the mud and sand layers are
continuousas seen in figure 18A. Flaser bedding can be wavy as seen in figure 18B.
Characterizing wavy flaser bedding are dlecontinuity ofmud layers that overly the rippled
sands. Similarly to wavigedding, it caronly be called wavy flaser bedding when there is a
sequence ahtercalated mud and sanaherein the sand layers are continuous, and mud layers are
discontinuousBoth of these deposits show bipolar current ripples orientations and double mud

drapes

Inter pretation

Flaser and wavy bedding are indicative of intermittent flows didrigelocity and lower
velocity (Reineck and Wunderlich, 1968)he changes in current velocity is the resfislack
water in between ebb and flow tigeghich gives rise tthe intercalated heterolithic deposit seen
in this faciegDalrymple, 2010) This facies is often indicative of tidal deposition, especially when

bipolar current directions and double muichipesvere observe@Fig. 18).
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Fig. 18 Photographs highlightinflaser and wavy beddind\). Wavy bedding, showing bipolar
current ripple orientations &091.90ft. B) Wavy flaser bedding. Showing double rdipes and
bipolar current ripples at085.80ft.
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Facies 1: Bentonite Ash Layer

This facies was rare thughout the core and was found in two places, 7322.50ft and
7231.00ft(Fig. 19) These ash layers were considered as bentonites and were thinly bedded at
approximately 3cm thiclBentonite layers are light grand yellow in colour, and are often

fragmented

Interpretation

Bentonites layers ammposed of clay and are depositgtsuspension settling of altered
ash through the water colunifhese deposits are dominangtyuctureless and aneterpretedo
have beemnlistributed by wind and deposited bsheall (Elder, 1988) Their presence in the core

suggest regional volcanic evemindlow sedimentation rates.
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Si v

Bentonite

Fig. 19 Photographs highlighting bentonite ash layers A). A bentonite ash &ngply
overlying silty and sandy parallelgiar laminated mudstormé 7231.00ft. B). Fractured pieces of
bentonite found at 7322.55ft.
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4.2 Facies Association Identification and Interpretation

After the 11facies were identifié, a facies association wimerpretedor a specific
verticalsuccession of facie$hese associatiorsse based on the proposed processes that govern
the transport of fingrained sediment across along theshelf including hypopycnal plumes,
hyperpycnal flows, stormsetup relaxation flows, tempestites, and gsasliiven fluid muds; all of
which, except for hypopycnal plumes require sufficient bottom slopes to sustain movement
(Bhattacharya and MacEachern, 2009; Schied@l6; Li and Schieber, 2018). Schieber (2016)
summarized the potential offshore reach of psses such as tempestites, wave/tide/current aided
hyperpycnaflows, wave/tide/currergnhanced sediment gravity flo/ESGFs)and turbidites
at a certain slope angle for water depthg0200m.As mentioned earliethe core was deposited
~220km offslore at the most distal, and ~110km offsé@t the most proximal (Fig. ).

Additionally, with water depths of ~100rtheslope angle of the seaway wagproximately

0.026% 0.04°.Thereforeprocesses thatereexpected to be dominaimcludestorms {enpestites,

and wave and current enhanssdiiment gravity flows (Fig.®. However, the shorelingas

spatially changing throughout time and sandier proximal deposits observed in this study may have
been deposited by other processes such as ignitiveityrtugrents. Therefore, the facies

associations that were observed in this study include ignitive turlstbrens {empestitg,

WESGF, tidal, biogeniceworking fluid mud, suspension settling, agenericbed load transport.
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Fig. 20. Slope antgs and potential offshore reach of processes for tempestites, wave/tide/current
aided hyperpycnal flow, wave and current enhanced sediment gravity flows, and turbidites.
Vertical redlinesrepresenslope anglsof seaway in this studyom most proximato distal
(modified from Schieber, 2016).
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Tempestites

The tempestite deposits observed in this stuelsesimilar to the wavenodified turbidites
of Myrow et al. (2002) Their conceptualized model includes upward succession consi$ta
scouredbasalsurfacegraded bedsmallscale HCS, wave ripples, combiritow ripple cross
lamination and a normally gradeddwith a bioturbated cap (Fig. 21) is interpreted that wave
modifiedturbidites are the product of tkembination of vaves and excess weight forces. It is
however still considered a tempesbicause storms play tdeminant role in producing the
waves, and enhancing excegsightforces by providing turbulende suspendedediment
concentratior{Myrow et al., 2002)An example of a tempestite depdsitind in this studys

shown below(Fig. 22)

Normal graded bed e e ""j Suspension settling/Fluid mud flow

Combined-flow ripple
cross-lamination

Storm oscillatory flow and
Geostrophic/storm-setup relaxation flows

Wave ripples

arge
Wvﬁ- Developed
Flutes

Fig. 21. Conceptualized model for the vertical succession of sedimentary structures in-a wave
modified turbidite deposit, also known as a tempestite deposit. The modebsesed in this

study. Modified on the right are the depositional processes for associated sedimentary structures
seen on the left (modified from Myrow et al., 2002).
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Clay Si Vvf

Fig. 22. Exampleand line drawingf atempestite deposit showing from an upwardcssgsion a
basalwavescour, wave rippled laminations, combiriéalv ripple laminations, wavy lamina set,
and normally graded lamination. Taken from 7t37

Wave and current enhanced sediment gravity flows

River processes that produce hypopycnal pluameshyperpycnal flows transport sediment
offshore until they are deposited in prodelta or shelf areas with gentler slopes less than 0.7° and
can no longer support their sediment load in autosusperdidddr et al., 2001Bhattacharya
and MacEachern, 200%chieber, 2016). However, there is a potential for resuspension by orbital
wave motion or near bed currents to produce a liquid mud layer that can move on slopes as low as
0.03°. These wave and current enhanced sediment gravity flows can be domiknattyidanal,
unidirectional, or combineflow depending on the magnitude of wave and current processes. A
recent term AWESGFsoO (Wave Enhanced Sedi ment G
of flows (Macquaker et al., 201Q)hich encompasses wavedacurreniprocessethat may have
had enhanced sediment gravity flo@chieber, 2016 Macquaker et al. (2010) proposed a
di agnostic Atripleto facies succession that s
gravity flows which is composed @&n erosional surface overlain by curved ripple or combined
flow lamina setGradually overlyinghisis a wavy parallel lamina set, whichdapped by a
normally graded mud drape lay@ig. 23. The depositional process interpreted from curved
ripple or @mbinedflow ripple lamina set is the culmination of storm oscillatory flow with
geostrophic, storpsetup relaxation, or tidal unidirectional flows. The wavy lamina set above is

caused from storm oscillatory flownd the normally graded bed capping treefg succession is
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from suspension settling or fluid mgjdtlepending on the presence of bioturbatidre complete
triplet succession was observed in this stinyyever ndividual units of the succession were
more commonlyound to be present (Fig6, 24). In figure 16B, wavy lamina sets underlying
normally graded beds can be found and were interpreted to be arsatodba unit B and unit C
of Macquaker et al. (201Q0/ESGF Althoughseldom foundfigure 24exempliies acomplete
WESGF. The scale of th&ESGFs found in this study (Fig. 24) are comparable in scale to the

onesfound in Macquaker et al. (201(Hig. 23)

Suspension settling/Fluid mud flow

Storm Oscillatory flow

Storm Oscillatory flow

Storm oscillatory flow and
Geostrophic/storm-setup relaxation flows

10.0 mm

Fig. 23. Example of a WESGF deposit. Unit A exhibits combifiedv ripple cross lamination.
Unit B has a wavy lamina set of interdald silt and clay laminae. Unit C is a normally graded bed
that is bioturbated (taken from Macquaker et al., 2010).
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Fig. 24.Example of a WESGF deposit found in this studly.ompleteMacquaker et al. (2010)
WESGEF triplet facies succesesiis seenUnit A, B and Care present

Tidal Currents

It is suspected that tides play an important role in moving mud abesiself, especially
in epicontinentateas that have gentle slopes. Schieberg28liggested that tidal currents could
have enough engy to move flocculated muds in bedlodadal deposits are characterized by tidal
rhythmites, flaser/wavyl/lenticular bedding, mud drapes (if bioturbation is present), and fluid mud
(if bioturbation is not presentReineck andVunderlich 1968;Ichaso andalrymple, 2009).
Tidal rhythmites are alternating silt/sand and clay deposits resulting from change in diurnal and
neapspring cycle current speeds (Mazumder and Arima5200lliams, 1991). Flaser, wavy and
lenticular bedding are deposits with altemg@trippled sands/silt and cldifig. 25. The difference
between flaser, wavy and lenticular bedding is represented by the amount of preserved clay.
Environments with a higher amount of suspended clay will deposit wavy and lenticular bedding,
compared tenvironments with a lower amount of suspended clay, which will deposit flaser
bedding. Furthermore, higher energetic environments will preferentially deposit flaser bedding
because stronger currents can erode previously deposited clay layers. Durirudp mostand
tide, a mud drape will deposit overtop from suspension settling and will be commonly bioturbated.

If bioturbation is absent, the mud layer is interpreted to have been deposited by fluid muds, which
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