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Geologi@al controls on the geometry of incised-valley fills:
Insights from a global dataset of late-Quaternary examples

Ru Wang?, Luca Colombera, and Nigel P. Mountney

! Fluvial & Eolian Research Group, School of Earth & Environment, Universitgeds, Leeds, LS2
9JT, UK

ABSTRACT

Incised valleys that develop due to relative sea-level change are common featon¢isental
shelves and coastal plains. Assessment of the factors that control the georimstisedfvalley fills
has hitherto largely relied on conceptual, experimental or numerical modelsa®lseem grounded on
case studies of individual depositional systems. Here, a database-driven statistical ahabsiate-
Quaternary incised-valley fills has been performed, the aim being tdgigateshe geologal controls
on their geometry.

Results of this analysis have been interpreted with consideration oblthefr different
processes in determining the geometry of incised-valley fills throughetfiedt on the degree and rate
of river incision, and on river size and mobility. The studied incised-vallsyléveloped along active
margins are thicker and wider, on average, than those along passive margins, sudgesgngpmic
setting exerts a control on the geometry of incised-valley fills, likely thraiffgcts on relative sea-
level change and river behaviour, and in relation to distinct characteristiasinfphysiography, water
discharge and modes of sediment delivery. Valley-fill geometry is positivehglatd with the
associated drainage-basin size, confirming the dominant role of water dis€Hangge is also inferred
to exertapotential control on valley-fill dimensions, possibly through modulatiorsmperature, peak
precipitation, vegetation and permafrost, which would in turn affect water discharge, ratemehsedi
supply and valley-margin stability. Shelves with slope breaks that are cyrdeetber than 120 m
contain incised-valley fills that are thicker and wider, on average, than those hosteelvas with
breaks shallower than 120 m. No correlation exists between valley-fill thicknesgreseht-day
coastal-prism convexity, which is measured as the difference in gradient betweerdastal plains
and inner shelves.

These findings challenge some concepts embedded in sequence stratigraphic thinking, and have
significant implications for analysis and improved understanding of séougiak sediment route-
ways, and for attempting predictions of the occurrence and characteristics of hydrocarboirseserv

Keywords: incised valley, sea-level change, drainage basin, basin physiography, Last Glacial
Maximum, fluvial equilibrium profile.

INTRODUCTION

Incised valleys are common features of continental shelves and coastal plains. Irttihgse se
valleys develop as fluvially eroded, elongated palaeotopographic lows in respogiatiiesealevel
fall that causes rivers to incise their bed in an attempt to reach a nevedoaguilibrium profile
(Summerfield, 1985; Posamentier and Allen, 1999; Blum and Térngvist, 2000; Holbralok206;
Blum et al., 2013). The resultant valleys are subsequently inundated by the sea duriogiagfol



episode of sea-level rise, typigaleading to the development of estuaries in the nearshore (Zaitlin et
al., 1994). As transgression proceeds, both the valley margins and the sediméhtaryhe base of

the valley itself may be reworked by coastal and marine processes (Roy, 1984; Dalrymple et al., 1992;
Allen and Posamentier, 1993; Zaitlin et al., 1994; Strong and Paola, 2008; Blum and §Haupo;

Blum et al., 2013). Valley systems that are cut in response to relatievetahange possess greater
potential for sediment accommodation than time-equivalent interfluve areasheantfill of such

valleys typically records a complex history of infilling via sedimentatioa range of environments as

sea level rises (Thomas and Anderson, 1994; Rodriguez et al., 2005; Simms et al., 2007a).

Although incision and development of valleys in the nearshore region occurs during episodes
of relative sea-level fall, valley development may continue during lowstanes tas rivers seek to re-
equilibrate (Summerfield, 1985; Blum and Price, 1998; Posamentier and Allen, 1999; Blum and
Tornqvist, 2000; Holbrook et al., 2006; Strong and Paola, 2008; Martin20&1; Blum et al., 2013).

The lower part of the valley fill usually records sediment accumulation via flesséms both during
the falling-stage and lowstand systems tracts (Blum and Price, 1998; Strorapéand2B08; Martin et
al., 2011; Blum et al., 2013). However, the majority of the fill of valley systemsists of a relatively
complete record of deposition during the lowstand and early transgressive systEsnwhereby
slowly rising sea level locally reduces the fluvial gradient close to theywsitioreline and encourages
accumulation (Posamentier and Allen, 1999; Blum and Tdrngvist, 2000; Holbrook2$i04;,Blum
et al., 2013). Thus, the sedimentary fill of these types of valleys mightpronitical information about
earth-surface processes, related depositional history, and its controls, suchates aheelative sea-
level change and its effects on sediment distribution and depositional environResaméntier and
Vail, 1988; Wright and Marriott, 1993; Shanley and McCabe, 1994; Dalrymple et al. 288 et
al., 1994; Legarreta and Uliana, 1998; Blum et al., 2013). Furthermore, inaibeyglsystems play key
roles in transferring sediments from hinterland regions to deep-marine envirertdugng lowstands,
which makes them a useful reference for exploration of sediment linkages to down-dip, caiaes-gr
lowstand deltas or basin-floor fans (Mitchum 1985; Van Wagoner et al., 1988, 1990; Posag@itier
Tornqvist et al., 2006; Blum and Torngvist, 2000). Typically, incised valleys$niially filled with
coarse-grained fluvial deposits at their base during relative sea-léveinéa lowstand, and are
subsequently filled by estuarine and marine deposits during the followidgvetaise (Roy, 1984;
Dalrymple et al., 1992; Allen and Posamentier, 1993; Wright and Marriott, 1993; ShanMy@ale,
1993, 1994; Dalrymple et al. 1994; Zaitlin et al., 1994; Blum and Tornqvist, 200@; & al., 2013).
Thus, many valley fills are sand prone, which makes them potential hydrocarbon resanebi
groundwater aquifers (Wright and Marriott, 1993; Shanley and McCabe, 1994; Dalrympl&S&4al
Zaitlin et al., 1994; Blum et al., 2013), and possible sources of sand for beach renourishment.

Extensive research has been undertaken previously to characterize the intefmaddiltshore
incised valleys (e.g., Fisk, 1944; Zaitlin et al., 1994; Wright and Marti9€3; Allen and Posamentier,
1993; Shanley and McCabe, 1994; Dalrymple et al., 1994, 2006; Legarreta and Uliana, 190&; Bl
al., 2013). Numerous conceptual, numerical and experimental models have been devised, and scaling
relationships identified from modern or ancient case studies, to investigatmmwans of fluvial
channel incision, lateral migration and associated drivers over short timegsca@sr) (e.g. Hooke,

1979, 1980; Nanson and Hickin, 1983; Fielding and Crane, 1987; Bridge and Mackey, 1993; Mackey
and Bridge, 1995; Lawler et al., 1999; Richard et al., 2005; Shanley, 2004; Fielding@&il Gibling

2006; Blum et al., 2013). However, only a limited number of studies have hitheused on geologit
controls that determine the geometry of near-shore incised valleys and kethdilresults of such
studies largely consist of conceptual, experimental, or numerical modelsigTalio8; Posamentier



and Allen, 1999; Strong and Paola, 2006, 2008; Martin et al., 2011), or are based dndies®fs
individual incised-valley systems (e.g. Posamentier, 2001; Weber et al., 2004, lahth&agai, 2017)
or of multiple valley systems in a single region (e.g. Mattheus 2007; Mattheusodriguez, 2011;
Phillips, 2011 Chaumillon et al., 2008).

In this study, a database-driven statistical analysis has been performethevidim to
investigate the geologit controls on the geometry of incised-valley fills. The study is based on a
compilation of late-Quaternary incised-valley fills, especialbut not only- those formed during the
last glacio-eustatic cycle; the studied examples are representative of diffiareatic and tectonic
settings, and are distributed globally. By restricting the scope of inagetigto late-Quaternary
examples, the controlling factors on valley characteristics and evolutidreazonstrained closely. It
is therefore possible to relate vallfly-geometry to magnitude of sea-level change, drainage-basin size,
drainage-basin vegetation type, physiography of the receiving basin, climate, substiatgy |eina
tectonics. These variables are generally poorly constrained for most andeesssons. Specific
objectives of this work are as follows: (i) to gain an improved understandgeptifgial controls on
valley-fill dimensions; (ii) to evaluate the relative roles of differentticds on valley incision and
widening; (iii) to present implications of the results for sequence stratigiapdhyor hydrocarbon-
reservoir prediction and characterization.

BACKGROUND

Observations from experiments (Strong and Paola, 2006, 2008) and investigation of late-
Quaternary incised valleys, such as those along the Texas coastal plain (BRricent998; Blum et
al., 2013), reveal the diachronous nature of the basal surfaces of incisedilsllénese surfaces do
not typically represent relict geomorphic surfaces, but rather amalgamatenharésatures resulting
from multiple episodes of punctuated channel incisions accompanied by lagnationi, channel-belt
deposition and valley-wall reshaping during relative sea-level fall and lowatatidy deepening is
driven by vertical channel incision, whereas valley widening is largely driven drgllamigration of
channels and valley sidewall destabilization (Strong and Paola, 2006, 2008; Martin et aBl@611;
et al., 2013). Insight on controls that govern channel incision and lateral migtatiog relative sea-
level fall and rise is therefore useful for exploring the geobdgoontrols on incised-valley-fill
dimensions. Process-based studies argue that along the continental margins, figioal imitates
when a steeper-gradient surface with respect to the fluvial equilibriditepsexposed during relative
sealevel fall (Summerfield, 1985; Leckie, 1994; Talling, 1998; Posamentier and Allen; Bag9
and Tornqvist, 2000; Holbrook et al., 2006; Blum et al., 2013). The onset of incisiomlyeoecurs
at the highstand coastline or at the shelf-slope break when exposed by sealtevelfal systems
tend to reach their graded profile by landward propagation of retreating kmitkg8ummerfield,
1985; Posamentier and Allen, 1999; Blum and Tdrngvist, 2000; Holbrook et al., 2006). Knickpoin
migration rates have been shown to be strongly controlled by water discharge (Sehamr984;
Loget and Van Den Driessche, 2009) and substrate characteristics (Van Heijst and Postrhag2001;
and Van Den Driessche, 2009). Thus, both the magnitude of sea-level fall and tbgralpysi of the
basin determine the largest vertical adjustment of a river system throlaghimaision, whereas water
discharge and substrate characteristics dominate the degree to which, and rate at whidysfiemns
approach the equilibrium profile (Paola et al., 1992). However, rivers mightaise iduring relative
sealevel fall if the shelf is broad and of a gradient similar to, ortleas, that of the adjacent coastal
plain, and if water dischargerelatively small (cf. Woolfe et al., 1998). Valley downcutting migkbal
take place under conditions of marine transgression, for example because of éextosistatic uplift



of coastal plains, or due to rapid coastal erosion by waves and longshore driftKaf.1994). Channel
lateral migration rates have been shown to be strongly controlled by water disghaoge, 1979,
1980; Nanson and Hickin, 1983; Lawler et al., 1999; Richard et al., 2005), sediment Sinzais (et
al., 2002; Peakall et al., 2007; Braudrick et al., 2009; Martin et al., 2011), bed hsireridNanson
and Hickin, 1986; Richard et al., 2005) and bank stability (Hickin and Nanson, 1975; Namson
Hickin 1983; Hickin and Nanson, 1984; Lawler et al., 1999; Richard et al., 2005).

Many authors have summarized the fundamental controlling factors that govern valley
geometry; principal among these are the rate and magnitude of base-level falphasography
(gradients along the depositional profile and shelf-break depth), climate, substrateteristics and
tectonics (Schumm, 1993; Talling, 1998; Posamentier and Allen, 1999; Holbrook and Schumm, 1999;
Blum and Tornqvist, 2000; Posamentier, 2001; Van Heijst and Postma, 2001; Gibling 2006a8dtrong
Paola, 2006, 2008; Loget and Van Den Driessche, 2009; Martin et al., 2011; Blum et al., 2013).

A number of studies have concentrated on the impact of relative sea-lewaltfa formation
and morphology of incised valleys (Blum and Térnqvist, 2000; Strong and Paola, 2006, 2008; Mar
et al.,, 2011; Blum et al., 2013). Strong and Paola (2006, 2008) explored the evolution in valley
morphology and the emergence of stratigraphic feedbacks in response to relative sea-level fall throug
experiments that included (i) an isolated slow cyelere ‘slow’ is defined with respect to a theoretical
equilibrium time that is direct function of basin length (Paola et al.,)1992an isolated rapid cycle,
and (iii) several superimposed rapid cycles, given steady passive-margin style subsidence and constan
sediment and water supplies. Physical experiments by Strong and Paola (2006, 2008) hradicate t
relatively slow sea-level fall could lead to the formation of bepamhd flatter erosional surfaces,
whereas relatively rapid sea-level fall tends to encourage the developfraggper incised valley
systems. The same authors also demonstrate that the magnitude of relatexelstdl-primarily
determines the valley depth, whereas the rate of relative sea-levebfaliidamental control on valley
width by controlling the duration of time over which the valley-fill bounelagan be shaped. Based on
observations from experiments, numerical modelling and field data, Martin et al. {@éd$€£don the
downstream changes in valley dimensions, indicating that valley width and vallayt@sgpto increase
downstream towards the shoreline position at the beginning of base-levahthihterpreting such
downstream valley widening as related to increased sediment influx from valley éxtaaating
independently from relative sea-level changes or initial surface topograptyerrute, Martin et al.
(2011) highlight that both valley depth and valley width increase with #gnitude of relative base-
level fall, and that valley widening closely follows valley incision and extensmporally during
relative sea-level fall.

The physiography of the depositional profile over which incised valleys develop has been
shown to play an important role in valley incision and widening (Summerfield, 198b1gT41998;
Posamentier and Allen, 1999; Posamentier, 2001; Blum and Térnqvist, 2000; Tornquis2@dél
Blum et al., 2013). Along the continental margins, the onset of valley incisionttecoimmence when
a convex-up topography is exposed during relative sea-level fall (Summerfield, TESig1g, 1998;

Blum and Tdrnqvist, 2000; Blum et al., 2013). Such topographic profiles are typical aftstand
coastline and shelf-slope break. Several authors (Talling, 1998; Posamentier and Allen, 1999;
Posamentier, 2001; Tornqvist et al., 2006) have argued that when sea level falls bslusif theeak,
incised valleys will form across the entire shelf. By contrast, when seaddsdbut does not expose

the shelf break, incised-valley development will be limited to the region of the cpasial Based on
observations of present-day gradient profiles along passive margins and marginsegssathat
foreland basins, Talling (1998) further illustrates that if the sea tewmahins above the shelf break



valley incision will be governed primarily by the geometry of the coasisiin and valley incision will

tend to increase with the coastal-prism convexity. Moreover, the magnitude of valisyn is
expected to increase basinward towards the highstand shoreline, and theredewraats the shelf
break; the maximum degree of incision is thought to occur at the highstand shoreline (Talling, 1998)

Climate is known to control valley morphology and valley-fill dimensions in a c@mpl
manner. It dictates the supply of water and sediment to a river, mediated by @ffeariables such as
temperature, precipitation, vegetation, and presence of permafrost, particularly theugifluence
on surface runoff characteristics, which are themselves related to the magnduddeguency of floods
(Blum et al., 1994; Blum and Tdrngvist, 2000; Bogaart et al., 2003a, b; Vandeah2093; Blum et
al., 2013). Through analysis of the geometry of late-Quaternary incised-vallemsydbng the passive
continental margins of the northern Gulf of Mexico and of the US mid-Atlanti¢,ddastheus et al.
(2007), Mattheus and Rodriguez (2011) and Phillips (2011) show that valley dimensi@sdepth,
width and cross-sectional area) are primarily controlled by thrainage-basin area, which is a proxy
for the water discharge of their formative rivers; shelf-break depth asthtpéain and shelf gradients
are secondary controls.

Tectonic processes also control valley dimensions, notably throughritheinice on relative
sealevel changes, basin physiography and sediment delivery rates, and indirectfediyn@fthe
drainage-basin climate (Posamentier and Allen, 1999; Jain and Tandon, 2003; Ishihar20ét al
2012; Wohl et al., 2012; Tropeano et al., 2013; Vandenberghe, 2003; Ishihara and Sugai, 201¥). Studie
on several palaeovalleys (Sugai and Sugiyama, 1998, 1999; Makinouchi et al., 2006; Ishihara et al
2012; Ishihara and Sugai, 2017) developed on coastal plains in Japan show that tectordc uplif
subsidence act to enhance or reduce, respectively, the effect of sea-level iy dimensions for a
given episode of eustatic sea-level fall; local tectonic uplift is gegexrsdlociated with well-developed
terraces and narrow valley floors, whereas local tectonic subsidence is priin&gly to poorly
delineated terraces and wide valley floors.

Additionally, wave or tidal erosion causing ravinement during the transgresaiyeeof incised
valley infilling might greatly modify the dimensions of inetsvalley fills (e.g. Lericolais et al., 2001
Mattheus and Rodriguez, 2011; Blum et al., 2013

Existing conceptual models or experimental studies haveddndocus on consideration of
one overarching factor (e.g. relative sea-level change) as a control on the georimaigsedtvalley
fills, whilst treating other parameters as constant. Yet, thisaw/n not to be the case in natural systems.
A more comprehensive assessment of controlling factors on the geometry of inciegdilialis
attempted here by means of a comparison of data from multiple case stodi#eddy a database
approach.

METHODOLOGY

To evaluate the relative roles of different geolagjaontrols that influence valley incision and
widening, in this work a statistical analysis of relationships betwéerQaaternary incised-valley fills
and parameters that describe their context and controlling factors has been andmatsd on data
derived from a literature compilation. Data have been coded in a relatioabbst the Shallow-
Marine Architecture Knowledge Store (SMAKS; Colombera et al., 2016), which stores data on the
sedimentary architecture and geomorphic organization of shallow-marine and paictasic
depositional systems. SMAKS includes quantitative data on gealagitities of varied nature and
scale, and on their associated depositional systems, which can be classified on multiplesafeuget
shelf width, delta catchment area) tied to metadata (e.g., data types, data sources).



This study utilizes data on 151 classified late-Quaternary incised-vélgylB5 of which
developed during the last glacial-interglacial cycle (LGC), and 16 of winecbfgpreLGC age. The
primary data have been extracted from 67 published literature sources. A detabedt of all the
case studies included in this work, their associated bibliographic referenctéweagdes of data is
reported in Table 1, and the location of the studied incised-valley fills is Shdwg. 1. The datasets
that underpin this work are available as part of the supporting informatida &atilable to download
as an accompaniment to this paper (see Supplementary Material).

The importance of controls on valley-fill dimensions has been assessed thyaagp@rison
of descriptive statistics and associated statistical tests and (ifjnidedon of correlation between
variables, as outlined below.

TABLE 1. Case studies stored in the SMAKS database on late-Quaternary wedisgdils. The table illustrates
published literature sources, data types and the age of formation (as IpB:LasC) for each case study. Case-
study identification numbers (ID) relate to those coded in the SMAKS databasesaeftared to in following
figures. N = number of incised-valley-fill elements developed for each tabe at or before the LGC.

ID Case study Data source Data types N Age
31 Composite database Mattheus and Rodriguez (2011); Airborne images, Cores 38 LGC
Gulf of mexico and Mattheus et al. (2007) Well cuttings, Shallow
Atlantic Ocean, seismics
USA
38 Pilong Formation,  Algahtani et al. (2015) Cores, 3D seismics, 1 LGC
South China Sea, Shallow seismics
Sunda Shelf
39 Late Quaternary of Maselli andTrincardi (2013); Cores, Shallow seismic: 1 LGC
Manfredonia Gulf, Maselli et al. (2014)
Adriatic Sea
42  Lower Tagus Vis et al. (2008); Vis and Kasse Cores 1 LGC
Valley, Portugal (2009)
44  Rio Grande do Sul, Weschenfelder et al. (2014) Cores, Shallow seismic: 2 LGC
Atlantic coast,
Brazil
48 New Jersey shelf,  Nordfjord et al. (2005); Nordfjord e Cores, Shallow seismic: 2 LGC
USA al. (2006)
49  Hervey Bay, Payenberg et al. (2006) Shallow seismics, 1 LGC
Queensland, Bathymetric profile
Australia
51  Gulf of Lion, France Labaune et al.(2005); Labaune et Cores, Shallow seismic: 1 LGC
al.(2010); Tesson et al.(2011) 5 Pre-
LGC
59  Bay of Biscay, Weber et al.(2004) Cores, Shallow seismic: 3 LGC
France
60 Bay of Biscay, Proust et al. (2010) Cores, Shallow seismic: 4 LGC
France
61 Bay of Biscay, Chaumillonand Weber (2006) Cores, Shallow seismic: 1 LGC
France
62  Bay of Biscay, Menier et al. (2006) Cores, Shallow seismic: 5 LGC
France
63  Gulf of Lion, France Tesson et al. (2015) Cores, Shallow seismic: 3 LGC



65

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Late Quaternary of
Moreton Bay,
Queensland,
Australia
Pleistocene of
Pattani Basin, South
China Sea, Gulf of
Thailand

Pilong Formation,
South China Sea,
Gulf of Thailand
Pleistocene of
southern Java Sea

Gironde incised
valley, France
Mekong incised
valley, Vietham
Late Quaternary of
Tuscany, Italy
Ombrone incised
valley, Italy
Volturno incised
valley, Italy
Biferno incised
valleys, Italy

Tiber Delta, Italy

Metaponto coastal
plain, Italy

Assu incised valley,
Brazil
Apodi-Mossor6
incised valley,
Brazil

South Sea of Korea
KwaZulu-Natal
shelf, South Africa
Gulf of Papua,
Papua New Guinea

East China Sea

Pearl River incised
valleys, South China
Sea

Kanto Plain incised
valleys, Japan

Pearl River incised
valleys, South China
Sea

Lockhart et al. (1996)

Reijenstein et al. (2011)

Miall (2002)

Posamentier (2001)

Allen and Posamentier (1993);
Lericolais et al. (2001)

Tjallingii et al. (2010)

Amorosi et al. (2013); Rossi et al.
(2017)

Bellotti et al. (2004); Breda et
al.(2016)

Amorosi et al. (2012)

Amorosi et al. (2016)

Milli et al. (2013); Milli et al.
(2016)

Tropeano et al. (2013)
Gomes et al. (2016)

Vital et al. (2010)

Lee et al. (2017)

Green (2009); Benallack et al.
(2016)

Crockett et al. (2008); Daniell
(2008)

Li et al. (2002); Li et al. (2006);
Wellner and Bartek (2003); Zhang
and Li (1996); Zhang et al.(2017)

Li et al. (2006)

Ishihara and Sugai (2017); Ishihari
et al. (2012)

Zhuo et al. (2015)

Cores, Shallow seismic: 4

Well cuttings, 3D 2
seismics, Shallow
seismics

3D seismics 1
Cores, 3D seismics, 1

Shallow seismics
Cores, Shallow seismic 1

Cores, Shallow seismict 1

Cores 3
Cores 1
Cores 1
Cores 1

2
Cores 1

Cores, Shallow seismict 3
Shallow seismics 1

Shallow seismics 1

Cores, Shallow seismict 3

Cores, Shallow seismic: 5
Cores, Shallow 3
seismics, Bathymetric
profile

Cores, Shallow seismic: 4

Cores 1

Cores 3

Cores, Shallow seismict 5

LGC

Pre-
LGC

Pre-
LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC

Pre-

LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC

LGC



87  Mahakam Delta, Sydow (1996); Roberts and Sydow Cores, 2D seismics, 3D 2 LGC

Indonesia (2003); Crumeyrolle and Renaud seismics, Shallow
(2003) seismics
92  KwaZulu-Natal Green and Garlick (2011) Shallow seismics 6 LGC
shelf, South Africa
93  Maputo Bay, Green et al. (2015) Cores, Shallow seismic: 3 LGC
Mozambique
94  Cameroon shelf Ngueutchoua and Giresse (2010) Cores, Shallow seismic: 2 LGC
95 Kosi Bay, South Cooper et al.(2012) Cores, Shallow seismic: 1 LGC
Africa
98 Oregon-Washington Twichell et al. (2010) Cores, Shallow 2 LGC
shelf, USA seismics, Bathymetric
profile
99  Virginia shelf, USA Colman and Mixon (1988); Colmar Cores, Shallow seismic: 1 LGC
et al. (1990); Foyle and Oertel 3 Pre-
(1992); Foyle and Oertel (1997); LGC
Oertel and Foyle (1995); Shideler «
al. (1984)
100 Parnaiba incised Aquino da Silva et al. (2016) Shallow seismics 5 LGC
valleys, Brazil
101 Western continental Karisiddaiah et al. (2002) Shallow seismics, 1 LGC
margin of India Bathymetric profile
103 Chukchi shelf, Hill et al. (2007); Hill and Driscoll  Cores, Shallow seismic: 3 LGC
Alaska, USA (2008); Stockmaster (2017) 3 Pre-
LGC
104 Santa Catarina coas Cooper et al. (2016) Cores, Shallow seismic: 1 LGC
Brazil
109 Gulf of Cadiz shelf, Lobo et al. (2001); Gonzalez et al. Shallow seismics, 2 LGC
Iberian peninsula (2004); Lobo et al. (2018) Surface sediment
samples

30°NT

LEGEND
30°sq [ Present-day land

[JLeMland

Present-day highstand shoreline}
LGM lowstand shoreline i
[[®7] Incised-valley fill

Fig. 1. Location of studied late-Quaternary incised-valley fills. Thebars on the map correspond to the IDs in
Table 1. Base map modified from Ray and Adams (2011).



Incised-valley-fill dimensions

In this study, an incised valley is defined as a fluvially eroded, elongate topodmapliat is
typically larger than a single channel and is generally associated with thpgsixion of fluvial or
estuarine strata on marine deposits and subaerial exposure on interfluves (\tereMéaal., 1990;
Boyd et al., 2006; Blum et al., 2013). In the original sources, some aggradational channel belts or ev
channel fils might have been misinterpreted as incised-valley fills. This study awwitusion of
channel belts or channel fills representing river propagation on thewhelf shelf-edge deltas at
lowstand (Fig. 2C). Howeven small number of cases (e.g., Posamentier, 2001; Zhuo et al., 2015;
Aquino da Silva et al., 2016), where ambiguity as to the classificatitineoflescribed successions
remains, have been included in the database. Incised-valley geometriesongrglipl (Strong and
Paola, 2008; Martin et al., 2011; Phillips, 2011). Thus, to enable meaningful comparisons,
measurements must be made at the same respective location along the valleyeasgiget a similar
duration of subaerial exposure and record of fluvial and marine processes. lorthiglley fills have
been classified with respect to the position where their geometry has bescterieed, i.e., beneath
the present-day coastal plain, on the inner shelf or on the outer shelf. Herstitlciat between inner
and outer shelf is made on bathymetry, rather than process regime: the term ‘inner shelf” refers to the
part of the shelf that extends from the presiagtshoreline to the 25 m isobath, whereas the term ‘outer
shelf” refers to the part of the shelf that extends from the 25 m isobath to the shelf break. Coastal-plain
valley fills and inner-shelf valley fills are grouped when analysing théigethips between coastal-
plain gradient or coastal-prism convexity versus valley-fill dimensiongriand outer-shelf valley fills
are instead grouped as cross-shelf valleys to assess the relationships beelfdmeak depth, shelf
width, or shelf gradient versus valley-fill dimensions. This was done taatfw the positions where
the geometry of incised valleys is expected to be more significantly affecteaicdgontrols, as the
highstand coastal-prism convexity should control the geometry of valleys carvieel coaistal prism,
whereas the shelf physiography is predicted to control particularly, although nosiesisl, the
development of cross-shelf valleys. Only valley fills that represent the psodia single cycle of
incision and fill are considered in the subsequent analyses. Compound valley filestrdtmultiple
episodes of incisions and fills, associated with different eustatic cacidghat thus possess a highly
time-transgressive basal surface composed of several amalgamated uncasfoiraite not been
included in this study (cf. Korus et al., 2008). It is also desirable to compare inalfmdfills formed
during the same sea-level cycle to account for the effects of the magnitsekelevel fall on valley
dimensions. Here, late-Quaternary incised-valley fills formed during diffesxesievel cycles are
compared, but those associated with the last glacio-eustatic cycle are diffedeatid represent the
majority of studied examples (135 of 151 valley fills studied; 89%).

The surfaces that should be taken as the bounddiiiesised-valley fills have been the subject
of debate (Catuneanu et al., 2009). Some authors consider the base of incisedlsdabagpresent
part of the subaerial unconformity that form sequence boundaries (cf. Helland-Hathdé¢artinsen,
1996). In this thinking, the base of an incised-valleyidilblaced at the base of the lowstand systems
tract, meaning that older falling-stage deposits are not considered e fith of an incised valley. In
this perspective, the boundaries of incised-valley fills associated with théaleiat gycle would have
developed from the Marine Isotope Stage 2 (MIS 2). In contrast, other workerassay®ed deposits
accumulated during the falling stage to the fill of the incised valleys, (Posamentier et al., 1992;
Kolla et al., 1995; Morton and Suter, 1996), such that all of the MIS 4 and younger depaoitstill
be contained in the incised-valley fills of the last glacial cycle. Of thestiRbed incised-valley fills
related to the last glacial cycle considered herein, 13 include deposisfaliitiy-stage systems tract,



40 exclude falling-stage depositghereas 82 could not be differentiated. Considering units that differ
in this way will affect any comparison of their cross-sectional aresead, comparisons of their
thickness and width may not be affected, given the position at which falling-stagésiepoexpected
to occur (cf. Blum et al., 2013).

Where possible, incised-valley fills are classified on their drainage @0erf 151 valley fills;
60%), i.e., they are differentiated as trunk valleys that reached the lowstanlingheeesus tributary
valleys of variable orders; valley fills known to be the expression af-tbir higher-order tributary
valleys have not been considered.

Incised-valley-fill dimensions (Table 2) were obtained from the originakes, either derived
from the text or measured directly on figures using image-analysis seftiwaageJ; Schneider et al.,
2012). The morphometric parameters that describe the dimensions of incised-valég filpresented
in Fig. 2A. Valley-fill thicknesses are measured where the body is thickesgda f which it is not
known whether the thickness is measured relative to the thickest portion of (&g fjlin 1D well log
sample or core sample), the thickness is reported as ‘apparent’. For underfilled valleys, values of
‘thickness’ include the depth of the relic depressions relative to the valley flanks. Valley-fill widths are
measured along strike-oriedteransects as the distance between the valley walls. ‘Apparent’ widths
are recorded for measurements that are not perpendicular to the valleisfill sigkness and width
measurementsre classified as ‘partial’ or ‘unlimited’ (sensu Geehan and Underwood, 1993; Fig. 2B
for cases where the position of pinch-out of a valley-fill is unknowsmator both ends (e.g., due to
outcrop termination), respectively. When derived from borehole correlations, wadtsune ments are
recorded as ‘correlaed’; for purposes of data analysis and presentationiimited’ and ‘correlated’
measures are not differentiated. Valley-fill cross-sectional areas are stbaswertical cross-sections
across the valley in an orientation perpendicular to its axis. The arem&ired as the vertical cross-
sectional area subtended by the base and top of the valley fill or theiorlesfinterfluves for
underfilled valleys. Only maximum values of valley-fill thickness, width and esestonal area are
used in the statistical analysis: apparent and partial or unlimited observations have bededdiSoa
cases where the 3D geometry of valley fills is well constrained, usuahjgloresolution seismic data,
the largest values of maximum valley-fill thickness, width and crosssettarea along the valley
reach are chosen. In cases where the entire 3D geometry of a vallepndillknown and its downdip
variability is not constrained, the largest values of all parameterswithstudied sample are recorded,
and the observations are classified as located on the shelf or at the highstand coastal prism.

TABLE 2. Parameters that describe the dimensions of incised-valleyTfiliscised-valley-fill thickness; W:
incised-valley-fill width; A: incised-valley-fill cross-sectional area. IVF denotes inciséeywl.

Parameter Definition

T (M) The thickness from the deepest part of the valley axis to the top of thefitabeyhe
elevation of interfluves for underfilled valleys.

W (m) Horizontal distance between the valley walls, measured perpendicular to theaxadley

A (m?) The vertical cross-sectional area subtended by base and top of the vallethéletevation of
interfluves for underfilled valleys, measured in an orientation perpendtoute valley axis.
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Fig. 2. (A) Incised-valley-fill dimensions (incised-valley-fill thickisesvidth and cross-sectional area) measured
in our analysis. (B) Classification of incised-valley-fill thickness andtiwigly type of observation, i.e., as
‘maximum’, ‘apparent’, ‘partial’ and ‘unlimited’ (see text). (C) Diagram illustrating channel belts associated with
river propagation on the shelf at lowstand and distributary channelsiassl with lowstand deltas, neither of
which are included in this study.

Quantification of basin physiography

In this study, the present-day physiography of the shelf and subaerial nearshore hagheen tak
as a proxy for the physiography of the continental shelf and nearshore during thetdrgkicial (LI)
highstand (Fig.3). However, this assumption carries significant uncertainty due togbaiietences
in basin physiography between the present and the LI, likely arising froralsgatations in isostatic
adjustment, spatial variations in post-glacial shelf and shelf-break accrdiiferences in process
regime, variable styles of fluvial and shoreline responses expected in difflnestic and tectonic
settings, and because of autogenic dynamics. Present-day lower-coastal-plain difeidieBjshave
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been measured perpendicular to the orientation of the present-day shoreline along &rak:&ch
landward of the shore, utilizing digital elevation data from Becker. ¢2@09). Gradients have also
been calculated for the tract of subagueous nearshore that extends from the shorfeimadobath,
as representative values of inner-shelf gradients (Fig. 3), using dagitghhetric data by Becker et al.
(2009). The difference in gradient between present-day lower coastal plaimnandhelves is taken
as a measure of the convexity of the present-day coastal prism (Fig. 3; Table 3). The shelf-break depth
is measured at the shelf-break location mapped by Harris et al. (2014), usialgbdithiymetric data
by Becker et al. (2009). The shelf width is measured as the distance from the pagsamireline to
the shelf break, as mapped by Harris et al. (2014). For cases in which the sionetgelar and does
not mirror the orientation of the shelf break, the length along the vallsyfraxn the present-day
shoreline to the shelf break is recorde@aadditional attribute.

TABLE 3. Parameters used to describe the settings of the studied incisedilallE?G10: lower-coastal-plain
gradient; 1ISG25: inner-shelf gradient; CPC: coastal-prism convexity; SBD:lgleelk-depth; SW: shelf width;
SDL: the length from the shoreline to the shelf break; SG: shelf gradient; LdéatiBA: drainage-basin area.

Parameter Definition

The mean gradient measured perpendicular to the shoreline al@dgratransect landward

CPG10 (°) of the present-day shoreline, in degrees.

1SG25 (%) The mean gradient measured from the present-day shoreline to thés@bath in an offshore
direction, in degrees.

CPC (%) The difference in gradient between present-day lower coastal plains andhahes, in

degrees.

SBD (m) Depth of the shelf break.

SW (km) The horizontal distance between the present-day shoreline and the saklf br

SDL (km) | The length along the valley axis from the present-day shoreline to ttidsdal.

The mean gradient of the shelf between the present-day shorelifeeateklf break, in

SG () degrees.

L) The absolute value of the latitude of the location where the incised-valley filekas b
measured.

DBA (km?) Area of the drainage-basin catchments feeding the incised valleystataylandward of the

location where the incised-valley fill has been measured.

Drainage-basin size

The drainage-basin size has been determined based on the catchment area landward of the
location where the incised-valley-fill geometry was measured. For valkgmsy whose drainage
networks during the Last Glacial Maximum (LGM) have been reconstructed and presetited in
scientific literature, drainage areas were measured at the location whemneisbd-valley fills were
characterized. In other cases, the river systems that contributed to the lowstand detirage of
incised valleys now buried under coastal plains can be reconstructed confidently;eircdles
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estimations based on catchment areas of present-day rivers have been consideredirasof all
different drainage basins that are inferred to have amalgamated at lowstand, as shown in Fig. 4.
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Fig. 3. Definition sketch of the physiography of the depositional profiée which incised valleys develop.
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I:l Drainage basin 2
Composite drainage area

.
o
o
o

I:l Drainage basin 1
LST drainage area

Fig. 4. Schematic diagram illustrating the measurement of contributing dedaasin area corresponding to each
incised-valley fill. HST denotes the highstand coastal shoreline (present-day s)oaelihLST denotes the

lowstand shoreline (e.g., LGM shoreline).

LGM catchment vegetation

The global distribution of dominant vegetation types during the LGM has bappeth by Ray and
Adams (2011), based on plant-fossil data and proxy zoological and sedimentologiadathoB the
map by Ray and Adams (2011), the proportionally most prevalent type of vegetdtiencatchment
area was recorded for each incised-valley fill. Vegetation types weoedeecin terms of two

13



alternative schemes (i.e., one including classes: ‘forest’, ‘grassland or woodland’, ‘desert’; the other
including classes: ‘tropical or subtropical’, ‘temperate’, ‘polar or subpolar’).

Statistical analyses

Statistical analyses have been performed to determine relationships betwdalrs/and to
test hypotheses relating to differences in means across populations. Fof pairsnuous variables,
Pearsoror Spearman correlation coefficients (denoted with R and r hereafter) peetresly used to
guantify linear and monotonic relationships, whose statistical significamsglisessed as p-values (p
hereafter). The statistical significance of differences in the mean dbles across groups is
determined with a two-sample t-test when dealing with two setdsérvations, and with one-way
analysis of variance (ANOVA) when dealing with three or more sets @fraditfons. Resulting test
statistics (t for t-tests, F for ANOVA) are considered jointlyhwviite number of degrees of freedath (
hereafter) to determine the statistical significance of differences agnmgss, expressed as p-values
(p). All statistical analyses were performed in Minitab 17.

RESULTS AND INTERPRETATIONS
Continental-margin type

Observations

The studied late-Quaternary valley fills were classified as hosted on eyaastive, and
transform margins. Valley fills from transform margins and passive margins are considgther in
the subsequent analyses. A comparison has been made of incised-valley fills developed on passive and
active continental margins. The thickness, width and cross-sectional area (Fig. 5A-C) ofialised
fills associated with active margins are, on average, larger than thosepalmide margins, andeh
difference is important for values of mean valley-fill thickness (meangD) versus 28.2 m; mean(W)
= 7,099 versus 3,862 m; mean(A) = 200,545 versus 73,Z00espectively). Two-sample t-tests
confirm that means in valley-fill morphometric parameters are significdiitgrent in the two settings
(t-value= 4.53, p-value < 0.001, df = 16, for T; t-value= 2.40, p-value= 0.030, df = 15, for W; t-value=
2.90, p-value= 0.010, df = 18, for A). Distributions in drainage area for the two margin tigneSJ-
show that drainage-basin areas associated with passive margins are larger, on tingrabese
associated with active margins (mean DRBA.= 60,672 M, mean DBAcive = 17,012 ki, 2-sample
t-test: t-value= -2.57, p-value= 0.012, df = 76).

Interpretations

Tectonics can significantly influence fluvial incision through a first-orctamtrol on basin
physiography (Posamentier and Allen, 1999). Tectonically active margins are commaabterfized
by the formation of narrow, high-gradient shelves, which favour deep flimgigion (Schumm and
Brakenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999). In contrast, passive margins ar
characterized by the development of wide, low-gradient shelves, in part becauseasgicis @re
generally associated with larger drainage-basin areas (Blum et al., 2013), agnshigwBD, and thus
lower-gradient shelves (see below); this in turn is reflected in shallowéalfincision for base-level
falls of given magnitude. Distributions of valley-fill thickness forshdéwo margin types (Fig. 5A)
support this expectation. In addition, local tectonic uplift might be expesd by shelves on active
margins (Posamentier and Allen, 1999; Ishihara and Sugai, 2017), which would induce fluvial incisio
(Posamentier and Allen, 1999; Holbrook and Schumm, 1999; Holbrook et al., 2006; Tropeano et al.
2013; Ishihara et al., 2011, 2012; Ishihara and Sugai, 2017). For example, the Metaponto coastal plain
in Italy (case study 77 in Table 1) has been experiencing regional uplift singiddile Pleistocene
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(Doglioni et al., 1996; Patacca and Scandone, 2001), at rates varying fror.0.81to/yr as estimated
from dated stranded marine terraces (Cilumbriello et al., 2008, 2010; Capui®@1@j.Tropeano et
al., 2013). Three incised-valley fills developed beneath the Metaponto coastarelaharacterized
by larger-than-average thickness, despite being associated with smallerdhagealrainage areas, as
illustrated in Fig. 5AC.

Incised-valley widening is partly driven by the lateral migration of 8ughannel belts (Martin
et al., 2011). Previous work based on experiments, numerical modelling and field Gtrdieg and
Paola, 2006, 2008; Martin et al., 2011; Blum et al., 2013) have shown that lateral chann&migrat
and channel-belt deposition are closely concomitant with valley incision unlesslthesidewalls are
resistant to erosion or the system is starved of sediments, implying theyt wadlening generally
follows valley incision temporally during relative sea-level fall. Bxamples associated with active
margins studied here are all incised into unconsolidated sand-rich coastaf olepbslts, such that
valley-fill width is expected to be scaled with valley-fill thickness.

Furthermore, tectonics also indirectly affects the morphology and behaviour af flysiems
through orographic control on climate. Regions undergoing rapid uplift are typasalociated with
high relief, favouring orographic precipitation (Joeckel, 1999; Ruddiman, 2013), inhigim controls
water discharge. High elevation river basins draining active margins are chaeady larger runoff
per basin area (Milliman and Syvitski, 1992). In addition, tectonically activeragsare generally
associated with smaller catchments than passive ones (Fig. 5D), such thatastomuse likely to
affect the entire drainage basin and floods to propagate through the entire channel (Swonke et
al., 2009a). Thus, tectonically active systems associated with small drainagé<d@km?) are more
prone to large differences between flood and base-flow discharge (2 to 3 onhagnitude; Samme
et al., 2009a). Additionally, active margins tend to have steep gradients throtighower network
(Flint, 1974; Sgmme et al., 2009a; Blum et al., 2013), which are expected to control stream power in a
way that would promote fluvial incision (Schumm et al., 1984; Paola et al., 1992;dBlaim 2013)
and lateral migration of river channels (Hooke, 1979, 1980; Nanson and Hickin, 1983; etuller
1999; Richard et al.,, 2005). Furthermore, active margins are commonly subjedt-dopk
destabilization, partly because of seismic triggering (Jain and Tandon, 2§ &t al., 2007). Rivers
associated with active margins tend to have greater specific sediment yieldaachigher proportion
of bedload than those associated with passive margins (Milliman and Syvitski, 1882),invturn
favour channel lateral migration and thus valley widening (Dietrich and Mghiti989; Sheets at al.,
2002; Strong and Paola, 2006, 2008; Peakall et al., 2007; Braudrick et al., 2008;d¢attj 2011;
Blum et al., 2013). Peak water discharge and rates of sediment flux might have bealagatiigh
for incised valleys now infilled in the Kanto plain (Japan) and in Indonesia (case8&uhd 87 in
Table 1, respectively), as these areas were subject to tropical monsooeéd auring the LGM
(Crowley and North 1991; Broecker 1995; Adams and Faure, 1997; Ray and Adams, 2011).

As a caveat to these results, it must be noted that the distributionsrafgdrareas for the
incised-valley fills considered in this work do not cover the full spettiof catchment sizes
documented for modern rivers (cf. Blum et al. 2Qi8particular, the distribution of drainage areas for
valley systems on passive margins considered in this work does not encompass thaselthat
correspond with the world’s largest river systems. Considering the highly skewed nature of distributions
of drainage areas (Fig. 5D), the inclusion of very large valley systems might sighifedféect values
of maximum size, but less significantly the mean values for which thetistdtsignificance was tested.
Notwithstanding, although the data suggest that the type of continental nsaaggood predictor of
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incised-valley fill geometry, any conjecture on the effective role of spedfitrolling factors needs to
be substantiated with more data.
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Fig. 5. Box-plots that present distributions in: (A) late-Quaternary inciaéey-fill thickness, (B) width, (C)
cross-sectional area, and (D) drainage-basin size, for active and passiventalhmargins. Individual values are
also shown next to the boxplot for active margins and the numerical laleglsoréds in Table 1. In D, mean and
range plots are illustrated near each boxplot for examples hosted dwelfrensl coastal plains, respectively. For
each boxplot, boxes represent interquartile ranges, red open circles represent medmovialues| bars within
the boxes represent median values, and black dots represent outliers (values tha¢ dhanmb5 times the
interquartile range). ‘N’ denotes the number of readings and ‘c” denotes the standard deviation. The results of 2-
sample t-test (t-value, yrlue and df) are reported in respective boxes. ‘df” denotes the degrees of freedom.

Basin physiography
Shelf-break depth

Observations

The maximum sea-level lowstand during the LGM was 120 to 130 m belouf {hrasent-day
levels (Fairbanks, 1989; Yokoyama et al., 2000; Lambeck and Chappell, 2001; Peltier and Fairbanks,
2006; Simms et al., 2007b). However, the magnitude of fall varied geographicdlhcross estimates
made by different authors. In the following statistical analysis, to assssdutions in valley-fill
dimensions for shelves that were completely or partially exposed at thedifévent values of shelf-
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break depth were considered (120 m, 125 m and 130 m). Similar results were obtainedhieethe
different depths; all results are therefore only presented for the 120-m shelf-break depthdthies
the LGC examples, incised-valley fills hosted on shelves with shelf-break degeh than 120 m
display greater thickness, width and cross-sectional area, on average (Fig. 6A-C), than thelsdfwith
break shallower than 120 m (mean(T) = 39.1 m versus 27.5 m; mean(W) = 10,519 n#\@94us;
mean(A) = 202,033 fwversus 78,538 fi Two-sample t-tests for valley-fill dimensions in these two
scenarios indicate significant differences between the means of these two populations (t-value = -3.30,
p-value = 0.001, df = 103, for T; t-value = -2.86, p-value = 0.006, df = 56, for W; t-value =p2.08,
value = 0.045, df = 37, for A). Valley fills associated with shelveb déeper shelf breaks tend to have
larger drainage-basin areas (mean = 216,131 m versus 27,698 m; 2-samplevalest=t-2.66, p-
value = 0.011, df = 42) (Fig. 6D).

For cross-shelf valley fills hosted on shelves with shelf break shalitbaerl20 m (Fig. 7A-
C), valley-fill thickness is negatively correlated with shelf-break depth-(.427, p-value = 0.033
no correlation is seen between valley-fill width or cross-sectional aresheifebreak depth (r(W) =
0.085, p-value = 0.693; r(A) = -0.110, p-value = 0.616). For cross-shelf valley fitesdhais shelves
with shelf break deeper than 120 m (Fig. 7A-C), a weak correlation is seen healleg-fill width
and shelf-break depth (r = 0.335, p-value = 0.032), whereas there is veryrnmealoarelation between
valley-fill thickness or cross-sectional area and shelf-break depth (r(T) = p-28lye = 0.208; r(A)
= 0.057, p-value = 0.792).

Interpretations

Previous work based on conceptual models has proposed (Talling, 1998; Posamentier and
Allen, 1999; Posamentier, 2001; Térngvist et al., 2006) that relative seaddsahft are larger in
magnitude than the depth of the shelf break, by resulting in full expostime shelf, will drive the
formation of incised valleys cutting through the shelf, whereas relativeegelafalls of magnitude
lower than the shelf-break depth are expected to lead to the formation of Vekesretmostly confined
around the highstand coastal prism. Fluvial systems on shallower shelves are expected tcaundergo
greater vertical river-profile adjustment, resulting in greater vatieigion. However, the data do not
fully support this view, as shelves with breaks deeper than 120 m tendaodarger incised-valley
fills. This could be explained by the fact that the studied shelves withbshaks that are deeper than
120 m are primarily linked to larger drainage-basin areas, compared to thosealiitheshshelf breaks
(Fig. 6D).

The correlation between valley-fill thickness and shelf-break depthrdes-shelf valley fills
hosted on shelves with shelf break shallower than 120 m (Fig. 7A) might indezaisad link between
magnitude of exposure, depth of incision, and resulting valley-fill thickmémsever, shelves with
deeper shelf breaks tend to have steeper shelf gradients on average, whicin iesgés differences
between the shelf gradient and the fluvial equilibrium profile and therefore shoultéride deeper
fluvial incision for a given relative sea-level fall (Schumm and Brakeeri 1987; Leckie, 1994
Posamentier and Allen, 1999).
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Fig. 6. Box plots and mean/range plots of: (A) LGC incised-vallethickness; (B) width; (C) cross-sectional
area; and (D) drainage-basin area distributions for different shelf-begetks, divided by 120 m, which is the
magnitude of the fall in eustatic sea-level associated with LGM. Mean angl péotg are illustrated near each
boxplot for examples hosted on the shelf and coastal plains, respectivelyadfo boxplot, boxes represent
interquartile ranges, red open circles represent mean values, horizontal bars wibliretheepresent median
values, and black dots represent outliers (values that are more than 1.5hérmesrgjuartile range). For each
mean and range plot, red open circles represent mean values and horizontepresent the minimum or
maximum of all the data. ‘N’ denotes the number of readings. ‘c’ denotes the standard deviation. The results of
2-sample t-test (t-value, p-value and df) @ported in respective boxes. ‘df” denotes the degrees of freedom.

Shelf width

Observations

Positive correlations are seen between the width and cross-sectional areasielfossised-
valley fills and the width of the shelf (r(W) = 0.528, p-value < 0.001; £/A)503, p-value = 0.002)
(Fig. 8B and C). No apparent correlation is seen between valley-fill thickness andvistiel{R =
0.078, p-value= 0.593) (Fig. 8A).

Interpretations

Positive relations between the width cross-sectional area ofass-shelf incised-valley fills
versus the width of the shelf (Fig. 8) do not indicate a causal link betwedrwilte and valley
dimensions. Large fluvial basins are generally associated with wider sliefeegh a control on
sediment input and shelf progradation (Burgess and Streel, 2008; Blum and Hattierk/ V208
Olariu and Steel, 2009; Helland-Hansen et al., 2012; Blum et al., 2013). The reghitidicate that
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shelf width and incised-valley-fill dimensions co-vary in relation to a commomat@xerted by the
size of drainage areas.

¢ (shelf-break depth <120 m) N = 30;
A R=-0.563,p=0.003;r=-0.427,p =0.033
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Fig. 7. Plots of: (A) LGC incised-valley-fill thickness; (B) width; ai@) Eross-sectional area versus shelf-break
depth. For each pair of variables, correlation coefficients and p-values are incdudspective boxes for cross-
shelf incised-valley fills, and separately reported for shelves witlfi lsheglk shallower than 120 m and deeper
than 20 m. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho.
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Coastal-plain gradient

Observations

Negative correlations are seen between the width and cross-sectionalreceszdfvalley fills
recognized beneath present-day coastal plains and on the inner shelf versus assesentéday
lower coastal-plain gradients (r(W) = -0.452, p-value < 0.001; r(A) = -0.433, p-value 3 (Fi)19B
and C). No apparent correlation is seen between valley-fill thickness and lower ptastgladients
(r(T) = -0.198, p-value = 0.064) (Fig. 9A). A corresponding negative relationship is seen between
drainage-basin area versus coastal-plain gradients (r =-0.388, p-value < 0.001) (Fig. 9D).
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Interpretations

Negative correlations between the width or cross-sectional area of fiidlesersus lower-
coastal-plain gradient (Fig. 9) are unlikely to indicate a causabkkeen coastal-plain gradient and
valley dimensions. Rather, they likely reflect the fact that smaller basinsdesdaller rivers tend to
be associated with higher gradients at the river mouths, and vice versa (Flint, 1974; Blum et al., 2013),
as is also evident in Fig. 9D.
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Fig. 9. Plots of: (A) coaat-plain and inner-shelf incised-valley-fill thickness; (B) width; @)ss-sectional area;
and (D) drainage-basin area versus lower coastal-plain gradient. For eadi ypairables, the correlation
coefficients of determination and p-values are regdreespective boxes. ‘N’ denotes the number of readings,
‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho.

Shelf gradient

Observations

For LGC incised-valley fills hosted on the shelf, values of thickness, width and cotissiale
area all tend to decrease with the average shelf gradient (r(T) = -0.255, p-value #\®/p43:0.478,
p-value < 0.001; r(A) = -0.486, p-value = 0.002) (Fig. 10A-C). A corresponding negattiemship
is seen between drainage-basin area and shelf-gradient (Fig. 10D). For incisefilsalieyasured
beneath the coastal plains (Fig. 10A-D), valley-fill thickness and sexdg#enal area are positively
correlated with the average shelf gradient (r(T) = 0.582, p-value < 0.001; r(A) = Ovidltiep= 0.014);
there is very weak or no correlation between valley-fill width or drafzasin area and the average
shelf gradient (r(W) = -0.004, p-value = 0.974; r(DBA) = -0.139, p-value = 0.289).
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systems are associated with lower channel gradients (Wood et al.,

Sgmme et al., 2009a, b; Blum and Hattier-Womack, 2009; Olariu and Steel, 2069dHddnsen et

Interpretations

These relations may not indicate a causal link between shelf gradient and crogakslyefiil
dimensions. Rather, these results might arise because larger fluvial systegiated with larger
drainage basins tend to be associated with shelves with lower gradients, as isatadinmiFig. 10D.
This might be explained by the fact that the gradient of shelvesdtwat offshore of river-dominated
coasts is in part determined by the profile of the rivers traversiaglitwstand, and larger fluvial

al., 2012; Blum et al., 2013).
Positive correlations between coastal-plain valley-fill thickness and shelf grégign10A
and C) might be attributed to variations in the difference between the gradieatsbielf and the river
equilibrium profile (Schumm and Brakenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999).
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Fig. 10. Plots of: (A) incised-valley-fill thickness; (B) width; (C) ssesectional area; and (D) drainage-basin area
versus shelf gradient. For each pair of variables, the correlation coefficietseomination and p-values for
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‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho.
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Coastal-prism convexity

Observations

In this work, the difference in gradient between present-day lower coésted pnd inner
shelves is used as a measure of the convexity of the coastal prism. In orddyde tearelations
between coastal-prism convexity and valley-fill dimensions, examples associttddner shelves
that are gentler than the associated lower coastal plains were excluded malysssarig. 11AC
illustrate that for inner shelves that are steeper than the associatecct@astal plains (127 of 135
valley fills; 94%), moderate negative correlations are seen between incised-valley-fill width and cross-
sectional area versus the difference in gradient between present-day inner shelf and @oaG&Vpl
=-0.413, p-value < 0.001; r(A) = -0.255, p-value = 0.034); no correlation is observeskhetalley-
fill thickness and the same gradient difference (r(T) = 0.081, p-value = 0.463).
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Fig. 11. Plots of: (A) coastal-plain and inner-shelf incised-valley-fill thickn@) width and (C) cross-sectional
area versus coastal-prism convexity. For each pair of variables, the corretafficients of determination and
p-values are reported tespective boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’
denotes Spearman's rho. (D) Box plots of gradient distributiorlevi@r coastal plains and inner shelves. For
each boxplot, boxes represent interquartile ranges, red open circles represent nesahadontal bars within
the boxes represent median values, and black dots represent outliers (values tha¢ dhanmb5 times the
interquartile range). ‘N’ denotes the number of readings and ‘c” denotes the standard deviation. The results of 2-
sample t-test (t-value, yelue and df) are reported in respective boxes. ‘df” denotes the degrees of freedom.

Interpretations
The correlations between the difference in gradients and both valleyidth and cross-
sectional area may not indicate a causal link. Inner-shelf gradients marp©0117° to 0.7957° (mean
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ISG25=0.121°, StDev = 0.180°), which is nearly an order of magnitude larger thapichkdyadient
of coastal plains (range 0.0017° to 0.0934°, mean CPG10 = 0.0169°, StDev = 0.0209°) (Fig. 11D); the
difference in these two gradients might therefore approximate the inner-shengraatid any
correlations with the estimated coastal-prism convexity might then merely reflecattongbetween
shelf gradient and valley-fill width or cross-sectional area (see above).

Some conceptual models (Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001;
Torngvist et al., 2006) envisage that if the sea level does not fall beyorteethlereak, fully exposing
the shelf, magnitude and location of valley incision should primarily be detrny the coastal-prism
convexity. However, observations summarised in Fig. 11A contradict this hypothesis. Tleigatisgr
might be due to the influence of overriding factors, or to the fact hieag¢gtimates of convexity for
present-day costal prisms do not approximate the convexity of the coastal prisnishestatiring the
last interglacial.

Drainage-basin characteristics
Drainage-basin size

Observations

Incised-valley-fill thickness, width and cross-sectional area all corrétaetglg with drainage-
basin size (r(T) = 0.348, p-value = 0.001; r(W) = 0.402, p-value < 0.001; r(A) = p-429)e < 0.001L
(Fig. 12A-C). For valley fills along passive margins, correlation between véllleysss-sectional area
and drainage-basin size is stronger (r = 0.706, p-value < 0.001) (Fig. 12C).

Interpretations

Based on statistical analysis of incised valleys from the northern Gulf of Mexidbenud-
Atlantic US margin, Mattheus et al. (2007), Mattheus and Rodriguez (2011) anpsRRill11) have
demonstrated that valley dimensions at comparable locations along valley axis (at the MIS5e shoreline
or near the head of the present-day deltaic plain) are strongly correlated tdartagedtmsin area, and
that for passive continental margins, where the gradient of coastal plains and dbeb/e®t vary
significantly, upstream controls such as discharge should play a primary role in determininglValley-f
shape and size. Our observations (Fig. 12) support the role of drainage-basinrapeatasti control
on incised-valley-fill dimensions, especially for valley fills developed along passixgims. Previous
studies (Schumm et al., 1984; Van Heijst and Postma, 2001; Loget and Van Den Driessche, 2009)
showed that rates of propagation of retreating knickpoints depend on water discharge aatk subst
lithology. Paola et al. (1992) demonstrate that the equilibrium time (Tefu¥al systems to attain
their graded profiles is influenced by the basin length (L) and the sedirapapart coefficient (v),
which is determined by discharge, substrate lithology and relief, as expressecehyatien Teq =
L2/v. This suggests that higher water discharge should result in shortebraguiltime (cf. Thorne,
1994), so that the recorded fluvial incision associated with high water discharge would bwdluser
equilibrium profile. Blum et al. (2013) argue that for most fluvial systemsidedthin Milankovitch
time scales, and that most rivers are not usually in equilibrium withinkihekwater lengths (Muto
and Swenson, 2005). This view thus implies that for most of the late-Quateatiagyfills studied
here, which formed in response to high-frequency sea-level change (Miller 20G8;, Blum and
Hattier-Womack, 2009; Blum et al., 2013), the equilibrium profile was not reathedstand (Strong
and Paola, 2008). Under this assumption, the amount of valley incision recorded aBIMddiekness
must have been influenced by water discharge to varying degrees. Furthermorejsehtgge and
drainage-basin area correlate to maximum bankfull depths, which partly accoun¢ foepth of
incision (Fielding and Crane, 1987; Bridge and Mackey, 1993; Shanley, 2004; Gibling, 2006; Fielding
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et al., 2006; Syvitski and Milliman, 2007; Blum et al., 2013). Additionally, riggarhl migration rates
are strongly dependent on water discharge and sediment yield (Hooke, 1979, 1980; Nansdarand H
1983; Lawler et al., 1999; Richard et al., 2005), implying that drainage-basin ardd play a
significant role in controlling incised-valley-fill width and cross-sectionahar
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Fig. 12. Plots of: (A) incised-valley-fill thickness; (B) width; and (@)ss-sectional area versus drainage-basin
area. For each pair of variables, the correlation coefficients of determinatiop-eaides are reported in
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LGM catchment vegetation

Observations

Valley fills associated with catchments that are inferred to have mainly besreddy forests
are, on average, considerably thinner than those with catchments covered by deserts
grasslands/woodlands (mean T = 23.74 m, 35.05 m, 34.15 m; one-way ANOVA: F(2, 127) = 3.59, p-
value = 0.03) (Fig. 13A); mean valley-fill width and cross-sectional area do not vary sighjifoaert
these three catchment vegetation types (one-way ANOVA: F(2, 147) = 3.86, p-valaé fb.W;
F(2, 93) = 0.25, p-value = 0.779 for A) (Fig. 13B and C). The thickness of valley fills with catchments
covered mainly by tropical/subtropical vegetation types is on average signyfisardller than that
with catchments covered by temperatepolar/subpolar vegetation (one-way ANOVA: F(2, 127) =
4.09, p-value = 0.019, mean value = 24.33 m, 34.38 m, 36.13 m) (Fig. 13D). The means for valley-fill
width and cross-sectional area are in agreement with this relationsleigvay ANOVA: F(2, 147) =
7.39, p-value =0.001 for W; F(2, 93) = 3.93, p-value = 0.023 for A) (Fig. 13E and F).
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Fig. 13. Box plots of: (A) incised-valley-fill thickness; (B) width af@@) cross-sectional area distributions for
different LGM catchment vegetation types (‘forest’, ‘grassland or woodland’, ‘desert”).Box plots of: (D) incised-
valley-fill thickness; (E) width and (F) cross-sectional area distributiandiffierent LGM catchment vegetation
types (‘tropical or subtropical’, ‘temperate’, ‘polar or subpolar’). For each boxplot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars wéttiaxéss represent median values, and
black dots represent outliers (values that are more than 1.5 times the interquartile range). ‘N’ denotes the number

of readings. ‘s’ denotes the standard deviation. The results of one-way ANOVA (F-value, p-value) are reported
in respective boxes. The content bracketed in F-value are degrees of freetloeen and within groups
respectively.
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Interpretations

Empirical analyses of modern river systems together with computer simulations (e.g.,
Vandenberghe, 2003; Latrubesse et al., 2011; Wohl et al., 2012) show that vegetation rcover ca
influence the discharge of sediments and water by modulating evapotranspiratiomnaiffd
characteristics on the land surface, which in turn determine the degree andlfiatésl incision and
river migration (Hickin and Nanson, 1975, 1984; Blum and Tdrnqvist, 2000; Cedil 003; Blum
et al., 2013). Drainage basins dominantly covered by tropical or subtropical weggtpes tend to
have much more well-developed deep rooting systems and higher density of vegetation coveddcompar
with their counterparts covered by other vegetation patterns; this typically catreeger
evapotranspiration and/or rainfall interception, resulting in stronger bufferitige (furface runoff in
the catchments and leading to decreased water discharge and decreased sedimetot faupaly
systems (Millar, 2000; Huisink, 2000; Huisink et al., 2002; Vandenberghe, 2003; Blum and Tornqvist,
2000; Blum et al., 2013), which in turn attenuates rates of fluvial incision andl latigration. Our
observations (Fig. 13D-F) might reflect these factors, and reveal thafatved dominant vegetaiti
type in the catchments of incised-valley fills during the LGM could have exantedtrol on valley-
fill thickness, width and cross-sectional area. Howeveggttesults only offer partial insight into the
role of vegetation as a control on the geometry of incised-valley filsnghat the type and density of
vegetation cover changed over the penbthcised-valley formation and infill, especially at the apex
of the coastal prism where the valleys experienced the longest sculpting blydhovimarine processes
(Mattheus and Rodriguez, 2011).

Latitude

Observations

Based on the global isotherms derived from atmospheric general circulation model
reconstructions (Crowley and North 1991; Broecker 1995), inferred vegetatioifagaess and Faure,
1997; Ray and Adams, 2011), and other palaeotemperature estimates derived framtekudjiwl
and zoological data (Adams and Faure, 1997; Ray and Adams, 2011), for the LGM, tropical zones are
constrained to have been positioned between the Equator and 22° latitude, teropesate zave lied
between 22° to 50° latitude, and polar zones largely covered by ice sheety andahlpine deserts to
have occurred above 50° latitude in both the northern and southern hemispheres. Based on the location
where the incised-valley fills were measured, the LGC examples werdiethgs terms of these
latitudinal belts. No significant difference is identified for means ineydill thickness and cross-
sectional area across these latitudinal belts (one-way ANOVA: F(2, 111) = 0.15, p-value=01862 for
F(2, 85) = 0.29, p-value= 0.747 for A) (Fig. 14A and C). Incised-valley fills developisti22° to
50° latitudinal belt tend to be wider on average than those at lower latjardesvay ANOVA: F(2,
129) = 3.39, p-value=0.037, mean = 6496.3 versus 4314.6 m) (Fig. 14B), even though incised valleys
developed at latitudes from 0° to 22° are associated with drainage basins thadaeage larger than
their counterparts in the 22° to 50° range (2-sample t-test: t-value = 3.84gp=\@l001, df = 25) (Fig.
14D). For valley-fills developed between 0° and 22° latitude, valley-fill thicknessdendrease with
latitude (r = 0.421, p-value = 0.040); no correlation is seen instead between Wallégth or cross-
sectional area and latitude (r(W) = 0.107, p-value = 0.626; r(A) = 0.252, p-value =FHOEHE-G).
The correlation between drainage-basin area and latitude is consistenawitn thalley-fill thickness
(r=0.617, p-value = 0.004) (Fig. 14H). For valley-fills developed between 22° and 50° |atitllele,
fill thickness, width and cross-sectional area show weak or modest positieéation with latitude

27



(r(T) = 0.204, p-value = 0.058; r(W) = 0.417, p-value < 0.001; r(A) = 0.416, p-value < 0.001 ) (Fig
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Fig. 14. Box plots of: (A) incised-valley-fill thickness; (B) wid{l€) cross-sectional area; and (D) drainage-basin
size distributions for different latitudinal belts. For each boxplot, boxes repiaesenguartile ranges, red open
circles represent mean values, horizontal bars within the boxes represent median \ahlaskaiots represent
outliers (values that are more than 1.5 times the interquartile range). ‘N’ denotes the number of readings. ‘c’
denotes the standard deviation. The results of one-way ANOVA (F-vakedu@) are reported in respective
boxes. The content bracketed in F-value are degrees of freedom betdesithen groups respectively. Plots of:
(E) incised-valley-fill thickness; (F) width; (G) cross-sectional area andli®ihage-basin size versus latitude.
For each pair of variables, the correlation coefficients of determination aatligsvare reported in respective
boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho.
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Interpretations

Through direct climatic forcing (e.g., temperature and peak precipitatbmgate-derived
forcing (e.qg., presence of permafrost) and partially climate-dependent f¢eoingvegetation type),
climate acts to influence g¢tbehaviour of fluvial systems (Blum and Térngvist, 2000; Bogaart et al.,
2003a, b; Vandenberghe, 2003). Compared with temperate zones, the tropical zones é&ye typica
characterized by more intense rainfalls and stronger weathering, which could hates rieslarger
rates of delivery of water and sediment, enhancing rates of fluvial in@sidriver migration (Stallard
et al., 1983; Milliman, 1995; Gupta, 2007; Goldsmith et al., 2008; Lloret,,e2Cd1; Wohl et al.,
2012). However, the distributions of incised-valley-fill dimensions fopitral zones and temperate
zones (Fig. 14A-C) do not support this assumption. This might be due to theamtefphultiple
climate-driven factors such as vegetation and precipitation, which have countgedfdcts on water
discharge and sediment supply and flux. Polar zones are dominated by ice caps or pofanend al
deserts: here, the size of fluvial catchments is limited as a result, butagabgid periglacial
processes operate. Three of the studied incised-valley fills are located olagkenAChukchi shelf
(case study 103 in Table 1; Hill et al., 2007; Hill and Driscoll, 2008; Stockmaster, 2017), whitgh, at t
LGM, was a non-glaciated polar desert (Adams and Faure, 1997; Dyke, 2004; Ray and28@d4ms,
The large scale of these valley fills (Fig. 14A-C) might be attributed to eattdluvial incision and
lateral migration (Kasse, 1997; Bogaart et al., 2003c; Vandenberghe, 2003), pessibdyperiodic
meltwater and sediment discharge from the Cordilleran Ice Sheet (Dyke, 2004 pandlacial rivers
(Woo and Winter, 1993; Vandenberghe, 2003), and to the occurrence of permafrost througlinits rol
increasing surface runoff by lowering soil permeability (Church, 1983; Woo, 1986; Mzarghe,
2003). Our observations (Fig.14A-C, E-G) indicate that during the LGM regiariatiens in incised-
valley geometry might have been controlled by climate, in some contexts.

Substratum

Observations

The studied incised-valley fills were classifiasleither completely hostad substrates made
of unconsolidatedediments (‘sedimentary cover’), or in substrates that are partly lithified or that might
include basement rocks (‘bedrock and sedimentary cover’). Incised-valley fills that are partially hosted
in bedrock and sedimentary cover are thicker and wider on average than those hoslieteintany
cover only (mean thickness = 40.0 m, 30.5 m; mean width = 11,822 m, 4,628 m), Wéttethelass
varying from 15 m to 100 m in thickness and 500 m to 100,000 m in width (Fig. 19Me@h valley-
fill thickness and width are significantly different between thesepomulations (2-sample t-test: t-
value = 2.24, p-value = 0.030, df = 43 for T and t-value = 2.31, p-value = 0.028, df =\@3 (Big.
15B and C).

Interpretations

Substrate types play a significant role on fluvial incision rates (Van HeigsPostma, 2001,
Loget and Van Den Driessche, 2009; Gibling, 2006; Blum et al., 2013) and on the degree to which
incision can progress to a graded profile in response to base-level lowerira éPabl 1992). Van
Heijst and Postma (2001) and Loget and Van Den Driessche (2009) show that knickgmtibm
rates in alluvial settings are significantly larger than those in bedrdakgsetorresponding to 1 to 20
m/yr and 0.001 to 0.1 m/yr, respectively. This would imply that valleysatigahosted in sedimentary
cover are expected to be deeper than bedrock valley, any time before equilibrium is reaadditioh,
the decreased erodibility of bedrock valley walls should result in narrowey vatlth. Results (Fig.
15) contrast with these expectations: this might be due to the factrfeat flavial systems are more
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likely to scour to the depth of lithified strata. In this sense, results would stilliggést that substrate
lithology is a dominant control on valley-fill dimensions.
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Fig. 15. (A) Scales of late-Quaternary valley fills hosted in bedrockeichentary cover and valley fills hosted
in sedimentary cover versus incised-valley fills interpreted from ancienéssions in the published literature.
Ancient valley fills are adapted from Gibling (2006). Box plots of: (B) -fateaternary incised-valley-fill
thickness; and (C) width distributions for different substrategypor each boxplot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars wéttioxess represent median values, and
black dots represent outliers (values that are more than 1.5 times the interquartile range). ‘N’ denotes the number

of readings. ‘c” denotes the standard deviation. The results of 2-sample t-test (t-value, p-value and df) are reported
in respective boxes. ‘df” denotes the degrees of freedom between groups.
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DISCUSSION
Controls on the dimensions of incised-valley systems and implications for sequence

stratigraphic models

Previous workers have argued that the dimensions of near-shore incised valley aystems
primarily a function of the magnitude and rate of relative base-lelfeb&sin physiography (gradients
and convexity along the depositional profile and shelf-break depth), contributing eérimsig size,
climate, substrate characteristics and tectonics (Schumm, 1993; Talling, 1998; Posamdriitn,

1999; Blum and Tornqvist, 2000; Posamentier, 2001; Van Heijst and Postma, 200dg G006;

Strong and Paola, 2006, 2008; Loget and Van Den Driessche, 2009; Martin et al., 2011; Blum et al.
2013). Process-based studies argue that along continental margins, for algitresm sea-level fall,

the physiography of the basin determines the largest vertical adjustraenterfsystem through valley
incision (Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001; Térnguist 2006),
whereas water discharge and substrate characteristics dominantly influence theodedyiel, and

rate at which, fluvial systems approach their equilibrium profile (Schumm, et984; Paola et al.,

1992; Van Heijst and Postma, 2001; Loget and Van Den Driessche, 2009; Loget and Van Den
Driessche, 2009).

Our results (Fig. 5A-C) indicate that incised-valley systems and tlieidéveloped along
active continental margins are thicker and wider, on average, than those alomg pasthental
margins, suggesting that the tectonic context of a continental maagsigkey role at least indirectly
— in determining the geometry of near-shore incised-valley systems. Throeffledts on relative sea-
level change, distinct characteristics of basin physiography, climate, watbardis and sediment
delivery rates, the tectonic setting appears to control the magnitude of imailggn and widening
(Posamentier and Allen, 1999; Jain and Tandon, 2003; Ishihara et al., 2011, 2012; Wohl €2;al., 201
Tropeano et al., 2013; Vandenberghe, 2003; Ishihara and Sugai, 2017).

Mattheus et al. (2007), Mattheus and Rodriguez (2011) and Phillips (2011) claimeallthyat

fill dimensions are primarily controlled by factors that act upstréarparticular by drainage-basin
area, which serves as a proxy for water discharge and sediment yield. These authors report that valley
fill dimensions are less influenced by factors such as shelf-break depth, ail-pteist and shelf
gradients. Climate is also known to exert an important control on vélllelmhensions, especially
through modulation of temperature, peak precipitation, vegetation and permafroainegdrbasin
areas, which in turn dictates water discharge, rates of sediment supply and hiityk(Btain et al.,
1994; Blum and Tdrngvist, 2000; Vandenberghe, 2003; Bogaart et al., 2003a, b; Blu20at3l.The
results (Fig. 12 and Fig. 13D-F) support the dominant role of drainage-basin characteiitizging
incised-valley-fill dimensions, especially for passive continental margins, and higiatcontrols
by the size and dominant vegetation type of catchment areas.

The physiography of the depositional profile over which incised valleys devaloplays a
role in valley incision and widening (Summerfield, 1985; Talling, 1998; Posamentier and Allen, 1999;
Posamentier, 2001; Blum and Térngvist, 2000; Térnqgvist et al., 2006; Blum et al., 20d:3). A
continental margins, valley incision tends to begin forming where a convex-up topograghgssd
during relative sea-level fall (Summerfield, 1985; Talling, 1998; BlumTirdqgvist, 2000; Blum et
al., 2013), which most commonly occurs at either the highstand coastlinehersitetf-slope break.
Conceptual models (Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001; Tdrnqvist et al.,
2006) highlight that when a sea-level fall causes exposure of the entirarehsd#d valleys will form
across the whole shelf; on the contrary, when the shelf is only partially exposeaHleyel fall, incised
valleys will only be limited to the region of the coastal prism. Additiondllg,embedded in sequence-
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stratigraphic thinking (Posamentier and Allen, 198tat the magnitude of incision associated with
sequence boundaries is linked to the degree of exposure of the continental shalfy @otitis notion,

it is observed that valley-fill dimensions for systems with shelf breaksatbaghallower than 120 m
tend to be smaller, on average, than systems on shelves that are deeper than 120 m (Fig. 6A-C).
Nonetheless, the negative correlation between valley-fill thickness and shé&lfibpgh for cross-shelf
valley fills hosted on shelves with shelf break shallower than 120 m (Fig. 7g%t imdicate the
expected causal link between magnitude of exposure, incision, and resulting valleigKiless,
implying that the shelf-break depth plays a role in controlling valleydfittensions. Study on the
relationships between shelf width, shelf gradient and cross-shelf valley dimer{fig. 8 and 10)
might not indicate a causal link between these factors and cross-shelf valénsitins. Rather, this
might indicate shelf width, shelf gradient and cross-shelf valley dimengio-vary in relation to a
common control exerted by the size of drainage areas. The positive correlatiossnbedastal-plain
valley dimensions and shelf gradient (Fig. 10A and C) might be attributed to the fact that coastal-plain
valley fills with steeper shelf gradient have a larger differencedmtvghelf gradient and the original
river equilibrium profile, which could lead to deeper fluvial incision foieeig relative sea-level fall
(Schumm and Brakenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999). In additiomrbased
observations of present-day gradient profiles along passive margins and marginseassatiat
foreland basins, Talling (1998) highlights that if the sea level remaimgeahe shelf break, valley
incision will be governed primarily by the geometry of the coastal prism and valley incision diépth w
tend to increase with the coastal-prism convexity. Our analysis of relapeniséiween valley-fill
dimensions and coastal-prism convexity (Fig. 11) challenges this widely heldntethis might be
due to the influence of overriding factors, or to the fact that the essrmftonvexity for present-day
costal prisms do not approximate the convexity of the coastal prisms establishedtieriagt
interglacial.

In summary, the type of continental margin (active versus passive) appears to bengfoleani
predictor of the geometry of incised-valley fills, presumably in relatipcharacteristics of basin
physiography, climate, water discharge and sediment delivery (Fig. 16). In additiofindings
indicate that upstream controls (drainage-basin area) appear to be potentialijnpuntant than the
characteristics of the receiving basin (e.g., coastal-prism convexity, shéifdepth and substrate
lithology) in determining rates and amounts of valley incision and widening,iapdor passive
continental margins.

Implications for source-to-sink studies and applied significance

The major components of sourttesink systems- continent, shelf, slope and basin floor
segments- are considered to be genetically related in analytical approaches thasiséalance
theory (Semme et al., 2009a). Based on modern and late-Quaternary fluvial systerdsféremt
tectonic and climatic settings, recent work on sotoesink systems (Anderson et al., 2004, 2016;
Syvitski and Milliman, 2007; ; Semme et al., 2009a,b; Blum et al., 2013; Xu et al., 206t and
Blum, 2016) has demonstrated scaling relationships between the scale of drainmagedaasvater
discharge, river-driven sediment flux, channel-belt dimensions, and the corresponténgf £ther
distal components of sediment-dispersal systems (e.g. submarine canyons and basin-floor fans).
Incised-valley systems play a key role in transferring sediments from hinteglgiods to deep-marine
environments, especially during lowstands (Posamentier and Allen, 1999; Blum awogi3i)r2000;
Blum et al., 2013). The positive correlation between incised-vallegifilensions and contributing
drainage-basin area (Fig. 12) documented here is important for sowsiog- analysis because it
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provides a scaling relationship for incised-valley fills. The scale of incisdéelféls could be used to
estimate the scales of their contributing drainage-basin areas and palaeogjsoi@so to predict
scales of downdip coarse-grained lowstand deltas or basin-floor fans. Morewkiag the scale of
incised-valley fills to characteristics of catchments and shelves altwkd development of semi-
guantitative guidelines that could be used to predict the size, location and timirauiuéation of
potential hydrocarbon reservoirs. Incised-valley fills form important hydronaeservoirs, typically
characterized by coarser-grained fluvial deposits at their base and finer-grausthesand marine
deposits at the top (Wright and Marriott, 1993; Shanley and McCabe, 1994; Zaitlin1&94d!l, Blum
et al., 2013). However, as noted above, incised-valley-fill dimensions are influenaeslithy variety
of geologi@l controls and hence care should be taken for the exploration of incisegd-pkys in
different tectonic, physiographic and climatic settings. Notably, our results indieatadised-valley
fills along active continental margins can be thicker and wider than their qoant$ealong passive
continental margins, highlighting the potential of the fills of inciseteyalalong active margins as
exploration targets.
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Fig. 16. Schematic diagrams of different incised-valley-fill dimensiongspanding to passive margins (A) and
active margins (B). Along passive margins (A), the scale of incised-villllegissociated with large and small
drainage-basin area respectively are compared.
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CONCLUSIONS

A database-driven statistical analysis of 151 late-Quaternary incised-fitdleyhich is the
largest study of this type undertaken so far, has been performed witmtteeiavestigate controlling
factors on the geometry of incised-valley fills.

Results of this analysis have been interpreted on the basis of some assumptions. The thickness
of incised-valley fills is thought to be controlled by the degree of shelf or coastal plain incitgetf
dictated, at any one location, by the vertical shifts in equilibrium profieditby changes in base level,
water discharge and sediment supply, and by the degree to which that profilexéragiad in relation
to knickpoint-retreat rates, together with potential truncation by ravinement pec€&hs width of the
valley fills is determined by the rate of lateral migration of channe$ Ihelsted within them, which
again scales to water discharge and sediment supply, and by valley-wall erodibility. The main findings
can be summarized as follows:

° Incised-valley fills developed along active margins are shown to be thicker and wider, o
average, than those along passive margins. This indicates that the tectoniofattiigental margins
appears to control the geometry of incised-valley fills, likely throughfiéste on relative sea-level
change, and in relation to distinct characteristics of basin physiography eclinzder discharge and
modes of sediment delivery.

° Valley-fill geometry is found to be positively correlated with the associated drainagesizasi
confirming the important role of drainage-basin area, a proxy of wakghatige, in dictating valley-fill
dimensions. This is especially true for incised-valley fills hosted on passiveergatimargins.

o Climate is also inferred to exert potential controls on valley-fill dimensesgpecially through
modulation of temperature, peak precipitation, vegetation and permafrost in drainiagerdsss which
in turn dictates water discharge, rates of sediment supply and valley-margin stability.

o Shelves with breaks currently deeper than 120 m contain thicker and wider incisedillslley
on average, than shelves with breaks shallower than 120 m. This observation is athotus wew
that the magnitude of incision associated with sequence boundaries is linked to the dexpeswt
of the continental shelf. This could be explained by the fact that the studigdsshith shelf breaks
that are deeper than 120 m are primarily linked to larger drainage-baaf enmpared to those with
shallower shelf breaks. Yet, negative correlation between valley-fillitegskand shelf-break depth for
cross-shelf valley fills hosted on shelves whose margin is shallower than 12ghmindicate that
shallow shelves record a causal link between magnitude of exposure, incision, antyrealldty-fill
thickness.

° The lack of correlation between valley-fill thickness and present-dayatqaisim convexity
challenges the idea that, especially if the sea level does not fall beyond tHeeddelfthe magnitude
and location of valley incision should primarily be determined by the coastat-ponvexity. This
discrepancy might alternatively be due to the influence of overriding$a@a., the size of drainage
areas), or to the fact that present-day costal prisms do not approximate thef fosastal prisms
established during the LI.

To some degree, these results challenge paradigms embedded in sequence stratigraphic
thinking, and have significant implications for analysis and improved underggasidsourceto-sink
sediment route ways and for attempting semi-quantitative predictions of thereswce and
characteristics of hydrocarbon reservoirs. It is only through the analysis/dérge composite datasets
that describe the attributes of a large number of example systems that gasighe gained to
demonstrably show the relative roles of many different controls which interact domdet the
geometry of incised valley systems. This study accomplishes this via a n@alsatdriven approach.
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