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Abstract

Hierarchical classificatiorase used in the field of clastic deep-marine sedimentarglggy to assign
spatial and temporal order to the sedimentary architecturgoodserved deep-marine deposits and
to genetically related modern landforms. Although suldssifications aim to simplify the
description of complex systesnthe wide range of developed approaches limits the eaisle which
deep-marine architectural data derived from different sces can be reconciled and compared. This
work systematically reviews and compares a selection ofithst significant published hierarchical
schemes for the description of deep-marine sedimentamghitecture. A detailed account of each
scheme is provided, outlining its aims, environmentaitegts and methods of data collection,
together with the diagnostic criteria used to discern e&ddrarchical order from observational
standpoints (e.g., via facies associations, geometry, scaldbounding-surface relationships) and
also on interpretational grounds (e.g., processes andesubronments of deposition). The
inconsistencies and pitfalls in the application of eadieste are also considered.

The immediate goal of this review is to assist sedimewfists in their attempts to apply hierarchical
classifications, both in the contexts in which the classiions were originally developed and in
alternative settings. An additional goal is to assess theesof similarities and differences between
schemes, which may arise, for example, in relatiorh&rtdifferent aims, scales of interest or
environmental focus (e.g., channelized or lobate urdtshoth). Similarities are found between the
approaches that commonly underlie the hierarchical clasgifins. Hierarchies are largely erected
on the basis of common types of observations, in gatér relating to the lithology and geometries
of deposits, in association with analysis of boundindesé characteristics and relationshig$hese
factors are commonly considered in parallel with theiraasated genetic interpretations in terms of
processes or (sub-) environmerkdeposition. A final goal of the review is to assesstivrea
universal standard for the description of deep-marindiggentary architecture can be devised.
Despite the commonalities that exist between classificationragptes a confident reconciliation of
the different hierarchical classification schemes doesapgear to be achievable in the current
state of knowledge
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A Review of Deep-Marine Hierarchical Schemes

1 Introduction

In the field of deep-marine clastic sedimentology, aendriety of hierarchical schemes has been
proposed to categorise sedimentary deposits, particulrbse associated with sediment gravity
flows (e.g., Mutti & Normark, 1987; Ghosh & Low@93; Pickering et al., 1995; Beaubouef et al.,
1999; Gardner & Borer, 2000; Prather et al., 2000; Navetral., 2002; Gardner et al., 2003; Sprague
et al., 2005; Hadler-Jacobsen et al., 2005; Mayall e2@D6; Gervais et al., 2006a; Deptuck et al.,
2008; Prélat et al., 2009; Campion et al., 2011; Ftiat.e2011; MacDonald et al., 2011; Pickei&ng
Cantalejo, 2015; Terlaky et al., 2016). These hieraretiegtempt to classify deep-marine
sedimentary architecture by assigning spatial and temporal modgenetic significance to
sedimentary packages. Similar hierarchical approaches havbedsn applied to aeolian (e.g.,
Brookfield, 1977), fluvial (e.g., Allen, 1983; Mibl85), and sequence stratigraphic classifications
(e.g., Mitchum & Van Wagoner, 1991; Neal & Abreu, 2@28uneanu et al., 2011).

The identification of deep-marine hierarchy has enabledtigraphic heterogeneities to be better
characterised and communicatetdan approach which has benééiti hydrocarbon reservoir
modelling, resulting for example in more accurate drigtmatching of fluid flow in channel deposits
(Stewart et al., 2008) and in improved connectivity modell®be deposits (Zhang et al., 2009;
Hofstra et al., 2016). These largely descriptive hikiaat schemes have also been used to inform
models of deep-marine processes (e.g., Gardner e2@D3; McHargue et al., 2011; Macauley &
Hubbard, 2013; Terlaky et al., 2016; Hamilton et @172.

However, it can be argued that the wide variety of hierazahschemes of deep-marine sedimentary
architecture no longer simplifies the analysis of deepimeadeposits. Schemes may vary in the
number of significant orders, terminology and obseroatil or interpretative criteria used to define
significant hierarchical orders. This lack of standardisagignificantly hampers comparative studies
between different depositional systems and datasets, in fimiting the effectiveness of predictions
or insight derived from the comparisomerminological variability - a long-standing problendéep-
marine studies (cf. Mutti & Normark, 1987; Shanmugam @&idi4, 1988; Weimer & Slatt, 2007;
Terlaky et al., 2016) - also calls into question theseiancy with which primary sedimentological
studies are undertaken.

The aims of this paper are as follows:

x To review the variety seen within and between hierarchidassifications of clastic deep-
marine deposits. To this end, the most widely adopaéed distinctive deep-marine
hierarchy schemes are described in detail. The motivaiehind each of these schemes and
the scope of each study is assessed. The diagnosticusetswithin each hierarchy to
identify discrete architectural levels are also evaluated.

X To evaluate the possible causes of variety observéduedrarchical approaches, considering
whether the range of observed approaches is a consegei@f excessive categorisation or
whether it reflects a genuine variability in the organieaal styles of deep-marine clastic
depositional systems.

x To establish the degree to which hierarchical classiboatcan be reconciled. IsRosetta
stone[approach, whereby all classifications can be reassignacctommon standard,
feasible?
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2 Approaches to hierarchical classification

A selection of key hierarchical schemes available initivature will be reviewed in this section,
demonstrating the breadth of hierarchical concepts that exist are used in deep-marine
sedimentary geology. These schemes have been chosetodteir importance in the way
hierarchical organisation is formalised and/or becauséhefrtbroad acceptance and usage. The
degree and manner in which each scheme has been tagéy fellow scientists are either
considered in each summary section or presented irasge £S5 Vv U ¢ S]}veX Z ]S
scores (as of January 2018) are also recorded in Tahlaakver, caution should be exercised in
interpreting these metrics: the citations of an article miat necessarily relate to the popularity of
the hierarchical scheme proposed therein, as the samelantieght be cited for other reasons

Firstly,areview is undertaken of early studies that populadshe useof hierarchical schemeén
deep-marine clastic depositional systems (Mutti & Normd®&87; Ghosh & Lowe, 1991; Pickering et
al., 1995). Secondly, we review subsequent schemescibiatributed significant concepts to
hierarchical classifications, based on insights derivexh foutcrops (Gardner & Borer, 2000;
Pickering & Cantalejo, 2015; Terlaky et al., 2016) afidation-seismic data (Prather et al., 2000;
Navarre et al., 2002; Sprague et al., 2005). Thirdlgriassof schemes is reviewed that atteregtto
assign sequence stratigraphic significatwierarchical orders (e.g., Sprague et al., 2005; Hadler-
Jacobsen et al., 2005; Mayall et al., 2006). Finallgmseh that were specifically developed for
depositional lobes, based on both outcrop and seismic datayeviewed (Gervais et al., 2006a
Deptuck et al., 2008; Prélat et al., 2009; Flint et24l1,1; MacDonald et al., 2011).

The focus of these hierarchical summaries will be upoderstanding the basis on which each
hierarchical classification has been formulated, and ona®jrig how to recognise the discrete
hierarchical levels identified in each scheme. Thisi@eavill therefore examine the key principles
and criteria used by each particular scheme, and desciawethese principles for hierarchical
division have developed over tim€he hierarchies will be reviewed in order of publioatifollow-

on alterations of the schemes will be considered inusagce with the original study. A summary
flowchart (Fig. 1) illustrates the influences of earlerarchical schemes on subsequent schemes
Table 1 lists all the considered hierarchical schemeshéghlights their key attributes.

Cl
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2.1 Mutti & Normark, 1987

The hierarchical scheme developed by Mutti & Normagg8({; 1991) is recognised by many as the
first attempt to adopt a hierarchical classification that spathfs®th ancient and modern deep-
marine environments (Pickering et al., 1995; Ghosh&d,.d993; Clark & Pickering, 1996;
Shanmugam, 2000; Weimer & Slatt, 2007). While the appicatf this particular scheme in
following studies has been somewhat limited, many augheave drawn comparisons betwee
hierarchical orders iD uss] = E } @8T] scheme and their own orders (e.g., Ghosh &&l.ow
1993; Pickering et al., 1995; Prather et al., 2000a@pz et al., 2005).

This hierarchy was designed to reconcile the differenoetween datasets of modern marine
environments, acquired by seismic techniques and anaaicrops of turbidite deposits. Mutti &
Normark (1987) recognised that the key difficulty mssifying and thus comparing systems lies in
recognising sedimentary bodies that were deposited oumilar timescales within the deep-marine
realm. Therefore, they aimed to develop a hierarchy thatild enable recognisable turbidite bodies
(‘elements’) to be compared over similar temporal as \slbpatial scales.

Mutti & Normark (1987) identify five main orders of scédee Fig. 2), which link to the sequence
stratigraphic framework of Vail et al. (1977) on the basithe proposed timescales reflected by
each order. Mutti & Normark estimated timescale ranges are based upon interpretatidribe
likely cause and extent of the breaks in sedimentatiomeissed with a particular hierarchical order.
The smallestrecog]e Z] G & Z] durpi@ite EBAJU AZ] Z ]+ ]vE E % E 3 C Duss]
E}EuU EI ~i6066V i6die + ]vPscaléeddomabandsdepositional feature, deposited
}JA & "A]JESH 00C ,JordZ008 yealg)mespans. Genetically relatB SpE ] ] Stack [
08 E ooC v A ES3] o00C 3} (JEu ( Hirbidite syibIstadeéd «-10/métres «
thick), which equate to individual periods of depogititbypass or erosion within a specific stage of
growth. Mutti & Normark (1987) note that some deposit@systems may consist of only one such
ZepeS P (] Z & S &X BZ puvispy & * (& Hrequehcy debpBii,
deposited over 1 to 10 kyr timescaleAdu & ] ]S *[U o0} « E] aBpss] ~ E}Eu
1991)asB }E E pv]SeUeSvP 2 prd@r) are stated to be typically only visible below
conventional seismic resolution; thus, the applicabitityhese elementsoD uss] © E}Eu EI[-
(1987) hierarchy to conventional seismic datasete jsu]$ tXrbidie stage[ < order) is formed
C 8Z 5 I]vP }( Z34B@P]*[SVeWE }E « AZ § ]« § CEu «E1}% (] PE}A
consisting of associated facies associations with nofigignt breaks in sedimentation
(unconformities) within the unit. This%order hierarchical level is stated to be seismicalofvable
if the thickness of the unit exceeds several tens ofrese

/IS§ ]e 8§ SZ ZSUE ] ]S S Pe§ RE[ BZUSEDUSS]*UE}EU EI ~id06 E ]8
formatiov }( & }Pv]e 0 Z o u vimdrine eddronmebt Mutti & Normark (1987;

1991) document five element types that are common to botbdern and ancient systems, and that

can be differentiated in terms of geometries, resultingn different sets of depositional processes:

channels, i.e., negative relief pathways for sedimeansport;

major erosional non-channel features, i.e., scours dopesfailures;

depositional lobes, i.e., typically sandy distributary alsifs;

overbank deposits, i.e., laterally extensive fine4geai deposits adjacent to major channels;
channel-lobe transitions, i.e., a mix of depositional anasional elements reflecting a
transformation of flow, where turbidity currents commordxperience hydraulic jumps.

X X X X X
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depositional characteristics.

ZAUE ] ]88 S P o «Sturbiditk qystBm| ~ZIXNlyr); these deposits are said to be

characterised by short-term sea-level change or tectawitvity, whereby no major breaks in
sedimentation are seeX ~"Ju]o E * <p v e+ Jv ZESUE ] |8 R [ 3 |VEPEHRE} §
to be the product of an overall reduction in flow volapas relative sea level gradually rises. A

ZSUE 4¢SS u'forder) may containonly e ]JvPo ZSuE ] ]88 S P [U }E& ]S u C
HV]S u }( UHO8]% 0 5 P o }( PEVASZOUSBICEUEJeE| ~i566 3} O0A
terminate with a mudstone interval, interpreted to be thegauct of a highstand systems tract (HST)

in response to short-term sea-level changeZAp@E | 1S - @etised iy flme authors as being a

Z % @3Ipppéitional sequenceensuVail et al. (1977) which is defined as a relatively condédle

succession of genetically related strata, typically bouhdeits top and bottom by unconformities,
representing a cycle of sea-level change. The ideatitin of higher orders in the hierarchy'{znd

15t orders) relies strongly upon the recognition of eocosl surfaces that envelope lower-order

genetically related units. The largest hierarchical om@eognised by Mutti & Normark (1987) is

§ Eu turbidite complex[ 2 order). A unit of this order reflects a complete afill succession

built through stackingoZ SPE ] 18 *Ce+S ue<[ ]wliged depacentré ¢IPto 10 Myr

duration). These sedimentary units are bounded by longatanconformities, and may be seen to

cont Jv upoS]% 0 Z %o}e]S]}VuU@E]<}8V Y% Z £[ %olmpyfeacto } ]
volumes over 10km3 and thus far outreach the scales of investigation of atratb®utcrop studies.

Although the scheme aims at being broad, the assignme&hievarchical orders is stated by Mutti &
Normark (1987; 1991) to only be effective after an atiiategorisation process, whereby studies are
S P}YE]e ]JvS} SZ]JE Z <]v SC%VS[|X] °]¢ SQpau s EE}(] E]S E] ~ XPXL
rate of sediment supply, crustal mobility, syndepositioteaitonics), to ensure that potential
comparisons are made between relatable basin environmemits, the aim of producing more
reliable and meaningful comparative analyses.
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Figure 2- Hierarchical classification of Mutti & Normark (19&hoewing the five hierarchical
orders, as well as the associated typical thicknessesiarnations (blue italic text) proposed for
each order. Correspondence with sequence stratigraphitsus also noted (red italic text).
Modified after Mutti & Normark (1987).

2.2 Ghosh & Lowe, 1993

The hierarchy of Ghosh & Lowe (1993) deals with théegearchitecture of channel deposits in the

geological recordhvsS]o S§Z

,@eigtethaligedimentary architecture of channel units was

relatively poorly characterised, due to the limited rag@mn of seismic datasets and dominantly
one-dimensional facies descriptions, as well as thaduateral extent of most studied outcrops.
Ghosh & Lowe (1993) carried out detailed lateral correfegiuf closely spaced vertical sections in
the Venado Sandstone Member (Great Valley Group, SactanBasin, California) and develega
hierarchy focussing upon the internal architecture of el deposits. Through facies analyses, the
study established links between processes of turbidityrent erosion and sedimentation, and the
resultant channel-deposit architecture.

Ghosh & Lowe (1993) were influendeglBrookfield (1977), Aller i 6 61 ¢

\"

D] oo[s ~id6O6V

clastic hierarchical classifications, based upon the reognof bounding surfacgof different types
to distinguish hierarchical orders. Similarly to the aygrhes taken by these authors, Ghosh &
>}A (2993) order numbering is from smallest to largestppposed to the scheme of Mutti &
Normark (1987), which followed sequence stratigraphioveamtion. Six orders are proposed,
although only five were identified in the Venado Sandstdresed upon correlations made between
three measured sections over a distance of 475 m FEge3

000



Sedimentary gravity flow deposits are typically heterog@us with regards to sediment texture and
structure. Internal variations in grain-size or sedimentary structudefine divisionat the smallest
and finest scale of this scheme, i.@rst-order[ 0 u v8e¢X dZ e« caresperito Bouma
divisions (e.g.,a] Tvor Te, Bouma 1962) or high-density turbidity currentidions (e.g.,$S or R of
Lowe, 1982) and represent depositiover minute to hour timescales, by reference to therk of
Sadler (1981). These elements Aminded by first-order bounding surfaces, which acoogdo
Ghosh & Lowe (1993) record processes of transport @position during flow evolution. It is also
understood that the arrangement of these fir$ttE  E ]JA]+]}ve A]SZ]M &Z (EFE 2 u}vse
are controlled by the evolution of the flow and itsetf upon grain-size distribution. The recognition
}(SZ « Z2ESES] o udiffiéult irsome cases, especially in massive unith s1$
conglomerates and debris flows, like those founthi@ basal section of the Venado Sandstone,
where the identification of surfaces can be highly uncertai

d Z segond-ordef o0 u vS ]e ¢ @&dingle sedimentation unit based on the terminology of

Allen (1983). In the case of heterogeneous depotitsse units comprise a numbér( Z (@ SE [

elements. Massive deposits, where internal divisionsrareeasily recognised, will have equivdlen

Z(}EES E[ v ZEIME[ }uv JvP R E(ZRE E[ *pE( =« E E }PvVv]e
ZIVE QBEA] suE( * ~ %o}+]3%yr}thnaEcales) betiieen depositing currents, and are

thus stated to be useful indicators of the currents chéeace.g., whether flows are depositional,

erosional or mixed. Sedimentation units can usually beldd into textural zones representing

surges within a single turbidity current. Tweldee }ME @&E[ pv]de A E ] v3](] C 'Z}eZ
Lowe (1993) in the Venado Sandstone, with thickness#sei rangeof 0.05-8 m and with some

inter-channel units extending laterally over the entirés4m-wide outcrop. The lateral correlation of

Ze WE &E[ pv]sSe v (( 8 C &} - thsequentflows@ndvitein@l lateral

A E] ]JolsC v e v u S8} 3Z CEE®wHR @[} (o]esrEsiveo Z (]

contrasts, internal grading and scoured bases are alldatiiaracters used to determine individual
sedimentation units; it can thergf(e Z & 8§} 1%c2 ®E @& pv]Se A]3Z]v }vPolu E
as well as in amalgamated deposits.

Zhird-order[ o u v8e }uv PE}U%}E ( E{§ *}v]u vS SThesqun]ts ade

comparedto the ZR}E (&4 ZSu<E ])psMutti & Normark (1987) which Ghosh & Lowe

(1993) additionally term Zu @&} (}EuU[X § 3 E®& S @[ Z HZdedwden 5-30 m thick, are

identified in the Venado Sandstone Z Z vv o ]v(]pentapsilgiing Seposits of similar flow

units. Theseuntk E J}EE 038 Uu}E E JoC }JA E PPE}&E EE[[ @S 3Z v Z
little lateral change can be seen with regards3@ ]E JvS v o Z-IEE SEENVEZ]| @&

bound by third-order bounding surfaces and are recegdibased upon similar internal lithologies

and depositional styles. In particularZtE 5 C %o - } (€ Z $Z[| (& WeSerib€H in this outcrop,

respectively made of 1) conglomeratic thick-bedded samust@) thick-bedded sandstone and 3)

thin-bedded mudstone and sandstone interpreted as inteafmnel units.

Bourth-order[ o u v8e E % @E « v3 ]v ]A] paod afe also term€c ghannel

complexes. These units are deposited over 1-10 kyedcales. FiveZ (} i-EEZ E[ pviSm ~fi

thick) were recognised in the Venado Sandstone, eholwgng fining-upwards trends in bed

thickness and grainsi2e dZ « pv]Se & u Ju% E o )} DOOSEREEEuU EI[e ~
v Z1E (@rbidite sub-stagdand gtage) elements. Ghosh & Lowe (1993) stated that the

P v S] «]PV](] v -JEZELEEB *S]oo Vv L8} o @} HESS E [

elements separate individual channel units in atimcthannel complex, théfth-order [hierarchical
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element. The entire Venado Sandstone Member at Montid@da (400-1000 m thick) is recognised

e o]vPO-}ZH](@&Z o u v3X dZ }uvhe®eDadoSAndstone and its overlying unit
(Yolo shale) can be traced throughout the basin, reflgctive regional scale of this unit. Durations
between0.14i DCE & <*¢]Pv §}+3¥® CZujiow¥] o ¢85 I[ pv]Se ¢ pUu%}tv S$Z
stratigraphic timescales proposed by Sadler (1981).drdlisr is compare §} 3§ 79 oitier,

% }*]5]}v 0 «C+S u[ }( Duss3] ° EiktE pEE IH$6 dadeXcom@arable to Mutti &

E}E&u @EIY)ZIIE E[U S Eu C '@P9x) » >}A( v }u% o Aeletmdnls ep Z
are identified in the Venado Sandstarighosh & Lowe (1993) consider units at this order teetiep
over 1-10 Myr timescales, based on the work by Sad@gi)L

The strong reliance on the identification of small-scalt@ds characters, along with the importance
of lateral correlations in defining lithological variatiopsevents this hierarchy from being easily
applied to seismic datasetslowever, this scheme has been used in several studiesfeatured in
the popular textbook by Reading (1996). The scheme has heed to classify hierarchy in a variety
of conglomeratic channel environments, such as the &rffidge Conglomerate (Great Valley
Group, California, USA; Hickson & Lowe, 2002), the@Jerro Formation (Magallanes Basin, Chile;
Hubbard et al., 2008) and the Peri-Adriatic basin (Ceftabl; Di Celma et al., 2010; Di Celma 2011),
as well as both channel and lobe deposits of the finergihiower Mount Messenger Formation
(Taranaki Basin, New Zealand; Masalimova et al., 201€stlily by Hickson & Lowe (2002), which
is also focussed on the Great Valley Group, expands thgooriginal hierarchy of Ghosh & Lowe
(21993). For example, Hickson & Lowe (2002) spdwfythis scheme is open-ended and thus a
variable number of hierarchical orders may be recoghi®e different case-studies, although only
ZSZ]E&v Z(}[o@EeZare confidently identified in their study. Hsok & Lowe (2002) also state
that each hierarchical order should be assigned basedesariptive features only, and that genetic
interpretations of element orders should orthe attempted after descriptions have been made.
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Fig. 3.Hierarchical classification developed by Ghosh & La®83) based upon the coarse
channel-fills of the Venado Sandstone. Values of this&rmsed on field measurements and
durations based upon the sedimentation rates of Sadler 11@8e included. Figure modified after
Ghosh & Lowe (1993).

23 Pickering et al., 1995

Similarly to Ghosh & Lowe (1993), Pickering et al.5)l@@re inspired by the works of Allen (1983)

and Miall (1985), and their development of a hierarcliypounding surfaceswW] | E]JvP § oX[e ~id0
hierarchy is stated to be directly influenced by thethods of architectural-element analysis,

expressed through the diagnosis of charactgristZ p]Jo JvP o} l¢[ }( » Ju vHhate@ €& Z]85
on the recognition of facies associations, sedimentary-bgelymetries and a bounding-surface

hierarchy. However, like the scheme of Mutti & NormétR87), the hierarchy of Pickering et al.

(1995) targeted the characterisation of both ancient and ermdsystems. Thus, a particular focus

was placed upon the recognition of surfaces and thBirahd 3D expressions in deep-marine

architecture, as opposed toZ}+Z ~ >}A [+ ~iddi+ u-JasedCappropus

Pickering et al. (1995) utilise the three-tiered boundsgface hierarchy originally employed by
00 vV ~id0ieX 00 V[e ~i60Ts Z]%B BZFA}EP(OpuA%]S3]}Vv o } ] « v
JAle] 0 ]1v8} Z% | 3] }( P v SthrooghGheBbsergation df@ounding surfaces.

This approach was deemed by Pickering et al. (1995 toansferable to deep-marine systems, as

bounding surfaces can be recognised and classifiadsimilar manner based upon their nature and

cross-cut relationships. Four types of bounding se$aé & ] v3](] C oovVv ~id00i1*W Z }v
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non- €}e]}v olvi®u o[U Z }v }E vS E}-]E}diV¥ d[]v}IE® JvS&E}vvS E}]}
contacts. This bounding-surface set was applied to deepraaeposits by Pickering et al. (1995),

and the hierarchy was extended through the addition gfHar spatial and temporal orders (fourth,

fifth, and sixth hierarchical orders), to allow basin-sa#ep-marine architectures to also be

classified, similarh8} D] oo[e ~idbé6fAe AS ve]}v }( fordluvipt depdsis.sTRHEE &
identification of bounding surfaces, their corresporgliarchitectural geometry and internal facies

characters are used to generate a sedimentological hiereatframework, which Pickering et al.

(1995) claim ensures a defendable methodical approadrebitectural classification in the deep-

marine realm (see Fig. 4).

In this seven-tiered classification established upontitegarchy of bounding surfaces, each
hierarchical order is associated with both a descriptive namvell as a numerical order referring
to a bounding= p E ( Belldmycodtacts] * E] SZ eu 00 5 ~| @}EFrakE E ~&]|
described by Pickering et al. (1995) as normal, corasdrbdedding contacts found between strata
and laminaedZ « Z ]vP Jar&boand by first-order bounding surfaces, to separate
deposits known e« b&dding packagefU ]X XU % | -P ¢ JMP e }v }E VS .
(Pickering et al., 1995). Both these zeroth and firdeo sedimentary packages are comparable to
U% o00[e ~i0006 (]Vv]S]}ve }( o ulyE wadlirdentary conplexe$ (} Eu

distinct sedimentary bodies of genetically related facigth a %similar_palaeocurrent direction,
though similarity is not defined by Pickering et a@98). This hierarchical order was considered
comparable to the fluviaZ S} E C[ (]v]S]}v }( & ®EJrders z&roth ¥ thifdaré « X
strongly based upon facies descriptors and the associadeeding surfaces are all of limited
extent. However, at the third order of the hierarchy, magwosional surfaces are seen to

V. % °*H0 § UpOS]% 0 Ze+ Ju vsS ECdeposkiomabody[ ¥} §}18ZJ }1ZE EU ]+S]v
architectural-element styles are observed, which refigiferent architectural geometries (e.g.,
channelized, sheet-like, etc.). The fourth order refto erosional contacts that can be basin-wide,
defining groups of third order channels and palae@ya| observable at what is described as
AU %% 0 *3E S]PE %Z] * 0 ¢ X Wv]BE. 35@aibeis)suErnemied G
Pickering et al. (1995) and were described as beingraichical order that would further subdivide
the ZSUE | |18 "““B@E GEM[tti & Normark (1987, 1991). ESuE ] ]S sensuVRutl &
Normark (1987) is described as being either a singlgesbf deposition (hence comparable to the
third-order single-channel architectural element of Rigkg et al., 1995), or as containing mukipl
stages of growth, reflecting a composite depositional teaf hence represented by the fourth-
order of Pickering et al. (1995). FiffhdE & <p & ( indiviqual fah systemg these are simply
stated by Pickering et al. (1995) to be equivalent tp®I1S] © E}Eu EI[s ~i606 ZSPE ] ]88 <C
with no further reasoning. The sixth-order boundingfaaes of Pickering et al., 1995, delineate a
A Z } dasih-fill sequencéd U AZ] Z ]« u Ju% E o 3} Duss]s” BuGin GEI[X ZSpE

Pickering et al. (1995) also classify sedimentary unithein cross-sectional and planform
geometries (Fig. 4b & c¢). Such geometrical notatiaroidimited to any particular hierarchical order,
however Pickering et al. (1995) note that such clasdiio is limited by the capabilities of the
method of data acquisition. The sedimentary units are alsracterised by their internal facies
¢} ] §]}ve o }vSZ (] 0 ](IW]}vE]ZPU §} oX ~idb60OX Z }uv JVvP
are noted as being either erosional or conformable. Hasvewith the exception of facies changes,
no criteria are provided by Pickering et al. (1995)aalsdw significant conformable bounding
surfaces would be confidently identified, for exampielobe settings.

13



Pickering et al. (1995) also stress that not all hierarcleeals may be present in all deep-marine
SUE ] 18] *Ce3 ueU ¢ olu *C*S ue u ( SZuyEGsmedmipytap S
hierarchical orders may be missing in some deep-neasirstems. The hierarchical divisions are
therefore seen to only act as a guide. No dimensionallattes are provided as criteria for the
recognition of these hierarchical orders, as boundingace levels are seen by Pickering et al.
(1995) to be independent of such spatial classificati®esle is simply implied through the
observation of the bounding-surface hierarchy. The ephof scale is therefore expressed in this
hierarchy through bounding surfaces being linked ome-+m-one basis to an architectural element
clearly this linkage will fail where an element is bolnyda higher-order surface, for example due to
punctuation éensuPickering et al., 1995).

It should be noted that more recent work undertaken by tame group employs a modified
hierarchical classification, which includes mass-transpepiogit classes and dimensional
characteristics for each order; this classification isinatl in detail by Pickering & Cantalejo (2015);
see section 2.15

a) b)
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Fig. 4.a) Hierarchical classification of Pickering et al. (199%wsng the nomenclature and
numbering associated to bounding-surface orders. Bhalanform classification of deep-water
architectural geometries, ang cross-sectional classification of deep-water architectural
geometries by Pickering et al. (1995) are also shdwiese geometrical classifications are
applicable over a wide range of scales. Figures modifiest Pickering et al. (1995).
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24 Gardner & Borer, 2000, and later studies by theaghors

A four-fold hierarchy was developed by Gardner & B¢2€60), specifically to characterise the

Z Zvwp SE ve]s]}v I}v [ ~ >d+ Zm@&ine(depdsis]and sdiely based upon
outcrop data. As well as developing a hierarchy specifecgmgle method of data acquisition, this
hierarchy was amongst the first to be focused on a sjpedépositional environment. This hierarchy
is stated to be based upon sedimentary, palaeogeograsiriatigraphic and architectural-element
analysis concepts, and thus considers bounding susfand their cross-cutting relationships. This
scheme is based upon four extensive outcrop studies fthe Permian Brushy Canyon Formation
(Texas, USA) and is largely concerned with the spatialeaingoral changes of channel forms in the
CLTZ. Significantly, Gardner & Borer (2000) note thitieichanging flow regime of the CLTZ, the
spatial dimensions of architectural products of cormesg@ing duration will differ as deposition
moves downstream; this point establishes the concept thadasgtional units of similar spatial
scales at different positions along-dip may not reflestikir time intervals and thus hierarchical
levels. The hierarchical divisions are recognised m#imbugh the cyclical increases in architectural-
element geometry and size, denoted by their boundingaes (Fig. 5a). Gardner & Borer (2000)
refer to the resultant four-tiered hierarchy as a stratigrapframework of architectural elements.

AttZ o0}A 3 } @ingE slory Ghannel ~ p %omdhick and 200 m wide, based upon field
measurements) represents a discrete channel fill which omatain multiple sediment bodies with

E}e*]}v o <+ 35 Eu e ZP } } ] BX(LESZIE ]J«(M X dZ Ze+]vP0o <S}EC
Z] € €& Z] o }E& CEU SZE}uPZ SZ[ iiigeplAtEmindegy, isjdso @efined

e v Z & Z]S SpEIE v EFS[|* &E S ch@bnelEdhpde 4E& €& Z]S SpE&E o
element set; on average 25 m thick, 800 m wide) isrpreted as reflecting a'sorder cycle in
accordance with the sequence stratigraphic framework (&adll., 1977). These units represent
sand bodies with serrated margingZ § «Z]JvPo 3} (}Eu o]v}(}Eusdamatine « [v}Av o
fan conduits[ X dZ]e Z] & €& Z] o }E @-order skquehcéstratgraphic dycle,
forming 1-2 km wide sand fairways. In turn, units at thisel stack to form the largest hierarchical
}E& &Gubmatihe fan conduit complek ~}&  %0}*]S]}v 0 ¢ <p v U & (0o S]vP 8Z |
sediment pathway that remained active during the depositidifetime of a fan. This unit was
considered comparable to &%3rder sequence stratigraphic cycle.

ZNvPo *S}EC Z vv o[ VvV Z Z Vv¥ 0 GQu¥o VEE[T GEVE ~Tiiie §} E }E
recognisable cycles of sediment deposition and bygassied Build-cut-fill-spill[sequences. These
build-cut-fill-spill phases record different facies fgaihs, each of them being a consequence of

differing sedimentological processes and energy tremelated to the position of a phase along the

slopeto- *]v %o E}(]Jo X dZ ¢ %Z » ¢ Vv } UE VS upoS]Wo D L% dE Z ulo
component records the depositional phase that precedes okéimation, and so it is shown by an

erosional surface marking sediment bypass within uppepesregions.

241 *DUGQHU %RUHUYV &/7= KLHUDUFK\ DPHQGPHQWYV

The original Gardner & Borer (2000) CLTZ hierarchyipaeted by Gardner et al. (2003) to include
sedimentary processes and allow each hierarchical divisi@aiso be associated with (and thus

identified by) the processes controlling the emplacemand geomorphic character of deposits at

each level. This update modified the terminology of goleme (e.g., the definition of a channel

complex), itsZcalar[divisions (€.90.5Z o EP +3 }E & ]+ v} o}vP E }V]Jo] 8 A]3zZ .
e <pu v [ pSwitkha®wstand systems tract), and the correspondence aéuence
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stratigraphic cycles (e.qg., the highest hierarchical oigigiven a %-order cycle status, instead af
3-order as in the original hierarchy). This revised suhevas still based upon studies of the Brushy
Canyon Formation, but no explicit justification for theserations was made. The differences
between the two versions of the scheme are reportedrigure 4 and Table 1.

The revised hierarchy remainsfod&} G X dZ o0}A 8 Z] E & Z] elepEntadE (]v .
channel fill and lobe (single story) ] *$]Joo E ( EE 8§} C ' €& VEEZ]S GXE&TOilTe -

o uvs[]v o]l]PZS }( SZ |]E Z+ ®m &[vS EC]vIoYyR®X(]voZ v 0} ~e¢]vPoO -
composed of both unconfined sandbodies (lobes) angiertally confined channel fills, built up
from multiple lower-level cut-and-J]oo pv]seU }ELHEP'}1E& V&~ }E& E& ~TiiieU ZP }
is recognised as the smallest sedimentary building bllockever yet again it is not defined clearly
dZ Z o u vsS EC sand/lwes ~(JovdP o0 ¢S} ECe[ *S | S} (}EU }u%o}puv < v ¢S}y
S Euconposite channel$ X Z }u%e}*]S Z vv o[U o0} S CGu %w E£[@ Z]S SpE
records genetically related sandbodies that show a commadgration pathway. On average they
are 10 m thick and 350 m wide, based upon the exampmleasured in the study. Multiple
Pv s8] 00C E 0SS Z }lu%lels Z v¥Zo]E ~dy ow JilBrofigedures) and
their associated overbank wedges form'a&der- C ahadnel comple) Lthérwise known as a
Z Zvvo o03[XdZ]s e Juvd EC uvig}AyvP J8ZEE 2Zu]PE 3 [ }E Z }\
stacking pattern, according to whether the formative chahwas laterally mobile or entrenched
within an erosional depression, respectively. The baitHill-spill cycles of Gardner & Borer (2000)
are still recognised by Gardner et al. (2003), obsiatethe scales of Z+]vP o to &laEer|
Zhannel beltd(see facies patterns in Fig)sdZ o EP <5 Z] €& & ZAjpmaridgehadad) SZ Z
fairway[ ]¢ *Ju]lo & ]v ]S (]Jv]S]}v S} lHeEZvpEI"E]E EVe Min]S }lu%o AJL
represents a long-lived sediment fairway, encompastiagarea where channels reoccupy the same
position through repeated cycles of fan growth. Samify in the scale of submarine channel fairways
and conduit complexes is also seen in the overlapeif tdimensions (Fig. 5). However, Gardner et
al. (2003) reinterpret units of this level as the presehexpression of a™order sequence
eSE S]PE %Z] C o0 U =« }%%}e &)» '%EE vA@der in@Ep@asior Thithe
2003 scheme, units at this order are suggested to meflect the lowstand systems tract (LST) of a
3-order depositional sequence, as opposedtoanS]E Z %o}*]3]}v 0 ¢ <p v [ * % E Al}}
proposed by Gardner & Borer (2000).
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Fig. 5. Comparison of the CLTZ hierarchical classificatioas®&ardner & Borer (2000) arii)
Gardner et al. (2003). The dimensions proposed fohéserarchical order are maximum
measurements in paft) and average ranges in pdtcalculated based on the studies outcrop
investigation of the Brushy Canyon Formation (Texas,.UE&h hierarchical order correspondsato
*% ](] Z+ op@videddbfackets. The suggested equivalence qoiegce stratigraphic
orders is also stated (red italics); each key presdatsses of deposits provided by each study.
Figures modified after Gardner & Borer (2000) and Garén al. (2003), for parta) andb),
respectively.

25 Prather et al., 2000

By the turn of the millennium, Prather et al. (2000}eubthat the subdivision of deep-water
successions into hierarchical units had become well-distadd practice. The adoption of different
approaches was seen by Prather et al. (2000) to result frenvariations in spatial and temporal
scales between differing datasets, as well as in reldticdhe environmental variability of deep-
marine systems. Writing from a hydrocarbon-industryqmective, Prather et al. (2000) present a
scheme that tries to more readily accommodate the scalesetgmically resolvable units in sand-
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prone deep-water hydrocarbon reservoirs. The hiergrishproduced with consideration of the limits
of seismic-data interpretation, and is based upon examfstas intraslope basins in the Gulf of
Mexico. The hierarchy is structured into four seisoriters and three sub-seismic orders (i.e., orders
below conventional seismic resolution), which are agfile to architectural units associated with
both channel and lobe environments (see Fig. 6). Prathat. (2000) are able to directly compare
their classification against the outcrop and seismic-bagerhichies of Mutti & Normark (1987) and
Pickering et al. (1995), aswel « D] oo[* ~i0 0 «flaialeghsi®B,Glugla@nmon diagnostic
characters for the attribution to hierarchical levels, ileased on the recognition of external and
internal facies geometries, stacking patterns and bounditdace orders. Prather et al. (2000)
concede that significant uncertainty is inherent in theigsment of the sub-seismic orders, because
of the inability to easily identify these units usinghgentional seismic techniques. No reference is
made to the role that higher-resolution seismic technigueight play in resolving such
uncertainties.

The smallest hierarchical ordefti{rd order, sub-seismid is compared by Prather et al. (2000) to
boththe ZSpu&E ] 138 [ v Z JVP % | P [}J4]DHSE] ZIEpBUEEE~-i6O6 vV
Pickering et al. (1995), respectively. The largestsupeu] } @& @EStorEl&r, sdb-seismi¢ o A oU
e« E] * 38Z Z0}}% U}E%Z}o}PC[ }(Z=ddenfficatién GE €ogionps sxfaces

S§Z S }luv SZ % E} U Se }( }u% ve]S]}v 0]SE GE*D Zoveae]d ¢ v o[ }E Z<Z
e v o[ o Uu%}v Sehvirdament of deposition. Prather et al. (2000) rgocses that
modelling channel reservoirs may lead to oversingaiibn due to their variable sand distributions
over shorter bed lengths, as opposed to the sheet sabBde to this increased challenge, Prather et

0X ~Tiiis %o @E}%}e 3Z JVESE} p S]JvB( o} l+8VES] & Usépdmdl order, Z
sub-seismiU Az & figt-sider [Bub-seismic channel-fill sequences can be dividedmargin
and core blocks, characterised by consistent resepaiperties (e.g., sand fraction) useful for
hydrocarbon reservoir modelling. The core and mardik stratal divisions typically cross-cut the
Z(]E*3 }1& |& Pr3SE S]PE %Z] Juv E] U SBVSNBZIES] (] ] E & % E
unit; this in turn allows determination of the connedtivpotential of the reservoir under
investigation. This style of subdivision of sedimeyntarchitecture, through the segmentatia
parent-element packages discordantly to any internal bongdiurfaces, is unique to this
hierarchical classification.

Units at the smallest seismie- o0 }E & o0 <*<](] C WE SZ E Bo)Jg%o[IXikZ € S
#urth order, seismid 0}}% e+ & Eu]v 3Z <« o }(]v JAJG quEP s BAGJE- v
through conventional seismic techniques. These loope lzdmaracteristic planform shapes (e.g.,

shoestring, ribbon, sheet, pod-like) and cross-sewigeometries; they can also show locally

eZ]JvPo ¢ Jeu] P }u S8CE] *X dZ]-0ZA}3 %q FdquE o¥EhoZt]effarts on the

collation of information concerning the geometry ofegvoir units, with the scope to constrain
reservoireJupo 3§]}v 4birddazderZseismid Z] &€ E Z] o o A o ] =+ E] e Z( ] -
Z0}}% s+ S[U AZ] Z v Z E 3§ @®PAISCU Pt SECA 0o 3§ E o }v3]vpu]s
bounding-surface type. However, how these characteitp ke define this level is not stated by

Prather et al. (2000). At this hierarchical scale, geomeharacteristics have been used to

categorise three primary seismic facies, namélyE %o]vP[U Z }vA EPaggrpviously Z }3] [U
established by Prather et al. (1998). Prather et al. (280&te that the consideration of well-log data

is useful to reduce some of the uncertainty associatét wredictions of lithofacies and sand

content in hydrocarbon-reservoir intervals. The degréavavelet amalgamation has also been used
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to define the style of stacking in units of this scale,tiie non-amalgamated, loosely amalgamated,
}E& Z]PZoC u oP u § «Z}loder]sdsng( @X}.ESs Z

Fig. 6 Hierarchical classification of Prather et al. (2000), iioly thickness and width dimensions
taken from summary diagrams and seismic lines from thar&e@ulf of Mexico intraslope basins
and the Permian Brushy Canyon Formation, USA. Figuldietbafter Prather et al. (2000).

Z % 3]3]A ep  ee]}ve }( ¢ ]eu] seconcordgrseissit Z A oU o0°+} o E] .
Z( ] e ec]}v[X Z™ }v }E GYUeS Ut Uv]Se } P <« }( ZSZ]E }E E
units and are typically bounded by a condensed zone, éormia waning deposition (Prather et al.,
1998). Thg are interpreted to reflect the filling patterns of differetypes of accommodation space
and are therefore seen to reflect the external congrolpon reservoir architecture, which Prather et

OX ~Tilie 8 8§ Z 0% % E} U " %}*]STE 0 *]vpuevo © «8E S|PE % Z] u]
Z™ }v }E (& Uacie$sudcdsgions that stack into common packagessshigefacies

o]v Brstdrder,seismid } ] ¢ JE VvV Z ee u 0 P ep ]} @EHX dJZu]Z(pEASO}E

the largest hierarchical order identified. In the casedstérom the Gulf of Mexio, these
Z e U 0P eop ee]lve[ E o0 °°](] }E& T €& % w oeddgniSingv
such units enabled Prather et al. (2000) to charactemservoir-seal architectures. The largest
stratigraphic scale is described to record a common assagelbf seismic facies; however, no
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defining criteria were%. @ } A ] CWE S3Z E & 0oX ~11ils 3}3ZE% @ JWAJZ § }ves
assemblagefHierarchical-order dimensions based upon the measerdocumented within
Prather et al. (20003re shown in Fig..6

The seven hierarchical classes (Fig. 6) map onto thablascales of interest at the different stages

of reservoir exploration, appraisal, development and pretibn. Prather et al. (2000) state that
characterisation attheZ (]@&E+3 }E& &[ v Ze+ }v }& deggErpble e bélp detasmine

reservoir potential during the explorative phase; fostemce, the initial seismic facies analysis

undertaken in the Gulf of Mexico study helped identi@ynd-prone intervals (Prather et al., 2000).

ZdZ]E }E E[ v Z(}PESZ }E EHDP JM*8Z esec0°eu ES e S I]vP % 355 E
architectural classes (e.g., channel or sheet depositienaironments), which can facilitate the

evaluation of the extent of a reservoBub+ Jeu] 0 A 0¢ Z 0% 3} e¢ oo Z S|EJE v ]3]
& - E A}]@EHey arethus regarded as important scales of analysigef®rvoir development,

as information relating to units at these orders can bedugemake inferences with respect to

reservoir connectivity.

2.6 Navarre et al., 2002

The hierarchical classification of Navarre et al. (2002)meaguced with the aim of aiding the
characterisation of hydrocarbon reservoirs through tise of 3D seismic and well-log datasetse Th
approach aims to honour the stratigraphic architecture obidite deposits through the 3D
observation of sedimentary units at different spatial anthfworal scales, including their lateral
continuity. Shaly deposits and erosional bases are recbadeimportant characteristics, marking the
subdivision of units within each hierarchical level. §&heharacteristics are noted as significant
because they act as possible barriers to flow in corradpw reservoirs, affecting reservoir
connectivity. The hierarchy was tested upon the GulBafnea Tertiary turbidite system, offshore
West Africa, and is largely based on 3D seismic data biiHageand core data have also been used
to help characterise the smaller hierarchical orders.

The six-tiered hierarchy Navarre et al. (2002) propestdted to be applicable to both lobate and
channelized architectural units and this physiographstimittion is denoted within the hierarchical

0 **](] S]}v € 8Z pe }( Zo} [-}w B2ZZ vvuspi@wof@e(drders (see Fig.
7). However, in practice the hierarchical arrangement dbsd by Navarre et al. (2002) is
predominantly focused upon channel architectures.

dZ e<u 00 S E }Pv]e Z] & & Z]S)h @S & fgEEs@EsFHidtions X
However, specific criteria for the attribution of sedinmtary bodies to this order are not given; these
units are solely noted to have limited widths, thicknesamd lateral continuities in comparison to
§ ZchZnnel or lobe phaseg §Z C <3 | Jv§} X Z\As&ismie{fscal® unitp, which are
composed of genetically related facies linked to a commepositional environment. These units
typically display an overall vertical facies successiorrwks through porosity, permeability and
grain size calibrated fromwelr-}P 8§ X }8Z §Z Z( ] * <} ] S]}v] o }BBoZE- [ Z] G
are associated with the level of resolution desired fsearvoir models; these orders are therefore
Ju% E o0 v ¢ }% S} WE SZ -€Eisniic oodéfss ~Tiiie op

Five distinct phases, reflecting different evolutionagps within a depositional environment, are
typically seen in a predictable succession within theeestady examples investigated by Navarre et
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al. (2002)tthese }ve]+3 }( Z E}*]A [U Z(l@mod@ ZYaHERPI VR [[U%ZE % 00 [ }JA A E
other possible phases are acknowledged to exist withinsynthetic channel phase succession

u} oU v uoCZ v }vuvsi[ v Z+3 EAMAPB]ThdsspTasesstack pr@giessively,

3 ES]VP Al3Z v Z E}]A [ %Z « UOEH %} USSWBC%]]wWoE€ $Z] =+ o
be relatedto deposition by E]* (0}A }E copu%X Z(]deU%Fu%}3C%( o00C (}o
homogenous sandy deposits, indicativeacfandy bar deposition, followed by shaly facies of the

Z% OUPP]IVP[ %Z « U AZ] Z u Els 3Z 0 (JEUX VB "%]007 %Z ¢ » E sposd |
channel overspill deposits that indicate unconfined idity flows, which later progress to form

Z }JveSEpN S]1A [ 0 A %0}e]3eU AZD D IFE S5Z %o Ze BV 0%o AH X dZ %o}e*] O
Z VvV }Ivu VSE[ Vv Ze38 EA 3]}V[ %Z + « & oRn¥d-prongirderngluduees

( ]1-U AZ] Z v §Z o }( 83Z ZesipEdentdpaffleboZAe v X Z vv 0 *3}E] [X
Z>} %Z e o[ E o0} E }Pv]e S6E EJZLCUW]|3ZIWEZEZIo] 15 o]vl e u
channel-related evolutionary phases, nor is the gengtinificance of lobe phases in distributary

environments discussed.

CZ vV 0 %Z + « 3 |chanfél&Eory{ UZE v P ]alufdBduo 40 m thick and 250 to 800

m wide (based ondatafroldZ 1 Z Z vv 0 *S}E] [ ] VvS]I(]7.M& SZ Z-¥éu & VS&ECK

is analogous in some regards to thelltgut-fill-spill depositional cycle of Gardner & Bof2000). A

Z ZVVv o *3JEC[UC ]*%0 C 00 *JQU%uS J(}Z oZ % E 0 %EZA 5]}V u C ((

backstepping or progradation; regardless, an erosionag lzesl shaly top are stated to always be

} o« EA X Z Z+JYEL [H]vX*Dposd]%o P v 8] 00C PoBU @@ Z vv 0 *3}(
<u]A o v3e E Vv}S Z E § E]e -+ IE | S} v(¥Ghahn@ZSompleg(C10m

thick and 1-2 km wide, based on the two examples ideadtifn the study); each component

Z ZvVvv O *S}EC[ ]* * % & § C BP EIQuw S (S| PYE GEigh imphes (o

studied examples are inferred to have developed ovemescale of ~0.1 Myr, based on

biostratigraphy

Hierarchico o0 A o }A 8Z Z Z vv 0 }u%®]}E [o@-wide]adnudi<EMuliiple

Z ZvVvv o }u%o £ «[uC luv Cw @%}v & v A£S ve]A up W 3Z
composite unit is named @epositional systeni for which a duration of 1-2 Myr, corresponding in
magnitude to a 3-order sequence stratigraphic cycle, is inferred basediostratigraphy

However, even at this scale, only one dominant architexdtalement style is envisaged, as
sediments are described this scheme as showing either channelized or lobate$o The largest
}JE €& & }Pv]e v §Z]enkphadeqdEnZéC~P¢i3 2u ZZ4 kirwide), which
represents the complete product of genetically relatedbidity flows, and thus is seen to include
both lobe and channel architectural units. This hierarchiceer is defined by surfaces that embody
two major events, interpreted as either maximum floodingfaces or unconformities of'2order
(associated with sequence stratigraphic sequence boundaispks in sedimentation that bound
§Z]e Zu P « <cp v [ & ]v§ faEsampls, theSgroduct of long-term relative seade
change or tectonic salt activity.
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Fig. 7. Hierarchical classification developed by Navarre e@DZ). Dimensions are taken from the
seismic dataset analysed in the original paper; duratiohge(tialic) are provided for those orders
that have been temporally definedumbering related to sequence stratigraphic orders strewn

in red italics. The distinct channel phases building Z vv o a8 pl@Glown (modified after
Navarre et al., 2002).

2.7 Sprague et al., 2005
In the pursuit to better understand and predict hydrocarbreservoir properties (reservoir
geometries, continuity, nete-gross, porosity, permeability, etc.) Sprague et al0o22@005)

A 0} %o A S%E Z] GhspiEedlfy[some of the principles of sequencetgraphy. This
hierarchy was designed to acknowledge spatial and tempmmalrols on reservoir architecture at
multiple scales, for subsurface predictiordZ (@& u A}EI A ¢ % E}%}s 8} & o
hierarchy, applicable to genetically related deep-masiratal elements from turbidite settings that
include confined and unconfined basin plains and etofalbeit without mention of channel-lobe
transition zones), and has since been applied to a nurabease studies (see below). The scheme is
based primarily upon interpretations of 3D seismic datasbtt is also supported by well and core
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analysisThe applied value of this integrated approach was realisedugh its widespread
application within ExxonMobil and Shell, resulting ieparted doubling in accuracy of nat-gross
predictions when well-log data was used along-side seisonanalyse potential reservoirs in West
Africa (Sprague et al., 2005). This framework acknaydecarlier works by Beaubouef et al. (1999
2000), which used sequence stratigraphic terminology emncepts to help define the outcrop-
based hierarchical arrangement of channel deposits ofBheshy Canyon Formation (Fig. 8).
Sprague andcAA}EI E+ }E]P]v 00C EBZ4 foE Z|SE|EZZCHhSZEIUPZ v }E o
presentation given at the AAPG Annual Conference aniiish (ACE) in 2002 (Sprague et al.,
2002), whose abstract remains highly cited (although aifipesitation statistic cannot be attained)
They successively expanded the scheme by widenintethporal framework through the addition
of higher orders in a later conference paper (Spragua.e2005).

Fig. 8. The stratigraphic hierarchy erected by Beaubouef et 899} for their study on the
channelized architecture of the Brushy Canyon Formalfidm hierarchy recognises sedimentary
units through their higher surface orders (e.g., chdrfileassemblages and bedsets). It is based on
sequence stratigraphic concepts but also incorporates ssaalle divisions that are not easily
identified at seismic scaled Z "ZPE E[ pv]se E +% 0]3 dorrgdpondiojtheU AZ] Z
Lower, Middle and Upper members of the Brushy Cariyamation. Figure after Beaubouef et al.
(1999).

The framework attempts to allow systematic descriptionafd comparison between, deep-marine
systems, and it is founded upon the sequence stratig@plimework (Vail et al., 1977) in a manner
similar to Beaubeoufe ~i866 JE]P]v o ((JESX , v UAB®E/PSA]PWEBZ/ S E
deep-waterZ] & @&f Fpfapue et al. (2005) and the sequence stratigraphicdveork, in

relation to the choice of similar criteria to recogniszch hierarchical order, i.e., the physical and
genetic relationships of strata, their resultant geometryfiided by correlatable major surfaces
(unconformities), as well as the vertical and lateral staglpatterns of these resultant architectures.
The hierarchy is stated to be applicable to both chanadliand distributary environments (Fig. 9).
"% @E& Pp S oX ~Tiifle §Z E (}E <*SvP SZ %o %4} Asiduilfar x§ Naka{sre et
al. (2002) to record the level of confinement for anve#onment (as confined, weakly confined, or
lobe/unconfined); these in turn provide a relative plographic position of the studied section
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relative to the depositional dip profile. These prefixe the only variable identifiers used in the
scheme to differentiate between the different positioagunits in a basin. Differing ranges of
dimensions are also recognised for hierarchical ordersss these environments (Fig. 9). Although
sequence stratigraphic terminological equivalents are gtedi(Fig. 9), the resultant hierarchy of
nested stratal elements does not utilise sequence stratigi@perminology directly. Instead, it uses
acollection of terms that prevail in the scientific literag¢u

The lowest orders in the scheme by Sprague et al. (R@@5represented bygeds[U ] X XU o C E- }(
* Juvs EC E} | }pv YA v 0o}A € }E JwP }v(IEE ujedbetd)U v Z
i.e., the repetition of two or more beds characteridegithe same composition, texture and
sedimentary structures, based upon definitions of Caslp{d 967). The next hierarchical order is a
gorey[U AZ] Z ]« * H%}v §Z e E|ES|ANA] @u] W pREs. (PBREY v
Z*S}E C[ ]* & }Pvipased, subchgniEl stratal element that shows strong #&ter
changes in facies organization (i.e., fromass[to its éhargin). However, this facies-based
e E]%S]}v ]* v}S VS]E o0C UV]<UES}EWUT ] ZEZZVY o[} E o0} o
expressing lateral facies changes and erosive basemy@&pet al. (2005) do not provide clear
E]58 E] }v Z}A 3} ] v3](C Zo} <3HE Ju%Uv oEZ}PZ0o3Z Z A %
illustrated within the distributary hierarchy as a volumegehetically related facies (Fig. 9b). The
Z] @ €& Z] o }E cl@Ene}filsg]vioes[ o}vP ] « E] * §Z uidimg u v§ o
block of deep-water depositional systems. At both theraichical level and at the higher-scale
Zhannel/lobe compleY }E& €U SZ <« ]uakesch@&ctarisdd by only one style of
& Z]S SpuE X Z Z vv o tp]wedle depost offa%indle Sycle of channel-filling an
abandonment, and is described as being generally the estalkismically resolvable order in the
Z] E €& ZCX d4]abZpwSe V- PBUBJE vig Z*S}E C[ Z] E & Z] o }E E-
interpreted by "% E Pu § oX ~Tiifie o A C }( (A} DB ODUIBIIE]EGES Eu
*SP[}E €& ]v8} SZ * % E S Ju%o}Xo w8« ¥y( @p}i}slFviu%etv vSe §Z §
Mutti & Normark, 1987 did acknowledge to exist), as waslthe total product of this evolutionary
C o }( %}e]S]}vX Z Vv 0 Z TPp%Bo ([ «E+w] HOCRE *}oA o U P v §]
channel fills (i.e., with similar architectural stylesjich show lateral facies changes along strike
(orthogonal to flow direction: channel-complex axis t@aohel-complex margin). Lobe unit
<u]A 0 v+ 8} §Z Z(]Joo[ }E Z }u%d AEYSZ|%E |€ Z&o TE (& C "% E PL
(2005); however, radial planform patterns are noted foese distributary architectures. For the
subsequent larger-scale orders, only architecturesooffined channelized setting are considered in
§ ]Jo XcHahnekcomplexsef JE & ] ¢« v §} ]JE 30C Ju%QES o S E & A3
(LST) of a depositional sequence. Incont@$t $Z Z(Joo[ v Z }u%o A[ }E]%DeU § SZ]
architectural stylesgensuSprague et al., 2005) or element typesr{suMutti & Normark, 1987)
might form a unit (e.g., a unit may contain extensive baskgd deposits surrounding channel
elements; Fig. 9+ X dZ Z Z vv 0 }u% o0 A « [ J*u%¥svv}03A} ESuRE
Pv33 00C E0S38 ZZvVVvo }ukEA[ESCHk] S0 dPhREARS E Vv
notably capped by a hemipelagic drape, marking a tempormesgation of active channel deposition.
Z }u% o0 A * S[ ]+ 0} SC%] o0o0@n unganformiy, $8pportng the comparison
made by Sprague et al. (2005) between this hierarchiciroand the depositional sequence (i.e., a
relatively conformable succession of genetically relateata with chronostratigraphic significance,
typically showing no apparent internal unconformities, bdad by unconformable surfaces and
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their correlative conformitiesVail et al., 1977; Mitchum et al., 1977; Van Wagoner ¢t1888;
Mitchum & Van Wagoner, 1991).

Fig.9.dZ Z-A% & Z] & E ZC[ o0 +](] 3]}v }¢fd)¥haEndliped uditsinX ~Tiin
confined settings anb) distributary environments. The proposed dimensiomsdlements of each
hierarchical order are also included and equivalent segeestratigraphic terminology is shown in

red italics, when present in the original work. Modifiafter Sprague et al. (2005).

Z Z VvV o }u%o /E e+ Shhnngl conjplédsystemsU AZ] Z ~% E ODF) state as X ~1
being capped by a regional abandonment surface and bedry a composite sequence boundary

0}AX "% E Pu 3§ oX ~Tiifie }u% E P % ZAvpSe Sy Z2+F[@E E (o S]vP
term effects of relative sea-level change. Multipl C 0 ¢« }( Z Z vv 0 }u%0 A *Ce*S ue[ 5 |
Zhannel complex system sefs A]8Z]v §Z Jv AZ] Z "% E Pp }¥ X u%Bd)fi]S }u%o
s <HV [ ¢ HU%}IV e <pV SE SIPE BLp B EuE}E}IPG }E & ]J* 0} ¢
directoC }lu% E 8§} $Z ZS ekl pf]Muttie&N&rmafk (1987). Interestingly, the lesty
hierarchical order of Mutti & Normark (1980) $Z ZSu&E ] ] %rigihall¥$congkgred
equivalenttoaZ }u%c}e]38 < <u of sequénce stratigraphic terminology, is not defined or
recognised as significaint the hierarchy of Sprague et al. (2005).
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2.7.1 Application and amendments to the hierarchy by Sprague et al. (2005)

The deep-water hierarchy of Sprague et al. (2002; 20@5) formulated and originally applied to
seismic data from Tertiary deep-marine deposits off-shakest Africa (Sprague et al., 2005).
Beaubouef (2004) instead applies this classification argiitsinology to an outcrop-based study of
the Cerro Toro Formation. Sprague et al. (2005) also Beesibouef as employing this hierarchical
classification in his studies on outcrops of the BruSapyon Formation undertaken in 1999 and
2000, though no clear link to this hierarchy is ackleolged in either of these works.

U%]lv 8§ oX ~Ti110V Tiiie 0} }% IE}EZ(EGuEZ]]* 04 u ~Z =« 5[ §}
Z Z vv 0 }u%o /&£ + S[e S} S P}E&EhannelizgduGapistiano Fordation. In this
}vs AESU U%]}lv 8§ oX ~Tiiie o }JEUEHSZ E]VR(]v(uv ZuddsS o ulJo JvP <

}H( Z vv 0X ZMAS}E Ce+[ E } » GHAZ]VSEZ -Hlélmmentd, as storey bases

onlap or coalesce to form the base of channels (lobees®are not considered). Each storey

contains stacke Z ¢ S¢[ $Z & v}3 }voC *Z}A ]Je8]v @ vel%p&E]}VS53D S(A]JEC
laterally (e.g., distinct thickening- and coarsening-upwaraiskages at the channel axis, as opposed

to fining-upwards packages at the channel margins), butdisiinct vertical facies changes,

AZ @ C 8Z 8 | Z « 3¢ }( $SVP 0% }S}EQ @& frehterpsid to

bypass and ultimately channel plugging (Campion et al1R0

The hierarchy of Sprague et al. (2002; 2005) has atsadsd a strong foundation for a number of
other hierarchical concepts. For example, Abreu e28l08) modify the hierarchical structure and
terminology of Sprague et al. (2002) to accommodate latacatetionary packages (LAPS), which
embody the preserved product of lateral migration of awchel (Figl0). This is done through the
E Al-]}v }( 8z (1v181tv }( Z ZowyAo ] %o vRP[UESZ]S SUE o0 *5Co U
LAPs, to be included as complex-forming units, asagalinits below this hierarchical order.
However, despite the initial outward commitment to utifig the deep-water hierarchy of Sprague
et al. (2002) differences can be seeninthewa® Z vv 0 }u%.0 A[ Z - v PE. %Z] o00C
Abreu et alf (2003) representation of Sprague et al. (20@@rarchysZ}As A} Z Z vv o
}u % 0 AendquSprague et al. 2002) to represent a single compliéerthg from the original
design ofSprague et al. (2002; compare Fig. 9a with E@). This may suggest that a different
interpretation of the Sprague et al. (2002) stacking pattdras been made to be able to incorporate
LAPs into the hierarchy; however, no discussion igigeal by Abreu et al. (2003) as to why such
discrepancies arose

McHargue et al. (2011) used the hierarchical concep&poague et al. (2002; 2005) to build
subsurface models of continental slope channels. McHagwal. (2011) identified the importance
of recognising hierarchical orders in event-based fmdvmodelling in order to produce more
realistic model outputs, suitable for quantitative reservaiimulation. Their work focuses on three
key scales from the hierarchy of Sprague et al. (2@86)Zhannel fill~ v}$ e Z ZVV O
o u vs[ A]3Z]v 2tal.®®, and also stated to be comprised of veticsthcked
Z « 5 } & #hapnel compleand ghannel complex sgtMcHargue et al. (2011) state that some
terminological modifications have been made, including separation of temporal and physical
scales in the definitions of these elements. McHargual. (2011) also state that all three
hierarchical scales considered in their model displales of waxing and waning flow energy. This
cyclicityat the channel complex set scale is highlighted by diffestacking patterns as flow
behaviour changes from erosional to depositional. Ovexathnsition is observed from a lessao
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more drganisedstacking pattern; the latter being linked to higher ratdsaggradation resulting in
the younger channel element pathway more closely matctiireggone of the older channel element.

The original hierarchical concepts of Sprague et al.Z2P005) have since been updated and

modified by Sprague and other co-workers (Sprague e2@08; Flint et al., 2008). In these revised
schemes, the definitions of orders have been strengdteto incorporate the scale of well-log and

core data and to extend the applicability of the scheméotze and overbank/levee element types.

This has been achieved via an extensive outcrop studii@eeismic to sub-seismic scale deposits of

the Karoo Basin. This has helped to more closely algotiginal hierarchical orders to sequence
stratigraphic concepts, due to an improved focus uparognising the regional connectivity of

sequence boundaries through the assessment of allogex®us autogenic controls (Flint et al.,
Ti1deGhanhnel{]oamehere & ( EE S} e« S£{3}CE" G E (PQO8) ahd HiMt et al.

(2008).Ths terminology and expanded%o. % 0] ]0]SC }( "aiEr Mgrajchy wako

subsequently used asthe <]« (}& W] | EG]JvP © VvS§ o i}[ ~TEAE L}*S0E vVvS§ Z]
classification approach (see section J.Fecent work by Sprague et al. (2014) has concentrated on

the characteisation of the main lithofacies forming th& « < v senstvail et al., 1977) or

Z }Yu% 0 AensuSpeague et al., 2005) hierarchical orders, in an attempt tprione

characterisation of reservoir properties and assess strapigic-trap characteristics in basin-floor

settings of the Karoo Basin. This work thus expands tpécgbility of this hierarchy to outcrop-

based distributary environments. The influential relatibips shared between these derivative
hierarchical schemesv §Z Zwat¥é6h] E & ZC[ }( "% E Pp § oX ~1Ti]JwV iiifie
Fig. 1.

Fig.10. Comparison between) the hierarchical scheme of Sprague et al. (2002; 2868b) the
stratigraphic hierarchy used by Abreu et al. (2003) tostfashe channel and LAP architecture in a
study based on a seismic dataset of the Dalia M9 Upperr&h&ystem, offshore Angola. Figure
taken from Abreu et al. (2003).
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2.8 Hadler-Jacobsen et al., 2005

With the purpose of providing a more accurate and pecéde conceptual model for lithology
distribution in submarine fans, Hadler-Jacobsen et al. §208f Statoil, conducted an investigation
to identify and characterise submarine fans at seismicaliplvable scales. The recognition of
seismic patterns in sandy distributary deposits was tgstpon a number of both seismic datasets
(the Triassic Finnmark Platform, the Eocene Porcupasn, and the Paleocene/Eocene Viking

'"E ve v Z voofckops[the Eocene Central Basin in Spitsbergen, thaiBe Karoo Basin
and the Permian Brushy Canyon Formation). These datase¢shigrarchically classified in terms of
the sequence stratigraphic framework (Vail et al., 1977; Mita & Van Wagoner, 1991). This link to
sequence stratigraphic hierarchies was seen as naturabljeHJacobsen et al. (2005) due to the
intimate relationship between subsurface lithological istigations and sequence stratigraphy.
However, due to new insights in deep-marine sedimergglresulting from improved seismic
acquisition, some of the original concepts of sequestcatigraphy, such as systems-tract
nomenclature and depositional-sequence boundaries, wenersded by Hadler-Jacobsen et al.
(2005). A stratigraphic framework for shelf-slope-basgttingswas thus established based upon the
identification of shelf maximum flooding surfaces anditlcoeval slope and basin condensed
sections, a genetic stratigraphic marker previously etilisy Galloway (1989).

The hierarchical orders arecallel C 0 s[U =« Jv ¢« <p v +SE S]0PdEe &&shdiatééh Eo v U
with durations comparable to those of sequence stratigrapimits proposed by Mitchum & Van

Wagoner (1991, Fig. 11). Second, third, fourth, fiftd aixth orders are noted by Hadler-Jacobsen et

al. (2005); however, they do not recognise all thege &irders in all the datasets incorporated in

§Z ]JE @ A] AU v 3Z C v A E J5@3I(CE Z4VEFE-3]AER]}Ef dZ E }PV]s]}
fifth and sixth orders is also stated by Hadler-Jacobseh €2005) to be more difficulbtachieve

due to limited data resolution, and therefore confiderioghe assignment of units to these

hierarchical orders is low.

d v3 Sfitholer] C o0+ E 3C%] 00C } « EA [VA]]uugd * J3us] S« =« v
reflectors, displayed as a single clinoform geometypically capped by a condensed section. These

Z(1(8Z2 Y& E[ pvidentifiedby Hadler-Jacobsen et al. (2005) on outcrdg® Brushy

Canyon Formation (Gardner et al., 2003); they reach tigiskes of up to 100 m, and have formed

over 0.01-0.5 Myr (based upon proposed durations takem the original case-studies)hese #fth

order [fan cycles can be internally divided via facies asssgels intoiitiation [ growth [and

Petreat [phasessensuGardner et al. (2003), which represe&ith order[ C éladkr-Jacobsen et

al. (2005) recognisez « Z+]A£3Z }E E[ C o esjivaddtentatively ilBhe Tanqua

Basin and in the Finnmark Platford.Z « Z<]ASZ }E &E[ pv]se E 86 o00C }voC ]
conventional seismic resolution, and are only generiaddfined by Hadler-Jacobsen et al. (2005)

dZ « Z+]ESZ }E E[ C o *U 0}¥PZABZ}H}EESX }d&= ®[UIE E[ C o
divided into initiation, growth and retreat phase$ afan, following the evolutionary sequence of

"E v E § oX ~TiiieX « ]eudurth orerE € cA-1ly¢)ids composed of

S5 | Z(](8Z }@&The¥k areuivditified by their bright amplitude in seisin@ging and by a

well-defined shelf-break, which may include condehsection intervals and were observed

between 30-200 mthick dZ Z(}pE&SZ[ v Z(](SZ[ }& &€-, @®ladaobsénletal. E %o E S
(2005) to represent the main building blocks of @msarine fan. The shetb-basin clinoform

P luSE] }(S5Z Z(}pESZ }@Eackhtoproggadidghid prderd Quv]Se ~ XPXU
identified in the study of the Porcupine Basin; Fitp)l Again, the three distinct phases of initiation,
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growth, and retreat are recognised. However, accordmgladler-Jacobsen et al. (2005) each phase
(1-3 Myr) at this scale can be recognised through seiaties assemblages, which can show
channel and incised-valley features on the shelf, as agethe presence of onlapping surface
geometries at the shelf-edge to slope-break , or distdwwvnlap across the basin. Examplesd$ Z | G
} & thicknesses range frodb5-400 mThe largest ordeE  } Pv]esetbnd @rdef C o013~
Myr, 600 m in thickness, based upon the measured Tanqua Karoo deyymppresents a
progradational basin-ward stacked clinoform package, whichreaord a number of shifts in the
shelf-edge position throughout the evolution of the fan.

Hadler-Jacobsen et al. (2005) recognise two end-merhhsin styles: (i) high sheati-basin relief,
sediment underfilled basins (high SBR/SUB) and (iish®ifto-basin relief, sediment overfilled
e]Jve ~0}A N ZINK X dZ « 3A} ]v }ACE Z3E@ } EAZ. land}E E]|

E o EP oC Jv( EE (E}u $Z 3 |EZP BZSZ ENESE] & A(](3Z 1E

blocks.

Regarding the applicability of their scheme, Hadler-Jaenlet al. (2005) state that extensive, ideally
basin-wide, observations are desirable to apply thisdrigny to outcrop studies in a confident
manner. In particular, chronostratigraphic constraints, througjostratigraphical attributions, are
seen as crucial in its application to outcrop studies @emple from the Tangua depocentre of the
Karoo Basin, South Africa in Figb)L1

Fig. 11.Applications of Hadler- } « v § o X[+ ~Hinaiime hie¥archical classificatioa)

A eu]l ]% o 3]}V }I(8Z WIE u%Ay M8}~ /dEVvH(VEU 0 | P eU § Eu
FE 15 notation shows shelf-edge progradation between the thtorder cycles; F1 and F2 are

interpreted by Hadler-Jacobsen et al. (2005) as the fampoments of the corresponding SE1 and

SE shelf-edgesh) Shallowing-up vertical succession from the Tanqua Kauterop dataset. Each

sandy fan cycle has been interpreted as a fourth-ordefecyOrder durations are inferred based

upon relationships with sequence boundari®odified after Hadler-Jacobsen et al. (2005).
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29 Mayall et al., 2006

Mayall et al. (2006) reviesd a number of published studies based on high-resolutieismic and

outcrop datasets of turbidite channel architectures (sucliNasarre et al., 2002; Campion et al.,

2000; Gardner et al., 2003; Abreu et al., 2003; Beaahd@004), in order to establish an effective

methodof Ze «<pu v +SE& S4Ra@BePtegdrvpir evaluation and classification. In cohtas

previous studies, Mayall et al. (2006) highlight théque nature of every channel and its infill, and
acknowledge the difficulty of developing or applyingilagle, or even multiple, depositional models.

Therefore an alternative approach to hierarchical chanregsification is proposed, associated with

the identification of four recurring characteristics ofactmel forms (sinuosity, facies, cutting and

filling, and stacking patterns), applicable to the charactids of reservoir facies distribution.

However, to be able to compare and classify the chaanghitectures drawn from multiple

literature studies, Mayall et al. (2006) recognise thechememploy a standard set of terminology to

describe the variability in channel-form size (Fig. TBg authors avoid using any existing

terminologies for hierarchical classification, even gad®m the hierarchy studies considered in

their @ A] A ~ XPXU ' Ev E~ }E EUTMUIVIESA TZE +§E0XY s "eJu%eo0
§ EGu]v}o}PC_ * U%o}V ¢ <p VvV SE~FJKPREUBVZIE % BG]yv]%doescp v *SE
boundaries and temporal orders) to describe the chafrwalies and their internal architecture in a

scalar manner.

The study is focussed on erosionally confined chanhésarchically } pv CHUZE E]|

* (U V luv ECX?drder] Z vv des hre bound at the base by a large erosional

surface and they are stated by Mayall et al. (20@&)ypically 1-3 km wide and 50-200 m thick. The

Z¢:YE EJ[ » <p v }uv  EdentifigE Co3F |E 3E S]PE %Z] “%IE]|3EBV A

(2-2 Myr) maximum flooding surfaces. These maximumdilog surfaces are often associated with

diagnostic biostratigraphic controls, aiding the identificatif chronostratigraphic timescales in the

basin. According to Mayall et al. (2006), most infithimi these channel bodies is associated with

periods of F-order eustatic lowstand (and thus embodies lowstandeyst tracts; LST), while a

thinner overlying mud-prone section is determinedbe the product of transgressive and highstand

systems tracts~d~d|,AdeX dZ v EG}E(]O[ }Z3\A &% ] }u%o £ v +u oo E
ude A]3Z]v 8Z » pAFSderE (pPSZS®A]ls 8§ Eu Z Z vvSbordgr[S ue[s v Z

surfaces. According to Mayall et al. (2006), discrimimati A W'ZE @[ FAE E+[ ]* 2 E

to achieve with confidence,s % E&]} * }( v }vu v A} ]|WEFZ Z2iv o u C

associated with autogenic channel switching, as oppasdtdgher-order eustatic controls. Mayall et

al. (2006) also state that in the down-dip reaches of a nkhalement, at the more distal positions,

Ziorder[(]oo u C *% 0]8 ]V'&yderhaBels asZadresult of channel bifurcation; thus,

channel bifurcations translate into a downdip reductiontteé hierarchichorder of the channel

forms. The smallest channel elements (1ID-u §Z] I«U E }Pv]e+" olégunjrare Zi

JvE E%E 8§ 3} E % E « v3 Z]v JAY gD « Zpwj 3o« [E , MISA-T (] C DC

(2006) to correspond with either ZB} & YXEH™ drider [and thus their position in the hierarchy is
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HVIVIAVX dZ <& |]vP %} &S @Y ¥ htdet fehannels are recognised by Mayall et al.
(2006) to have a critical impact upon facies distributieturbidite reservois.

Fig. 12.Hierarchical classification for channel deposits by Magtadl. (2006). Orders are
determined by sequence boundaries and order duratioressdrown in blue italics. Widths and
thicknesses ranges for thd'4nd 3" order are calculated from the summary diagram presentgd b
§Z <3pu CU AZ|0E sw@esiare based upon averages explicitly stated by Metyall
(2006). Modified after Mayall et al. (2006).

2.10 Gervais et al., 2006

The hierarchical scheme of Gervais et al. (2006a) wpséasby the improved quality of seismic
surveys of submarine fans, revealing details of the getoyrand stacking of distal lobe

architectures. For example, the sonar-imaging and seipmitding of Twichell et al. (1992) and
Gervais et al. (2004) helped to reveal that lobes in saydyems were not entirely sheet-like
deposits but characterised by channelized geometries,vaek equally not the product of a single

Z [X p]o JVP p%e}v §Z o ]Jve]P D3« <E AZfRIBionsHismitidata to

generate a pseudo-3D model of the lobes of the Golo(East Corsican margin). This was one of the
first models to help illustrate the lithological hetegeneity of sandy lobe deposits and associated
hemipelagic drapes, which resulted in a three-foldr&wehy (Fig. 18
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of bedded facies which stack in such a way to predocal gradient changes, which in turn alter the
flow dynamicsinthesy® uX dZ « Z o u vsS EC } ] [ & ZEE PBhE] - C 3A} %
geometries: Zheet[and Zhannel] ¥hannels can be associated with levees. Continuougistpof
§Z e+ ZouvsS C }C[P }luSEp -dn@®BIXuZhZ]|BZ BE %d€pogitedt vS] ooC
with compensational stacking patterns. These depositionaldsodre separated by surfaces that
may alternate between erosive or concordant character, brehks in sedimentation can be seen to
* % E 8§ 3Z ¢ 0} & Zuv]3[ P Ju S EYUEFE}IHISZLE ZuM3eA vieU /£ %o

e Pv3] 00C & 038 Zuviche[U 9%}4]83[(Fd®u}ZIVIAv < Zo} Ju% o A o
are fed by a major channel or channel-A }u%o £ Jv SZ SpuE ] ]5 *C{sS uX }u%o 0
deposit is separated from others vdaegionally extensive hemipelagic drape, which covees th
whole lobe surface. This is recognised by Gervaas €2006a) by its lateral continuity and bedded,
non-chaotic, seismic facies. The degree of lateral angifudinal confinement is also stated by
Gervais et al. (2006a) to be an important control on thergetry of a lobe. This, in turn, is believed
to greatly influence the stacking patterns of its hierarchahponents.

Fig. 13 The three-tiered hierarchical scheme used to classifg deposits of the Golo fan
developed by Gervais et al. (2006a). Reported valudsidéness and width are measured from
the elements identified by Gervais et al. (2006a) in thginal seismic dataset. Figure modified
after Gervais et al. (2006a).
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2.11 Deptuck et al., 2008

The scheme proposed by Deptuck et al. (2008) is basdle same high-resolution shallow
subsurface seismic dataset of the Golo Basin studig@dyyais et al. (2006a; 2006b), and was co-
authored by many of the same workers, including B. &erand A. Savoye. Similarities between the
schemes in the two studies are therefore expected. Hawethere are notable differences in the
interpreted hierarchical organisation of lobe architectucerfipare Fig. 13 and Fig. 14). The study
undertaken by Deptuck et al. (2008) focussed upon thestigation of both the cause of
geometrical variability and the internally heterogeneowure of sandy lobes identified by Gervais
et al. (2004; 2006a and 2006b). The observed systematiability associated with compensational
stacking of lobe deposits is seen to highly influethgeresultant hierarchy; a four-fold hierarchy is
recognised, within which compensational stacking is deesccur at three different levels (i.e., for
th Zo} 0 u VvS[U Z }u%}+]S o} [ w%Los} vSeeeo0 A [

Beds orbed-setf E % E * vS SZ e+u 00 5 Z] EstaEed4q refbect deposite fror@Ea

single flow. However, how beds and bed-sets diffeone another is not statedd Z « Z e v

bed-sete[| SC% ] o00C <&wdy jhattheiZrespective thickest parts show a systieriateral

}((e 8 }( U% S} Ail uV §Z]e ]e & CEE ~Biio€ * ZSH Ju% ve S]Iv[X dZ]e

offset does not result in any lobe-wide discontinuiti€he continuous stacking( Z ¢ v -

« Stdrmsapv]3 3 Elobe elefment[ X Z>} O uV3e[ E * % E & C E}]1A -u

represent deposition from a number of similar flowgpbuck et al. (2008) also note thaZt Z o}
OuVvVS[Z] E E Z] 0o0}E E u C ]3Zlo(0o JowA oA} &Z] IGvPRJ ¢ %o}V &

element[« }uv JVP su@E( X dA} }E ulE <Z0PJA lo% v3F]IvCa508- |]vP

2000 m lateral offset) as a result of local channglawe]}veU S} (}Eu %o JedrapositeAv o Z

lobe[X dZ e« can b8 separated by disconformable surfaces, abrupt veghits in acoustic

( ]*U}IE C 3Z %E «v }(3Z[v o %BuUE~T AAFE Z} ds Ripbes% (] X

complex[ }ve]e3e }( 3 | Z Ju%}*]3 o0} € $Z 3 A G ®]u TR }v p]sX

03 E 0 +Z](8 B8A v 3Z 3Z] | *3 %o [ESHielUe AJ32Y]1¥Z P3%o0 A |-

interpreted as the result of large-scale channel-mouth avuksi Abandone Z }u%0}+¢]S 0} <[ Vv

be blanketed by several metres of hemipelagic drapeyédwer this may be eroded by subsequent

events. Temporal scales are provided for this hieratzdsed upon previously calculated carbon

(**C) dating results for key seismic reflectors (Ger24i82), see Fig. 14.
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Fig. 14 Hierarchical classification employed by Deptuck eR8D&). Inferred duration for each
hierarchical order is shown in blue italics and the magla of lateral offset between the thickest
parts of eacHobate component at a given order is also reported. THateral offsets also highlight
the stacking patterns observed. Modified after Deptuclklet(2008).

2.12 Prélat et al., 2009

Prélat et al. (2009) proposed an outcrop-based hierafohyobe architectures, which is

distinguished from other distributary hierarchical scherbgsts critical recognition of fine-grained

deposits betweensandE] Z } ] «U }3Z EA]e IVIAv « Z]v® EDS AP X8 SuE
four-(Jo Z] @ & ZC A« A 0}% oo} ] $5]1JA]6ZZFZS EOPo}Y[* O U vEe §Z v
good lateral exposure along outcrops of Permian depaditbe Tanqua depocentre of the Karoo

Basin, South Africa. This allowed detailed lithologicalistuthat provided the foundation for this

hierarchical classification which has since been apptiexkteral other examples (see below)

HV]SE 3§ 8Z eu 00 3 Z] E Med|Uo VE EUY }K uddard ipAd 0.5 m
8Z] 1 v ] ]vE E%E 8§ 3} E % oVA VENo [%efeldE} (JEU Z
element[that can be up to 2 m thick (Fig. 4% dZ Zo} ouvs[ e 0 ] 8Z B}A 3§ }E
inter-sandbody fine-grained units are identified (typigatl cm thick). Although they may be locally

&} }JE u oP u 3 SinkeZigoe elemet§ Z E } » EA 3} « % E 5 A ES] oo
S | UP Vv 3] ooC E oS8 Zo} O3S [VSE[X ZnPo vo S}V 00€ ]V S} %} P
0}Ae 3SA VvV % E Al}peoC pupo 3 3} 0pWHSTIY D (VEWX] Z v H% 3}
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Z>}y [ }1° & ( C e¢]JvPo Z vX olu%pusER & Viob$ qontblaxed

which can bep % $} 8i lu A] v Al untddbé XorddeXZ %0}+]S]}v o o u vse &

not only thicker than corresponding units at lower sealthey can be in excess of 50 cm), but they

are also finer (clay grainsize) than the silty depositsoofesponding units at lower orders. The thick

Z Ul% 0 P] 0 Ce3}v eU AZ] Z u EIZ]E Gy E %l d AS}| %0}e]S .
result of widespread basin starvation, driven by seallehange. This allogenically controlled event

has also been given a sequence stratigraphic signifidap&élat et al. (2009), who compare the

Z]vs Eo} Ju% 0 [ 8} §Z SE VePe®E ue]AE v3eZ1BZdE, Ad e & %0}*]S]}
sequence; this is in-line with the interpretation oftifanqua fan system made by Johnson et al.

(2001).

WE 08 § oX ~1iid*U o0°+} E }BVIE BZ ® HZA Dol [vZ] S]1A }( SE ve]
autogenic-dominant controls to allogenic-dominant contréfowever, Prélat et al. (2009) state that

it is difficult to infer the relative importance that autogerand allogenic controls play at particular

hierarchical levels in outcrop studies, due to the wayogenic and allogenic controls can mutually

interact.

2.12.1 Use and application of the facies-based lobe hierarchy by Prélat et al. (2009)

This distributary-lobe hierarchical classification depelb by Prélat et al. (2009) has been highly
regarded by other authors (e.g., Mulder & Etienne, 2Qdi@cDonald et al., 2011), and has been
modified to suit a variety of other studies concernihg architecture of deep-marine lobes (e.g.,
Macdonald et al. 2011, see section 2.14; Grundvag.e2@14; Terlaky et al., 2016; see section
2.16). This hierarchy has also been evaluated against a meaharodel by Groenenberg et al.
(2010). Outputs oftie process-based model employed by Groenenberg e2@lL{) supported the
hierarchical framework devised by Prélat et al. (2008 respect to stacking patterns and the
digitate geometries of the lobe architectural units. Maezent hierarchical schemes that have links
to the scheme and concepts of Prélat et al. (2009) are showrig. 1.

Prélat et al. (200) also applied this hierarchical scheme to a number oéofystems, whereby the
nomenclature and classifications of previous deep-malbe deposits (e.g., the Zaire, Amazon,
and Golo systems) from a number of different workerg( Golo data from: Gervais et al., 2006a;
2006b; see section 20; Deptuck et al., 2008; see section 2.11) were all statisad to the

hierarchy of Prélat et al. (2009). Such a process entadertainties in the resultant comparison,
given the contrast between the nature of the criteria aded for the facies-based hierarchy devised
for the Karoo Basin and the datasets of the other systevhg;h consist predominantly of seismic
data (see also the Discussion).
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Fig. 15 Hierarchical classification of Prélat et al. (2009)wéhg the four hierarchical orders and
§Z |& Z]vsS Eo} ycempoments. @lues of sedimentary-body dimensions dinat
indicated by Prélat et al. (2009) as typical for each oeterrepored. Modified after Prélat et al.
(2009).

213 Flintetal., 2011

The authors of this outcrop study on the lobe architeetof the Laingsburg depocentre of the
Karoo Basin (South Africa) have not devised their owratgaical classification but have utilised
multiple concepts on hierarchical organisation, in ortieestablish a classification for slope to
basin-floor deep-water architecture that aims to aid sequestatigraphic interpretations. It
therefore focuses upon the recognition of basin-wida-4$evel changes through the preservation of
predictable stacking patterns (Fig.)16

Flint et al. (2011) state that the terminology usedhistthree-tiered hierarchical arrangement is
based upon: (i) the sequence stratigraphy hierarchicdemewf Neal & Abreu (2009), whereby each
sequence stratigraphic ordesensuMitchum et al. (1977) is noted by its varying magnitade

HE 3]}v }( Juu} 3]}V %o E 3]}V UAV 00 SE~F|PEZ %Z] (E u A}
definitions of Sprague et al. (2002). The hierarctsjgsificantly based upon the recognition of
regional hemipelagic claystonpv]3eU AZ] Z &o]Jvd § oX ~Tiii«E « |&C e« §Z ~u}e:
] v8](] o v }EE 0S5 0 ZepE( V]S }E EDEKk EZS S} SZ %oC
low sediment supply during increased shelf accommodafidrey are seen to be contemporaneous
to shelfal highstand and transgressive systems tracts @8d8TST), and are thus regarded as
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Ze <y V }uv s€Bduvdn der Merwe et al. (2010). They can also be pardltel¢he
maximum flooding surfaces and associated condensed sectibGalloway (1989) and Hadler-
Jacobsen et al. (2005). Identifiable increases in thektigss of these hemipelagic claystone
boundary units are notably used by these authors to marksilnecession of hierarchical orders and
are also used, in the absence of age controls, as indeatiarelative depositional timescales in a
laterally extensive outcrop case study.

sequenced ] SZ eeu 00 85 Z] E & Z] o0 }EXEITi{PX dL *&0]%st*ES]1pv 0
bodies exhibit predictable stacking patterns, as sand-pramits (0-150 m thick) overlain by
claystone units (1-5 m) are interpreted to reflect L&@ AST/HST deposition, respectively. A
Ze <cpv [JvsSZ Z] @ & ZC }( E@o® (I E oM %l i@ Prdér}depssitional
sequence of the sequence stratigraphic framework (Mitchuiian Wagoner, 1991). However, Flint

§ oX ~7iiie o0} E A 335 v3]}v 8} £ZE(*}0AZ ¥« Jquu] eoou C Z A v
misinterpreted, in that they may actually reflect larger-saahéts atth = o }( SZ Z }u%o}e]S
s <HV [X ZMN<cuv o E -« omposieseduedigefl) AZ] Z & }A Eo ]Jv C §Z
hemipelagic claystone unit (10-20 m). These units caib@édither progradational, aggradational or
retrogradational stackingpSsS EveX Z }u%o}*]S ¢ <p v [ E 1%6 60 C v Av §zZ
hemipelagic claystone unit (26-1 ue 3} (}cEoposie sequencesdtX d}S o §Z] Iv e 3Ju § o
for each hierarchical order based on their outcrop datar@m@orted in Fig. 16.

The ability to assign sequence stratigraphic classes ¢seguboundaries, systems tracts, and
systems tract sets, etc.) was achieved by Flint et al.1(Rlianks to the extensive lateral and vertical
exposures of outcrops in the Karoo Basin outcrops artlddarge body of knowledge on this basin.
This allowed units to be mapped and correlated from iasin plain to shelf-edge deltas, in a
manner similar to the work of Hadler-Jacobsen et al. £200

Fig. 16.Hierarchical classification developed by Flint et al1{3@ study lobe architecture from the
outcrops of the Karoo Basin. The terminology is relatesequence stratigraphic concepts and thus
shown in red. The model is based upon the thicknes$dise hemipelagic transgressive and
highstand systems tract; average thicknesses of hemipefagdstones, as well as the sand

§Z] Iv e+ ]Jv  Z-asgtated py the study are provided. Complete thicknefsethe
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composite sequence and composite sequence set areiatdaded (calculated from the studies
outcrop data). Figure modified from Flint et al. (2011).

2.14 MacDonald et al., 2011

MacDonald et al. (2011) conducted their outcrop studyhef Carboniferous Ross Sandstone
Formation (Ireland) with the hope of elucidating the pess sedimentology of lobe deposits.
MacDonald et al. (2011) state that previous lobe architez&tudies have resulted in the production
of two similar hierarchical schemes (Deptuck et al., 2@08lat et al., 2009), which primarily
focused upon the internal architecture of lobe depositawever, key differences are observed
between these two schemessee Sections 2.11 and 2.12or instance with respect to the
terminology they employ, as well as their differidgo} o u vS[  (]v padieularlyin regard

to their consideration of bounding surfaces. MacDonald et24111) derive a hierarchy thet

focused on process sedimentology, incorporating process usi@ading into the hierarchy of
Deptuck et al. (2008), based on results from high-nggmh facies analysis. Interestingly, MacDonald
et al. (2011) discard the possibility of adopting theasap-based hierarchy of Prélat et al. (2009;
section 2.11), which is also based upon detailed facialyais; no reason is given as to why this
hierarchy is disregarded.

Fig. 17 Hierarchical classification used by MacDonald et al. (2644¢d upon vertical facies
changes. Thickening-upwards trends are seen withirptiegrading lobe elements. Average unit
dimensions are also provided. Modified after MacDondldle(2011).

The hierarchy used to classify the architecture of the R@smation adopts the same nomenclature
of the scheme by Deptuck et al. (2008); however, dmige orders are recognised in this study
bEd-setfU Z0d u vSe[U Vv Z }u%o}e]87X}dZ[Us&]dPoXB Z] EB&J-Z] o }E EL
setsflU & +35 § Sjadkeddyeds and bed-selsjt no information is provided to distinguish
between beds and bed-sets. This order is stated ttectthe depositional product of a single flow,
and stack into thickeningt % A E « % | P lobeleleh@s[X D }v o & 0oX ~Tiiie «§ §
that their use of this term aligns with usage by both g et al. (2008) and Prélat et al. (2009).
Z>8- 0 U V8¢ SC%] 00C }vS ]Jv UM *S}Vv ZoWES B JFEuUs }IHE]VP
% }e]3]}v 0 Z*Zud YAV[ % E]} X dZ 3JZ8Eveee v O%UFE «5yVv ¢ J* ]VE E %oC

by MacDonald et al. (2011) to be determined by the fatelistance and duration of avulsion

E% E] Vv C SZ ep--awuwWSLX}D }vo 8§ oX ~Tiiie 0%} % E&}%o}es S
*§ P Aloups]}v EGC + <p v v oo} e JEA( [Z6FZu (EX 8] ¢ v
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includes phases of deposition, amalgamation, bypass antpte transition events (see MacDonald
et al., 2011). This evolutionary model is used to aixplvhy resultant thickening-upwards packages

E } + EA -0 ZoYy3[W Z %o}e]S]}vo } C ]e ]JvSSEB% @& & 0+ %o E}F
distal to proximal deposits, identified through faciesiobges and an increase in the amount of
UuP (opusS X @xuu}vsSe[ E ephd ¢ <u vE0C ¢ Vv 3§} 3 U (}@®Eadmposdelv ooC
lobes[ X

Pyles (2007) also studied these deep-marine architestof the Ross Sandstone. He, in turn,

Ju%eo u v3 Z] E & Z] o+ Zu AZP¥E]INMNMGA Z & Z{E SuE 0o 0 u VS
based on the method of architectural-element analysis of MiB85). However, the lobe

architecture is identified to be simple, showing noeimtal hierarchical organisation.

2.15 Pickering & Cantalejo, 2015

Pickering & Cantalejo (2015) have recently proposedepaearine hierarchical classification based
on outcrop studie®f the Eocene Ainsa Basin (Spanish Pyrenees). This hiehas since been
applied by the same research group to additional datasets fthe same basin (Bayliss & Pickering,
2015a; 2015b; Pickering et al., 2015). The devisedithy relies on correlation of key stratigraphic
surfaces at a variety of scales, allowing bounding susfémearchitectural elements to be defined.
The hierarchy is therefore based upon similar criterighi® ones adopted in the original scheme by
Pickering et al. (1995): (i) internal facies associatipased upon the facies classification of
Pickering et al., 1986), (ii) architectural geometryd &iil) associated bounding surfaces. However,
the way this information is organised and described. (F&) differs from the original hierarchy of
Pickering et al. (1995; Fig. 4a).

The nomenclature used within the hierarchy of Pickg@nCantalejo (2015) is based upon

terminology proposed by Flint et al. (2008), Spragual e£2002; 2005; 2008; section 2.7), and

&]Ppu & ]} § oX]-ontheiKardo}BESin. This terminology covers a widegrafgcales,

from seismic to core or outcrop studies. ComparedPickering et al., 1995, this nomenclature more

closely aligns with current sequence stratigraphic congepksch in turn helps to support the aims

J(W] I E&JvP ™ v8 0 i}[* ~Tiifie} S pu-CE B PXE %o)Z ] u BuEE ( }JEE o §]}v
recognition of sequence boundaries across the basimvever, this focus limits the applicability of

this scheme where the scale of observation is limited

Famina] vlardinaset] (]v S$'hierarchical order of the classification, representing th

smallest identifiable package of sediments that tend to latérnal layering, having a uniform

0]3Z}0}PCX Kv }E u}E Zo bdd[W ] Y %} %o ®Brdesdivision and is

described as the fundamental building block of stratigrafdgsed on the definition of Campbell

~id06sU Z [U Je JvS E % E Shy a single déppsitona} €Zant; it is also considered

to be a time stratigraphic unit, a property which Picker#h@antalejo (2015) state can allow for

inter-basinal correlationssensuvan Wagoner (1990). A3} E b@&isét[ ]+ }veSE Jv  AZ v
immediately above or below differs in composition, e or sedimentary structures. Pickering &

Cantalejo (2015) explain that the definition of theft-3 & & pvibotey§d AZ« JE]P]v 00C pe &
characterise fluvial deposits (Friend et al., 1979), lamslthus been modified to accommodate deep-

marine deposits; uniquely, Pickering & Cantalejo (2@1%) apply the term to classify mass-

transport deposits (MTDsenswstricto W] | EJvP ~ }EE P] }E ~Tiifief dB} 3C% < }( :
identified, and categdE ] » o U%}V Je8]Vv S (] e} 1IpvW Ze E @ 3HE
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u A] v Tu3Z]IU ¢ u%}v 00 AESG%\0°%e}®ES Z8}&E C+[ ~}v A E P
wide and 6 m thick, based upon 32 example$)ofder units consisting of multipl€ «$}E C+[U &

§ Euele@ents[l U v & o0 <°*](] 18Z & - -trAnsporteldéierts) TEese units

typically have an erosional base and commonly show finpwgard trends in their axial domain

Z Z vM]Jomo o uorvavefage 1000 m wide, 14 m thick (based upon 64 eleshcan be

divided into distinct regions, i.e., as axis, off-axiargin and levee regions, but no guidelines on how

such regions are recognised are provided"A}J8E c@n@ex[U o «<](] 4rangparte

compl £[ ~Dd « }JE& Z Z vv 0 }u%o0 A[ ~}vww AGEUPSZ]diU u A] p%}v 16
examples) is commonly erosional at the base, and caw gither fining- or coarsening-upwards

cycles depending on the stacking of its internal edats. A unit composed of moS]% 0 Z }isi% 0 A [
termed a -} E s@ddody[ ~}v A E P 11ii u A] v 081 u 3Z] 1M u%o p%}v id
Pickering & Cantalejo (2015) state thatthe§e¥E & pv]Se v o0} E (EE S} « Z-
however this term is not favoured by Pickering & @éejb (2015) themselves due to the common

association of this term with depositional units that are tglly larger. In the Ainsa Basin

Ze v } ][ E u EI C v Dd IDd § SZ JCE  w]dedrap&Ctherwise

known as abandonment facies. This order signifieapmnbasin-wide re-organisation, as each

Ze v } C[]°]1vd E%E & 3§} aepooentte positig JARBEE uj}E Z. v } ] [U
typically separated by fine-grained marly sediments is teépositional system, are recognised as

8-} E ofEtems[ X DuosaahthydeCeS ue[ E (E] (oG v}S C W] h«&§yvP ~ vS o
stack into either fining or coarsening upward packagesimas gystem set§ X /v SUEYV §Z ¢ Ze+CeS
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e Se[ «§ | Jv8} 2whi@h}ip thelldrgest hierarchical order of sedimentarit identified in
the Ainsa Basin.

Fig. 18 Hierarchical classification developed by Pickering &alsgo (2015) and employed in the
Ainsa Basin, for channelized environmemMsmerical orders and average dimensions of
corresponding units are shown, numbering indicatestbeinding surface order of the depositional
body. Figure maodified after Pickering & Cantalejo (3015

2.16 Terlaky et al., 2016

d Eo IC § oX ~Tiide 3 o]z §Z] @& HHAFgUEPhexisting hierarchical
classifications found in the literature. The hierarchy maledsrence to architectural-element
analysis principles and is based upon the work by BlugdEtienne (2010), which in turn adopts the
hierarchical classification of Prélat et al. (2009). Tertdlgl. (2016) state that differences between
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their hierarchy and those it is based upon arise in retato differing types of observations
whereas other hierarchies focus upon the nature of fijfrained inter-sandbody deposits (for
instance Gardner & Borer, 2000; Prélat et al., 2009n@rég et al., 2014), Terlaky et al. (2016)
develop their hierarchy around the identification of fges and the location of avulsion nodes.

Each hierarchical division within the seven-tiered hieng is therefore defined by the increasing
order of the drainage-pattern hierarchy at which avulstmturred (Fig. 19). This idea is also seen by
Terlaky et al. (2016) as a methodology to help brithgegap between outcrop and modern seismic
studies, although the framework is developed from outcdata (Neoproterozoic Windermere
Supergroup, British Columbia, Canada).

The smallest hierarchical division recognised by taméw} E | ] ld&dinafvV o u]v <5 | §} (}Eu
Beds[U AZ] Z 3Z ue oA ¢+ E ]JvS E%E 3 «]8P0 $A}AX%G]3[}€5 | 8} (}EL
]+ Iv}Av architegtural elementf AZ v i A] A }( §Z % }+]15]}v € } C ] IV}IAvU
Z+SE S0 ouvs[](SZ o0uvVvs X E®EIC S}woC~|Mibe (]Jv §Z]e Z @
OouvsS[Z] & E Z] o}E CEullvP EEESYV B} I & ZETB E] (}€ §Z
attribution of corresponding orders in other schemesr Example, Terlaky et al. (2016) describe this
}JE & ¢ u e} 0 o0]85Z}}u ~ (Vo[- @ BOBUEGA o & Z]3 SuE
}( Zu %o % o spnsuMutti & Normark, 1987). Terlaky et al. (2016) definehitectural
elements as the preserved products of deposition takitage between two successive distributary-
channel avulsion events. Depositional bodies of thigtsire characterised by distinctive external
shape, bounding surfaces and internal arrangement direentary facies, in agreement with the
characteristic properties used by Pickering et al. (}9&&rdner & Borer (2000), Pyles (2007), Prélat
et al. (2009), and Grundvag et al. (2014), in their sw® Terlaky et al. (2016) use these criteria to
(Jv Z & Z]8 Su&E o fundaménthl buildidg blocks of larger stratigraphic unitkis
Z+SE 3 0l E Z]5 SUE 0 0 U V[ JESEZNV DA (E]S pwS E% He3]v 5]/
set of depositional condition$Six typical stratal elements recognised in the basin-flsorironment
of the Kaza Formatioare identified by Terlaky et al. (2016) as:
isolated scours,
feeder channels,
distributary channels,
terminal splag,
avulsion splays
X (sheet-like) distal and off-axis fine-grained turbidites
The nomenclature used to describe these geometrieaitt® be taken from several studies of

X X X X

el U E]Jv (veX dZ e Z E Z]3 SUE 0% 0Fu v [d o bG} 3juoX ~Tiide A]S
Zo} O uvsS[ puv]8e }( WE oS 8§ oX ~i7iidX
Geneticallyrel3 Z & Z]5 SuE o o u v3e[U AZ] Z & @EmwoIlude oX ~Tiide e

debrite, slump and slide bodies, stack to fornitde [ A lobe is seen to embody the overall active

depositional area at any one time on the basin floor, samébrm the units deposited between two

events of feeder-channel avulsioh 2>} [ & ] vS$](] Cd Eo I%}]¥SoX ~Tiioe
transition within the hierarchy, as it is at this level tlmbre basin-wide allogenic controls begin to

dominate sedimentary processes (similafy $Z Zo} [ }E& €& }( WE b8 S oXU 1ii0e;
complex[ ] % E} M C SZ 35 I]vP }( up@sS]6ep | Zop [P v & E&]s U
slumps and slide bodieshowever, these bodies are not genetically defiftgdrerlaky et al. (2016).
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Zo} }u%o A[ ]J* ¢« v §} § Zn egisode pf chanrigl-levee-system avulsion,
AZ] Z ul «3Z]+ }JE E Ju% E o E}CXWE®&m 5§ FuYas Ai(dedy Z
avulsion of a feeder canyon, an event that Terlaky eRallL§) state will be reflected in the stacking
% $S &V }( $Z Zo} Ju% o A <[X ¢8 SlusE vigdhEomekédo 4 vo EP S5
recognised hierarchical order. Terlaky et al. (20X6hdwever state that it will be difficult,
especially in outcrop studies, to discern the highetews of this hierarchical framework.

KSZ B Z] E G Z] ¢« * JP%}v [*SEPES REL] Z]vE I IEDY ~[ *PEUSFZ Z] &
Prélat et al., 2009) are not readily applicable to the onjicstudied by Terlaky et al. (2016), due to

the limited preservation of fine-grained deposits in tkaza Formation. Additionally, the scheme by

Terlaky et al. (2016) could be applied to datasets withiidid facies data, as local evidence of

avulsion (marked by lithological boundaries and/or stratahtty can be combined with basin-wide
observations of element position and stacking. Howettes, scheme can only be applied if

extensive, basin-wide correlations can be established,teawked to areas updip of the channel-lobe

transition zone.

Fig. 19 Hierarchical classification for an idealised submarinectanplex by Terlaky et al. (2016).
Dimensions are estimates taken from the study. Figuoglifred after Terlaky et al. (2016).
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3 Discussion

Hierarchical classifications attempt to assign order to othise complex systems, allowing the
spatial and relative temporal evolution of deep-marine syseo be studied. As demonstrated by
the schemes reviewed in this paper, hierarchical clas$ibns provide a method to better
understand this complexity, as they help geologistshbio academia and industry, to:

i) better constrain reservoir models, e.g., by improvihg characterisation of
hydrocarbon-reservoir properties (such as geometry giadiistribution and
connectivity) t objectives intended by the hierarchical schemes of Rnagh al. (2000),
Sprague et al. (2005) and Gervais et al. (2p06a

i) Establish analogy between outcrop and subsurface data, aatdlerromparative
analyses between both modern and ancient systendsivers that motivated Mutti &
Normark (1987), Hadler-Jacobsen et al. (2005), Mayall €2006) and Prélat et al.
(2010)to develop their hierarchical schemes. The hierarchidaémes reviewed in
Section 2 are summarised in Table 1.

However, significant differences exist between hiehézal schemes, casting doubt over their wider
utility. The possible causes of these differenceshsagdiffering data-types and environmental
controls are evaluated below; in parallel inter-schemeilsirities, with respect to both
sedimentological observations and common genetic inteiqiiens are reviewed. These analyses
can be used to assess whether a common standard for desmearchitectural hierarchy is
possible.

3.1 The influence of research aims on the structwthierarchical schemes

Hierarchical schemes and the number of significant gdiey recognise differ in relation to the
particular architectural elements, sub-environments or pbgsaphic settings they focus on (see
Table 1). Because of differences in the aims of theaeeh and types of data underlying each
scheme, some hierarchies may be applicable to entireesys whereas others can be restricted in
scope, for example to just ‘channelized’ or 'lobatevigonments, or to the CLTZ setting (Fig. 20).
Hierarchies that are solely restricted in their applicatiordistributary lobe environments (i.e.,
Gervais et al., 2006a; Deptuck et al., 2008; Prélat e2@09; MacDonald et al., 2011; Flint et al.,
2011) commonly recognise only three or four sigaifit orders, starting from a bed or bed-set scale,
regardless of whether the underlying dataset is basad®@ismic or outcrop. Hierarchies developed
specifically for channel environments can contain anywhesm three (e.g., Mayall et al., 2006) to
ten (e.g., Pickering and Cantalejo, 2015) significantrerdeith more complex hierarchies being
typical for schemes founded on outcrop datasets due torth@her resolution. Hierarchies that are
not restricted in application to a specific sub-enviramhtypically contain five to eight orders;
schemes of this type include those of: Mutti & Norm§tR87), Pickering et al. (1995), Beaubouef et
al. (1999), Prather et al. (2000), Navarre et al. (208&jller-Jacobsen et al. (2005), Sprague et al.
(2005) and Terlaky et al. (2016). These schemes dikgda variability in the number of hierarchical
orders than those focussing on channel environment$witbstanding the wider environmental
domain they are applied to. Most of the publications detajlsystem-wide hierarchies do not
address possible differences in hierarchy betweemdletized and lobate (or distributary)
environments. Only Sprague et al. (2005; Fig. 9) andiaet al. (2002; Fig. 7) distinguish between
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these settings through the use of environmental pre$iessociated with the different architectural
geometries. Sprague et al. (2005) also provide distaragies of dimensions for the different units
associated with these two environments.

Fig. 20t The range bdeep-marine sub-environments considered by each higiast scheme
reviewed in this paper.

The difference in the number of significant ordersaddished for channel and lobe environments
suggests that it might not be possible to capture the intdrorganization of these two
environments by using a single hierarchy. It also sugdbat the number of hierarchical orders
might vary as the system and its architecture evolve doveastr. This concept is something Mayall
et al. (2006) alluded to in their study, as they propmb#ieat a channel body could display a
downstream decrease in hierarchical organization of ifgsadits, as energy drops and the channel
bifurcates becoming simpler in form.

In addition to hierarchical schemes being developedafepecific depositional domain (sub-
environment), others have been proposed by studiesciwvliocus on partiular architectural elements
(e.g., lateral-accretion packages; Abreu et al., 2003)ptec settings (e.g., confined basins; Mayall
et al., 2006), or specific basins (e.g., the Ainsa BR&ikering & Cantalejo, 2015). It is therefore
reasonable that the variety observed in the way hierarchicategaches are structured reflects
different research focuses. Some hierarchical approaeinesccompanied by explicit caveats
regarding the particular environment each scheme igpaged to be applicable to (e.g., schemes for
sand-rich systems by Pickering et al., 1995, Prathal. 2000 and Gardner et al., 2003). A question
arises as to whether the development of new hierarchicgirapches is undertaken without
consideration of the available existing schemes, and thihether enough testing has been done to
reject the use of existing ones. On some occasioew, hierarchical schemes are seen to modify
existing models based upon new insights or needsekample, the modification of Gardner &

JE E[e ~Tiiie >de Z] E E ZC CA & v E pu%}0 X -Gi@Ei{model which
was thought to better inform the interpretation of the aritbcture. Simio EoGCU & p § oX[e ~Tili
adaption of the scheme by Sprague et al. (2002) was nlegditp accommodate lateral-accretion
packages. Typically, the majority of hierarchies présgm this review have only been applied to,
or demonstrated through, single case studies (see Thhlising the question as to whether their
broader applicability has been robustly established.
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3.2 Data types: biases and pitfalls

The method of investigation and the available data can miloence the resultant structure of the

hierarchical schemes. For example, outcrop studies fiemdimited in their scales of observation,

because of partial preservation and the quality of exposiites has brought about the notion that

only seismic investigations can capture basiale architectures (Prather et al., 2000; Gardner et al.,

2003; Posamentier & Kolla, 2003; Prélat et al., 2016 & al., 2011; Terlaky et al., 2016). Most

often hierarchical approaches based on seismic datasetsdedrders that are applicable basin-

Al }E 8} 38Z « o0 }(8Z v3]@E PCe3puv~ XPXE AZEE § oXU 1ii1V &z
ZESPUE-]} D0 AF[ }( Duss] ~ E}EU EIU i6009Xv,pA*A0EBUIBEZ Ju EP 3
outcrop-derived architectural orders are comparable togh of tZ « Jeu] ZAJ]*]V

architectures; this is evident in the values of lobe thiess reported by Flint et al. (2011), and in the

§Z] Iv ee v Al S3Z u *pE « (JE 3Z UVE|JE%ZEVY o> JEAPC] %o}]5]}V
of Gardner etal. (2003 AZ] Z Vv }u%o s $Z + 0 E E vP « }( 3Ll BrdePofs <y v [
Navarre et al. (2002, see Figs. 21 and 22, below).

The resolution of the data provided by different metharfsacquisition can also affect the resultant
hierarchical classification. The poorer resolution ofsec datasets, as opposed to outcrops, results
in a diminished ability to recognise low@ricE  E pv]3eV $ZpueU Z [ }E Jv ] p o Z( ]
usually not considered in seismic datasdtse resolution of seismic data is known to vary
depending on the method (Posamentier et al., 2000; Mé&i & Slatt, 2007); however, even on high-
resolution seismic profiles, the smallest order ddsedi often correspond to bed packages; these
Jvop U (JE £ u%o 3Z Z o u vE X FTTPI( 'VEAZ]+Ze S| }(
%3Su 1l & oX ~1ii0*X E A EE PBvogX3ZiiiG Z25Z5vvED Sju% o A£[ v Z+§}
hierarchical levels were confidently recognised in tistidy, whereas Mayall et al. (2006) point out
that discerning $A v 3Z"JEEZ&E [ "V} &Z ACE [ migHtde difficult. The uncertainties
caused by poor data resolution in identifying architectuet particular scales hinders the quality
and integrity of the hierarchical approaches underpinngdshch datasets. This affects the
confidence with which hierarchical classifications base@watcrop and seismic datasets can be
reconciled, and any subsequent attempt to develop a comierarchical standard. However,
E + E Z}vo EP }us E}% A%lYulE UvFs |ide [&B] [V S S Vv Z 0% E
hierarchies developed using different data types; warkhis type include, for example, those on
the Karoo Basin (South Africa; Prélat et al., 2009; Rliak e2011), the Magallanes Basin (Chile;
Romans et al., 2011; Pemberton et al., 2016) and the BrGsimyon Formation (USA; Gardner &
Borer, 2000; Gardner et al., 2003, Pyles et al., 2010)

In an attempt to overcome scale limitations in seismic datasgisie studies supplement seismic

§ A]8Z-<Ztuu] [ (-sdale observations (e.g., Prather et al., 2000; Nawatrad., 2002;
Sprague et al., 2005) or integrate both data types tonmf their hierarchical approaches (e.g., Mutti
& Normark, 1987; Pickering et al., 1995; Hadler-Jacobtah, 2005; Mayall et al., 2006). The
integration of core and well-log data with seismic data he&lpsrcome limitations in vertical
resolution. Such integration however has not resultedansistency across the different hierarchical
schemes: variation is still seen in the number of isicgmt orders that are recognised (ranging from
three to eight orders, see Table 1), as well as in theniteology used (see Figs. 4, 6 and 11).
JA A U 00 3Z «Zu-U €ES3SZ Z|EHIEBCE D @ 6|8 }®%}E 3§ Z
Al [2Z] E E Z] 0o }E E+ «3Z C %%BFuEAIEFIVZ wd+X ,J E E Z] o
developed in the hydrocarbon industry have tendedrttegrate data of different types (e.g.,
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outcrop, core, well logs, seismic, bathymetry, biostratny) to develop more geologically sound
schemes; however, the manner and degree of integratiannot be directly assessed due to the
proprietary nature of the data (e.g., Navarre et al., 2088reu et al., 2003 and Sprague et al.,
2005).

3.3 Hierarchical-order nomenclature
Comparison between hierarchical schemes is hindegeddsiability in hierarchical nomenclature,
arising from:

i) rrav v C Jv § Gu]v}o}PCV (}E £ uéplod) 2% SEER Z&Z oXU 11
Z ZvVvv o *3}]EC[]~EACEE 3§ oXWU mvieU(]oo[Z~6 &E WSEEC oXU
are all terms used to identify the interpreted productsao$ingle cycle of fill and
abandonment of a discrete channel form;

i) variations in the meaning of like terms; an example of ihihie usage of the term
Z*S}E C[ ~}E [*S}EC[ ]v h* }vR@]*Z-U v(WXoSZS}ECEY]PM SZ Z] E
Navarre et al. (2002) as opposed to the scour based, sibvv 0 Z*S}E C[ }( "% E P
al. (2005).

Terminological discrepancies have arisen because soenarbhical approaches have been
influenced by, or have used, components of previbigsarchical classifications. Sharing terminology
and definitions can be problematic, as often concepts ugdesome re-interpretation when applied
Jv. VAeZuX&}E /£ u%o U D +3vi0 $Z55 & ijikeo3dZ VED}
definition of Deptuck et al. (2008) and Prélat et al. @08ut do not reconcile the differences
between these definitions. Thus, the lobe-element digfim of Deptuck et al. (2008) is recognised
to potentially display relationships with more than oneler of bounding surfaces, i.e., this order
does not share a onw-one bounding-surface to element-order relationship;tbe contrary, Prélat
et al. (2009) recognise a lobe element as being encasiiby bounding surfaces that belong to the
same order as the element. Such differences contribatéhe potential for misinterpretation when
trying to compare approaches.

Nomenclature is also often amended through time to keepni@ology upto-date, as scientific
understanding improves. For example, the definitiorad « § } Gashbpen amended multiple times.
The original meaning, coined by Friend et al. (1978 wsed as a basic descriptive term for fluvial
deposits. However, Sprague et &009 redefined the term to describe deep-marine channedlies
showing predictable lateral and vertical bedset faciesgas. This definition has since been
adopted and expanded by Sprague et al. (2008) to indioke and levee/overbank deposits and
further amended by Pickering & Cantalejo (2016) to ipocaite mass-transport deposits. As
terminology evolves the risk of inconsistent applicatioaynarise.

3.4 Common criteria used to diagnose hierarchy iclitecture

While a wide range of terminology is used in hierazahschemes, similarities between order
definitions can be found, based largely upon the comrdescriptive characteristics used to
diagnose hierarchy. For example, when discernibteyimal facies characteristics, the nature of the
bounding surfaces, their scale and observable geoneetire all used to distinguish similar
hierarchical orders in all schemes reviewed in this papdditional criteria that are sometime used
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to establish hierarchy include sedimentary-unit stackiadgterns, dimensions, and absolute or
relative durations or timescales.

These diagnostic characteristit$acies associations, geometry, scale and bounding surfac
relationshipst & o0} §Z }uu}lv E]S E] He JwWZVE E LS| fu%h% E}
applied to categorise both fluvial and aeolian sedimentaryessions (e.g., Brookfield, 1977; Allen,
1983; Miall, 1985). Although only some authors of desgrine hierarchical schemes might have
directly acknowledged these influences (e.g., Ghoslowke, 1993, Pickering et al., 1995, Gardner &
Borer, 2000, Gardner et al., 2003, Terlaky et al., 20ibPickering & Cantalejo, 2015; see Table 1
and Fig. 1), all the reviewed schemes implicitly recsarchitectural hierarchy using the principles
of architectural-element analysis to some degree. Suchngonalities suggest that reconciliation
between hierarchies should be possible (see alsoi@e8t5, below). Nevertheless, difficulties

remain in trying to make definitive links between thiefarchical orders of different schemes. This is
due in part to the differing significance given to pautar types of diagnostic characteristic. For
example, the hierarchy of Prélat et al. (2009) specifidatuses upon facies characteristics, while
that of Deptuck et al. (2008) largely relies on stacking patt@f 3D architectural geometries. In
addition, difficulties in observing key characters, assllt of the intrinsic complexity of

sedimentary successions or because of limitations rel&eavailable data types (as discussed in
Section 3.2), limit the confidence with which hierarehignits can be compared. For instance, Ghosh
& Lowe (1993) note the difficulty in recognising boimdsurfaces in conglomerates and debris-flow
deposits, and in recognising architectural geometries wwvitlighly scoured, and subsequently
amaoP u s U Z(]E&*S }& E&[ v Ze+ }v }E &E[ pv]seX

D] oo[s ~i66fie A%O0 v S]}v }(0SZ vZ & &X@3dlspaGEompanied by a number
of cautions for its application to fluvial deposits, whaale also applicable to deep-marine systems
Miall (1985) identified potential issues in identifyinglatecture in relaton to differences in scale,
interbedding (the interdigitation of background sedimentatibeing particularly relevant for deep-
marine deposits) and intergradation between sub-envir@mts. These problems make it difficult to
establish correlations and delineate deep-marine architezsyparticularly at the basin scale,
directly impeding the development of a common hiergrdéor deep-marine deposits.

3.5 Common stratigraphic architectures and theifémred formative processes
Sedimentological and stratigraphic observations of deepimeagleposits can be used to develop our
understanding of formative depositional and erosional gsses, in combination with humerical and
physical experiments (e.g., Gardner et al., 2003; Baditral., 2012). This is due to limitations in
observing such processes first-hand in deep-mariséesys, although significant insight has been
drawn more recently from direct turbidity-flow monitariy and observations of the geomorphic
expression of processes acting on the seafloor (Paull et al., 2010; Maier et al. 2011; Symons et
al., 2017). In several cases common interpretationf®ohative processes are used in association
with the recognition of diagnostic sedimentological feasirfacies associations, geometry, scale
and bounding surface relationships to establish tentatinks between hierarchical schemes. Such
links are outlined below for the channel and lobe atetiures reviewed in Section 2 in ascending
scalar order, along with caveats in the use of the résglgenetic hierarchies.
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Common channelized hierarchical architecture

Z []* 8C%] 00C S$Z u}*S E e h@&ardtcalenitincladedoin schemes

applicable to channelized deposits (Mutti & Normark, 19891; Ghosh & Lowe, 1993; Pickering et

al., 1995; Beaubouef et al., 1999; Prather et al., 28@dague et al., 2005; Campion et al., 2011,

Pickering & Cantalejo, 2016; Terlaky et al., 2016).dBseription of a bed is widely influenced by the

definition set by Campbell (1967), according to whioia a layer of sedimentary rock bounded

above and below by either accretionary or erosional baogdurfaces and that is not defined on its

thickness. These units can be heterogeneous, and asssunb schemes divide this unit further into

facies divisions, recognised by changesingsdih- v ¢ Ju v8 EC *3EU SHE « ~ XPXU §:
v Ze }v }E EJ[ }('Z}ez " >}A JGOIVEEZ( WM]EXE]VP & 0oXU iddAV §
v o u]v e Se[ } (W] I E]JvP ~ v3 o ipXUiifideX Ew IdZ & A] A + Z u L

is consistently interpreted as representing a single djimnal event, whereby any internal divisions

relate to changes in sediment-gravity-flow conditions.

At a higher scale, units that are commonly describechamael environments are composed of

vertically stacked, genetically related beds. These writshound by erosive or accretionary

bounding surfaces and are themselves contained withingetachannel form. Units of this type are

typically noted as being unresolvable by conventionare@& methods due to their limited size (e.g.,

Mutti & Normark, 1987; Prather et al., 2000; Navarre et2002; Sprague et al., 2005). These units

show distinct lateral and vertical facies changes, categdry some studies in terms of predictable
organisation arising from variations in processes from oeaxis to margin regions (e.g., Prather et

al., 2000; Campion et al., 2007; Pickering & Canta26jp5). A variety of terms have been coined to

refer to deposits that display these characterisltds XP XU SZ ZSuU®E [| J6 Dyss] " E}Eu EI
~{8006V (66isU §Z Z+ Ju v8 EC Pu%X A6 pHawes 2P u] [ }(

WE SZ & § oX ~TiiieU §Z ZP }E& G[ili{fs € v E V EES oX ~TiiisU §Z
ZZVvo%Z*[}(EAEE 3 oCFHIWIMIEPEZ ZXETIiTV 11id«U u
al. (2007; 2011), McHargue et al. (2011) and Pick&i@gntalejo (2015). This channel architecture

is recurrently recognised in the deep-marine rockoirel¢ as noted by these hierarchical schemes,

Jv]l S]vP ]8¢ Ju%}ES v . H]o 1R} eSle XK }JdZ 2 VZ*8}E C[ %o}e]Se &
commonly interpreted as the product of sequences ol that progressively wax then wane in

terms of their energy (McHargue et al., 2011). Periofisrosion, bypass and filling are commonly

recorded in the facies patterns of these units (MuttN&rmark, 1987; 1991; Campion et al., 2011).

dZ o Z+3}E] [ E }(5 Z ¥WEa[ &pvse p 3} 8Z ]JE }vs Jvu vs AlsZ]v
confined channel forms (Sprague et al., 2005; Camgiah., 2007; 2011).

Dpos]%o P v §] ooC t&Eckowith little tatgrat ffs¢t, 40 form a recognisable chahn

form bounded by a typically erosional basal surface. Utitsving these characters have been

§ GEu « ZEUE ] 18 83 P «[U ~Du33|U EQEE HED i pHV~i@Fiz ~ >}A U
16067V WE SZ & S oXU Tili*eU Z @G}wPS]3v oXY JiapW]a Z vv o (Jooe[ -
oXU id86V "% E Pu 3§ oXU 11119 TJWAVIMIU EWRV o v8}E] [ ~E A E
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THiTeU [ Z vv 0o¢[ ~ E p § oXU T1iDW TLi%e  FYHEHE@KUVI]Se ~ %o}e]Se }( S
Delaware Basin; Hadler- } « v. § oXU 1iiAVeU Z Z vv 0 & uovU[i+iDe, VEP U
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sectional and planform geometries (Pickering et al. 51%9ather et al., 2000; Terlaky et al., 2016),
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discernible in both seismic and outcrop datasets. Noifsoggimt unconformities are observed within
these deposits, and their tops are typically marked bgnipelagic/pelagic background
sedimentation (Mutti & Normark, 1987; Navarre et al., 2D0Rutti & Normark (1987) propose that
such patterns in sedimentation are the result of short-tesea-level changes or tectonic activity,
suggesting that units at this scale might record the affex allogenic controls. The relative lack of
*]Pv](] v§ IPE}uv <« Ju vsS 3]}v FZS SEVZ 00 Z -Rit Bredftenpretable
as the product of a complete cycle of channel filling abandonment (Sprague et al., 2002; 2005),
itself recording multiple cycles of waxing and waniogvfenergy (McHargue et al., 2011). The

s | ]Jv8 EvV o Z-<35}&h by sofe toshdwea predictable evolutionary sequeagajn
relating to changes in environmental energy as flows argugh the stages of channel initiation
(erosion), growth (filling) and retreat (abandonmentlypass), (Navarre et al., 2002; Gard&er
Borer, 2000; Gardner et al., 2003; Sprague et al., 28@8ler-Jacobsen et al., 2005; McHargue et
al., 2011). The recurrence of these facies succesdias been used to produce models of flow
evolution and energy trends in channels (Hubbard et24l14), as well as to map basin-ward
changes (Gardner et al., 2003).

Based upon common sedimentological and stratigraphieofaions, alarger o U Z&E P]}v o]
hierarchical order can be recognised (Ghosh & Low@3;1RBickering et al., 1995). Erosional surfaces

are seen to envelope deposits that contain multiplelowes & P v §] o0oC E 0§ Z Z vv 0
architectures, as well as other associated element typas,(|teral-accretion packages; Abreu et

al., 2003) (Mutti & Normark, 1987; Navarre et al., 208@rague et al., 2005; McHargue et al., 2011).

Vertical stacking trends no longer dominate this architeetiPackages of hemipelagic sediments,

relatively thicker than those recognised in lower-saalés, are seen to delineate bodies that stack
inhighly-ornon-u oP u 8§ ( *Z]}ve-YyEX E[]X€ZZ}+Z ~ >}A U id6iV Zu u E-ele
uu E<[ } (W] I E]vP § oXU idpRV'ZEZWEOC P EWETIIIV E A EE 3§
Sprague et al., 2005; Campion et al., 2011; Pickeri@Ga®alejoJ TiiAV Z }u%}*]S Z vv o[ }(
"E v E § oXU TV Z }Ju%o A «13{itKkDZ ERy]SSs @XUYvSs E% E § .
common migration pathways, as the successive internal @xitgbit similar lateral and/or vertical

patterns within the larger confining channel (Gardnerakt 2003; Campion et al., 2011). Again, such
architecture is seen to be the product of a cycle ofrofe initiation, growth and retreat (Gardner et

al., 2003; Hadler-Jacobsen et al., 2005; McHargue,e2@l1). With consideration of observations

on hierarchy, McHargue et al. (2011) describe the mabstackingof Z vv 0 Z }u%0 ZA|

architectures, through forward modelling, as sequentiahoving from amalgamated, low

aggradational stacking to highly aggrading, vetyestacked deposits. This model has since been

supported and developed by Macauley & Hubbard (2013)Juoie et al., (2016).

&} JEE *%}v v Je e v SA $Z0P& E € HZ JE] }uu}v-PloofE] Z -
interpretation, for example,Z ZSu®& ] ]85 }ju%o A[ }( Duss] " BEEZ-EESLI60606V il
JE E[ }('Z}+Z ~ >}A ~id@iod 52Zu veJv}( W] | E]JvP § oX ~i6dfieU §Z
ZuPecpuv [}I(EAEE § oX ~TMeXEAEZ *» SuVvySe%eHio 3 & Z]5 SuC
spanning the lifetime of multiple submarine fans anditlgeposits, bound by long-term
unconformities influenced by regional tectonics (M@tNormark, 1987; 1991; Navarre et al., 2002).

The internal character of these deposits is not well-doeated, but Mutti & Normark (1987) still
infer cycles of initiation, growth and retreat at this szal

50



Juulv Z] @ @ Z] 0 }E &+ (JE ZGU®E PE Z+Z 3] E Z]5

IV Z %0}*18}}Vv[ 0 %o}esuDusSS] " E}EuU EI| i6066V i6di*U Z 5[ ]* }(S v §Z
hierarchical division observed, although not always seem discrete class (Deptuck et al., 2008;
D }vo S oXU T iiieX Z [ ] PSP PwSEEM&E}§E <]JVvPoO % }*]1S]}v 0O
‘v 8] o00C E o8 Z [ puv]de E }8u,bepatatpdbydmdn-erdsjonal
surfaces, into distinctive lobate geometries, identifyangommon hierarchical division often termed
Zo} O UVS[ ~ %3Sul 3§ oXU ioMWDO W @ § $§ ooOUWIiTii*U }tu% E o

§Z Z o uvsS EGeryai€¢tal (20066 v 5Z Z & Z]S SUE o o u vs[ }(d Eo I
(2016). In outcrop, units of this type predominantlyshvertical internal stacking (Prélat et al.,
2009; MacDonald et al., 2011), whereas in high-resolusgismic datasets the thickest part of
internal bed deposits are seen to show some lateral off€atrvais et al., 2006a; Deptuck et al.,
116U 8§Z]e ]* & % v C u C ee} JoBU]AFIPV XX dEC%O 3 & 0 }((* 3U } @&

u% ve S]Iv[ ~cATiuU %o S Hid segn to keflectiodad thanges in gradient, not
associated with basin-wide discontinuities. In depositthefKaroo basin, Prélat et al. (2009)
& }Pv]e 8§Z 8§ Zo} O U VS[ puv]de ~@7 Yu¥Z] lCeBagws}v ]Jvd EA o-U
interpretedas a8 U% }@E EC %0}*]38]}v 0 Z+Zus }AV[X(PEZFX & G PPV}Ti&Z
Zo} 0 u v3e[ ¢ 3Z % E} 3 }( %E ] 3U o %MFZakepddiorEC C o
amalgamation, bypass and abandonment are interpreted fromfaleges trends; such cycles mirror
the initiation-growth-retreat cycles observed in channepdsits.

At a larger-scale, compensational stacking of depositionas isirecognised as a key diagnostic
Z E S E v S§Z SSE] pSItv }( pVESP I3 EN0%).Posat ¢t al (20%9), and
d Eo IC § oX ~1iiosU Zo} +3}ECY ZPEHA EE EAapxAndioX ~1iio
Z }u%}e]S o} [ C %Spl 8§ oX ~1Bi6eXv~iDiieXv'ov §] 00€ & o 3 U c
order architecture (typic@oC 3Z Zo} 0 U VSe[ *» % E AJAISZQV 3}IEJPE %]
lows to generate lobate or lenticular geometrigs deposits of the Karoo basin, Prélat et al. (2009)
E }Pv]e 8Z 8§ Zo} [ uv]de E }pv 62-2Qn thick. Thq inferaal
compensational stacking is seen to be a product of laeddr channel avulsion, associated with the
H%*SE u *JvPO Z vv o SZ S ( <+ SZpXDoHidgWWEESP IS S oXU Tiid6V D
al., 2011; Terlaky et al., 2016). The understandirdyaihage patterns and its avulsion-based
hierarchy can thus be used to better inform lobe hietar, a property employed by Terlaky et al.
(2016). These deposits are also interpreted by Prélat.€2009) and Terlaky et al. (2016) to mark
the transition from autogenic- to allogenic-dominant depiasial controlst although the precise
effects of such controls are not specified.

Typically, the largest hierarchical orders identifiedlistributary environments are characterised by
§Z } MWEE v }( }u% ve S]}v 0 S EH]o s }( Z0jtsDHf ¥is tyQe are
}ve]es v30C 3 Eu e Zo} }u %o &) ABasDeptudEdh al.s 2088, Brélat et al.,
2009; Terlaky et al., 2016). In deposits of the Karagir) Prélat et al. (2009) recognised that these
units are separated by basin-wide claystone intervals that&® cm thick (Prélat et al., 2009). The
Zo} }u%o AE[ %o}e]Se }( SZ e+ USEAITHEHVPE %V¥S]EER(@®E} <]vPO u i}C
channel system, whereby internal breaks in sedimentatiod compensational stacking styles result
from large-scale channel avulsions (Gervais et al., Z0D6ptuck et al., 2008; Terlaky et al., 2016).
These avulsions are more significant and occur furtipstream in channel-levee systems than
those experienced at lower hierarchical orders (Terlakyl.e 2016). The more significant clayey
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intervals or top bounding surfaces that mantle architectuoéshis scale are seen to be driven by

widespread basin starvation, controlled by allogenic fugce.g., relative sea-level change (Prélat et

al., 2009). - }ve <cpu v }(8SZ 5 I]JvP v %}EI|pvE¢}54 Uv]SeU WE o0 § &
(2009) recognise phases of growth to be expressenhits of this type~ o} tu%o A Z]v]sS] S]}v[U
ZPE}ASZ[U Z plo JvP[ v ZE S@EiX (X ,} Pe}v § oXU

Noteson the application of an observation-based genetic hierarchy

While commonalities can be found between hierarchicaksobs based upon sedimentological
descriptions and their interpreted genetic processesjtion in exercising such comparison is
necessary. As a general rule, architectural complexitgéen to increase as the scale of deposition
increases, with associated difficulties in capturing the @eclure of larger bodies. In part these
difficulties arises because of the increasingly compband diachronous nature of deposits at larger
scales and in part due to the fact that key observations bitkwvhierarchical orders are defined
change with scale. For example, at lower scales, fatiascteristics, which are more easily
described in outcrop, are heavily relied upon to clystsie hierarchy of sedimentary bodies (such as
(JE Z vv o]l Z ] v Z«3}E Cap XES P @ &rfkchy(baomés more

E 0] VS p%}v SZ P }u SEC }( Ho}e]8eu~ZSZ[W oo [SLE]EO*S I]VP % S8
~Z Z vv 0 }u%o0 &£ [U Zo} <[ WV uZiiferences &cpmairEhe pifiiculties in
reconciling hierarchical schemes for seismic and optclatasets, compounded by the fact that the
recognition of larger hierarchical orders often depemdsrecognising the nature of lower-scale
internal bodies. Where lower orders cannot readily benitfied (e.g., in seismic datasets or in
coarse amalgamated deposits; cf. Ghosh & Lowe, 1993Ytaitty may cascade upward through

the hierarchical classification, affecting the confidenéthwhich larger orders can be recognised
and interpreted.

A genetic hierarchy would ideally relate deposits togasses that are exclusive to specific scales. In
practice, however, it is not possible to confidentlyate observations in the rock record to specific
suites of genetic mechanisms, i.e., the possible-idiorensional expressions of all plausible
combinations of depositional and erosional mechanisms chhaageconciled. Application of a
genetic hierarchy is also impeded by uncertainty in pssdaterpretations deriving from difficulties

in discriminating the effects of autogenic dynamics afidgenic controls. While allogenic controls
(e.g., regional basin tectonics, eustatic sea-levehgka, rate and calibre of sediment supply) are
widely recognised to affect sedimentary architecturBsofv et al., 1996), their expression and
degree of interaction cannot be confidently recognised iway that enables ties to scales of
depositional architecture (McHargue et al., 2011). Herinks between hierarchical orders and
allogenic or autogenic controls are often speculative.(eshort-term and long-term relative sea-
level changes; Mutti & Normark, 1987; 1991) or basedamsiderations on the physical scale at
AZ] Z %o@E} e o E £ %35 S}-}JusEve SPXUIEZ @ }( %3Sp |l 8§ oXU
which is interpreted as the product of an autogenic mechandue to the local extent of
discontinuities).

C o« }(Z]v]s] 8]}vU PE}ASZ v EvS{EI]nalch@nelijedhierarChigal

JE Ee ~ £ op JVP Z  ¢[+X "Uul€ @ B dEvo }A}u3lF|E Z A o-} v
identified for depositional-lobe depositsénsuMutti & Normark, 1987; 1991 (e.g., Hodgson et al.,
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2006; Prélat et al., 2009; MacDonald et al., 2011), elbas for complete depositional systems (cf.

Z( v C o <[ HacobsenEtal.,, 20085uch commonalities suggest that some degree of

common hierarchical organisation can be recognised willeiep-marine systems. However, the fact

that these depositional processes occur over a rangeaésdimits their value as a criterion for

% E}%}e]vP ZP v 3] [ Z] E E ZQUVEESE §70 SPv(1EA}Iw(Z] E E Z]
in different schemes.

3.6 Spatial and temporal scales of hierarchical ergl
The temporal and spatial expression of hierarchical sdaleften described, at least tentatively, by
the authors of the schemes.

Relationships between hierarchical orders and physicdesare proposed for the majority of
hierarchical schemes in the form of dimensional paraanethat describe the size of the deposits
(see Figs. 21 and 22), for sedimentary bodies at albore of the hierarchical orders in the schemes.
Ranges in width and thickness are presented in Figs. @22amespectively. The data have been
derived from the publications where the schemes wpresented, and represent: (i) values that
were stated as representative of the particular hierarchaaler, (ii) scales depicted graphically in
synthetic summary models, (iii) values relating to casehsexamples referred in the original paper.
Asfarasit v e« E3]v UA] 3Z Aop e« E (0 Sedsti@ahdn®& <pE u vse
Underwood, 1993), whereby a width measurement is takerppndicular to the modal palaeoflow
direction of the deposit. Discrepancies exist betweemedatudies regarding the importance of
deposit dimensions as a criterion in hierarchical clasgibns. For instance, Pickering et al. (1995)
state that the characterisation of an architectural geometogesd not need to be dependent upon
scale; rather, in their view, scale is implicit in thdenng of bounding surfaces, which denote

ZE o0 S]A [+ 0 E & 0 §]}veZ]%o-

System controls (e.g., tectonic setting, dominant geiie) affect the magnitude of deep-marine
depositional processes and thus their architectural expiass (Richards et al., 1998; Weimer &
Slatt, 2007). This phenomenon hinders the use of albsalcale as a universal criterion to determine
hierarchy in deep-marine systems; indeed, overlaps betwigierarchical order dimensions can be
found within single system datasets, e.g., most notabléandner & Borer (2000); Prather et al.
(2000); Gardner et al. (2003) and Gervais et al. (200&a)etheless, some general associations
between hierarchical orders and dimensions of sedimegntarits can be found for selected
environmental settings or types of deposits (e.g., cl@saivs. lobes). For example, in channel
environments, sub-Z vv o Ze$gasuSprdgue et al. (2002; 2005) and broadly equivalent
deposits (see Section 3.5) usually range in thickmess 1 to 15 m fairly consistently across the
different schemes. However, further research is warranie assess the extent to which geological
controls influence the geometrical expression of aegagnised hierarchy. For example, Prélat et al.
(2010; cf. Zhang et al., 2017) test the effects of tappyic confinement on the size of lobe deposits
across six depositional systems, identifying areally mhllit thicker deposits within

topographically confined systems.

Temporal scale can also be used to define hierarchy eStudies provide timescales for some or all
of their hierarchical orders (Fig. 23), usually to almnparison to sequence stratigraphic orders
(Mutti & Normark, 1987; Navarre et al., 2002; Hadler-Jaenket al., 2005; Mayall et al., 2006). The
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temporal expression of hierarchical orders in selecteliesnes is shown in Fig. 23. The data have
been derived from the publications where the schemesavpresented, and represent: i) data
ranges based on chronostratigraphic constraints (e.g., Nenaral., 2002) or radiometric dating
(e.g., Deptuck et al., 2008), ii) inferred temporal mitude, estimated either on the basis of known
relationships between sedimentation rates and timescaleslg, 1981; cf. Ghosh & Lowe, 1993) or
by reference to the presumed temporal significances@dfuence-stratigraphic orders (Vail et al.,
1977; Mitchum & Van Wagoner, 1991).

Correspondences between hierarchical orders can be seeoss the schemes on the basis of their
timescales, largely through interpretations of their egalence to sequence stratigraphic scales. For
example, Mitchum & Van Wagoner (1991) suggest tffab&ler depositional sequences should be
recognisable in deep-marine successions through tieeggition of bounding surfaces and
condensed sections. Units of this type, interpretecetobody a time span of 1-2 Myr, can be
comparedtotZ Z}E &E[ pv]Se-Jacobsen &Eal. (2005) and Mayall et al. (2006), and to the
Z %}e]3]}vo e cuv [}(EA E@3-X5dEX ZFpiE ~BPRu%o0 A£[ }( Duss]
~id606°U v 8§Z }lu% E o0 Ze<]AESZLiWE (1603),ave] Brtdrpreed ed containing
multiple depositional sequences. The ability to linkrarchy in stratigraphic architecture to

traditional sequence stratigraphic timescales is, howeaeayestionable approach for assigning
temporal significance to deep-marine deposits. Identifimatdf sequence stratigraphic units in
deep-marine successions is challenging (Catuneanu @04l1), largely due to difficulties in
correlating time-equivalent packages across linked ditjposl systems and recognising the
expression of surfaces with sequence stratigraphic fgmice. It is notable that significant
discrepancies can be found in the study of Hadler-Jaaobsal. (2005) between the inferred

duration of the deposits and the timescale that is expectadiie same orders in the scheme based
on how units map onto the sequence stratigraphic framework

The relative scarcity of radiometric ages for deep-madeposits makes inferences of timescale
challenging, particularly since extrapolation of duratibasower scales cannot be attempted based
on limited constraints, since the average duration of hiatuseseases with the timescale (Sadler,
1981). Necessarily, the inherent incompleteness ofdghelogical rock record must be taken into
account in the classification of hierarchy. Findingsrarge of marine and non-marine clastic
environments highlight the fractal organisation in whicheiim recorded in their preserved
stratigraphy, in relation to the dependency on timescals®dfimentation rates and durations of
depositional gaps (Sadler, 1981, 1999; cf. Miall 220%6). The identification of common cyclical
processes in deep-marine environments, i.e., cyclésitiation, growth and retreat, could be used
to suggest that a similar fractal organisation might exishigtratigraphic architecture of deep-
marine systems, at least over a certain range of scalesidBagthat fractal modes of organisation
might permeate aspects of sedimentary architectures has h@ebed by several authors (Thorne,
1995; Schlager, 2004; 2010; Catuneanu et al., 2014ui$8& Pyles, 2012; among others). Whether
fractal patterns exist in the geometry of certain deep-mardeposits in relation to the scale-
invariance of certain processes is a subject that desdtuéser investigation.
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Fig. 21- Element widths for specific hierarchical orders, tak®m the original studies. Ranges
(lines and bars) or single values (diamonds) have lseerced from the text (black outline),
measured from summary figures (no outline) or reprasdeta from examples shown in the
paper (lines empty diamonds). Maximum widths, measwgtogonal to the dip or

palaeoflow direction of the unit were recorded wheogsible. Colours denote the type of
elements the ranges refer to (blue: lobe deposits; oerghannel deposits; grey: lobe and
channel, other or unspecified deposits). Uncertaintyranges is represented by faded lines
and bars.
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Fig. 22 Element thicknesses for specific hierarchical ordaken from the original studies. Ranges
(lines and bars) or single values (diamonds) have eerced from the text (black outline),
measured from summary figures (no or white outlineye@present data from examples shown in the
paper (lines or empty diamonds). Maximum thicknessesewecorded where possible. Colours
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denote the type of elements the ranges refer to (bluddaleposits; orange: channel deposits; grey:
lobe and channel, other or unspecified deposits). Utaiety on ranges is represented by faded
lines and bars. See key in Fig. 21.

Fig. 23- Compilation of documented durations for hierarchicaless, taken from those hierarchical
schemes within the review that apply them. Ranges are baseghch respective study, as either
proposed ranges in inferred durations (bars) or as ramgestimated durations based on available
temporal constraints (lines), both as reported by the authof the scheme. Uncertainties on
minimum and maximum values are shown as fading bars ard-epded lines. Bar colour denotes
the type of elements the ranges refer to (blue: lokepdsits; orange: channel deposits; grey: lobe
and/or channel deposits, other deep-marine or unspedifileposits).
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4 Conclusions

The widespread use of hierarchical classifications hggeHehake the complexity of deep-marine
stratigraphy more tractableHowever, many different hierarchical classification schsrmave been
devised to describe deep-marine sedimentary architectwiéh new ones often being devised for
new case studies, regardless of whether the aims ofthdy and the types of deposits being
examined were comparable to those of previous invedtans This work, for the first time, has
systematically reviewed and compared a representative sieleof the most widely adopted deep-
marine hierarchy schemeBy reviewing the principal characteristics of each hieraah
classification (i.e., the study aims, data types and scapd)the common diagnostic criteria used to
attribute deposits to given hierarchical orders, the causesimilarity and variability between
different schemes can be assessed. This review caeftiverbe used to aid sedimentologists who
wish to classify a deep-marine system using an existagsification scheme, or who wish to
compare their results, fully or partly, to those descdhgsing other classifications.

Notwithstanding the observed variety in hierarchical schemiecurrent sets of observations are
seen to underlie all the classification approaches detditetthis review. To define each hierarchical
order these approaches commonly entail the recognitibtitbological properties (notably facies
associations) and architectural geometries, along with #mognition of bounding-surface
characteristics and inter-surface relationshipsiferent classification approaches also apparently
share similar genetic interpretations - derived from #ets of common sedimentological features -
although this theme deserves further work. Such commdiealiof approach may be used as a basis
to justify a best-practice methodology for the descidpt of the hierarchy of deep-marine clastic
sedimentary architecture. Thus, it is recommended thatdniehical relationships be categorised on
the basis of primary sedimentological observations (éagies association, cross-cutting
relationships, unconformities, and relative containmensetiimentary units within higher-seal
bodies), rather than through predefined schemes devetbf particular contexts and whose
application entails interpretation.

The recognition of similar criteria for hierarchical cifisation supports the idea that at least some
degree of hierarchical organisation in deep-marine déjimsal systems does occur. Nonetheless, it
remains difficult to reconcile the different hierarchi schemes. Such difficulties arise in part from
differences between the underlying studies (e.g., dges, scales of interest, specific
environmental settings) and in the significance givethesdiagnostic criteria, as well as from the
adoption of non-standard terminology. Different numbe@fshierarchical orders are commonly
recognised for unitin different sub-environments (such as channegddobes), and furthermorgt
remains unclear whether a particular hierarchal levelne sub-environment necessarily
corresponds to the same level in another from a procgasdpoint. Such inconsistencies reflect an
understudied problem in the erection of system-widerarchies. In the current state of knowledge
it is therefore concluded that a universal, process-basedanchy, applicable to all data-types and
across all deep-marine clastic systems cannot be establighe Rosetta stone remains elusive
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