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Abstract

Incised-valley systems are common features in coastal and shelf regions.
Assessments of factors possibly controlling the geometry of incised valleys
commonly either focus on experimental or numerical models, or are based on
consideration of individual examples. Classical facies models characterizing the
internal fills of incised valleys are largely conceptual, descriptive and qualitative,
and are mostly limited to individual examples. Here, novel database-driven
quantitative analysis of 151 late-Quaternary incised-valley fills (IVFs) is undertaken,
aiming at exploring the relative roles of possible controls in determining the
geometry and stratigraphic architecture of IVFs. The resulting knowledge is then
applied to further our understanding of the significance of ancient IVFs in the older
geological record: a data synthesis of 18 Namurian (Serpukhovian to Bashkirian)
IVFs from the United Kingdom and Ireland is performed to characterize the
palaeohydrologic characteristics of the formative rivers feeding these incised
valleys, and to attempt a refinement of the regional palaeogeographic
reconstructions. Results indicate that various factors including relative sea-level
change operate to control the geometry of IVFs, notably basin physiography,
drainage-basin size, climate, substrate type and tectonics. Upstream controls (e.g.,
drainage area and dominant vegetation type in the catchment) appear to be more
important in determining valley geometry, compared to the characteristics of the
receiving basin (e.g., basin physiography, substrates and shoreline
hydrodynamics), especially for passive margins. Significant variability in
stratigraphic architectures of IVFs is identified that is not accounted for by classical
facies and sequence-stratigraphic models. Factors other than relative sea-level
fluctuations — such as continental-margin type, drainage area, IVF geometry, basin
physiography and shoreline hydrodynamics — are demonstrated to be responsible
for the observed variability in the internal architecture of IVFs. Facies architecture
recorded in the Namurian IVF fluvial deposits indicate that their formative
palaeorivers were likely perennial and characterized by relatively low discharge
variability. This study challenges some paradigms embedded in sequence-
stratigraphic thinking, notably the notion that the degree of exposure of the shelf
dictates the magnitude of vertical incision preserved in sequence boundaries, and
the view that magnitude and location of valley incision are primarily determined by
the coastal-prism convexity at the highstand shoreline, if the sea-level does not
drop below the shelf break. The results also have significant implications for
improved understanding of source-to-sink scaling and have important applied
significance in subsurface-reservoir prediction and characterization.

Abstract
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Fig. 2.19. Definition sketch highlighting the major components of the source-

to-sink system (modified from Blum and Womack, 2009; originally after
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sediment supply to the shelf margin and processes that control
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belt vs. vacuum-cleaner models for sediment supply to basin margins.
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incision with complete sediment bypass during the episodes of sea-level
fall, whereas the vacuum cleaner derives all sediments from more distal
parts of the basin by excavation of a coastal-plain incised-valley system.
Modified from Blum et al. (2013); originally after Blum and Tornqvist
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present day and the last glacial maximum (LGM). Inset maps indicate
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(2009), Collier et al. (2015), Anderson et al. (2004), Maselli et al. (2014)
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Fig. 2.23. (A) Eustatic sea-level curve during the last 1 Ma. Dashed line
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denotes the mean value of sea-level position relative to modern sea
level and orange box shows the range of sea-level positions that
represent 60% of time in the past 1 million years (Myr). (B) Histogram
illustrating the distribution of sea-level positions in the past 1 Myr. Note
that the frequency of occurrence of sea-level positions here is recorded
for every 5 kyr. (C) Histogram illustrating the distribution of rates of sea-
level change in the past 1 Myr. Note that frequency of occurrence of
sea-level fluctuation rate here is recorded for every 5 kyr. (D)
Fluctuations of eustatic sea levels during the last 130 kyr. Note that key
Marine Isotope Stages (from MIS 5e through MIS 1) are shown in the
bottom colour bars; these are referred to throughout this work. Figure
and caption after Blum et al. (2013). (E) Diagram of the proportion
variation of the planktonic cold-water foraminifera in marine core VM 23-
81 and oxygen-isotope records in deep-water sediments in the last 90
kyr, emphasizing the asymmetric character of the eustatic sea-level
curve in the last 100-kyr glacial-interglacial cycle. After Blum and
Toérnqvist (2000), originally after Bond et al. (1993). .......cceiviiiiiiiiiieee e 38
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Fig. 3.5. Box-plots that present distributions in: (A) late-Quaternary incised-
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valley-fill thickness, (B) width, (C) cross-sectional area, and (D)
drainage-basin size, for active and passive continental margins.
Individual values are also shown next to the boxplot for active margins
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interquartile ranges, red open circles represent mean values, horizontal
bars within the boxes 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 and ‘o’ denotes the standard
deviation. The results of 2-sample t-test (t-value, p-value and df) are
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denotes the standard deviation. The results of 2-sample t-test (t-value,
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Fig. 3.10. Plots of: (A) incised-valley-fill thickness; (B) width; (C) cross-
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sectional area; and (D) drainage-basin area versus shelf gradient. For
each pair of variables, the correlation coefficients of determination and
p-values for cross-shelf incised-valley fills and valley fills developed
beneath the coastal plain are reported in respective boxes. ‘N’ denotes
the number of readings, ‘R’ denotes Pearson’s R, and ‘r' denotes
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3.11. Plots of: (A) coastal-plain and inner-shelf incised-valley-fill
thickness; (B) width and (C) cross-sectional area versus coastal-prism
convexity. For each pair of variables, the correlation coefficients of
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denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r
denotes Spearman's rho. (D) Box plots of gradient distributions for
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represent interquartile ranges, red open circles represent mean values,
horizontal bars within the boxes 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 and ‘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
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Fig. 3.12. Plots of: (A) incised-valley-fill thickness; (B) width; and (C) cross-

sectional area versus drainage-basin area. For each pair of variables,
the correlation coefficients of determination and p-values are reported in
respective boxes. ‘N’ denotes the number of readings, ‘R’ denotes
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vegetation types (‘forest’, ‘grassland or woodland’, ‘desert’).Box plots of:
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Fig. 3.14. Box plots of: (A) incised-valley-fill thickness; (B) width; (C) cross-

sectional area; and (D) drainage-basin size distributions for different
latitudinal belts. For each boxplot, boxes represent interquartile ranges,
red open circles represent mean values, horizontal bars within the
boxes 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. ‘o’ 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 freedom between and
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width; (G) cross-sectional area and (H) drainage-basin size versus
latitude. For each pair of variables, the correlation coefficients of
determination and p-values are reported in respective boxes. ‘N’
denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r

denotes SPearman’s rNO. .....c.oooii i

Fig. 3.15. (A) Scales of late-Quaternary valley fills hosted in bedrock and
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sedimentary cover and valley fills hosted in sedimentary cover versus
incised-valley fills interpreted from ancient successions in the published
literature. Ancient valley fills are adapted from Gibling (2006). Box plots
of: (B) late-Quaternary incised-valley-fill thickness; and (C) width
distributions for different substrate types. For each boxplot, boxes
represent interquartile ranges, red open circles represent mean values,
horizontal bars within the boxes 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. ‘0’ 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
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1 Introduction

1.1 Project rationale

Incised-valley systems have long been recognized as common features developed
in shelf and coastal regions. They are typically defined as fluvially eroded, elongate
palaeotopographic lows formed by river incision that is itself driven by relative sea-
level fall; the valleys are then subsequently infilled with sediment during subsequent
relative sea-level rise (Posamentier and Allen, 1999; Zaitlin et al, 1994; Blum et al.,
2013). Compared to the adjacent continental shelf regions, the internal fills of
nearshore incised-valley systems generally form important archives of critical
stratigraphic information on environmental change in coastal regions, notably in
relation to changes in sea level and climate (e.g. Mattheus and Rodriguez, 2011;
Wetzel et al., 2017). Due to the subject to severe physical reworking such as wave
erosions and/or sediment starvation, the adjacent shelf areas tend to have a less
complete sedimentary record (Boyd et al., 2006; Simms et al., 2010; Mattheus and
Rodriguez, 2011). In this regard, the infills of incised valleys have also been of great
interest to research scientists in the field of sequence stratigraphy because they
can provide a detailed record of the sedimentary response to changes in sea level
and related environmental factors such as climate and rate and timing of sediment
supply to shorelines (e.g., Lin et al., 2005; Dalrymple, 2006; Chaumillon et al.,
2010). Moreover, incised-valley-fill systems have important applied significance, as
they can form potential hydrocarbon reservoirs themselves, and can be considered
as reference for prediction of downdip lowstand delta and deep-marine sand
accumulations (Dalrymple et al. 1994; Shanley and McCabe, 1994; Zaitlin et al.,
1994; Blum et al., 2013). Additionally, present-day estuaries and rias that notably
develop at the mouths of incised valleys during the episodes of relative sea-level
rise, are of considerable economic and ecological importance; the response of
these flooded incised-valley systems to on-going sea-level change, and to changes
in other external controls can significantly influence the cities, human populations,
associated coastal infrastructure and industries (e.g., ports and large-scale
fisheries) located in or adjacent to these areas (Kennish, 1991; Chaumillon et al.,
2010; Zhang et al., 2014; Marlianingrum et al., 2019).

In consideration of the scientific, economic and ecological importance of incised-
valley-fill systems, a wide variety of research has focused on the characterization of
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the stratigraphic organization of incised-valley fills (e.g., Roy, 1984; Dalrymple et
al., 1992; Allen and Posamentier, 1993, 1994b; Zaitlin et al., 1994; Boyd et al.,
2006; Blum et al., 2013). Nevertheless, relatively few studies have been performed
to explore and evaluate potential geological controls on the geometry of nearshore
incised-valley systems. Of those studies that have been undertaken, most either
concentrate on experimental or numerical models (Talling, 1998; Strong and Paola,
2006, 2008; Martin et al., 2011), or are based on case studies of individual
examples (e.g. Posamentier, 2001; Weber et al., 2004; Ishihara and Sugai, 2017),
or consider a limited number of examples located in a single area (e.g. Mattheus
2007; Mattheus and Rodriguez, 2011; Phillips, 2011; Chaumillon et al., 2008).
Furthermore, widely employed traditional facies models characterizing the internal
fils of nearshore incised valleys (e.g.,, Dalrymple et al.,, 1992; Allen and
Posamentier, 1994b; Zaitlin et al., 1994) are typically conceptual, descriptive and
qualitative, and are mostly constrained to individual examples.

Identifying and quantifying the nature and impact of many different geological
boundary conditions on the geometry and stratigraphic architecture of incised-
valley-fill systems is not straightforward because the preserved geological record of
incised-valley-fill systems is highly varied. Only by means of quantitative statistical
analysis of very large composite datasets that incorporate the attributes of a wide
variety of examples, can critical insight be gained to an improved understanding of
the relative roles of many different geological controls in determining the geometry
and stratigraphic architecture of incised-valley-fill systems. In this PhD research
project, a novel database-driven approach is employed to attempt to address this
issue stated above. In particular, in the first part of this Thesis, attention is focused
on quantitative analysis of late-Quaternary examples. This is because the
controlling factors on valley-fill characteristics and evolution can be constrained
more closely for recent sea-level cycles compared to those in the ancient past. In a
successive part of the Thesis, the resultant database-conditioned models derived
from late-Quaternary examples are applied to tentatively reconstruct characteristics
of river systems from the preserved alluvial stratigraphic record. This is achieved
through an examination of examples of incised valley-fills present in the Namurian
successions of the United Kingdom (UK) and lIreland. The facies architecture of
these ancient examples is employed to help decipher palaeohydraulic
characteristics of their formative rivers and to attempt a refinement of regional
palaeogeographic reconstructions.
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1.2 Aim and Objectives

The overarching aim of this research project is to gain an improved understanding
of the relative roles of possible geological controls in determining the geometry and
stratigraphic architecture of incised-valley-fill systems, and to present the
implications of these results for sequence-stratigraphic models, source-to-sink
studies and of their applied significance. Specific objectives of this research are
summarised as follows:

(i) to evaluate the relative roles of possible geological controls in determining the
dimensions of incised-valley fills;

(i) to perform a comprehensive quantitative statistical analysis on the basis of data
relating to the geometry, spatial relationships, stacking patterns, and lithological
heterogeneity of deposits that form the infill of late-Quaternary incised valleys
documented in the published literature and through one original field study;

(iii) to evaluate the relative roles of possible geological controls in determining the
stratigraphic architecture of incised-valley fills;

(iv) to present implications of the results based on late-Quaternary examples for
sequence-stratigraphic models, source-to-sink studies and subsurface-reservoir

prediction and characterization;

(v) to apply scaling relationships derived from late-Quaternary examples to
reconstruct characteristics of river systems from the ancient rock record, and
together with complementary analyses of facies architecture to decipher their

palaeohydraulic characteristics;

(vi) to present implications for regional palaeogeographic reconstructions, when
estimation of contributing drainage-basin area is considered in combination with

existing provenance studies and sedimentological data.

1.3 Methods

In this work, quantitative statistical analyses based on two relational databases, the
Shallow-Marine Architecture Knowledge Store (SMAKS; Colombera et al., 2016)
and the Fluvial Architecture Knowledge Transfer System (FAKTS; Colombera et al.,
2012), have been performed in order to achieve the Thesis aim stated above. Data
population into the SMAKS and FAKTS databases has been a key activity of this
PhD project: all the datasets utilized for the quantitative analyses presented in this
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PhD Thesis have been coded into their respective relational databases (FAKTS and
SMAKS) as part of this research.

The SMAKS database is employed to investigate the relative roles of different
geological controls in determining the dimensions and stratigraphic architecture of
incised-valley-fill systems through a literature compilation of late-Quaternary
examples. Data on the geometry, spatial relationships, stacking patterns, and
lithological heterogeneity of deposits that form the infill of late-Quaternary incised
valleys, dimensions of late-Quaternary incised-valley fills and parameters that
describe their context and controlling factors are extracted from published literature,
standardized into common formats and subsequently included into the SMAKS
database (Fig. 1.1). SMAKS incorporates quantitative data on the sedimentary
architecture and geomorphic organization of shallow-marine and paralic siliciclastic
depositional systems. It stores quantitative data relating to geological entities of
varied nature and scale (i.e., surfaces, depositional tracts, architectural elements,
sequence stratigraphic surfaces, sequence stratigraphic units, facies units,
geomorphic elements) (Fig. 1.2), and to their associated depositional systems,
themselves classified on several parameters (e.g., shelf width, delta catchment
area) tied to metadata (e.g., data types, data sources).

In this work, the FAKTS database is utilized to store and analyse data on fluvial
successions forming parts of Namurian incised-valley fills in the UK and Ireland;
these data are then wused to quantitatively estimate palaeohydrological
characteristics of the formative rivers and to attempt to refine the regional
palaeogeographic reconstructions for the basins that hosted them. Data on the
sedimentology of fluvial deposits forming the majority of these IVFs are extracted
from the published literature and through a field study (Farewell Rock,
Pembrokeshire, South Wales), and digitized to a common standard for inclusion in
FAKTS (Fig. 1.1). FAKTS commonly captures data on the geometry, spatial
relationships, and hierarchical relationships of genetic units such as ‘depositional
elements’, ‘architectural elements’ and ‘facies units’ (Fig. 1.3); these genetic units
are assigned to subsets of fluvial systems, which can be classified on a series of
boundary conditions (e.g., climate, tectonic setting, catchment area) and metadata
(e.g., data quality, data types). Facies units in FAKTS represent lithofacies
classified according to grainsize and sedimentary structures, and are constrained
by bounding surfaces that correspond to a change in lithofacies type or
palaeocurrent direction, or to erosional contacts or element boundaries (Colombera
et al., 2013).

As part of this PhD, a field study was conducted in Pembrokeshire, South Wales,
which focused on the Upper Sandstone Group, a succession of Namurian age. The
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study area is located in a peripheral foreland basin. Outcrops in this area reveal the
internal sedimentary anatomy of one Namurian incised-valley fill in different
locations, and hence provided an excellent opportunity for a field study with which
to examine the internal fills of incised valleys. The fieldwork focused on the
acquisition of quantitative and qualitative data of the geometry, spatial relationships,
stacking patterns, and lithologic heterogeneity of architectural elements
representative of a variety of subenvironments and sequence stratigraphic units
that form the infill of an incised-valley fill. Field photomosaics, GPS measurements
and architectural panels were taken at four outcrop localities (Amroth, Settling
Nose, First Point near Tenby and Waterwynch Bay near Tenby), and data on
lithofacies (Fig. 1.4), geometry and palaeocurrent distribution of the studied
successions were collected. Grain-size data were obtained visually using a hand
lens and a grain-size card. Additionally, measured sections also recorded the
frequency and thickness of cross-sets of dune-scale cross strata, the thickness of
architectural storeys, and the inclination and accretion direction of dipping beds
forming the internal components of barform elements. Quantitative data relating to
the measured thickness of lithofacies, measured thickness of dune-scale cross
sets, bar- and channel-story geometries and dominance of sedimentary structures
in this field work were extracted and utilized as shown in Chapter 5 to help decipher
the palaeohydrological characteristics of the ancient rivers feeding this incised-
valley fill, and to attempt to refine the regional palaeogeographic reconstructions of
Namurian basins.

Field studies | | Literature

Data standardization + entry

\ 4

Interrogation

\ 4

Quantitative information
for comparative studies
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Fig. 1.1. Flow chart demonstrating the workflow for data entry into and retrieval
from the SMAKS and FAKTS databases.
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Fig. 1.2. Schematic diagram depicting SMAKS entities and relationships that may
exist between them. Modified after Colombera et al. (2016).
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Fig. 1.3. Definition sketch illustrating the main scales of observation and
hierarchical relationships of sedimentary genetic units such as ‘depositional
elements’, ‘architectural elements’ and ‘facies units’ stored in FAKTS database.
Modified after Colombera et al. (2013).
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Fig. 1.4. Facies types and associations observed in the Farewell Rock, Upper
Sandstone Group, in South Wales. (A) Sr; ripple-laminated fine sandstone. (B) Sp;
planar cross-stratified sandstone. (C) Sl low-angle cross-bedded sandstone. (D)
Sd; soft-sediment deformed sandstone. (E) Sp; planar cross-stratified sandstone.
(F) C; Carbonaceous mudstone rich in organic-matter debris. Facies codes adapted
from Colombera et al. (2013).

In consideration of the diversity of data relating to the morphometric parameters of
incised-valley fills, classification of in-valley architectural elements and
corresponding geological boundary conditions reported in the primary data sources,
these data were standardized into common formats prior to their inclusion into the
databases (Fig. 1.5) for scope of comparative analysis. This included re-formatting
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some classification schemes and re-defining the terminologies. For scopes of future
analysis and to enable audit trail, the information and nomenclatures adopted in the
primary data sources are also recorded, though these are not used in the
presentation of the results in this PhD Thesis. Additionally, the perceived data
quality and reliability from the original source work are recorded as a series of data
quality indices (DQIs) (Colombera et al., 2012) on the basis of a threefold ranking
system (rating datasets and attributes as A, B or C level, in order of decreasing
quality) following established criteria (Baas et al. 2005). However, it is worth noting
that these standardizations might carry uncertainties and are based on some
assumptions. For instance, in this work, the morphometric parameters of incised-
valley fills from the primary data sources were either derived from the text or
measured directly on figures. Specifically, for datasets based on 2D or 3D high-
resolution seismic data, conversions from two-way travel time (t) in the primary
seismic sections to depth (h) were performed based on the seismic velocities (v)
reported in the original source work, utilizing the simple geophysical relationship
that h = v*t/2. For cases where the converting velocities are unavailable but for
which the depth corresponding to a given two-way travel time recorded in the
seismic sections is documented in the primary text, a calculation of the relationships
between depth and two-way travel time was undertaken. Furthermore, based on the
type of continental margin at the location where the incised-valley fills were
characterized, the incised-valley fills are classified as being associated with
continental margins that are passive, active or unclassified, according to the global
distribution map of passive and active margins by Mann (2015). Additionally, in this
research project, the distinction between inner shelf and outer shelf is based on
bathymetry rather than process regime. The inner shelf is defined as the
bathymetric tract extending from the present-day shoreline to the 25 m isobath,
while the outer shelf is defined as the bathymetric tract extending from the 25 m
isobath to the shelf break. For practical purposes, the 25-m isobath is chosen as
the boundary between inner and outer shelf in this PhD Thesis because it is
considered as a representative value of mean storm wave base (Katz et al., 2013).
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Fig. 1.5. Diagram illustrating worked through examples from images and information in the published literature (A) to the standardized data (C-E) prior to their inclusion into the databases in this work.
Channel belts in relation to river propagation on the shelf at lowstand and distributary channels relating to lowstand deltas, which might be misinterpreted into incised-valley fills in the primary sources, are not
included in this work (B). In (D), only the classification scheme of in-valley architectural elements by (sub-)environment of deposition is illustrated here for presentation purposes.
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1.4 Thesis outline

This thesis contains seven chapters: Chapter 1 and Chapter 2 constitute the
introductory part of the research project and include a detailed review of the
background to the research topics. Specific research topics are subsequently
explored and discussed in detail in Chapters 3-5. The scientific background, aim
and objectives, and discussion of each sub-project are presented individually within
each data chapter (3-5), and in this regard each chapter can be read as a stand-
alone piece of work. In Chapters 3 and 4, attention is given to quantitative analysis
of late-Quaternary examples, where deposits and controlling factors can be
constrained closely. Chapter 3 focuses on the investigation of the possible
geological controls on the geometry of incised-valley-fill systems and Chapter 4
concentrates on the exploration and evaluation of the relative roles of different
geological controls in determining the stratigraphic architecture of incised-valley-fill
systems. In Chapter 5, the focus is turned to analysis of incised-valley fills of
Namurian age, from successions in the United Kingdom and Ireland. The facies
architecture of these ancient examples is utilized to help decipher palaeohydraulic
characteristics of their formative rivers, and to attempt a refinement of regional
palaeogeographic reconstructions. Chapter 6 integrates the main findings in
Chapters 3-5 and presents a wider discussion of the implications of these results,
which are finally synthesised as the conclusions in Chapter 7.

Chapter 1: Introduction

The current chapter outlines the research rationale, overarching project aim and
objectives. It also summarises the philosophy that underpins the project in relation
to the data collection and analytical methods employed in this Thesis. Finally, it
provides a brief introduction to the SMAKS and FAKTS databases utilized in this
work.

Chapter 2: Literature Review

The second chapter provides an overview of published literature on the research
topics explored in this work. This includes: i) an overview of external controls (sea-
level change, climate and tectonics) on fluvial geometry and architecture, with an
emphasis on the extent of sea-level influence along longitudinal profiles, and on the
facies signature of discharge variability in the preserved alluvial stratigraphic record;
and ii) an introduction to the current understanding of incised-valley-fill systems,
notably the mechanisms of formation and evolution of incised-valley-fill systems,
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the overall stratigraphic architecture of the internal fills of valley systems, and their
significance from a source-to-sink perspective.

Chapter 3: Geologic controls on the geometry of incised-valley fills:
insights from a global dataset of late-Quaternary examples

(Paper 1: Geologic controls on the geometry of incised-valley fills: Insights from a
global dataset of late-Quaternary examples. Sedimentology, 66, 2134-2168. DOI:
10.1111/sed.12596)

The third chapter presents a database-driven statistical analysis of 151 late-
Quaternary incised-valley fills, undertaken to investigate the geological controls on
their geometry. Data on the geometry of late-Quaternary incised-valley fills and on
variables describing their context and controlling factors form a large literature
compilation. These quantitative data are analysed by means of statistical methods
to evaluate the relative roles of different geological controls that might act to
determine incised-valley-fill dimensions. The implications of the results for
sequence stratigraphy and for hydrocarbon-reservoir  prediction and
characterization are also presented and discussed.

Chapter 4: Quantitative analysis of the stratigraphic architecture of
incised-valley fills: a global comparison of Quaternary systems

(Paper 2: Quantitative analysis of the stratigraphic architecture of incised-valley fills:
a global comparison of Quaternary systems. Earth-Science Reviews, 102988, 1-25.
DOI: 10.1016/j.earscirev.2019.102988)

The fourth chapter focuses on the assessment of the general validity and predictive
value of widely adopted facies models for incised-valley fills and investigation of the
relative importance of possible controls on their stratigraphic organization. This is
achieved using a database-driven quantitative statistical analysis of 87 late-
Quaternary incised-valley fills. On the basis of a large composite dataset from the
published literature stored in the SMAKS database, the geometry and proportion of
systems tracts, and of architectural elements of different hierarchies within incised-
valley fills are quantified. These characteristics are analysed to assess how they
vary in relation to parameters that represent potential controlling factors: relative
sea-level stage, continental-margin type, contributing drainage-basin area, valley
geometry, basin physiography, and hydrodynamic conditions at the shoreline.

Chapter 5: Palaeohydrologic characteristics and palaeogeographic
reconstructions of incised-valley-fill systems: insights from the
Namurian successions of the United Kingdom and Ireland
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(Paper 3: Palaeohydrologic characteristics and palaeogeographic reconstructions of
incised-valley-fill systems: insights from the Namurian successions of the United
Kingdom and Ireland. Submitted to Sedimentology, in review.)

The fifth chapter concentrates on a data synthesis of 18 Namurian (Carboniferous)
sandstone-dominated fluvial successions from the United Kingdom and lIreland,
interpreted to form the majority of the infill of cross-shelf incised valleys. The aim is
to characterize the palaeohydrologic characteristics of the formative river systems
feeding the IVFs and to attempt a refinement of the regional palaeogeographic
reconstructions for the basins that hosted them. This is accomplished via the
quantitative statistical analyses of facies proportions, of thickness distribution of
dune-scale cross-strata, and of the geometry of the valley fills, with consideration of
incised-valley-fill scaling relationships for late-Quaternary systems presented in
Chapter 3.

Chapter 6: Discussion

The sixth chapter integrates the main findings presented in Chapters 3-5 of this
Thesis and presents a discussion of the implications of the results for sequence-
stratigraphic models and source-to-sink analysis, and of their applied significance.

Chapter 7: Conclusions and future work

The final chapter provides a short summary of the research, presenting conclusions
pertinent to the overarching thesis aim and stated research objectives.
Recommendations are also made for possible areas of future research, which might
be undertaken to further build upon the findings presented and discussed in this
Thesis.
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2 Literature review

2.1 Allogenic controls on fluvial sedimentation

Fluvial systems respond to a wide range of external forcing mechanisms, including
eustasy, climate change and tectonism (Shanley and McCabe, 1994; Blum and
Tornqvist, 2000; Catuneanu, 2006; Fig. 2.1). These three external controls might
operate on a sedimentary basin at any one time, but they do not need to be
independent (Miall, 2014). Of considerable importance is the recognition of the
distinction between downstream controls and upstream controls. In downstream
reaches, rivers are influenced by base level; this equates to sea level in marine
basins, lake level in some inland basins, or the level of a tectonic rim of a basin
through which a river flows (Miall, 2014). Upstream controls include climate and
tectonism. Climate affects fluvial discharge and vegetation cover, and therefore
exerts a key control on sediment supply (Miall, 2014). Tectonism controls the relief
in the source area and regional slope and consequently has a major influence on
the calibre and quantity of the sediment being delivered (Miall, 2014). It is worth
noting that climate and tectonism can also act as downstream controls through their
effects on wave, tides and currents and rates of basin subsidence, respectively
(Catuneanu, 2006).

The concept of river base level in the field of geomorphology and its outgrowth that
led to the development of related concepts such as fluvial equilibrium longitudinal
profile have played key roles in the development of an improved understanding of
fluvial response to external controls. Powell (1875) introduced the concept of “base
level” to refer to the lower limit to which a river can erode, with his defined “ultimate
base level” being determined by sea level. Gilbert (1877) introduced the concept of
“graded stream”, suggesting that rivers tend to aggrade or degrade as they strive
for a “graded” or equilibrium condition. Mackin (1948, p. 471) proposed the
fundamental concept of fluvial equilibrium longitudinal profile as a “graded or
dynamic equilibrium surface wherein the slope is adjusted so that there is neither
net sediment aggradation nor erosion through time and that the sediment load
entering the system from upstream equals the load leaving the system from
downstream”, which can adjust to grade-altering factors propagating throughout the
system (e.g., increased or decreased water discharge, increased or decreased
sediment supply, base-level drop).
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Fig. 2.1. Allogenic sedimentary controls on fluvial morphology, geometry and
architecture. Fluvial processes of aggradation or degradation are a function of
downstream controls (e.g., sea-level change, basin subsidence) and upstream
controls (e.g., climate, source area upliff). Note that climate might also be a
downstream control through its effects on waves, tides and currents. The controls
on four key parameters widely adopted to characterize fluvial systems (sediment
load type, sinuosity, degree of channel constraint and number of channels) are also
shown in this diagram. Modified from Catuneanu (2006).

2.1.1 Downstream controls

Fluvial response to downstream controls, particularly relative sea-level (RSL)
change, has been intensively explored since the 1980s. As sea level is the ultimate
base level in systems that meet a marine shoreline, the longitudinal profile of a
shore-reaching river will rise or fall as a function of sea-level rise or fall and
differences between the gradient of the original fluvial longitudinal profile and newly
exposed land (Posamentier and Vail, 1988; Leckie, 1994; Fig. 2.2). Such changes
and responses may be expressed and recorded by fluvial processes of aggradation
or degradation (Fig. 2.2). However, other researchers (Schumm, 1993; Wescaott,
1993) show that eustatic variations do not always significantly change the overall
gradient of coeval river profiles and thus do not universally require an aggradational
or degradational response, for example in cases where the profile is merely
lengthened but its overall shape remains unchanged (see Emery and Myers, 1996,
for a summary).
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A Coastal-plain gradient < inner-shelf gradient

............................................. SL 1
channel extension > SL2
with deep incision

B Coastal-plain gradient > inner-shelf gradient

T SL 1
channel extension "
with progradation T SL2
and aggradation

C Coastal-plain gradient = inner-shelf gradient

SL1
channel extension
with no significant SL2

incision or aggradation

Fig. 2.2. Simple conceptual generic models illustrating fluvial response to sea-level
fall in relation to different combinations of coastal-plain and continental-shelf
gradients. (A) Channel incision through coastal prism due to sea-level fall across a
shelf that has a gradient steeper than the coastal plain; (B) Channel extension with
no significant incision or aggradation due to no difference between coastal plain
and exposed shelf as sea-level falls; (C) Channel extension with aggradation and
progradation due to gentler gradients exposed on the inner shelf compared to
coastal-plain gradients as sea-level falls. Adapted from Summerfield (1985).

These discussions on downstream base-level controls on fluvial sedimentation
have spawned a suite of widely used fluvial sequence-stratigraphic models (e.g.,
Wright and Marriott, 1993; Shanley and McCabe, 1994; Legarreta and Uliana,
1998; Fig. 2.3-2.5). These models typically attempt to fit to and extend an earlier
generation of sequence stratigraphic models and concepts that apply to marine
strata (e.g., Vail et al., 1977; Jervey, 1988; Posamentier and Vail, 1988;
Posamentier et al., 1988); fluvial deposits are therefore attempted to be linked to
the standard lowstand, transgressive and highstand systems tracts (LST, TST,
HST). Within these models, relative sea-level change is argued to play a dominant
role in controlling sedimentary system behaviour and the resultant nature of the
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accumulated stratigraphic record. These fluvial sequence stratigraphic models (Fig.
2.3-2.5) tend to link fluvial strata with contemporaneous shorelines either on the
basis of apparently interbedded fluvial and marine strata, or of the recognition of
systematic vertical changes in channel sandbody stacking patterns. In detail, fluvial
systems tend to incise when a relative fall in sea level occurs, which can promote
subaerial erosion and the formation of incised valleys. When a relative rise in sea
level takes place, channel belts and associated overbank deposits tend to stack
progressively on the basal erosional surface as systems aggrade to fill available
accommodation. During late lowstand, typically normal regression, the slow rate of
accommodation creation compared to the rate of sediment supply could lead to
high amalgamation of channel belts; during relative sea-level rise, typically normal
transgression, high accommodation creation rate could result in low connectivity of
the channel belts and typically estuarine sediments being preserved in the valley-fill
deposits. Based on outcrop studies conducted on Cretaceous strata of the Western
Interior foreland basin of Utah, USA, Shanley and McCabe (1993, 1994) developed
a widely used “early” fluvial sequence stratigraphic model (Fig. 3), which envisages
valley incision and formation of terrace deposits occurring during stages of base-
level fall, which are then followed by valley filling, in the form of amalgamated fluvial
deposits first, followed by tidally influenced fluvial deposits as the rate of RSL rise
accelerates during the TST, and finally by low net-to-gross fluvial deposits as the
rate of RSL rise decelerates during the HST. Wright and Marriott (1993) proposed a
similar generic sequence stratigraphic model (Fig. 2.4) with emphasis on the
relationships between fluvial architecture, palaeosols and accommodation, which
relates mainly to floodplain sedimentation. During the lowstand systems tract (LST),
fluvial deposits are characterized by amalgamated channel deposits, which are
confined within an incised valley. Mature, well-drained soils usually develop on
marginal terraces because of subaerial exposure. During the transgressive systems
tract (TST), increased accommodation rates favour a higher preservation potential
for thick floodplain deposits with isolated channel bodies and formation of
hydromorphic soils and these deposits tend to occur beyond the confines of the
incised-valley fill. During the highstand systems tract (HST), as the rate of sea-level
rise slows, resulting in a decrease of the rate of accommodation creation, fluvial
deposits are characterized by sand bodies that become increasingly laterally
amalgamated, with a much lower proportion of floodplain fines and with the
development of mature soils. Legarreta and Uliana (1991, 1998) proposed a model
(Fig. 2.5) for Cretaceous continental basins in Argentina, which includes (i) a
lowstand systems tract, in which deposits are areally restricted and characterized
by sandy to gravelly bed-load deposits organized as amalgamated, upward-
coarsening and thickening channel-fill complexes; (ii) a transgressive systems tract,
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in which deposits are characterized by a mixture of bed-load and suspension- load
deposits arranged as upward-fining and upward-thinning bedsets and are
interpreted to reflect increased accommodation during periods of stratigraphic base-
level rise; and (iii) a highstand systems tract, for which deposits are composed of
sediments of suspended-load origin and a greater occurrence of soil profiles,
suggesting limited accommodation and a landscape of reduced surface gradient.

Fluvial strata Base level
Isolated, high-sinuosity fluvial channel elements High Low

A
()
£
— .

Amalgamated fluvial channel elements
” ;
Valley incision and terrace formation
1S Low-sinuosity,
g high gradient rivers

1-10's km

Fig. 2.3. Shanley and McCabe (1993, 1994) fluvial sequence stratigraphic model
depicting the development of depositional sequences in mixed fluvial-coastal-
marine strata of the Cretaceous Western Interior basin of the USA, in response to
base-level changes. The diagram illustrates the concept of incision and complete
sediment bypass during base-level fall, followed by valley filling, first with
amalgamated fluvial deposits, then tidally influenced strata and finally low net-to-
gross fluvial successions composed of largely disconnected fluvial channel
sandbodies.
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Fig. 2.4. Wright and Marriott (1993) fluvial sequence stratigraphic model illustrating
simple architectural and pedogenic relationships for a fluvial sequence deposited
during a third-order base-level fall-rise (type 1 sequence boundary of Posamentier
and Vail, 1988). LST= lowstand systems tract; TST= transgressive systems tract;
HST = highstand systems tract.
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——= Fluvial channel elements
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Mudstones, siltstones and very fine sandstones.
Parallel lamination and climbing ripples.
Bioturbation and palaeosols.

Cross-bedded fine to medium sandstone.

Fine to very fine sandstone with parallel lamination and climbing ripples.
Lateral accretion surfaces common.

Intraclast conglomerates.

Multistorey sandstone complex.
Cross-bedded very coarse sandstone and conglomerates.
Cross-bedded and parallel laminated very coarse sandstone.

‘ 5-20m

Fig. 2.5. Legarreta and Uliana (1998) fluvial sequence stratigraphic model
illustrating hinterland fluvial depositional sequences on the basis of Cretaceous
non-marine strata in Argentina. These sequences are comprised of three
recognizable systems tracts. Lowstand wedge systems tract (LWST) deposits are
characterized by bed-load sandy to gravelly deposits with an overall coarsening
upwards pattern. The transgressive systems tract (TST) is characterized by a
mixture of bed-load and suspension-load deposits with an overall fining upwards
pattern. The highstand systems tract (HST) is dominated by suspension-load
deposits and an increase in the occurrence of soil profiles. These characteristics
represent a depositional regime with limited accommodation space.

The effects of sea-level change on river longitudinal profiles, and thus fluvial
processes, decrease upstream from the coastline and can propagate only a limited
distance (Fisk, 1944; Blum, 1993; Shanley and McCabe, 1994; Tornqvist, 1998;
Blum and Tornqvist, 2000). Landward of this zone, the dominance of upstream
controls progressively increases. Blum and Toérnqvist (2000) recognized the
upstream limits of sea-level influence as the upstream extent of coastal onlap due
to sea-level rise (Fig. 2.6) and based on study of late-Quaternary coastal-plain
examples, emphasize that this distance is highly variable across different scales of
river-system size and is negatively correlated to channel slope. Blum et al. (2013)
suggest the minimum onlap distance scales with the equilibrium backwater length
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Ly (sensu Paola and Mohrig, 1996), given by L, = h¢/ S, where h; denotes flow
depth and S denotes channel slope. The upstream extent of sea-level influence
range from hundreds of kilometres for large, low-gradient river systems to a few
kilometres for small and steep river systems (Fig. 2.7). Recently, significant
research interest has focused on the “backwater zone” and its potential influence in
alluvial stratigraphy in the ancient rock record (Lamb et al., 2012; Blum et al., 2013).
The upstream limit of the backwater zone is placed where the river bed drops below
the sea level, leading to river-flow deceleration (Lamb et al., 2012). As rivers enter
the backwater zone, bedload transport and deposition drop markedly
(Chatanantavet et al. 2012). Studies in the preserved alluvial stratigraphic record
suggest that the transition into the backwater zone can be identified by distinctive
facies changes (e.g., Petter, 2011; Colombera et al., 2016).
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/ tectonically-controlled base level of erosion
Channel extension
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Fig. 2.6. Definition sketch for fluvial response to sea-level change along a
continental margin with a distinct highstand depositional shoreline break. Diagram
illustrates concepts of channel extension during sea-level fall and lowstand, vs.
upstream limits of onlap during sea-level rise and highstand. (figure and caption
from Blum and Térnqvist, 2000, Fig. 2.13, p. 18).
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Fig. 2.7. Definition sketch highlighting the concept of backwater length. (A)
Longitudinal line drawing illustrating general relationships between floodplain,
channel long profiles, and the upstream limits of brackish water, tidal effects and
backwater conditions. Modified from Blum et al. (2013); originally after Li et al.
(2006). (B) Plan-view line drawing for backwater zone and cross-plot between
backwater length vs. channel slope for river systems with variable sizes of
drainage-basin area, and flow depths. Modified from Blum et al. (2013).

2.1.2 Upstream controls

Outside of the limit of the influence of sea-level changes, upstream controls
including climate and tectonics can play dominant roles in governing the geometry
and architecture of fluvial strata. Climate and tectonics can operate across the
whole extent of the fluvial longitudinal profile, i.e., from source areas to the basin
margins; however, they tend to be most evident in deposits upstream the limit of
backwater effect, as in the downstream regions within the limit of sea-level
influence, their effects are prone to be masked by the effects of base-level changes.

2.1.2.1 Climate
The control of climate on fluvial architecture and geometry can be realized in a
number of ways (Fig. 2.1), including variations of temperature, humidity,

precipitation, flood frequency and magnitude, and evaporation rates. These
parameters can in turn have a major influence on vegetation cover, weathering and
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erosion patterns, and rates of sediment supply. Cecil (1990) and Perimutter and
Matthews (1990) proposed general models illustrating the sedimentological
behaviour of depositional systems in response to climate change. Temperate,
seasonal wet/dry climates tend to be associated with maximum sediment yields;
very humid climates dominated by thick vegetation cover tend to be characterized
by decreased sediment yield and favour the formation of peat/coal; arid climates
tend to be associated with low sediment yield and are dominant by the development
of pedogenic carbonates and evaporites in low-lying areas. Sedimentary behaviour
of fluvial channels is determined by the balance between stream power and
sediment supply (Lane, 1955; Blum and Térnqvist, 2000; Fig. 2.8). Stream power is
primarily a function of water discharge, which might be steady or flashy over time,
and might be associated with different climatic regimes. Sediment supply can be
determined by many factors, with climate being a primary influence. The same
authors thus concluded that given a river system which has reached a dynamic
equilibrium, an increase in sediment supply will lead to channel aggradation
whereas an increase in discharge will lead to channel degradation.

Py
f discharge
Sediment supply Stream power

Fig. 2.8. Balance model for fluvial sedimentological behaviours (aggradation or
degradation) with respect to the relationship between water discharge and sediment
supply. Modified from Blum and Térnqvist (2000); originally after Lane (1955).
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Fluvial processes in response to longer-term climate-controlled sea-level changes
accompanying glacial and interglacial cycles have also been explored (Blum, 1993;
2012).
corresponds to an increase in water discharge, which in turn leads to fluvial

Blum and Térnqgvist, 2000; Foreman et al., Typically, deglaciation
incision. By contrast, glacial maxima correspond to a decrease in water discharge,
which in turn leads to fluvial aggradation. Based on work on Late Cenozoic record
of the Gulf Coast rivers, Blum (1993) and Blum and Térnqvist (2000) developed a
climate-driven model, which indicated that fluvial cycles driven by climate
fluctuations may be totally out of phase relative to those controlled by base-level

changes (Fig. 2.9).
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Fig. 2.9. Model for changes in sediment supply in Mediterranean vs. USA Great
Basin climates during glacial and interglacial periods. The diagram on the left
illustrates conditions that might apply to a marine basin, whereas the diagram on
the right illustrates conditions for a lacustrine basin. Both diagrams illustrate a
succession of possible out-of-phase responses. Figure and caption from Blum and
Térnqvist (2000); originally after Leeder et al. (1998).

Another issue of fundamental significance is the recognition of climatic controls on
sedimentation in the ancient record. Miall (1996) discussed a suite of problems that
might arise regarding this issue: (i) Large variation in fluvial discharge could leave
recognizable effects in the facies record, but the time scale of variation might be
difficult to resolve. (ii) The climate prevailing in the source area might be different
from that in the receiving sedimentary basin. Flow hydraulics of a river and the
resultant facies architecture of the deposits are primarily influenced by the climate
of the sediment source area, whereas floodplains and the finer-grained deposits are
largely determined by the climate of the depositional basin. (iii) Topographic effects
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might exert a control on the local or regional climates, which might complicate the
stratigraphic record. (iv) Climate is often recognized in the ancient rock record
based on evidence of vegetation, either as remains of the vegetation itself (e.g.
preserved leaf debris or rhizoliths), or by the effects vegetation exerts on sediment
supply, bank erodibility, channel style etc. However, vegetation patterns have
evolved throughout the Earth history and therefore modern analogues have a
limited applicability to the ancient past, especially in parts of the Palaeozoic when
land plants had only recently colonised the land masses and had only shallow root
systems (e.g., Santos et al., 2017).

In the past decade, some research efforts (Fielding et al., 2009 and 2018; Plink-
Bjorklund, 2015; Nicholas et al., 2016; Trower et al.,, 2018; Colombera and
Mountney, 2019; Ganti et al., 2019b; Leary and Ganti, 2020) have focused on the
possible control of discharge variability on alluvial stratigraphy from bedform to
basin scales, attempting to decipher climate change within the fluvial deposits
through facies and architectural analysis of the ancient record. Nicholas et al.
(2016) employed physics-based numerical modelling to investigate relationships
between morphology and dynamics in large rivers. They highlighted that discharge
variability and flood duration played critical roles in preserved alluvial stratigraphy at
the macroform scale, suggesting that the plan-view classification of fluvial deposits
may not be a reliable guide to the alluvial stratigraphic record. Fielding et al. (2018)
proposed to use the coefficient of variation of annual peak flood discharge CVQp to
classify rivers in consideration of the importance of river-discharge variability as a
control on the alluvial stratigraphic record. On the basis of analysis of 26 modern
rivers with both available long-term gauging records and published descriptions of
subsurface sedimentary architecture, the same authors suggested that rivers might
be categorized into 5 groups with very low (<0.20), low (0.20-0.40), moderate
(0.40-0.60), high (0.60-0.90), or very high (>0.90) annual peak discharge
variability. Each class of river is proposed to link to a distinctive facies association:
rivers with very low and low peak discharge variability are characterized by the
dominance of cross stratifications and well-preserved macroforms; rivers with
moderate values of CVQp preserve mostly cross stratifications, but records of
macroforms decrease and are mostly modified by reworking; rivers with high and
very high values of CVQp are dominated by Froude transcritical and supercritical
flow structures and typically lack macroform structures, abundant in situ trees,
transported large, woody debris, and pedogenically modified mud partings.

Flume experiments on dune evolution in steady and unsteady flows by Leary and
Ganti (2020) indicate that flood discharge variability can exert an important control
on the preservation of cross strata and concluded that variations in the thickness of
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dune-scale cross sets in the preserved alluvial stratigraphic record can provide
critical information on the ratio of the timescales of formative flood variability and
bedform adjustment, and hence can act as a potential signature of bedform
disequilibrium in the alluvial stratigraphic record.

2.1.2.2 Tectonics

Tectonic processes can control fluvial geometry and facies architecture through
their influence on relative sea-level changes, basin physiography, relief of the
source area and regional slope, which in turn could exert key control on sediment
yield and transport capacity.

Fluvial cycles could also be driven by high-frequency tectonic cycles of subsidence
and uplift superimposed on a longer-term climatic background. Models for such
fluvial sequences need to be developed for specific tectonic settings considering
the considerable differences of the mechanisms and patterns of subsidence and
uplift among different types of sedimentary basins. For example, Catuneanu and
Elango (2001) established a fluvial sedimentation model (Fig. 2.10A) for the
foredeep portion of retroarc foreland systems based on the orogenic cycles of
thrusting and quiescence in the adjacent fold-thrust belts predicted from fluvial
sequences (Catuneanu and Elango, 2001; Fig. 2.10B) of the Balfour Formation of
the Beaufort Group of the Karoo Basin, South Africa.
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Fig. 2.10. (A) Fluvial sedimentation model for a retroarc foreland system during the
overfilled phase (sensu Sinclair and Allen, 1992), emphasizing changes in the
relationship between accommodation and sedimentation. Orogenic unloading
results in flexural uplift and steepening of the topographic slope (foreslope).
Orogenic loading leads to differential subsidence and the lowering of the
topographic gradient. The depocenter therefore moves from the foredeep zone,
during orogenic loading, to the foresag zone during unloading. Modified from
Catuneanu and Elango (2001). (B) Fluvial depositional sequences of the Balfour
Formation, Karoo Basin, South Africa. Note that each sequence displays a fining
upward profile, due to the change with time in fluvial styles from higher to lower-
energy systems. At the same time, the overall vertical profile of the formation is
coarsening-upward in response to the progradation of the orogenic front. The
change from low- to high-accommodation conditions during the deposition of each
sequence is gradational. Figure and caption from Catuneanu (2006); originally after
Catuneanu and Elango (2001).

However, these models (Fig. 2.3-2.5, Fig. 2.10A) may oversimplify the relationship
between external forcing mechanisms and fluvial architecture. Based on the study
of Cretaceous Dakota Group strata, USA, Holbrook et al. (2006) established the so-
called “buffers and buttresses” model (Fig. 2.11) to account for both downstream
and upstream controls on fluvial architecture and geometry. This model can be
amended to existing fluvial sequence stratigraphic models to capture dip-oriented
changes in fluvial facies and architecture upstream from a coastline. A buttress
represents some fixed point indicating the downstream controls (such as sea-level
for marine basins, lake level for inland basins, or the level of the tectonic rim
through which the river flows out of a basin). The buffer zone is the available
instantaneous preservation space for the fluvial system, which is constrained by the
maximum depth of local channel scour and the maximum height of river
aggradation under prevailing conditions of water discharge and sediment load. The
buffer zone can expand or contract vertically in response to changes in upstream
controls (climate change and tectonism) (Fig. 2.12), which can exert important
controls on the water and sediment flux of the river. The river system will aggrade
or erode towards a new dynamically maintained equilibrium longitudinal profile that
balances the water and sediment supply and the rate of change in accommodation.
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Fig. 2.11. Definition sketch illustrating allogenic controls on fluvial geometry and
architecture along dip-oriented profiles. The diagram is intended to indicate how the
balance between upstream (tectonic, climatic) and downstream (base-level)
controls changes from coastal shoreline to the source area. The relative roles of
major controls are based on Shanley and McCabe (1994). The buffers and
buttresses concepts are based on Holbrook et al. (2006). Figure modified from Miall
(2014).
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Fig. 2.12. Range of effects on both a single river profile and enveloping buffer zone
because of changes in the sea level buttress and because of local uplift and
subsidence. Preservation space between the upper and lower buffer profiles record
fluvial deposition because of variation in the instantaneous profile over short
durations because of fluctuations in sediment and water supply ratios. Rise and fall
of the buffer zone because of changes in base level and tectonics raise and lower
river profiles and thus further add or remove accommodation for sediment
preservation, respectively. Modified partly from Stuart (2015); originally after
Holbrook et al. (2006).

2.2 Incised-valley systems

As fluvial graded profiles respond to rises and falls in base level and other upstream
controls, river vertical incision may lead to the formation of incised valleys
(Easterbook, 1999). Generally, incised valleys are described as elongate
topographic lows whereby smaller rivers feeding them lack the discharge to
constantly flood beyond the valley incision and onto the interfluves (Gibling et al.,
2011). According to the location with respect to the source-to-sink systems and the
dominant processes and controls, Blum et al. (2013) classified the general fluvial
valley systems into 4 categories: bedrock, mixed bedrock-alluvial, coastal-plain and
cross-shelf incised valleys (Fig. 2.13). Bedrock and mixed bedrock-alluvial valleys
typically occur in areas dominated by tectonic uplift and are in a long-term state of
incision and deepening, with channels incising into bedrock (Howard et al., 1994,
Howard, 1998). Coastal-plain valleys are fully alluvial, extending from the highstand
shoreline to the upstream limits of sea-level influence. Cross-shelf valleys extend
between the highstand shoreline and the shelf margin and are exposed to fluvial
and marine processes. These coastal-plain and cross-shelf valleys are the subject
of this work. Nearshore incised valleys are defined as fluvially eroded, elongate
palaeotopographic lows developed in shelf and coastal settings in response to
relative sea-level fall, and subsequently inundated, infilled and reworked by fluvial,
coastal and marine processes during episodes of relative sea-level rise
(Posamentier and Allen, 1999; Zaitlin et al, 1994; Blum et al., 2013). The basal
erosional surface of incised valleys along with their correlative interfluve surfaces
has long been considered as a regional, sequence-bounding unconformity that
represent significant hiatuses in deposition (e.g., Vail et al., 1977, Posamentier and
Vail, 1988; Posamentier et al., 1988; Van Wagoner et al., 1990).
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Fig. 2.13. Definition sketch (A) illustrating the classification of fluvial valley systems
and corresponding dominant processes and controls from the source area to the
depositional basin. Modified from Blum and Womack (2009). Inset map (B)
illustrates the position of coastal-plain incised valley and cross-shelf incised valley
in a plan-view profile.

2.2.1 Formation and evolution of incised-valley systems

Incised valleys have long been considered to form in two episodes: (i) incision,
sediment bypass through the valley, and deposition at the lowstand coastline or
beyond during periods of relative sea-level fall; and (ii) deposition within valleys
during periods of relative sea-level late lowstand and sea-level rise (Posamentier
and Vail, 1988; Posamentier et al., 1988; Van Wagoner et al., 1990; Zaitlin et al.,
1994). However, recent experimental and computational modelling (Strong and
Paola, 2006, 2008; Martin et al., 2009) and well-dated Quaternary systems (Blum
and Price, 1998; Blum et al., 2013) challenge this view and support an alternative
notion (Fig. 2.14): the basal surface of incised-valley fills are highly diachronous,
composite erosional features resulting from multiple episodes of punctuated
channel incisions accompanied by lateral migration, channel-belt deposition and
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valley-wall reshaping through a sea-level cycle. The bounding surfaces of valley fills
are generally unlikely to have existed as topographic surfaces in their original
landscapes. Valley deepening is driven by vertical channel incision, whereas valley
widening is largely driven by lateral migration of channels and valley sidewall
destabilization (Strong and Paola, 2006, 2008; Martin et al., 2011; Blum et al.,
2013).
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2.2.2 Stratigraphic architecture of incised-valley fills

1994b; Zaitlin et al., 1994) for incised-valley fills commonly link internal fills of
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Fig. 2.14. Diagram of the evolution of valley width and depth in experimental
settings (modified from Blum et al., 2013; originally from Strong and Paola, 2009),
highlighting the formation and evolution of the basal surface of incised-valley fills,
constantly reworked by erosion and deposition through a base-level cycle. See text

Classical facies models (e.g., Dalrymple et al., 1992; Allen and Posamentier,
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valleys with estuarine facies successions that form during shoreline transgression,
generally corresponding to relative sea-level rise. These facies models for coastal-
plain incised-valley development and infill (Fig. 2.15-2.17) are widely adopted and
typically envisage three segments: (i) a seaward segment (segment 1) comprising
basal fluvial deposits overlain by estuarine deposits and capped by fully marine
deposits; (i) a medial segment (segment 2) recording a drowned-valley estuarine
complex that existed around the time of maximum transgression, overlying a
lowstand to transgressive succession of fluvial and estuarine deposits; and (iii) a
proximal landward segment (segment 3) mostly occupied by fluvial systems
throughout its depositional history, whereby the fluvial style changes due to
variations in the rate of base level change (Fig. 2.16 and Fig. 2.17).

However, Blum et al. (2013) highlight that incised-valley fills associated with marine
shoreline systems may or may not contain estuarine facies successions: the scale
of valley fills within the limit of sea-level influence might be overly underestimated if
only the extent containing estuarine successions are considered, as backwater
effects can extend significantly upstream from estuarine limits (see Fig. 2.7). Based
on field studies of ancient and Quaternary systems, they summarize that the
internal fills of coastal-plain incised valleys (Fig. 2.18) are typically composed of an
amalgamated lower valley fill, dominated by amalgamated sand bodies that rest on
the classically defined sequence boundary, overlain by a non-amalgamated (low-
net) upper valley fill, characterized by ribbon- and sheet-like sand bodies that are
more isolated within mud-dominated successions.

In summary, the widely adopted drowned-valley estuarine facies models (Dalrymple
et al., 1992; Allen and Posamentier, 1994b; Zaitlin et al., 1994; Fig. 2.16 and Fig.
2.17) are biased by being derived from small coastal-plain valley systems with
limited sediment supply. It is recognized that facies models should be a distillation
of existing case studies, and that they are intended to represent the common trends
rather than the only possible stratigraphic expression; however variability can be
expected and deviations from the classical model may be significant depending on
the range of geological boundary conditions (Boyd et al., 2006). For example, valley
fills entirely filled by fluvial deposits might indicate that the rate of fluvial sediment
supply are high compared to the rate of creation of accommodation by relative sea-
level rise, or that the location of the studied valleys is situated far inland upstream of
the estuarine effects (e.g., segment 3 in Fig. 2.16). The detailed characterization
provided by Blum et al. (2013), therefore, can be considered as a refinement for the
facies model for the proximal landward segment (segment 3 in Fig. 2.16) of incised-
valley fills by Zaitlin et al. (1994).
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Fig. 2.15. Diagram illustrating the distribution of energy types and plan-view
morphological components within an idealized wave-dominated estuary (A) and
tide-dominated estuary. MSL = mean sea level. Modified from Dalrymple et al.
(1992).
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Fig. 2.16. Idealized longitudinal section of a simple incised-valley-fill system
illustrating the distribution of (A) depositional environments, (B) systems tracts, and
(C) key stratigraphic surfaces. A wave-dominated estuary has been considered in
this model. Segments 1 and 3 are typically much longer than segment 2, and are
compressed here for presentation purposes. Also displayed in (D) are five
representative vertical sections of facies and sequence-stratigraphic surfaces,
whose locations have been shown in (A). Modified from Zaitlin et al. (1994).
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Fig. 2.17. Idealized plan-view map of a simple incised-valley-fill system showing its
evolution in a complete sea-level cycle. (A) Lowstand systems tract time illustrating
valley incision near the shoreline with complete sediment bypass. (B) Late lowstand
systems tract time illustrating the development of a lowstand delta at the mouth of
the incised valley and the beginning of fluvial deposition in the incised-valley
system. (C) Transgressive systems tract time illustrating the establishment of a
tripartite, wave-dominated estuarine system within the incised-valley system. (D)
Highstand systems tract time illustrating the development of a progradational delta
system beyond the margins of the buried incised valley. Modified from Stuart
(2015); originally after Zaitlin et al. (1994).
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Fig. 2.18. (A) Schematic diagram Iillustrating the stratigraphic architecture of
coastal-plain incised-valley fills (modified from Blum et al., 2013; originally after
Blum and Womack, 2009), highlighting distinctive difference between amalgamated
(high-net) basal components, and non-amalgamated (low-net) upper components.
The amalgamated component is shown here as displaying a degradational stacking
pattern for presentation purposes. Heavy red line corresponds to the diachronous
basal valley-fill surface. Contrasting stacking patterns of channel-belt sand bodies
for the amalgamated basal components during relative sea-level fall and lowstand.
(B) Schematic sea-level curve for 100 kyr glacio-eustatic cycle, indicating time
periods of channel-belt deposition. (C) Degradational stacking pattern typical of
passive continental margins. (D) Aggradational stacking pattern typical of the Po or
Rhine systems. Heavy green line corresponds to valley incision during initial relative
sea-level fall, and represents the surface that traces up and out of the valley to the
surface of subaerial exposure. Heavy red line corresponds to the base of channel
belts formed during sea-level lowstand and the maximum basinward extension.
Modified from Blum et al. (2013).
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2.2.3 Incised valleys and source-to-sink system

Incised-valley systems have long been considered features that play a key role in
transferring sediments from hinterland regions to deep-marine environments during
lowstand (Fig. 2.13 and Fig. 2.19), which makes them a useful reference for
exploration of sediment linkages to down-dip, relatively coarse-grained lowstand
deltas or basin-floor fans (Mitchum 1985; Van Wagoner et al.,, 1988, 1990;
Posamentier, 2001; Térnqvist et al., 2006; Blum and Tornqvist, 2000).

The question of how and when incised-valley systems regulate sediment supply to
downdip components of the sediment dispersal system is contentious. A notion
deeply embedded in sequence-stratigraphic models is that relative sea-level fall can
promote the upstream-propagation of stream rejuvenation and lead to valley
incision, driving the remobilization of sediments from the coastal plain and the
newly emergent shelf that would feed distal components of the sediment dispersal
system. This incision and complete sediment bypass pattern of sediment supply
was referred to as a “vacuum cleaner’” model by Blum and Toérnqvist (2000),
compared to a “conveyor belt” model (Fig. 2.20), where sediment supply are
constantly delivered to the downdip components of the sediment dispersal system
derived from a large hinterland drainage basin. Based on estimation of sediment
supply and valley dimensions of coastal-plain valleys of the Colorado river, Gulf of
Mexico Coast, Blum and Toérnqvist (2000) show that the total volume of sediments
produced by “vacuum cleaner” excavation of a valley during the last glacio-eustatic
sea-level fall and lowstand were an order of magnitude less than the volume
delivered by the conveyor belt during the same interval of time. A global compilation
and empirical model for sediment supply by Syvitski and Milliman (2007) indicates
that contributing drainage-basin areas and relief are first-order controls on sediment
supply, with climatic parameters being of second-order. Moreover, important
morphometric scaling relationships have been identified by Semme et al. (20093,
2009b) between the size of drainage-basin areas, fluvial components and shelf to
deep-water systems including strong positive relationships between drainage-basin
area, river channel lengths and gradients, shelf widths and the scale of basin-floor
fans.

Another issue of considerable significance for sediment supply is the amalgamation
of drainage-basin areas as rivers traverse coastal plains and newly emergent
shelves during relative sea-level fall (Mulder and Syvitski, 1996) in view of the
important control of drainage-basin area on sediment supply. The greatly enlarged
drainage areas due to amalgamation of drainage basins during lowstand have been
commonly recognized in late-Quaternary coastal systems (Blum and Womack,
2009; Fig. 2.21). Mulder and Syvitski (1996) and Burgess and Hovius (1998) have
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demonstrated that the amalgamation of drainage-basin areas across broad shelves
during lowstand will increase the volume of individual point-source sediment inputs
to the basin margin and beyond, and that there will be fewer point sources than
what might be expected during highstand. However, Blum and Toérnqvist (2000)
highlight that for smaller rivers with narrow shelves, or for Greenhouse periods in
the Earth history, the potential for drainage-basin amalgamation might be
considerably less because of significantly shorter transit distances (Fig. 2.22).
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Fig. 2.19. Definition sketch highlighting the major components of the source-to-sink
system (modified from Blum and Womack, 2009; originally after Posamentier and
Kolla, 2003). Note that sediment dispersal to the shelf margin and deep basin is
determined by processes that control sediment supply to the shelf margin and
processes that control dispersal farther downdip.
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Fig. 2.20. Schematic diagram illustrating typical contrasts between conveyor-belt
vs. vacuum-cleaner models for sediment supply to basin margins. The conveyor
belt derives sediments by continuous feed from a large hinterland drainage
network, and is not necessatrily linked to deep incision with complete sediment
bypass during the episodes of sea-level fall, whereas the vacuum cleaner derives
all sediments from more distal parts of the basin by excavation of a coastal-plain
incised-valley system. Modified from Blum et al. (2013); originally after Blum and
Térnqvist (2000).
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Fig. 2.22. Schematic diagram illustrating generic models for the amalgamation of
drainage-basin areas, or the lack thereof, in icehouse and greenhouse periods of
Earth history. (A) “Icehouse” highstand, where all rivers discharge to the inner part
of a broad submerged shelf and therefore the shelf slope and deep basin is
sediment starved. (B) “Icehouse” lowstand, where smaller rivers merge into larger
tfrunk rivers as they ftransverse the newly emergent shelf. (C) “Greenhouse”
highstand, where all rivers feed into a very narrow shelf, and fluvial sediment is
constantly delivered to the shelf slope and deep basin. (D) “Greenhouse” lowstand,
where amalgamation of drainage-basin areas may not occur. Modified from Blum et
al. (2013); originally after Blum and Womack (2009).

2.3 Magnitude and frequency of climate and sea-level
change

2.3.1 The Quaternary

The Milankovitch theory of climate change (Milankovitch, 1941; de Boer and Smith,
1994) has been widely invoked to explain and account for global changes in ice
volumes and corresponding fluctuations of eustatic sea level, especially since
studies of oxygen isotopes in deep-sea sediments were utilized for the analysis of
glacial-interglacial cycles. On the basis of oxygen-isotope records in deep-sea
foraminifera, Hays et al. (1976) illustrated that fluctuations in global ice volume and
resultant eustatic sea level followed the periodicities of ca. 400, 100, 43, 23, and 19
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kyr, which are predicted by the Milankovitch theory and proposed to be triggered by
the long-term quasi-periodic changes in the orbital parameters of Earth relative to
the Sun (eccentricity, obliquity and precession). Currently, the Earth’s eccentricity
cycles with a period of ca. 100 kyr, whereas obliquity has a period of ca. 43 kyr and
precession periodicity of ca. 23 kyr and 19 kyr.

Eustatic sea-level change during the Quaternary Icehouse period is characterized
by asymmetric, high-frequency (<400 kyr), high-magnitude (>50 m) sea-level cycles
with superimposed cycles of shorter frequencies and magnitude. During the middle
to late Pleistocene, full glacial—-interglacial cycles followed 100-kyr changes in the
eccentricity of Earth's orbit around the Sun. Amplitudes of eustatic sea-level change
for these cycles were typically larger than 100 m (Miller et al., 2005). Prior to that,
amplitudes were generally ca. 50 m (Miller et al., 2005) and full glacial-interglacial
cycles occurred with a periodicity of ca. 43 kyr, following changes in the axial tilt of
the Earth with respect to the Earth’s orbital plane (Shackleton and Opdyke, 1973;
Imbrie and Imbrie, 1979; Martinsen et al., 1987; Lisiecki and Raymo, 2005). The
~20 kyr cycles (23 and 19 kyr) are superimposed on full glacial-interglacial cycles
and determine both the seasonal distribution of solar radiation reaching the top of
the Earth’s atmosphere and the strength of atmospheric circulation features, such
as monsoon climates (Prell and Kutzbach, 1992). These cycles are thought to
contribute to a stepped character of the higher-order sea-level falling limbs,
whereas the rising phase of higher-order limbs is commonly uninterrupted by this
lower-order modulation. Additionally, research on ice cores and the marine record
indicates that significant global climate changes at the scale of 10 and 10* years
are superimposed on Milankovitch orbit-forcing cycles (Bond et al., 1997), which
have also been demonstrated to manifest in the terrestrial biosphere by pollen data
(e.g. Harrison and Goni, 2010). During the middle to late Pleistocene, mean
eustatic sea level is reported to have been ca. -62 m (Fig. 2.23A) and rates of
eustatic sea-level fluctuations are estimated to be generally <3 mm/yr (Fig.
2.23C); 45% of the last 10° years experienced sea-level rise and ca. 55%
experienced eustatic sea-level fall (Fig. 2.23C). The asymmetric character of
Quaternary sea-level curves (Fig. 2.23E) has been explained by the dynamics of
continental ice caps: as continental ice caps develop, they tend to contribute to a
prolonged period of eustatic sea-level fall; when the ice-masses melt, they do so
over a much shorter time period and thus lead to rapid episodes of sea-level rise.
Furthermore, it is worth noting that end-member states of full glacial or full
interglacial climate and sea-level conditions are rare as they only represent a small
percentage (20%) of the last million years (Porter, 1989). These observations
support the notion that conditions of eustatic sea-level fluctuation is the rule, not an
exception (Blum et al., 2013).
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In the first part of this PhD Thesis, the focus is on late-Quaternary incised-valley
fills, especially those formed during the last complete 100 kyr glacial—-interglacial
cycle, from ca. 120 ka to present. This is in consideration of the fact that during this
most recent period, global climate and sea-level changes and other boundary
conditions, such as climates in the catchments, tectonic settings and receiving
basin physiography, can be constrained closely. The penultimate interglacial period,
with the global ice-volume minima and sea-level maxima, lasted from ca. 120 to 74
ka and was typically referred to as marine isotope stage 5 (MIS 5). This period was
further divided into five substages, from MIS 5e to MIS 5a: MIS 5e, the last
interglacial maximum, occurred from ca. 120-115 ka, when global eustatic sea level
reached elevations of +3 to 6 m (relative to modern sea level); MIS 5d-5a
witnessed fluctuations in eustatic sea level between —60 and-20 m. MIS 4—-2, which
are typically considered to correspond to the last glacial period, lasted from ca. 74
to 15 ka, when the glacio-eustatic sea level fluctuated but typically fell from -60 to
=130 m. MIS 2, the last glacial maximum (LGM), with maxima in global ice volumes
and minima in sea level at =130 to =120 m, occurred from ca. 25 to 18 ka. Late MIS
2 and early MIS 1, from ca. 18 to 6 ka, were characterized by rapid melting of global
ice caps and the corresponding rapid sea-level rise. After this time, global eustatic
sea level has remained close to the state at present-day time (Lambeck and
Chappell, 2001; Siddall et al., 2003; Church et al., 2008).

One issue of considerable significance is that climate change and sea-level change
in local or regional areas tend to be much more complicated than what depicted by
the global record. In the past 20 kyr, many local regions have shown significant
deviations in magnitude and/or direction from global climatic conditions (Wright et
al.,, 1993; Kutzbach et al., 1997). Relative sea-level changes of local to regional
importance can demonstrate significant departures from eustatic sea-level changes
in both rate and magnitude, and sometimes in polarity (Lambeck, 1993a,b;
Shennan et al., 2000, 2002; Peltier et al., 2002; Shennan and Horton, 2002; Milne
et al.,, 2006; Shennan et al., 2006). The causative mechanisms of these
discrepancies are varied, and include local to regional tectonics, local land
subsidence, mantle response to development and melting of ice sheets, melting of
local land ice, glacio- and hydro-isostatic deformation of shorelines, sediment
compaction, hydrodynamics (Peltier and Andrews, 1976; Tushingham and Peltier,
1992; Lambeck, 1993a, b; Fleming et al., 1998; Peltier, 1998).
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Fig. 2.23. (A) Eustatic sea-level curve during the last 1 Ma. Dashed line denotes
the mean value of sea-level position relative to modern sea level and orange box
shows the range of sea-level positions that represent 60% of time in the past 1
million years (Myr). (B) Histogram illustrating the distribution of sea-level positions
in the past 1 Myr. Note that the frequency of occurrence of sea-level positions here
is recorded for every 5 kyr. (C) Histogram illustrating the distribution of rates of sea-
level change in the past 1 Myr. Note that frequency of occurrence of sea-level
fluctuation rate here is recorded for every 5 kyr. (D) Fluctuations of eustatic sea
levels during the last 130 kyr. Note that key Marine Isotope Stages (from MIS 5e
through MIS 1) are shown in the bottom colour bars; these are referred to
throughout this work. Figure and caption after Blum et al. (2013). (E) Diagram of the
proportion variation of the planktonic cold-water foraminifera in marine core VM 23-
81 and oxygen-isotope records in deep-water sediments in the last 90 Kyr,
emphasizing the asymmetric character of the eustatic sea-level curve in the last
100-kyr glacial-interglacial cycle. After Blum and Térnqvist (2000), originally after
Bond et al. (1993).

2.3.2 Pre-Quaternary

It has long been considered that during the Phanerozoic period, the Earth’s climate
alternated between icehouse and greenhouse conditions, which were separated by
transitional climates (Frakes et al., 1992; Fig. 2.24). Icehouse conditions were
characterized by high-frequency (4th-order) and high-magnitude (> 100 m) sea-
level oscillations and operated in tandem with the waxing and waning of continental
ice sheets. By contrast, greenhouse conditions were typically characterized by high-
frequency but limited amplitude (< 10 m) sea-level fluctuations (Lehrmann and
Goldhammer, 1999; Séranne, 1999). Only for a relatively small part of the Earth’s
history during the Phanerozoic did the global climate resemble that of the
Quaternary icehouse world (Fig. 2.24), and these times include the Carboniferous
(Fielding et al., 2006) and the late Paleogene to Neogene (Abreu and Anderson,
1998).

However, Milankovitch-scale radiation-driving climate change is an intrinsic part of
Earth—Sun relations (Berger et al., 1989; Berger and Loutre, 1994) and might have
operated significantly throughout the Phanerozoic (Barron and Moore, 1994),
although with variable periodicity, amplitude and phasing relations (Blum and
Tornqvist, 2000). The wavelengths of relative sea-level changes for the 100 kyr
eccentricity cycle have been recognized to differ little at 500 Ma compared to those
operating in the late Quaternary, whereas the obliquity (currently 41 kyr) and
precession cycles (currently 23 and 19 kyr) are considered to have shortened since
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500 Ma (ca. 30 kyr for obliquity cycles; 19 kyr and 16 kyr for precession cycles)
(Berger et al., 1989; Berger and Loutre, 1994). Nevertheless, this external forcing
might also have different manifestations between greenhouse conditions and
icehouse conditions (Frakes et al., 1992). Therefore, care should be taken when
extrapolating any relationships observed in the geological record of the late
Quaternary to the more ancient rock record, especially for geological times
dominated by greenhouse conditions.
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Fig. 2.24. Diagram illustrating Earth’s climates and eustatic fluctuations throughout
the Phanerozoic. Greenhouse-Icehouse portion of the diagram modified from
Frakes and Francis (1988), Frakes et al. (1992) and Read (1995). The portion of
the diagram relating to palaeolatitude of ice-rafted deposits is modified from Frakes
and Francis (1988). Global sea-level curve and mean global temperature curve
after Frakes et al. (1992).
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2.4 Summary

Understanding of controls that govern channel incision and lateral migration during
relative sea-level fall and rise is necessary for exploring the geological controls on
incised-valley-fill dimensions, as valley deepening is driven by vertical channel
incision, whereas valley widening is largely driven by lateral migration of channels
and valley sidewall destabilization. Evaluating the different roles of upstream
controls and downstream controls on the alluvial stratigraphic record can provide
guidelines to decipher the prevailing boundary conditions in Earth history from the
ancient record.

In the following chapters (Chapters 3 and 4), geological controls on the geometry
and stratigraphic architecture of incised-valley-fill systems are explored based on
quantitative analysis of late-Quaternary examples, where deposits and controlling
factors can be well constrained, in order to gain an improved understanding of the
relative roles of different controls on valley-fill geometry and stratigraphic
architecture. In Chapter 5, the resultant database-conditioned models from late-
Quaternary examples have been applied to reconstruct characteristics of river
systems from the ancient rock record, i.e., to Namurian incised-valley fills of the
United Kingdom and Ireland. The facies architecture of these ancient examples is
employed to help decipher palaeohydraulic characteristics of their formative rivers
and to attempt a refinement of regional palaeogeographic reconstructions.
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3 Geological controls on the geometry of incised-valley
fills: Insights from a global dataset of late-Quaternary
examples

3.1 Summary

Incised valleys that develop due to relative sea-level change are common features
of continental shelves and coastal plains. Assessment of the factors that control the
geometry of incised-valley fills has hitherto largely relied on conceptual,
experimental or numerical models, else has been grounded on case studies of
individual depositional systems. Here, a database-driven statistical analysis of 151
late-Quaternary incised-valley fills has been performed, the aim being to investigate
the geological controls on their geometry.

Results of this analysis have been interpreted with consideration of the role of
different processes in determining the geometry of incised-valley fills through their
effect on the degree and rate of river incision, and on river size and mobility. The
studied incised-valley fills developed along active margins are thicker and wider, on
average, than those along passive margins, suggesting that tectonic setting exerts
a control on the geometry of incised-valley fills, likely through effects on relative
sea-level change and river behaviour, and in relation to distinct characteristics of
basin physiography, water discharge and modes of sediment delivery. Valley-fill
geometry is positively correlated with the associated drainage-basin size,
confirming the dominant role of water discharge. Climate is also inferred to exert a
potential control on valley-fill dimensions, possibly through modulations of
temperature, peak precipitation, vegetation and permafrost, which would in turn
affect water discharge, rates of sediment supply and valley-margin stability. Shelves
with slope breaks that are currently deeper than 120 m contain incised-valley fills
that are thicker and wider, on average, than those hosted on shelves with breaks
shallower than 120 m. No correlation exists between valley-fill thickness and
present-day coastal-prism convexity, which is measured as the difference in
gradient between lower coastal plains and inner shelves.

These findings challenge some concepts embedded in sequence stratigraphic
thinking, and have significant implications for analysis and improved understanding
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of source-to-sink sediment route-ways, and for attempting predictions of the
occurrence and characteristics of hydrocarbon reservoirs.

3.2 Introduction

Incised valleys are common features of continental shelves and coastal plains. In
these settings, valleys develop as fluvially eroded, elongated palaeotopographic
lows in response to relative sea-level fall that causes rivers to incise their bed in an
attempt to reach a new lowered equilibrium profile (Summerfield, 1985;
Posamentier and Allen, 1999; Blum and Toérnqvist, 2000; Holbrook et al., 2006;
Blum et al., 2013). The resultant valleys are subsequently inundated by the sea
during a following episode of sea-level rise, typically leading to the development of
estuaries in the nearshore (Zaitlin et al., 1994). As transgression proceeds, both the
valley margins and the sedimentary infill in the 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 Tornqvist, 2000; Blum et al., 2013). Valley systems that are cut in response to
relative sea-level change possess greater potential for sediment accommodation
than time-equivalent interfluve areas, and the infill of such valleys typically records
a complex history of infilling via sedimentation in a 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 lowstand
times as rivers seek to re-equilibrate (Summerfield, 1985; Blum and Price, 1998;
Posamentier and Allen, 1999; Blum and Toérnqvist, 2000; Holbrook et al., 2006;
Strong and Paola, 2008; Martin et al., 2011; Blum et al., 2013). The lower part of
the valley fill usually records sediment accumulation via fluvial systems both during
the falling-stage and lowstand systems tracts (Blum and Price, 1998; Strong and
Paola, 2008; Martin et al., 2011; Blum et al., 2013). However, the majority of the fill
of valley systems consists of a relatively complete record of deposition during the
lowstand and early transgressive system tracts, whereby slowly rising sea level
locally reduces the fluvial gradient close to the valley shoreline and encourages
accumulation (Posamentier and Allen, 1999; Blum and Toérnqvist, 2000; Holbrook et
al.,, 2006; Blum et al., 2013). Thus, the sedimentary fill of these types of valleys
might provide critical information about earth-surface processes, related
depositional history, and its controls, such as the rate of relative sea-level change
and its effects on sediment distribution and depositional environments (Posamentier
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and Vail, 1988; Wright and Marriott, 1993; Shanley and McCabe, 1994; Dalrymple
et al. 1994; Zaitlin et al., 1994; Legarreta and Uliana, 1998; Blum et al., 2013).
Furthermore, incised-valley systems play key roles in transferring sediments from
hinterland regions to deep-marine environments during lowstands, which makes
them a useful reference for exploration of sediment linkages to down-dip, coarse-
grained lowstand deltas or basin-floor fans (Mitchum 1985; Van Wagoner et al.,
1988, 1990; Posamentier, 2001; Tornqvist et al., 2006; Blum and Toérnqvist, 2000).
Typically, incised valleys are initially filled with coarse-grained fluvial deposits at
their base during relative sea-level fall and lowstand, and are subsequently filled by
estuarine and marine deposits during the following sea-level rise (Roy, 1984;
Dalrymple et al., 1992; Allen and Posamentier, 1993; Wright and Marriott, 1993;
Shanley and McCabe, 1993, 1994; Dalrymple et al. 1994; Zaitlin et al., 1994; Blum
and Toérnqvist, 2000; Blum et al., 2013). Thus, many valley fills are sand prone,
which makes them potential hydrocarbon reservoirs and groundwater aquifers
(Wright and Marriott, 1993; Shanley and McCabe, 1994; Dalrymple et al. 1994;
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 internal fill
of near-shore incised valleys (e.g., Fisk, 1944; Zaitlin et al., 1994; Wright and
Marriott, 1993; Allen and Posamentier, 1993; Shanley and McCabe, 1994;
Dalrymple et al., 1994, 2006; Legarreta and Uliana, 1998; Blum et al.,, 2013).
Numerous conceptual, numerical and experimental models have been devised, and
scaling relationships identified from modern or ancient case studies, to investigate
mechanisms of fluvial channel incision, lateral migration and associated drivers
over short timescales (< 10° yr) (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 et al., 2006;
Gibling 2006; Blum et al., 2013). However, only a limited number of studies have
hitherto focused on geological controls that determine the geometry of near-shore
incised valleys and their fills; the results of such studies largely consist of
conceptual, experimental, or numerical models (Talling, 1998; Posamentier and
Allen, 1999; Strong and Paola, 2006, 2008; Martin et al., 2011), or are based on
case studies of individual incised-valley systems (e.g. Posamentier, 2001; Weber et
al., 2004; Ishihara and Sugai, 2017) or of multiple valley systems in a single region
(e.g. Mattheus 2007; Mattheus and Rodriguez, 2011; Phillips, 2011; Chaumillon et
al., 2008).

In this study, a database-driven statistical analysis has been performed with the aim
to investigate the geological controls on the geometry of incised-valley fills. The
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study is based on a compilation of late-Quaternary incised-valley fills, especially —
but not only — those formed during the last glacio-eustatic cycle; the studied
examples are representative of different climatic and tectonic settings, and are
distributed globally. By restricting the scope of investigation to late-Quaternary
examples, the controlling factors on valley characteristics and evolution can be
constrained closely. It is therefore possible to relate valley-fill geometry to
magnitude of sea-level change, drainage-basin size, drainage-basin vegetation
type, physiography of the receiving basin, climate, substrate lithology and tectonics.
These variables are generally poorly constrained for most ancient successions.
Specific objectives of this work are as follows: (i) to gain an improved understanding
of geological controls on valley-fill dimensions; (ii) to evaluate the relative roles of
different controls on valley incision and widening; (iii) to present implications of the
results for sequence stratigraphy and for hydrocarbon-reservoir prediction and
characterization.

3.3 Background

Observations from experiments (Strong and Paola, 2006, 2008) and investigation of
late-Quaternary incised valleys, such as those along the Texas coastal plain (Blum
and Price, 1998; Blum et al., 2013), reveal the diachronous nature of the basal
surfaces of incised-valley fills; these surfaces do not typically represent relict
geomorphic surfaces, but rather amalgamated erosional features resulting from
multiple episodes of punctuated channel incisions accompanied by lateral
migration, channel-belt deposition and valley-wall reshaping during relative sea-
level fall and lowstand. Valley deepening is driven by vertical channel incision,
whereas valley widening is largely driven by lateral migration of channels and valley
sidewall destabilization (Strong and Paola, 2006, 2008; Martin et al., 2011; Blum et
al., 2013). Insight on controls that govern channel incision and lateral migration
during relative sea-level fall and rise is therefore useful for exploring the geological
controls on incised-valley-fill dimensions. Process-based studies argue that along
the continental margins, fluvial incision initiates when a steeper-gradient surface
with respect to the fluvial equilibrium profile is exposed during relative sea-level fall
(Summerfield, 1985; Leckie, 1994; Talling, 1998; Posamentier and Allen, 1999;
Blum and Tornqvist, 2000; Holbrook et al., 2006; Blum et al., 2013). The onset of
incision generally occurs at the highstand coastline or at the shelf-slope break when
exposed by sea-level fall. Fluvial systems tend to reach their graded profile by
landward propagation of retreating knickpoints (Summerfield, 1985; Posamentier
and Allen, 1999; Blum and Toérnqvist, 2000; Holbrook et al., 2006). Knickpoint
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migration rates have been shown to be strongly controlled by water discharge
(Schumm et al.,, 1984; Loget and Van Den Driessche, 2009) and substrate
characteristics (Van Heijst and Postma, 2001; Loget and Van Den Driessche,
2009). Thus, both the magnitude of sea-level fall and the physiography of the basin
determine the largest vertical adjustment of a river system through valley incision,
whereas water discharge and substrate characteristics dominate the degree to
which, and rate at which, fluvial systems approach the equilibrium profile (Paola et
al., 1992). However, rivers might not incise during relative sea-level fall if the shelf
is broad and of a gradient similar to, or less than, that of the adjacent coastal plain,
and if water discharge is relatively small (cf. Woolfe et al., 1998). Valley
downcutting might also take place under conditions of marine transgression, for
example because of tectonic and isostatic uplift of coastal plains, or due to rapid
coastal erosion by waves and longshore drift (cf. Leckie 1994). Channel lateral
migration rates have been shown to be strongly controlled by water discharge
(Hooke, 1979, 1980; Nanson and Hickin, 1983; Lawler et al., 1999; Richard et al.,
2005), sediment supply (Sheets et al., 2002; Peakall et al., 2007; Braudrick et al.,
2009; Martin et al., 2011), bed material size (Nanson and Hickin, 1986; Richard et
al., 2005) and bank stability (Hickin and Nanson, 1975; Nanson and 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
fall, basin physiography (gradients along the depositional profile and shelf-break
depth), climate, substrate characteristics and tectonics (Schumm, 1993; Talling,
1998; Posamentier and Allen, 1999; Holbrook and Schumm, 1999; Blum and
Térnqvist, 2000; Posamentier, 2001; Van Heijst and Postma, 2001; Gibling 2006;
Strong and 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-level fall on
the formation and morphology of incised valleys (Blum and Térnqvist, 2000; Strong
and Paola, 2006, 2008; Martin 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 through experiments
that included (i) an isolated slow cycle, where ‘slow’ is defined with respect to a
theoretical equilibrium time that is direct function of basin length (Paola et al.,
1992), (ii) an isolated rapid cycle, and (iii) several superimposed rapid cycles, given
steady passive-margin style subsidence and constant sediment and water supplies.
Physical experiments by Strong and Paola (2006, 2008) indicate that relatively slow
sea-level fall could lead to the formation of broader and flatter erosional surfaces,
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whereas relatively rapid sea-level fall tends to encourage the development of
deeper incised valley systems. The same authors also demonstrate that the
magnitude of relative sea-level fall primarily determines the valley depth, whereas
the rate of relative sea-level fall is a fundamental control on valley width by
controlling the duration of time over which the valley-fill boundaries can be shaped.
Based on observations from experiments, numerical modelling and field data,
Martin et al. (2011) focused on the downstream changes in valley dimensions,
indicating that valley width and valley depth tend to increase downstream towards
the shoreline position at the beginning of base-level fall, and interpreting such
downstream valley widening as related to increased sediment influx from valley
excavation, acting independently from relative sea-level changes or initial surface
topography. Furthermore, Martin et al. (2011) highlight that both valley depth and
valley width increase with the magnitude of relative base-level fall, and that valley
widening closely follows valley incision and extension temporally 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,
1985; Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001; Blum and
Tornqvist, 2000; Tornqvist et al., 2006; Blum et al., 2013). Along the continental
margins, the onset of valley incision tends to commence when a convex-up
topography is exposed during relative sea-level fall (Summerfield, 1985; Talling,
1998; Blum and Toérnqvist, 2000; Blum et al., 2013). Such topographic profiles are
typical of the highstand coastline and shelf-slope break. Several authors (Talling,
1998; Posamentier and Allen, 1999; Posamentier, 2001; Tdrnqvist et al., 2006)
have argued that when sea level falls below the shelf break, incised valleys will
form across the entire shelf. By contrast, when sea level falls but does not expose
the shelf break, incised-valley development will be limited to the region of the
coastal prism. Based on observations of present-day gradient profiles along passive
margins and margins associated with foreland basins, Talling (1998) further
illustrates that if the sea level remains above the shelf break, valley incision will be
governed primarily by the geometry of the coastal prism and valley incision will tend
to increase with the coastal-prism convexity. Moreover, the magnitude of valley
incision is expected to increase basinward towards the highstand shoreline, and
then decrease towards 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
complex manner. It dictates the supply of water and sediment to a river, mediated
by effects on variables such as temperature, precipitation, vegetation, and presence
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of permafrost, particularly through their influence on surface runoff characteristics,
which are themselves related to the magnitude and frequency of floods (Blum et al.,
1994; Blum and Toérnqvist, 2000; Bogaart et al., 2003a, b; Vandenberghe, 2003;
Blum et al., 2013). Through analysis of the geometry of late-Quaternary incised-
valley systems along the passive continental margins of the northern Gulf of Mexico
and of the US mid-Atlantic coast, Mattheus et al. (2007), Mattheus and Rodriguez
(2011) and Phillips (2011) show that valley dimensions (valley depth, width and
cross-sectional area) are primarily controlled by their drainage-basin area, which is
a proxy for the water discharge of their formative rivers; shelf-break depth and
coastal-plain and shelf gradients are secondary controls.

Tectonic processes also control valley dimensions, notably through their influence
on relative sea-level changes, basin physiography and sediment delivery rates, and
indirectly by affecting the drainage-basin climate (Posamentier and Allen, 1999;
Jain and Tandon, 2003; Ishihara et al., 2011, 2012; Wohl et al., 2012; Tropeano et
al., 2013; Vandenberghe, 2003; Ishihara and Sugai, 2017). Studies 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 tectonic uplift or subsidence act to enhance or reduce, respectively, the effect
of sea-level fall on valley dimensions for a given episode of eustatic sea-level fall;
local tectonic uplift is generally associated with well-developed terraces and narrow
valley floors, whereas local tectonic subsidence is primarily linked to poorly
delineated terraces and wide valley floors.

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

Existing conceptual models or experimental studies have tended to focus on
consideration of one overarching factor (e.g. relative sea-level change) as a control
on the geometry of incised-valley fills, whilst treating other parameters as constant.
Yet, this is known not to be the case in natural systems. A more comprehensive
assessment of controlling factors on the geometry of incised-valley fills is attempted
here by means of a comparison of data from multiple case studies, enabled by a
database approach.

3.4 Methods

To evaluate the relative roles of different geological controls that influence valley
incision and widening, in this work a statistical analysis of relationships between
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late-Quaternary incised-valley fills and parameters that describe their context and
controlling factors has been undertaken based on data derived from a literature
compilation. Data have been coded in a relational database, 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 paralic siliciclastic depositional systems. SMAKS includes quantitative data on
geological entities of varied nature and scale, and on their associated depositional
systems, which can be classified on multiple parameters (e.g., shelf width, delta
catchment area) tied to metadata (e.g., data types, data sources).

This study utilizes data on 151 classified late-Quaternary incised-valley fills, 135 of
which developed during the last glacial-interglacial cycle (LGC), and 16 of which are
of pre-LGC age. The primary data have been extracted from 67 published literature
sources. A detailed account of all the case studies included in this work, their
associated bibliographic references and the types of data is reported in Table 3.1,
and the location of the studied incised-valley fills is shown in Fig. 3.1. The datasets
that underpin this work are available as part of the supporting information that is
available to download as an accompaniment to this paper (see Supplementary
Material).

The importance of controls on valley-fill dimensions has been assessed through (i)
comparison of descriptive statistics and associated statistical tests and (ii)
determination of correlation between variables, as outlined below.

Table 3.1. Case studies stored in the SMAKS database on late-Quaternary incised-
valley fills. The table illustrates published literature sources, data types and the age
of formation (as LGC or pre-LGC) for each case study. Case-study identification
numbers (ID) relate to those coded in the SMAKS database and are referred to in
following figures. N = number of incised-valley-fill elements developed for each
case study, at or before the LGC.

ID Case study Data source Data types N Age
Composite Airborne images
31 g?ﬁ:iﬁ:eo, ac';nlgf Mattheus and Rodriguez Cores, Well 38 | LGC
. (2011); Mattheus et al. (2007) | cuttings, Shallow
Atlantic Ocean, seismics
USA
Pilong
Formation, Cores, 3D seismics
38 South China Algahtani et al. (2015) ’ o 1 LGC
Shallow seismics
Sea, Sunda
Shelf
Late Maselli andTrincardi (2013); | Cores, Shallow
39 Quaternary of : ’ . 1 LGC
: Maselli et al. (2014) seismics
Manfredonia
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Gulf, Adriatic
Sea
Lower Tagus . g
49 Valley, Vis et al. (2008); Vis and Cores LGC
Kasse (2009)
Portugal
Rio Grande do Cores, Shallow
44 Sul, Atlantic Weschenfelder et al. (2014) - LGC
: seismics
coast, Brazil
48 New Jersey Nordfjord et al. (2005); Cores, Shallow LGC
shelf, USA Nordfjord et al. (2006) seismics
Hervey Bay, Shallow seismics
49 Queensland, Payenberg et al. (2006) ; -’ LGC
. Bathymetric profile
Australia
. Labaune et al.(2005); LGC
51 Gulf of Lion, Labaune et al.(2010); Tesson | Cores, Shallow
France et al.(2011) seismics Pre-
LGC
59 | 22 OTBISCAY. | weber et al.(2004) Cores, Shallow LGC
rance seismics
60 | 22 OTBISCAY. | prous etal. (2010) Cores, Shallow LGC
rance seismics
61 an of Biscay, | chaumillonand Weber (2006) | SOres: Shallow LGC
rance seismics
62 | 2% of BisCay. | Menier et al. (2006) Cores, Shallow LGC
rance seismics
63 | Suroflion | resson etal. (2015) Cores, Shallow LGC
rance seismics
Late
Quaternary of
65 Moreton Bay, Lockhart et al. (1996) ques_, Shallow LGC
seismics
Queensland,
Australia
Pleistocene of
Pattani Basin, Well cuttings, 3D Pre-
67 South China Reijenstein et al. (2011) seismics, Shallow
o LGC
Sea, Gulf of seismics
Thailand
Pilong
Formation, Pre-
68 South China Miall (2002) 3D seismics
LGC
Sea, Gulf of
Thailand
Pleistocene of Cores, 3D seismics
69 southern Java Posamentier (2001) ’ o ’ LGC
Sea Shallow seismics
70 Gironde incised | Allen and Posamentier Cores, Shallow LGC
valley, France (1993); Lericolais et al. (2001) | seismics
71 | Mekongincised | i 6t al. (2010) Cores, Shallow LGC
valley, Vietham seismics
Late . . .
72 Quaternary of Amorosi et al. (2013); Rossi Cores LGC
et al. (2017)
Tuscany, ltaly
Ombrone . )
73 incised valley, Bellotti et al. (2004); Breda et Cores LGC
al.(2016)
Italy
Volturno
74 incised valley, Amorosi et al. (2012) Cores LGC
Italy
75 Biferno incised | Amorosi et al. (2016) C LGC
ores
valleys, Italy Pre-
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LGC
Tiber Delta, Milli et al. (2013); Milli et al.
76 ltaly (2016) Cores LGC
Metaponto
77 coastal plain, Tropeano et al. (2013) ques_, Shallow LGC
ltaly seismics
7g | Assuincised | oo es et al. (2016) Shallow seismics LGC
valley, Brazil
Apodi-Mossord
79 incised valley, Vital et al. (2010) Shallow seismics LGC
Brazil
80 Eouth Sea of Lee et al. (2017) ques_, Shallow LGC
orea seismics
KwaZulu-Natal .
81 shelf, South Green (2009); Benallack et al. ques_, Shallow LGC
i (2016) seismics
Africa
Gulf of Papua, ) . Cores, Shallow
82 Papua New (Czr(())gg)ett etal. (2008); Daniel seismics, LGC
Guinea Bathymetric profile
Li et al. (2002); Li et al.
: (2006); Wellner and Bartek Cores, Shallow
83 | RastChinaSea | 5003) 7hang and Li (1996): | seismics LGC
Zhang et al.(2017)
Pearl River
incised valleys, .
84 South China Li et al. (2006) Cores LGC
Sea
Kanto Plain . .
L Ishihara and Sugai (2017);
85 ijnmsed valleys, Ishihara et al. (2012) Cores LGC
apan
Pearl River
incised valleys, Cores, Shallow
86 South China Zhuo et al. (2015) seismics LGC
Sea
Mahakam Sydow (1996); Roberts and Cores, 2D seismics,
87 Delta, Sydow (2003); Crumeyrolle 3D seismics, LGC
Indonesia and Renaud (2003) Shallow seismics
KwaZulu-Natal
92 shelf, South Green and Garlick (2011) Shallow seismics LGC
Africa
93 | MaputoBay, | 50 etal. (2015) Cores, Shallow LGC
Mozambique seismics
Cameroon Ngueutchoua and Giresse Cores, Shallow
94 S LGC
shelf (2010) seismics
Kosi Bay, Cores, Shallow
95 South Africa Cooper et al.(2012) seismics LGC
Oregon- Cores, Shallow
98 Washington Twichell et al. (2010) seismics, LGC
shelf, USA Bathymetric profile
Colman and Mixon (1988); LGC
Colman et al. (1990); Foyle
Virginia shelf, and Oertel (1992); Foyle and
9 1 UsA Oertel (1997); Oertel and g;;erjl C‘:’ha”c"’" Pre-
Foyle (1995); Shideler et al. LGC
(1984)
Parnaiba
100 | incised valleys, | Aquino da Silva et al. (2016) Shallow seismics LGC
Brazil
101 Western Karisiddaiah et al. (2002) Shallow seismics, LGC
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continental Bathymetric profile
margin of India
: Hill et al. (2007); Hill and 3 LGC
103 | Ghukehi shelf, | b ool (2008): Stockmaster | Cores, Shallow
Alaska, USA (2017) seismics 3 Pre-
LGC
104 | SantaCatarina | o000 ot al. (2016) Cores, Shallow 1 |Lec
coast, Brazil seismics
Gulf of Cadiz Lobo et al. (2001); Gonzalez Shallow seismics,
109 | shelf, Iberian et al. (2004); Lobo et al. Surface sediment 2 LGC
peninsula (2018) samples

30°N

LEGEND

30°'s<4 [_] Present-day land

[JLGM land
Present-day highstand shoreline

LGM lowstand shoreline
[C& ] Incised-valley fill

Fig. 3.1. Location of studied late-Quaternary incised-valley fills. The numbers on
the map correspond to the IDs in Table 3.1. Base map modified from Ray and
Adams (2011).

3.4.1 Incised-valley-fill dimensions

In this study, an incised valley is defined as a fluvially eroded, elongate topographic
low that is typically larger than a single channel and is generally associated with the
juxtaposition of fluvial or estuarine strata on marine deposits and subaerial
exposure on interfluves (Van Wagoner et al., 1990; Boyd et al., 2006; Blum et al.,
2013). In the original sources, some aggradational channel belts or even channel
fills might have been misinterpreted as incised-valley fills. This study avoids
inclusion of channel belts or channel fills representing river propagation on the shelf
or on shelf-edge deltas at lowstand (Fig. 3.2C). However, a small number of cases
(e.g., Posamentier, 2001; Zhuo et al., 2015; Aquino da Silva et al., 2016), where
ambiguity as to the classification of the described successions remains, have been
included in the database. Incised-valley geometries vary along dip (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
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the valley axis, to ensure a similar duration of subaerial exposure and record of
fluvial and marine processes. In this work valley fills have been classified with
respect to the position where their geometry has been characterized, i.e., beneath
the present-day coastal plain, on the inner shelf or on the outer shelf. Here, the
distinction 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 present-day shoreline 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 the
relationships between coastal-plain gradient or coastal-prism convexity versus
valley-fill dimensions; inner and outer-shelf valley fills are instead grouped as cross-
shelf valleys to assess the relationships between shelf-break depth, shelf width, or
shelf gradient versus valley-fill dimensions. This was done to account for the
positions where the geometry of incised valleys is expected to be more significantly
affected by said controls, as the highstand coastal-prism convexity should control
the geometry of valleys carved on the coastal prism, whereas the shelf
physiography is predicted to control particularly, although not exclusively, the
development of cross-shelf valleys. Only valley fills that represent the products of a
single cycle of incision and fill are considered in the subsequent analyses.
Compound valley fills that record multiple episodes of incisions and fills, associated
with different eustatic cycles, and that thus possess a highly time-transgressive
basal surface composed of several amalgamated unconformities, have not been
included in this study (cf. Korus et al., 2008). It is also desirable to compare incised-
valley fills formed during the same sea-level cycle to account for the effects of the
magnitude in sea-level fall on valley dimensions. Here, late-Quaternary incised-
valley fills formed during different sea-level cycles are compared, but those
associated with the last glacio-eustatic cycle are differentiated and represent the
majority of studied examples (135 of 151 valley fills studied; 89%).

The surfaces that should be taken as the boundaries of incised-valley fills have
been the subject of debate (Catuneanu et al., 2009). Some authors consider the
base of incised-valley fills to represent part of the subaerial unconformity that form
sequence boundaries (cf. Helland-Hansen and Martinsen, 1996). In this thinking,
the base of an incised-valley fill is placed at the base of the lowstand systems tract,
meaning that older falling-stage deposits are not considered part of the fill of an
incised valley. In this perspective, the boundaries of incised-valley fills associated
with the last glacial cycle would have developed from the Marine Isotope Stage 2
(MIS 2). In contrast, other workers have assigned deposits accumulated during the
falling stage to the fill of the incised valleys (e.g., Posamentier et al., 1992; Kolla et
al., 1995; Morton and Suter, 1996), such that all of the MIS 4 and younger deposits
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would still be contained in the incised-valley fills of the last glacial cycle. Of the 135
studied incised-valley fills related to the last glacial cycle considered herein, 13
include deposits of the falling-stage systems tract, 40 exclude falling-stage
deposits, whereas 82 could not be differentiated. Considering units that differ in this
way will affect any comparison of their cross-sectional area; instead, comparisons
of their thickness and width may not be affected, given the position at which falling-
stage deposits are expected to occur (cf. Blum et al., 2013).

Where possible, incised-valley fills are classified on their drainage order (90 of 151
valley fills; 60%), i.e., they are differentiated as trunk valleys that reached the
lowstand shoreline versus tributary valleys of variable orders; valley fills known to
be the expression of third- or higher-order ftributary valleys have not been
considered.

Incised-valley-fill dimensions (Table 3.2) were obtained from the original sources,
either derived from the text or measured directly on figures using image-analysis
software (ImagedJ; Schneider et al.,, 2012). The morphometric parameters that
describe the dimensions of incised-valley fills are represented in Fig. 3.2.2A. Valley-
fill thicknesses are measured where the body is thickest; in cases for which it is not
known whether the thickness is measured relative to the thickest portion of the fill
(e.g., in 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-oriented transects as the distance between the valley walls. ‘Apparent’ widths
are recorded for measurements that are not perpendicular to the valley-fill axis.
Thickness and width measurements are classified as ‘partial’ or ‘unlimited’ (sensu
Geehan and Underwood, 1993; Fig. 3.2B) for cases where the position of pinch-out
of a valley-fill is unknown at one or both ends (e.g., due to outcrop termination),
respectively. When derived from borehole correlations, width measurements are
recorded as ‘correlated’; for purposes of data analysis and presentation, ‘unlimited’
and ‘correlated’ measures are not differentiated. Valley-fill cross-sectional areas are
measured as vertical cross-sections across the valley in an orientation
perpendicular to its axis. The area is measured as the vertical cross-sectional area
subtended by the base and top of the valley fill or the elevation of interfluves for
underfilled valleys. Only maximum values of valley-fill thickness, width and cross-
sectional area are used in the statistical analysis: apparent and partial or unlimited
observations have been discarded. For cases where the 3D geometry of valley fills
is well constrained, usually for high-resolution seismic data, the largest values of
maximum valley-fill thickness, width and cross-sectional area along the valley reach
are chosen. In cases where the entire 3D geometry of a valley fill is not known and
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its downdip variability is not constrained, the largest values of all parameters within
the studied sample are recorded, and the observations are classified as located on
the shelf or at the highstand coastal prism.

Table 3.2. Parameters that describe the dimensions of incised-valley fills. T:
incised-valley-fill thickness; W: incised-valley-fill width; A: incised-valley-fill cross-
sectional area. IVF denotes incised-valley fill.

Parameter Definition

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

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

The vertical cross-sectional area subtended by base and top of the valley fill or
A (m?) the elevation of interfluves for underfilled valleys, measured in an orientation
perpendicular to the valley axis.
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Fig. 3.2. (A) Incised-valley-fill dimensions (incised-valley-fill thickness, width and
cross-sectional area) measured in our analysis. (B) Classification of incised-valley-
fill thickness and width by 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 channels associated
with lowstand deltas, neither of which are included in this study.

3.4.2 Quantification of basin physiography

In this study, the present-day physiography of the shelf and subaerial nearshore
has been taken as a proxy for the physiography of the continental shelf and
nearshore during the Last Interglacial (LI) highstand (Fig. 3.3). However, this
assumption carries significant uncertainty due to potential differences in basin
physiography between the present and the LI, likely arising from spatial variations in
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isostatic adjustment, spatial variations in post-glacial shelf and shelf-break
accretion, differences in process regime, variable styles of fluvial and shoreline
responses expected in different climatic and tectonic settings, and because of
autogenic dynamics. Present-day lower-coastal-plain gradients (Fig. 3.3) have been
measured perpendicular to the orientation of the present-day shoreline along a 10-
km transect landward of the shore, utilizing digital elevation data from Becker et al.
(2009). Gradients have also been calculated for the tract of subaqueous nearshore
that extends from the shoreline to 25-m isobath, as representative values of inner-
shelf gradients (Fig. 3.3), using digital bathymetric data by Becker et al. (2009). The
difference in gradient between present-day lower coastal plains and inner shelves is
taken as a measure of the convexity of the present-day coastal prism (Fig. 3.3;
Table 3.3). The shelf-break depth is measured at the shelf-break location mapped
by Harris et al. (2014), using digital bathymetric data by Becker et al. (2009). The
shelf width is measured as the distance from the present-day shoreline to the shelf
break, as mapped by Harris et al. (2014). For cases in which the shoreline is
irregular and does not mirror the orientation of the shelf break, the length along the
valley axis from the present-day shoreline to the shelf break is recorded as an
additional attribute.

Table 3.3. Parameters used to describe the settings of the studied incised-valley
fills. CPG10: lower-coastal-plain gradient; ISG25: inner-shelf gradient; CPC:
coastal-prism convexity; SBD: shelf-break depth; SW: shelf width; SDL: the length
from the shoreline to the shelf break; SG: shelf gradient; L: latitude; DBA: drainage-

basin area.
Parameter Definition
CPG10 (°) The mean gradient measured perpendicular to the shoreline along a 10-km

transect landward of the present-day shoreline, in degrees.

The mean gradient measured from the present-day shoreline to the 25-m

1SG25 (%) isobath in an offshore direction, in degrees.

The difference in gradient between present-day lower coastal plains and inner

CPC () shelves, in degrees.

SBD (m) Depth of the shelf break.

SW (km) The horizontal distance between the present-day shoreline and the shelf break.

The length along the valley axis from the present-day shoreline to the shelf
break.

SDL (km)
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The mean gradient of the shelf between the present-day shoreline and the

SG () shelf break, in degrees.

L () The absolute value of the latitude of the location where the incised-valley fill
has been measured.

DBA Area of the drainage-basin catchments feeding the incised valley at lowstand,

(km?) landward of the location where the incised-valley fill has been measured.

3.4.3 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

valley systems whose drainage networks during the Last Glacial Maximum (LGM)

have been reconstructed and presented in the scientific literature, drainage areas

were measured at the location where the incised-valley fills were characterized. In

other cases, the river systems that contributed to the lowstand drainage network of

incised valleys now buried under coastal plains can be reconstructed confidently; in

these cases estimations based on catchment areas of present-day rivers have been

considered as the sum of all different drainage basins that are inferred to have

amalgamated at lowstand, as shown in Fig. 3.4.

lower
coastal plain

a = Lower coastal-plain gradient
B = Inner-shelf gradient
B - a = Coastal-prism convexity

10 km

finner shelf }

P
«

Y

continental shelf

continental}
slope :

Fig. 3.3. Definition sketch of the physiography of the depositional profile over which

incised valleys develop.
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Fig. 3.4. Schematic diagram illustrating the measurement of contributing drainage-
basin area corresponding to each incised-valley fill. HST denotes the highstand
coastal shoreline (present-day shoreline) and LST denotes the lowstand shoreline
(e.g., LGM shoreline).

3.4.4 LGM catchment vegetation

The global distribution of dominant vegetation types during the LGM has been
mapped by Ray and Adams (2011), based on plant-fossil data and proxy zoological
and sedimentologic data. Based on the map by Ray and Adams (2011), the
proportionally most prevalent type of vegetation in the catchment area was
recorded for each incised-valley fill. Vegetation types were recorded in terms of two
alternative schemes (i.e., one including classes: ‘forest’, ‘grassland or woodland’,
‘desert’; the other including classes: ‘tropical or subtropical’, ‘temperate’, ‘polar or
subpolar’).

3.4.5 Statistical analyses

Statistical analyses have been performed to determine relationships between
variables and to test hypotheses relating to differences in means across
populations. For pairs of continuous variables, Pearson or Spearman correlation
coefficients (denoted with R and r hereafter) are respectively used to quantify linear
and monotonic relationships, whose statistical significance is expressed as p-values
(p hereafter). The statistical significance of differences in the mean of variables
across groups is determined with a two-sample t-test when dealing with two sets of
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observations, and with one-way analysis of variance (ANOVA) when dealing with
three or more sets of observations. Resulting test statistics (t for t-tests, F for
ANOVA) are considered jointly with the number of degrees of freedom (df hereafter)
to determine the statistical significance of differences across groups, expressed as
p-values (p). All statistical analyses were performed in Minitab 17.

3.5 Results and interpretations

3.5.1 Continental-margin type
Observations

The studied late-Quaternary valley fills were classified as hosted on passive, active,
and transform margins. Valley fills from transform margins and passive margins are
considered together 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. 3.5A-C) of incised-valley fills
associated with active margins are, on average, larger than those along passive
margins, and the difference is important for values of mean valley-fill thickness
(mean(T) = 50.1 versus 28.2 m; mean(W) = 7,099 versus 3,862 m; mean(A) =
200,545 versus 73,200 m?, respectively). Two-sample t-tests confirm that means in
valley-fill morphometric parameters are significantly different 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 types (Fig. 3.5D) show that drainage-basin areas associated with
passive margins are larger, on average, than those associated with active margins
(mean DBApassve = 60,672 m2, mean DBAacive = 17,012 km?, 2-sample t-test: t-
value= -2.57, p-value= 0.012, df = 76).

Interpretations

Tectonics can significantly influence fluvial incision through a first-order control on
basin physiography (Posamentier and Allen, 1999). Tectonically active margins are
commonly characterized by the formation of narrow, high-gradient shelves, which
favour deep fluvial incision (Schumm and Brakenridge, 1987; Leckie, 1994;
Posamentier and Allen, 1999). In contrast, passive margins are characterized by
the development of wide, low-gradient shelves, in part because such margins are
generally associated with larger drainage-basin areas (Blum et al., 2013), as shown
in Fig. 3.5D, and thus lower-gradient shelves (see below); this in turn is reflected in
shallower fluvial incision for base-level falls of given magnitude. Distributions of
valley-fill thickness for these two margin types (Fig. 3.5A) support this expectation.
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In addition, local tectonic uplift might be experienced by shelves on active margins
(Posamentier and Allen, 1999; Ishihara and Sugai, 2017), which would induce
fluvial incision (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 3.1) has been experiencing regional uplift since the Middle Pleistocene
(Doglioni et al., 1996; Patacca and Scandone, 2001), at rates varying from 0.3 to
0.9 mm/yr as estimated from dated stranded marine terraces (Cilumbriello et al.,
2008, 2010; Caputo et al., 2010; Tropeano et al., 2013). Three incised-valley fills
developed beneath the Metaponto coastal plain are characterized by larger-than-
average thickness, despite being associated with smaller-than-average drainage
areas, as illustrated in Fig. 3.5A-C.

Incised-valley widening is partly driven by the lateral migration of fluvial channel
belts (Martin et al., 2011). Previous work based on experiments, numerical
modelling and field studies (Strong and Paola, 2006, 2008; Martin et al., 2011; Blum
et al., 2013) have shown that lateral channel migration and channel-belt deposition
are closely concomitant with valley incision unless the valley sidewalls are resistant
to erosion or the system is starved of sediments, implying that valley widening
generally follows valley incision temporally during relative sea-level fall. The
examples associated with active margins studied here are all incised into
unconsolidated sand-rich coastal or shelf deposits, such that valley-fill width is
expected to be scaled with valley-fill thickness.

Furthermore, tectonics also indirectly affects the morphology and behaviour of
fluvial systems through orographic control on climate. Regions undergoing rapid
uplift are typically associated with high relief, favouring orographic precipitation
(Joeckel, 1999; Ruddiman, 2013), which in turn controls water discharge. High
elevation river basins draining active margins are characterized by larger runoff per
basin area (Milliman and Syvitski, 1992). In addition, tectonically active systems are
generally associated with smaller catchments than passive ones (Fig. 3.5D), such
that storms are more likely to affect the entire drainage basin and floods to
propagate through the entire channel network (Semme et al., 2009a). Thus,
tectonically active systems associated with small drainage areas (<10* km?) are
more prone to large differences between flood and base-flow discharge (2 to 3
orders of magnitude; Sgmme et al., 2009a). Additionally, active margins tend to
have steep gradients throughout the river 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; Blum et al.,
2013) and lateral migration of river channels (Hooke, 1979, 1980; Nanson and
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Hickin, 1983; Lawler et al., 1999; Richard et al., 2005). Furthermore, active margins
are commonly subject to hill-slope destabilization, partly because of seismic
triggering (Jain and Tandon, 2003; Wilson et al., 2007). Rivers associated with
active margins tend to have greater specific sediment yield and carry a higher
proportion of bedload than those associated with passive margins (Milliman and
Syvitski, 1992), which in turn favour channel lateral migration and thus valley
widening (Dietrich and Whiting, 1989; Sheets at al., 2002; Strong and Paola, 2006,
2008; Peakall et al., 2007; Braudrick et al., 2009; Martin et al., 2011; Blum et al.,
2013). Peak water discharge and rates of sediment flux might have been
particularly high for incised valleys now infilled in the Kanto plain (Japan) and in
Indonesia (case study 85 and 87 in Table 3.1, respectively), as these areas were
subject to tropical monsoonal climate during 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 distributions of drainage
areas for the incised-valley fills considered in this work do not cover the full
spectrum of catchment sizes documented for modern rivers (cf. Blum et al. 2013);
in particular, the distribution of drainage areas for valley systems on passive
margins considered in this work does not encompass those that would correspond
with the world’s largest river systems. Considering the highly skewed nature of
distributions of drainage areas (Fig. 3.5D), the inclusion of very large valley systems
might significantly affect values of maximum size, but less significantly the mean
values for which the statistical significance was tested. Notwithstanding, although
the data suggest that the type of continental margin is a good predictor of incised-
valley fill geometry, any conjecture on the effective role of specific controlling
factors needs to be substantiated with more data.
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Fig. 3.5. Box-plots that present distributions in: (A) late-Quaternary incised-valley-fill
thickness, (B) width, (C) cross-sectional area, and (D) drainage-basin size, for
active and passive continental margins. Individual values are also shown next to the
boxplot for active margins and the numerical labels refer to IDs in Table 3.1. In D,
mean and range plots are illustrated near each boxplot for examples hosted on the
shelf and coastal plains, respectively. For each boxplot, boxes represent
interquartile ranges, red open circles represent mean values, horizontal bars within
the boxes 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
and ‘o’ 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.

3.5.2 Basin physiography
3.5.2.1 Shelf-break depth
Observations

The maximum sea-level lowstand during the LGM was 120 to 130 m below that of
present-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 geographically and across estimates made by different
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authors. In the following statistical analysis, to assess distributions in valley-fill
dimensions for shelves that were completely or partially exposed at the LGM,
different values of shelf-break depth were considered (120 m, 125 m and 130 m).
Similar results were obtained for the three different depths; all results are therefore
only presented for the 120-m shelf-break depth threshold. For the LGC examples,
incised-valley fills hosted on shelves with shelf-break depth larger than 120 m
display greater thickness, width and cross-sectional area, on average (Fig. 3.6A-C),
than those with shelf break shallower than 120 m (mean(T) = 39.1 m versus 27.5
m; mean(W) = 10,519 m versus 4,004 m; mean(A) = 202,033 m? versus 78,538
m?). 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 = -2.08, p-value = 0.045, df = 37, for A). Valley fills associated with shelves
with deeper shelf breaks tend to have larger drainage-basin areas (mean = 216,131
m versus 27,698 m; 2-sample t-test: t-value = -2.66, p-value = 0.011, df = 42) (Fig.
3.6D).

For cross-shelf valley fills hosted on shelves with shelf break shallower than 120 m
(Fig. 3.7A-C), valley-fill thickness is negatively correlated with shelf-break depth (r =
-0.427, p-value = 0.033); no correlation is seen between valley-fill width or cross-
sectional area and shelf-break depth (r(W) = 0.085, p-value = 0.693; r(A) = -0.110,
p-value = 0.616). For cross-shelf valley fills hosted on shelves with shelf break
deeper than 120 m (Fig. 3.7A-C), a weak correlation is seen between valley-fill
width and shelf-break depth (r = 0.335, p-value = 0.032), whereas there is very
weak or no correlation between valley-fill thickness or cross-sectional area and
shelf-break depth (r(T) = 0.201, p-value = 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; Tornqvist et al., 2006) that
relative sea-level falls that are larger in magnitude than the depth of the shelf break,
by resulting in full exposure of the shelf, will drive the formation of incised valleys
cutting through the shelf, whereas relative sea-level falls of magnitude lower than
the shelf-break depth are expected to lead to the formation of valleys that are
mostly confined around the highstand coastal prism. Fluvial systems on shallower
shelves are expected to undergo a greater vertical river-profile adjustment, resulting
in greater valley incision. However, the data do not fully support this view, as
shelves with breaks deeper than 120 m tend to contain larger incised-valley fills.
This could be explained by the fact that the studied shelves with shelf breaks that
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are deeper than 120 m are primarily linked to larger drainage-basin areas,
compared to those with shallower shelf breaks (Fig. 3.6D).

The correlation between valley-fill thickness and shelf-break depth for cross-shelf
valley fills hosted on shelves with shelf break shallower than 120 m (Fig. 3.7A)
might indicate a causal link between magnitude of exposure, depth of incision, and
resulting valley-fill thickness. However, shelves with deeper shelf breaks tend to
have steeper shelf gradients on average, which results in larger differences
between the shelf gradient and the fluvial equilibrium profile and therefore should
tend to drive deeper fluvial incision for a given relative sea-level fall (Schumm and
Brakenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999).
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Fig. 3.6. Box plots and mean/range plots of: (A) LGC incised-valley-fill thickness;
(B) width; (C) cross-sectional area; and (D) drainage-basin area distributions for
different shelf-break depths, divided by 120 m, which is the magnitude of the fall in
eustatic sea-level associated with LGM. Mean and range plots are illustrated near
each boxplot for examples hosted on the shelf and coastal plains, respectively. For
each boxplot, boxes represent interquartile ranges, red open circles represent
mean values, horizontal bars within the boxes represent median values, and black
dots represent outliers (values that are more than 1.5 times the interquartile range).
For each mean and range plot, red open circles represent mean values and
horizontal bars represent the minimum or maximum of all the data. ‘N’ denotes the
number of readings. ‘0’ 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.

3.5.2.2 Shelf width
Observations

Positive correlations are seen between the width and cross-sectional area of cross-
shelf incised-valley fills and the width of the shelf (r(W) = 0.528, p-value < 0.001;
r(A) = 0.503, p-value = 0.002) (Fig. 3.8B and C). No apparent correlation is seen
between valley-fill thickness and shelf width (R = 0.078, p-value= 0.593) (Fig. 3.8A).

Interpretations
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Positive relations between the width or cross-sectional area of cross-shelf incised-
valley fills versus the width of the shelf (Fig. 3.8) do not indicate a causal link
between shelf width and valley dimensions. Large fluvial basins are generally
associated with wider shelves through a control on sediment input and shelf
progradation (Burgess and Streel, 2008; Blum and Hattier-Womack, 2009; Olariu
and Steel, 2009; Helland-Hansen et al., 2012; Blum et al., 2013). The results might
indicate that shelf width and incised-valley-fill dimensions co-vary in relation to a
common control exerted by the size of drainage areas.
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Fig. 3.7. Plots of: (A) LGC incised-valley-fill thickness; (B) width, and (C) cross-
sectional area versus shelf-break depth. For each pair of variables, correlation
coefficients and p-values are included in respective boxes for cross-shelf incised-
valley fills, and separately reported for shelves with shelf break shallower than 120
m and deeper than 120 m. ‘N’ denotes the number of readings, ‘R’ denotes

Pearson’s R, and ‘r’ denotes Spearman's rho.
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Fig. 3.8. Plots of: (A) cross-shelf incised-valley-fill thickness; (B) width; and (C)
cross-sectional area versus shelf width. For each pair of variables, the correlation
coefficients of determination and p-values for cross-shelf valley fills are reported in
respective boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R,
and ‘r’ denotes Spearman's rho.

3.5.2.3 Coastal-plain gradient
Observations

Negative correlations are seen between the width and cross-sectional area of
incised-valley fills recognized beneath present-day coastal plains and on the inner
shelf versus associated present-day lower coastal-plain gradients (r(W) = -0.452, p-
value < 0.001; r(A) = -0.433, p-value < 0.001) (Fig. 3.9B and C). No apparent
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correlation is seen between valley-fill thickness and lower coastal-plain gradients
(r(T) = -0.198, p-value = 0.064) (Fig. 3.9A). A corresponding negative relationship is
seen between drainage-basin area versus coastal-plain gradients (r =-0.388, p-
value < 0.001) (Fig. 3.9D).

Interpretations

Negative correlations between the width or cross-sectional area of valley fills versus
lower-coastal-plain gradient (Fig. 3.9) are unlikely to indicate a causal link between
coastal-plain gradient and valley dimensions. Rather, they likely reflect the fact that
smaller basins feeding smaller 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. 3.9D.
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Fig. 3.9. Plots of: (A) coastal-plain and inner-shelf incised-valley-fill thickness; (B)
width; (C) cross-sectional area; and (D) drainage-basin area versus lower coastal-
plain gradient. For each pair of variables, the correlation coefficients of
determination and p-values are reported in respective boxes. ‘N’ denotes the

number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman'’s rho.

3.5.2.4 Shelf gradient

Chapter 3



70

Observations

For LGC incised-valley fills hosted on the shelf, values of thickness, width and
cross-sectional area all tend to decrease with the average shelf gradient (r(T) = -
0.255, p-value = 0.043; r(W) = -0.478, p-value < 0.001; r(A) = -0.486, p-value =
0.002) (Fig. 3.10A-C). A corresponding negative relationship is seen between
drainage-basin area and shelf-gradient (Fig. 3.10D). For incised-valley fills
measured beneath the coastal plains (Fig. 3.10A-D), valley-fill thickness and cross-
sectional area are positively correlated with the average shelf gradient (r(T) =
0.582, p-value < 0.001; r(A) = 0.401, p-value = 0.014); there is very weak or no
correlation between valley-fill width or drainage-basin area and the average shelf
gradient (r(W) = -0.004, p-value = 0.974; r(DBA) = -0.139, p-value = 0.289).

Interpretations

These relations may not indicate a causal link between shelf gradient and cross-
shelf valley-fill dimensions. Rather, these results might arise because larger fluvial
systems associated with larger drainage basins tend to be associated with shelves
with lower gradients, as is also indicated in Fig. 3.10D. This might be explained by
the fact that the gradient of shelves that occur offshore of river-dominated coasts is
in part determined by the profile of the rivers traversing it at lowstand, and larger
fluvial systems are associated with lower channel gradients (Wood et al., 1993;
Burgess and Streel, 2008; Semme et al., 2009a, b; Blum and Hattier-Womack,
2009; Olariu and Steel, 2009; Helland-Hansen et al., 2012; Blum et al., 2013).

Positive correlations between coastal-plain valley-fill thickness and shelf gradient
(Fig. 3.10A and C) might be attributed to variations in the difference between the
gradient of the shelf and the river equilibrium profile (Schumm and Brakenridge,
1987; Leckie, 1994; Posamentier and Allen, 1999).
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Fig. 3.10. Plots of: (A) incised-valley-fill thickness; (B) width; (C) cross-sectional
area; and (D) drainage-basin area versus shelf gradient. For each pair of variables,
the correlation coefficients of determination and p-values for cross-shelf incised-
valley fills and valley fills developed beneath the coastal plain are reported in
respective boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R,
and ‘r’ denotes Spearman's rho.

3.5.2.5 Coastal-prism convexity
Observations

In this work, the difference in gradient between present-day lower coastal plains
and inner shelves is used as a measure of the convexity of the coastal prism. In
order to analyse the relations between coastal-prism convexity and valley-fill
dimensions, examples associated with inner shelves that are gentler than the
associated lower coastal plains were excluded in this analysis. Fig. 3.11A-C
illustrate that for inner shelves that are steeper than the associated lower coastal
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 coastal plain (r(W) = -0.413, p-value
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< 0.001; r(A) = -0.255, p-value = 0.034); no correlation is observed between valley-
fill thickness and the same gradient difference (r(T) = 0.081, p-value = 0.463).
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Fig. 3.11. Plots of: (A) coastal-plain and inner-shelf incised-valley-fill thickness; (B)
width and (C) cross-sectional area versus coastal-prism convexity. For each pair of
variables, the correlation coefficients of determination and p-values are reported in
respective boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R,
and v’ denotes Spearman's rho. (D) Box plots of gradient distributions for lower
coastal plains and inner shelves. For each boxplot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars within the boxes
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 and ‘o’
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.

Interpretations

The correlations between the difference in gradients and both valley-fill width and
cross-sectional area may not indicate a causal link. Inner-shelf gradients vary from
0.0117° to 0.7957° (mean ISG25 = 0.121°, StDev = 0.180°), which is nearly an
order of magnitude larger than the typical gradient of coastal plains (range 0.0017°
to 0.0934°, mean CPG10 = 0.0169°, StDev = 0.0209°) (Fig. 3.11D); the difference
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in these two gradients might therefore approximate the inner-shelf gradient, and
any correlations with the estimated coastal-prism convexity might then merely
reflect correlations between shelf gradient and valley-fill width or cross-sectional
area (see above).

Some conceptual models (Talling, 1998; Posamentier and Allen, 1999;
Posamentier, 2001; Tornqvist et al., 2006) envisage that if the sea level does not
fall beyond the shelf break, fully exposing the shelf, magnitude and location of
valley incision should primarily be determined by the coastal-prism convexity.
However, observations summarised in Fig. 3.11A contradict this hypothesis. This
discrepancy might be due to the influence of overriding factors, or to the fact that
the estimates of convexity for present-day costal prisms do not approximate the
convexity of the coastal prisms established during the last interglacial.

3.5.3 Drainage-basin characteristics
3.5.3.1 Drainage-basin size
Observations

Incised-valley-fill thickness, width and cross-sectional area all correlate directly with
drainage-basin size (r(T) = 0.348, p-value = 0.001; r(W) = 0.402, p-value < 0.001;
r(A) = 0.429, p-value < 0.001) (Fig. 3.12A-C). For valley fills along passive margins,
correlation between valley-fill cross-sectional area and drainage-basin size is
stronger (r = 0.706, p-value < 0.001) (Fig. 3.12C).

Interpretations

Based on statistical analysis of incised valleys from the northern Gulf of Mexico and
the mid-Atlantic US margin, Mattheus et al. (2007), Mattheus and Rodriguez (2011)
and Phillips (2011) 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 to the drainage-basin area, and that for
passive continental margins, where the gradient of coastal plains and shelves does
not vary significantly, upstream controls such as discharge should play a primary
role in determining valley-fill shape and size. Our observations (Fig. 3.12) support
the role of drainage-basin area as important control on incised-valley-fill
dimensions, especially for valley fills developed along passive margins. 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 and substrate lithology. Paola et al. (1992) demonstrate that the
equilibrium time (Teq) for fluvial systems to attain their graded profiles is influenced
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by the basin length (L) and the sediment-transport coefficient (v), which is
determined by discharge, substrate lithology and relief, as expressed by the
equation Teq = L?/v. This suggests that higher water discharge should result in
shorter equilibrium time (cf. Thorne, 1994), so that the recorded fluvial incision
associated with high water discharge would be closer to the equilibrium profile.
Blum et al. (2013) argue that for most fluvial systems Teq is within Milankovitch
time scales, and that most rivers are not usually in equilibrium within their
backwater lengths (Muto and Swenson, 2005). This view thus implies that for most
of the late-Quaternary valley fills studied here, which formed in response to high-
frequency sea-level change (Miller et al., 2005; Blum and Hattier-Womack, 2009;
Blum et al., 2013), the equilibrium profile was not reached at lowstand (Strong and
Paola, 2008). Under this assumption, the amount of valley incision recorded as
valley-fill thickness must have been influenced by water discharge to varying
degrees. Furthermore, water discharge and drainage-basin area correlate to
maximum bankfull depths, which partly account for the depth of incision (Fielding
and Crane, 1987; Bridge and Mackey, 1993; Shanley, 2004; Gibling, 2006; Fielding
et al., 2006; Syvitski and Milliman, 2007; Blum et al., 2013). Additionally, river
lateral migration rates are strongly dependent on water discharge and sediment
yield (Hooke, 1979, 1980; Nanson and Hickin, 1983; Lawler et al., 1999; Richard et
al., 2005), implying that drainage-basin area should play a significant role in
controlling incised-valley-fill width and cross-sectional area.
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Fig. 3.12. Plots of: (A) incised-valley-fill thickness; (B) width; and (C) cross-
sectional area versus drainage-basin area. For each pair of variables, the
correlation coefficients of determination and p-values are reported in respective

boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and
denotes Spearman's rho.

3.5.3.2 LGM catchment vegetation
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Observations

Valley fills associated with catchments that are inferred to have mainly been
covered by forests are, on average, considerably thinner than those with
catchments covered by deserts or 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. 3.13A); mean
valley-fill width and cross-sectional area do not vary significantly over these three
catchment vegetation types (one-way ANOVA: F(2, 147) = 3.86, p-value =0.134 for
W; F(2, 93) = 0.25, p-value = 0.779 for A) (Fig. 3.13B and C). The thickness of
valley fills with catchments covered mainly by tropical/subtropical vegetation types
is on average significantly smaller than that with catchments covered by temperate
or polar/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. 3.13D). The means for valley-fill
width and cross-sectional area are in agreement with this relationship (one-way
ANOVA: F(2, 147) = 7.39, p-value =0.001 for W; F(2, 93) = 3.93, p-value = 0.023
for A) (Fig. 3.13E and F).
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Fig. 3.13. Box plots of: (A) incised-valley-fill thickness; (B) width and (C) 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 distributions for different 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 within the boxes 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. ‘0’ 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 freedom between 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 cover can influence the discharge of sediments and water by modulating
evapotranspiration and runoff characteristics on the land surface, which in turn
determine the degree and rates of fluvial incision and river migration (Hickin and
Nanson, 1975, 1984; Blum and Toérnqvist, 2000; Cecil et al., 2003; Blum et al.,
2013). Drainage basins dominantly covered by tropical or subtropical vegetation
types tend to have much more well-developed deep rooting systems and higher
density of vegetation cover compared with their counterparts covered by other
vegetation patterns; this typically causes stronger evapotranspiration and/or rainfall
interception, resulting in stronger buffering of the surface runoff in the catchments
and leading to decreased water discharge and decreased sediment supply to fluvial
systems (Millar, 2000; Huisink, 2000; Huisink et al., 2002; Vandenberghe, 2003;
Blum and Toérnqvist, 2000; Blum et al., 2013), which in turn attenuates rates of
fluvial incision and lateral migration. Our observations (Fig. 3.13D-F) might reflect
these factors, and reveal that the inferred dominant vegetation type in the
catchments of incised-valley fills during the LGM could have exerted a control on
valley-fill thickness, width and cross-sectional area. However, these results only
offer partial insight into the role of vegetation as a control on the geometry of
incised-valley fills, given that the type and density of vegetation cover changed over
the period of incised-valley formation and infill, especially at the apex of the coastal
prism where the valleys experienced the longest sculpting by fluvial and marine
processes (Mattheus and Rodriguez, 2011).

3.5.4 Latitude
Observations

Based on the global isotherms derived from atmospheric general circulation model
reconstructions (Crowley and North 1991; Broecker 1995), inferred vegetation types
(Adams and Faure, 1997; Ray and Adams, 2011), and other palaeotemperature
estimates derived from sedimentological 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, temperate zones to have
lied between 22° to 50° latitude, and polar zones largely covered by ice sheets or
polar and alpine 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 were classified in terms of these latitudinal
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belts. No significant difference is identified for means in valley-fill thickness and
cross-sectional area across these latitudinal belts (one-way ANOVA: F(2, 111) =
0.15, p-value=0.862 for T; F(2, 85) = 0.29, p-value= 0.747 for A) (Fig. 3.14A and
C). Incised-valley fills developed in the 22° to 50° latitudinal belt tend to be wider on
average than those at lower latitudes (one-way ANOVA: F(2, 129) = 3.39, p-
value=0.037, mean = 6496.3 versus 4314.6 m) (Fig. 3.14B), even though incised
valleys developed at latitudes from 0° to 22° are associated with drainage basins
that are on average larger than their counterparts in the 22° to 50° range (2-sample
t-test: t-value = 3.84, p-value = 0.001, df = 25) (Fig. 3.14D). For valley-fills
developed between 0° and 22° latitude, valley-fill thickness tend to increase with
latitude (r = 0.421, p-value = 0.040); no correlation is seen instead between valley-
fill width or cross-sectional area and latitude (r(W) = 0.107, p-value = 0.626; r(A) =
0.252, p-value = 0.406) (Fig. 3.14E-G). The correlation between drainage-basin
area and latitude is consistent with that for valley-fill thickness (r = 0.617, p-value =
0.004) (Fig. 3.14H). For valley-fills developed between 22° and 50° latitude, valley-
fill thickness, width and cross-sectional area show weak or modest positive
correlation with latitude (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. 3.14E-G).
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Fig. 3.14. Box plots of: (A) incised-valley-fill thickness; (B) width; (C) cross-sectional
area; and (D) drainage-basin size distributions for different latitudinal belts. For
each boxplot, boxes represent interquartile ranges, red open circles represent
mean values, horizontal bars within the boxes 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 one-way ANOVA (F-value, p-value) are reported in respective boxes. The
content bracketed in F-value are degrees of freedom between and within groups
respectively. Plots of: (E) incised-valley-fill thickness; (F) width, (G) cross-sectional
area and (H) drainage-basin size versus latitude. For each pair of variables, the
correlation coefficients of determination and p-values are reported in respective
boxes. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and T’
denotes Spearman's rho.

Interpretations

Through direct climatic forcing (e.g., temperature and peak precipitation), climate-
derived forcing (e.g., presence of permafrost) and partially climate-dependent
forcing (e.g., vegetation type), climate acts to influence the behaviour of fluvial
systems (Blum and Toérnqvist, 2000; Bogaart et al., 2003a, b; Vandenberghe,
2003). Compared with temperate zones, the tropical zones are typically
characterized by more intense rainfalls and stronger weathering, which could have
resulted in larger rates of delivery of water and sediment, enhancing rates of fluvial
incision and river migration (Stallard et al., 1983; Milliman, 1995; Gupta, 2007,
Goldsmith et al., 2008; Lloret, et al., 2011; Wohl et al., 2012). However, the
distributions of incised-valley-fill dimensions for tropical zones and temperate zones
(Fig. 3.14A-C) do not support this assumption. This might be due to the interplay of
multiple climate-driven factors such as vegetation and precipitation, which have
counteracting effects on water discharge and sediment supply and flux. Polar zones
are dominated by ice caps or polar and alpine deserts: here, the size of fluvial
catchments is limited as a result, but paraglacial and periglacial processes operate.
Three of the studied incised-valley fills are located on the Alaskan Chukchi shelf
(case study 103 in Table 3.1; Hill et al., 2007; Hill and Driscoll, 2008; Stockmaster,
2017), which, at the LGM, was a non-glaciated polar desert (Adams and Faure,
1997; Dyke, 2004; Ray and Adams, 2011). The large scale of these valley fills (Fig.
3.14A-C) might be attributed to enhanced fluvial incision and lateral migration
(Kasse, 1997; Bogaart et al., 2003c; Vandenberghe, 2003), possibly due to periodic
meltwater and sediment discharge from the Cordilleran Ice Sheet (Dyke, 2004) and
in periglacial rivers (Woo and Winter, 1993; Vandenberghe, 2003), and to the
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occurrence of permafrost through its role in increasing surface runoff by lowering
soil permeability (Church, 1983; Woo, 1986; Vandenberghe, 2003). Our
observations (Fig.14A-C, E-G) indicate that during the LGM regional variations in
incised-valley geometry might have been controlled by climate, in some contexts.

3.5.5 Substratum
Observations

The studied incised-valley fills were classified as either completely hosted in
substrates made of unconsolidated sediments (‘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 hosted in
sedimentary cover only (mean thickness = 40.0 m, 30.5 m; mean width = 11,822 m,
4,628 m), with the latter class varying from 15 m to 100 m in thickness and 500 m to
100,000 m in width (Fig. 3.15A-C). Mean valley-fill thickness and width are
significantly different between these two populations (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 = 33 for
W) (Fig. 3.15B and C).

Interpretations

Substrate types play a significant role on fluvial incision rates (Van Heijst and
Postma, 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 lowering (Paola et al., 1992). Van Heijst and Postma (2001)
and Loget and Van Den Driessche (2009) show that knickpoint-migration rates in
alluvial settings are significantly larger than those in bedrock settings,
corresponding to 1 to 20 m/yr and 0.001 to 0.1 m/yr, respectively. This would imply
that valleys that are hosted in sedimentary cover are expected to be deeper than
bedrock valley, any time before equilibrium is reached. In addition, the decreased
erodibility of bedrock valley walls should result in narrower valley width. Results
(Fig. 3.15) contrast with these expectations: this might be due to the fact that larger
fluvial systems are more likely to scour to the depth of lithified strata. In this sense,
results would still not suggest that substrate lithology is a dominant control on
valley-fill dimensions.
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Fig. 3.15. (A) Scales of late-Quaternary valley fills hosted in bedrock and
sedimentary cover and valley fills hosted in sedimentary cover versus incised-valley
fills interpreted from ancient successions in the published literature. Ancient valley
fills are adapted from Gibling (2006). Box plots of: (B) late-Quaternary incised-
valley-fill thickness; and (C) width distributions for different substrate types. For
each boxplot, boxes represent interquartile ranges, red open circles represent
mean values, horizontal bars within the boxes 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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3.6 Discussion

3.6.1 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
systems are primarily a function of the magnitude and rate of relative base-level fall,
basin physiography (gradients and convexity along the depositional profile and
shelf-break depth), contributing drainage-basin size, climate, substrate
characteristics and tectonics (Schumm, 1993; Talling, 1998; Posamentier and Allen,
1999; Blum and Térnqvist, 2000; Posamentier, 2001; Van Heijst and Postma, 2001;
Gibling 2006; 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 a given relative sea-level fall, the physiography of the basin
determines the largest vertical adjustment of a river system through valley incision
(Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001; Tornqvist et al.,
2006), whereas water discharge and substrate characteristics dominantly influence
the degree to which, and rate at which, fluvial systems approach their equilibrium
profile (Schumm et al.,, 1984; Paola et al.,, 1992; Van Heijst and Postma, 2001;
Loget and Van Den Driessche, 2009; Loget and Van Den Driessche, 2009).

Our results (Fig. 3.5A-C) indicate that incised-valley systems and their fills
developed along active continental margins are thicker and wider, on average, than
those along passive continental margins, suggesting that the tectonic context of a
continental margin plays a key role — at least indirectly — in determining the
geometry of near-shore incised-valley systems. Through its effects on relative sea-
level change, distinct characteristics of basin physiography, climate, water
discharge and sediment delivery rates, the tectonic setting appears to control the
magnitude of valley incision and widening (Posamentier and Allen, 1999; Jain and
Tandon, 2003; Ishihara et al., 2011, 2012; Wohl et al., 2012; Tropeano et al., 2013;
Vandenberghe, 2003; Ishihara and Sugai, 2017).

Mattheus et al. (2007), Mattheus and Rodriguez (2011) and Phillips (2011) claimed
that valley-fill dimensions are primarily controlled by factors that act upstream, in
particular 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, or coastal-plain and shelf gradients. Climate is
also known to exert an important control on valley-fill dimensions, especially
through modulation of temperature, peak precipitation, vegetation and permafrost in
drainage-basin areas, which in turn dictates water discharge, rates of sediment
supply and bank stability (Blum et al., 1994; Blum and Toérnqvist, 2000;
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Vandenberghe, 2003; Bogaart et al., 2003a, b; Blum et al., 2013). The results (Fig.
3.12 and Fig. 3.13D-F) support the dominant role of drainage-basin characteristics
in dictating incised-valley-fill dimensions, especially for passive continental margins,
and highlight likely controls by the size and dominant vegetation type of catchment
areas.

The physiography of the depositional profile over which incised valleys develop also
plays a role in valley incision and widening (Summerfield, 1985; Talling, 1998;
Posamentier and Allen, 1999; Posamentier, 2001; Blum and Tornqvist, 2000;
Tornqvist et al., 2006; Blum et al., 2013). Along continental margins, valley incision
tends to begin forming where a convex-up topography is exposed during relative
sea-level fall (Summerfield, 1985; Talling, 1998; Blum and Tdrnqvist, 2000; Blum et
al., 2013), which most commonly occurs at either the highstand coastline or at the
shelf-slope break. Conceptual models (Talling, 1998; Posamentier and Allen, 1999;
Posamentier, 2001; Tornqvist et al., 2006) highlight that when a sea-level fall
causes exposure of the entire shelf, incised valleys will form across the whole shelf;
on the contrary, when the shelf is only partially exposed by sea-level fall, incised
valleys will only be limited to the region of the coastal prism. Additionally, it is
embedded in sequence-stratigraphic thinking (Posamentier and Allen, 1999) that
the magnitude of incision associated with sequence boundaries is linked to the
degree of exposure of the continental shelf. Contrary to this notion, it is observed
that valley-fill dimensions for systems with shelf breaks that are shallower than 120
m tend to be smaller, on average, than systems on shelves that are deeper than
120 m (Fig. 3.6A-C). Nonetheless, the negative correlation between valley-fill
thickness and shelf-break depth for cross-shelf valley fills hosted on shelves with
shelf break shallower than 120 m (Fig. 3.7A) might indicate the expected causal link
between magnitude of exposure, incision, and resulting valley-fill thickness,
implying that the shelf-break depth plays a role in controlling valley-fill dimensions.
Study on the relationships between shelf width, shelf gradient and cross-shelf valley
dimensions (Fig. 3.8 and 3.10) might not indicate a causal link between these
factors and cross-shelf valley dimensions. Rather, this might indicate shelf width,
shelf gradient and cross-shelf valley dimensions co-vary in relation to a common
control exerted by the size of drainage areas. The positive correlations between
coastal-plain valley dimensions and shelf gradient (Fig. 3.10A and C) might be
attributed to the fact that coastal-plain valley fills with steeper shelf gradient have a
larger difference between shelf gradient and the original river equilibrium profile,
which could lead to deeper fluvial incision for a given relative sea-level fall
(Schumm and Brakenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999). In
addition, based on observations of present-day gradient profiles along passive
margins and margins associated with foreland basins, Talling (1998) highlights that
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if the sea level remains above the shelf break, valley incision will be governed
primarily by the geometry of the coastal prism and valley incision depth will tend to
increase with the coastal-prism convexity. Our analysis of relationships between
valley-fill dimensions and coastal-prism convexity (Fig. 3.11) challenges this widely
held view and this might be due to the influence of overriding factors, or to the fact
that the estimates of convexity for present-day costal prisms do not approximate the
convexity of the coastal prisms established during the last interglacial.

In summary, the type of continental margin (active versus passive) appears to be a
meaningful predictor of the geometry of incised-valley fills, presumably in relation to
characteristics of basin physiography, climate, water discharge and sediment
delivery (Fig. 3.16). In addition, our findings indicate that upstream controls
(drainage-basin area) appear to be potentially more important than the
characteristics of the receiving basin (e.g., coastal-prism convexity, shelf-break
depth and substrate lithology) in determining rates and amounts of valley incision
and widening, especially for passive continental margins.

3.6.2 Implications for source-to-sink studies and applied
significance

The major components of source-to-sink systems — continent, shelf, slope and
basin floor segments — are considered to be genetically related in analytical
approaches that use mass-balance theory (Sgmme et al., 2009a). Based on
modern and late-Quaternary fluvial systems from different tectonic and climatic
settings, recent work on source-to-sink systems (Anderson et al., 2004, 2016;
Syvitski and Milliman, 2007; ; Semme et al., 2009a,b; Blum et al., 2013; Xu et al.,
2016; Sweet and Blum, 2016) has demonstrated scaling relationships between the
scale of drainage-basin area, water discharge, river-driven sediment flux, channel-
belt dimensions, and the corresponding scale of other 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 hinterland regions to
deep-marine environments, especially during lowstands (Posamentier and Allen,
1999; Blum and Toérnqvist, 2000; Blum et al.,, 2013). The positive correlation
between incised-valley-fill dimensions and contributing drainage-basin area (Fig.
3.12) documented here is important for source-to-sink analysis because it provides
a scaling relationship for incised-valley fills. The scale of incised-valley fills could be
used to estimate the scales of their contributing drainage-basin areas and
palaeodischarge, and also to predict scales of downdip coarse-grained lowstand
deltas or basin-floor fans. Moreover, linking the scale of incised-valley fills to
characteristics of catchments and shelves allows for the development of semi-
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quantitative guidelines that could be used to predict the size, location and timing of
accumulation of potential hydrocarbon reservoirs. Incised-valley fills form important
hydrocarbon reservoirs, typically characterized by coarser-grained fluvial deposits
at their base and finer-grained estuarine and marine deposits at the top (Wright and
Marriott, 1993; Shanley and McCabe, 1994; Zaitlin et al., 1994; Blum et al., 2013).
However, as noted above, incised-valley-fill dimensions are influenced by a wide
variety of geological controls and hence care should be taken for the exploration of
incised-valley plays in different tectonic, physiographic and climatic settings.
Notably, our results indicate that incised-valley fills along active continental margins
can be thicker and wider than their counterparts along passive continental margins,
highlighting the potential of the fills of incised valleys along active margins as

exploration targets.
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Fig. 3.16. Schematic diagrams of different incised-valley-fill dimensions
corresponding to passive margins (A) and active margins (B). Along passive
margins (A), the scale of incised-valley fills associated with large and small
drainage-basin area respectively are compared.

3.7 Conclusions

A database-driven statistical analysis of 151 late-Quaternary incised-valley fills,
which is the largest study of this type undertaken so far, has been performed with
the aim to investigate 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 incision — itself dictated, at any one location, by the vertical shifts in
equilibrium profile driven by changes in base level, water discharge and sediment
supply, and by the degree to which that profile is approximated in relation to
knickpoint-retreat rates, together with potential truncation by ravinement processes.
The width of the valley fills is determined by the rate of lateral migration of channel
belts hosted within them, which again scales to water discharge and sediment
supply, and by valley-wall erodibility. The main findings can be summarized as

follows:

(i) Incised-valley fills developed along active margins are shown to be
thicker and wider, on average, than those along passive margins. This
indicates that the tectonic setting of continental margins appears to
control the geometry of incised-valley fills, likely through its effects on
relative sea-level change, and in relation to distinct characteristics of
basin physiography, climate, water discharge and modes of sediment
delivery.

(i) Valley-fill geometry is found to be positively correlated with the
associated drainage-basin size, confirming the important role of
drainage-basin area, a proxy of water discharge, in dictating valley-fill
dimensions. This is especially true for incised-valley fills hosted on
passive continental margins.

(iii) Climate is also inferred to exert potential controls on valley-fill
dimensions, especially through modulation of temperature, peak
precipitation, vegetation and permafrost in drainage-basin areas, which
in turn dictates water discharge, rates of sediment supply and valley-
margin stability.
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(iv) Shelves with breaks currently deeper than 120 m contain thicker and
wider incised-valley fills, on average, than shelves with breaks shallower
than 120 m. This observation is at odds with the view that the magnitude
of incision associated with sequence boundaries is linked to the degree
of exposure of the continental shelf. This could be explained by the fact
that the studied shelves with shelf breaks that are deeper than 120 m
are primarily linked to larger drainage-basin areas, compared to those
with shallower shelf breaks. Yet, negative correlation between valley-fill
thickness and shelf-break depth for cross-shelf valley fills hosted on
shelves whose margin is shallower than 120 m might indicate that
shallow shelves record a causal link between magnitude of exposure,
incision, and resulting valley-fill thickness.

(v) The lack of correlation between valley-fill thickness and present-day
coastal-prism convexity challenges the idea that, especially if the sea
level does not fall beyond the shelf break, the magnitude and location of
valley incision should primarily be determined by the coastal-prism
convexity. This discrepancy might alternatively be due to the influence of
overriding factors (e.g., the size of drainage areas), or to the fact that
present-day costal prisms do not approximate the form of coastal 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
understanding of source-to-sink sediment route ways and for attempting semi-
quantitative predictions of the occurrence and characteristics of hydrocarbon
reservoirs. It is only through the analysis of very large composite datasets that
describe the attributes of a large number of example systems that insight can be
gained to demonstrably show the relative roles of many different controls which
interact to determine the geometry of incised valley systems. This study
accomplishes this via a novel database-driven approach.
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4 Quantitative analysis of the stratigraphic architecture of
incised-valley fills: a global comparison of Quaternary
systems

4.1 Summary

Facies models of the internal fills of incised valleys developed in shelf and coastal
settings during cycles of relative sea-level change are largely conceptual,
descriptive and qualitative in form; moreover, they are commonly bespoke to
individual examples. Here, a database-driven quantitative statistical analysis of 87
late-Quaternary incised-valley fills (IVFs) has been undertaken to assess the
general validity and predictive value of classical facies models for IVFs, and to
investigate the relative importance of possible controls on their stratigraphic
organization. Based on datasets from the published literature stored in a
sedimentological database, the geometry and proportion of systems tracts, and of
architectural elements of different hierarchies within IVFs are quantified. These
variables were analysed to assess how they vary in relation to parameters that
represent potential controlling factors: relative sea-level stage, continental-margin
type, drainage-basin area, valley geometry, basin physiography and shoreline
hydrodynamics.

The stratigraphic organization of the studied coastal-plain IVFs is generally
consistent with that represented in facies models, the primary control being the rate
and magnitude of relative sea-level change. However, results from this study
demonstrate significant variability in the stratigraphic architectures of IVFs, which is
not accounted for by existing models. Variations in the facies architecture of
coastal-plain and cross-shelf valley fills can be attributed to controls other than sea
level, and expressed in relationships with continental-margin type, basin
physiography, catchment area, river-system size and shoreline hydrodynamics. The
following primary findings arise from this research. (i) Compared to their
counterparts on passive margins, coastal-plain IVFs hosted on active margins
contain, on average, a higher proportion of fluvial deposits and a lower proportion of
central-basin estuarine deposits; estuarine deposits tend however to be thicker.
This suggests a control on IVF stratigraphic architecture exerted by distinct
characteristics of the tectonic setting of the host continental margins, notably basin
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physiography, rates and mode of sediment supply, and nature of sediment load. (ii)
The thickness and proportion of lowstand systems tract are positively correlated
with coastal-plain IVF dimensions, likely reflecting the role of drainage-basin area in
dictating the scale of the fluvial systems that carved and infilled the valleys. (iii)
Positive correlations are observed between the thickness of fluvial deposits,
bayhead-delta deposits and central-basin estuarine deposits, versus coastal-plain
IVF dimensions and valley catchment area. This suggests a control exerted by the
river-system scale on sediment-supply rates and on the accommodation
determined by valley size. (iv) Positive correlations between the thickness and
proportion of barrier-complex deposits within cross-shelf IVFs versus mean shelf
gradient indicate that the geometry of the shelf might control the establishment and
preservation of barrier-island environments in incised valleys located on the shelf.
(v) Correlations between the width of coastal-plain IVFs and present-day mean tidal
range at the shoreline indicate that tidal dynamics may contribute to the widening of
the incised valleys. Positive correlation is observed between the proportion of tide-
dominated elements in highstand IVF deposits and IVF width, suggesting possible
effects of interplays between hydrodynamic conditions and the geometry of incised
valleys on their infills.

This study highlights the complexity of the internal fills of incised valleys, which
must be considered when attempting the application of facies models of IVFs to
rock-record interpretations or as predictive tools in subsurface studies.

4.2 Introduction

Incised valleys are fluvially eroded, elongate palaeotopographic lows developed in
shelf and coastal settings during episodes of relative sea-level fall, and
subsequently inundated, infilled and reworked by fluvial, coastal and marine
processes during sea-level rise (Posamentier and Allen, 1999; Zaitlin et al, 1994
Blum et al., 2013). The fills of incised valleys represent critical stratigraphic archives
of environmental change in coastal regions, in response to changes in sea level
and climate. They are especially important in this regard as adjacent shelf areas
commonly store a less complete sedimentary record because of physical reworking
and/or sediment starvation (Boyd et al., 2006; Simms et al., 2010; Mattheus and
Rodriguez, 2011). For this reason, the fills of incised valleys have also been the
subject of detailed sequence stratigraphic analyses (e.g., Lin et al.,, 2005;
Dalrymple, 2006; Chaumillon et al., 2010). Additionally, valley infills are important
hydrocarbon reservoir targets and they also serve as reference for exploration of
downdip deep-marine sands (Dalrymple et al. 1994; Shanley and McCabe, 1994;
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Zaitlin et al.,, 1994; Blum et al., 2013). Therefore, predictions of the internal
sedimentary architecture of valley infills are desirable in subsurface characterization
and hydrocarbon exploration workflows (e.g., Hampson et al., 1999; Stephen and
Dalrymple, 2002; Bowen and Weimer, 2003; Salem et al., 2005). Furthermore, in
many present-day settings, estuaries and rias that commonly develop at the mouths
of incised valleys during sea-level rise, accommodate large and dense human
populations and constitute fragile coastal settings of primary economic and
ecological importance (Kennish, 1991; Chaumillon et al., 2010; Zhang et al., 2014;
Marlianingrum et al., 2019).

Given the scientific, economic and ecological importance of incised-valley fills
(IVFs), extensive research has been undertaken to characterise their stratigraphic
organization (e.g., Roy, 1984; Dalrymple et al., 1992; Allen and Posamentier, 1993,
1994b; Zaitlin et al., 1994; Boyd et al., 2006; Blum et al., 2013). Widely adopted
models of coastal-plain incised-valley development and infill (Dalrymple et al., 1992;
Allen and Posamentier, 1994b; Zaitlin et al.,, 1994) typically envisage three
segments: (i) a proximal landward segment mostly occupied by fluvial systems
throughout its depositional history; (ii) a medial segment recording a drowned-valley
estuarine complex that existed around the time of maximum transgression,
overlying a lowstand to transgressive succession of fluvial and estuarine deposits;
and (iii) a seaward segment typically comprising basal fluvial deposits overlain by
estuarine deposits and capped by fully marine deposits. Considerable prior
research has focussed on the analysis of individual case-study examples whereby
comparisons are made between the internal fills of individual incised valleys and the
general stratigraphic organization of incised-valley fills depicted by the above-
mentioned “classical” models. Individual examples have been considered in detail
to document and decipher the relative importance of distinct controlling factors
responsible for sedimentological complexity, notably sea level, tectonics, sediment
supply, antecedent topography and hydrodynamics. As such, the great majority of
current models with which to account for the internal fills of incised valleys are
either bespoke to individual case-study examples, else are largely conceptual,
descriptive and qualitative in form.

In this study, a database-driven approach has been taken, the aim being to
quantitatively document and account for the wide variability in facies architecture
present across a large number of globally distributed incised-valley fills. This
approach seeks to assess the general validity of classical facies models that remain
widely employed as predictive tools, and to investigate the relative importance of
possible controls on the stratigraphic organization of incised-valley fills
quantitatively. This work is based on a synthesis of 87 late-Quaternary incised-
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valley fills from the published literature, the majority of which formed during the last
glacio-eustatic cycle. The incised-valley fills considered in this work only comprise
of valley systems carved in response to relative sea-level falls and infilled by
alluvial, transitional (i.e., paralic) and shallow-marine strata in shelf and coastal-
plain settings (Van Wagoner et al., 1990; Boyd et al., 2006; Blum et al., 2013);
inland alluvial valleys are not considered. The studied examples are representative
of different climatic, hydrodynamic and tectonic settings, and are distributed
globally. By restricting the scope of investigation to late-Quaternary examples, the
principal controlling factors that govern valley-fill characteristics — such as the rate
and magnitude of sea-level change, sediment supply, antecedent topography,
hydrodynamics and tectonics — can be constrained closely. This is made possible
by the widespread availability of large amounts of published data (e.g., shallow
seismic, core logs, dating methods) describing the late-Quaternary stratigraphic
record.

Specific objectives of this work are as follows: (i) to undertake a comprehensive
quantitative analysis of the geometry, spatial relationships, stacking patterns, and
lithological heterogeneity of deposits that form the infill of late-Quaternary incised
valleys documented in the published literature; (ii) to illustrate the variability in
sedimentary architectures seen in the studied incised-valley fills with respect to
facies models; (iii) to evaluate the relative roles of possible controls in determining
the internal fills of incised valleys; and (iv) to present implications of the results for
sequence-stratigraphic models and for subsurface-reservoir prediction and
characterization.

4.3 Methods

A database approach based on the synthesis of data from 87 late-Quaternary
incised-valley fills is utilized. Data on the sedimentology of these incised-valley fills
are included in a relational database, the Shallow-Marine Architecture Knowledge
Store (SMAKS; Colombera et al., 2016). SMAKS stores data on the sedimentary
architecture and geomorphic organization of shallow-marine and paralic siliciclastic
depositional systems; it includes quantitative and qualitative data on geological
entities of different types (e.g., facies, architectural elements), and on their
associated depositional systems, themselves classified on multiple parameters
(e.g., shelf width, delta catchment area) and metadata (e.g., data types, data
sources).

Chapter 4



94

Of the 87 late-Quaternary incised-valley fills considered in this study, 85 developed
during the last glacial-interglacial cycle (LGC); two are of pre-LGC age. The
primary data have been derived from 77 published literature sources. A detailed
account of the case studies included in this work, their associated bibliographic
references and the types of data used in each is reported in Table 4.1; the location
of the studied incised-valley fills is shown in Fig. 4.1. Here, an individual case study
refers to either a group of genetically related incised-valley fills (occurring on the
same continental shelf or coastal plain) or to a single incised-valley fill. This work
does not cover all incised-valley fills documented in the scientific literature. The
chosen IVFs were selected based on the availability of data that were suited to the
scopes of this study. Importantly, only valley fills that represent single cycles of
incision and fill are included in the database; compound valley fills that represent
multiple episodes of incisions and fills, associated with different eustatic cycles
were excluded (cf. Korus et al., 2008). IVFs from present-day high-latitude regions,
which are likely to have recorded periglacial and paraglacial processes, were also
not included. Yet, the database was compiled trying to avoid geographical bias and
attempting to make the comparative study as global and wide-reaching as possible.
For the studied examples, investigations of the internal fills of valleys developed in
coastal-plain settings are generally based on several 1D cores and/or 1D well logs.
By contrast, studies based on cross-shelf valley fills tend to be based on 2D or 3D
high-resolution seismic data, in some cases calibrated by cores.

The relative importance of different controls on the internal fills of incised valleys
has been interpreted from (i) comparison of descriptive statistics and associated
statistical tests, and (ii) determination of correlation between variables. In this work,
the database output comprises the following: (i) estimations of the absolute
proportion of systems tracts within incised-valley fills, computed as systems tract-to-
valley-fill thickness ratio; (ii) the relative proportion of architectural elements
preserved in different systems tracts within valley fills; (iii) the relative proportion of
architectural elements within valley fills; and (iv) the geometry of these sedimentary
bodies.
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Table 4.1. Case studies on late-Quaternary incised-valley fills stored in the
Shallow-Marine Architecture Knowledge Store (SMAKS) database. For each case
study, the table reports published literature sources, data types, and the age of
formation as being either of last glacial—interglacial cycle (LGC) or pre-LGC. Case-
study identification numbers (ID) relate to those coded in the SMAKS database
(Colombera et al., 2016) and are referred to in following figures. N = number of
incised-valley-fill elements developed for each case study, distinguished as LGC or

pre-LGC.
ID Case study Data source Data types Age
Composite Mattheus et al. (2007); Rodriguez | Airborne
database, Gulf ) i
; et al. (2008); Mattheus and images, Shallow
31 of Mexico and LGC
Atlantic Rodriguez (2011); Mattheus and seismics, Well
Ocean. USA Rodriguez (2014) cuttings, Cores
Pilong
Formation, S(:i;err?fczD
38 | South China Algahtani et al. (2015) Shallow ’ LGC
Sea, Sunda o
Shelf seismics
Late
Quaternary of . . . ]
o9 | Manisconia | NeSel NG Tonear (019) | Cores Shallow | 4
Gulf, Adriatic ’
Sea
New Jersey ' . :
48 shelf, Atlantic Nordfjord et al. (2005); Nordfjord ques_, Shallow LGC
Ocean et al. (2006) seismics
49 | Queensland, Payenberg et al. (2006) Bath - LGC
Australia at _ymetrlc
profile
: Weber et al. (2004); Chaumillon
59 | 2AY O BISCY. | and Weber (2006); Chaumillon et | SOres: Shallow LGC
rance seismics
al. (2008)
60 Bay of Biscay, | Chaumillon et al. (2008); Proust et | Cores, Shallow Pre-
France al. (2010) seismics LGC
61 Bay of Biscay, | Chaumillon and Weber (2006); Cores, Shallow LGC
France Chaumillon et al. (2008) seismics
Proust et al. (2001); Menier
62 Bay of Biscay, | (2004); Menier et al. (2006); Cores, Shallow LGC
France Chaumillon et al. (2008); Menier seismics
et al. (2010)
Pleistocene of Well cuttings
Pattani Basin, 3D soismicy
67 | South China Reijenstein et al. (2011) Shallow ’ LGC
Sea, Gulf of seismics
Thailand
Pleistocene of S:i;er"r?fciD
69 | southern Java | Posamentier (2001) sh ' LGC
Sea .aIIo_w
seismics
Gironde Allen and Posamentier (1993);
70 | incised valle Allen and Posamentier (1994a Cores LGC
Franee Y. | and 1994b); Lericolais et al.
(2001); Fénies et al. (2010)
72 | Late Amorosi et al. (2008); Amorosi et | Cores LGC
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Quaternary of | al. (2013); Rossi et al. (2017) Pre-
Tuscany, ltaly LGC
2 i?\g?:;g”fa"ey, Bellott et al. (2004); Bredaetal. | o Lac
Italy (2016)
Volturno
74 | incised valley, | Amorosi et al. (2012) Cores LGC
Italy
75 Biferno incised Amorosi et al. (2016) Cores LGC
valleys, Italy
Tiber Delta, Milli et al. (2013); Milli et al.
76 Italy (2016) Cores LGC
Metaponto Cilumbriello et al. (2010); Grippa
77 | coastal plain, et al. (2011); Tropeano et al. S(;;enfi,cihallow LGC
Italy (2013)
o1 g‘:‘(’;’l‘fz‘g'gu';‘fta' Green (2009); Benallack etal. | Cores, Shallow Lac
Africa (2016) seismics
Zhang and Li (1996); Li and Wang
East China (1998); Li et al. (2002); Wellner
83 Sea. China and Bartek (2003); Lin et al. Cores LGC
’ (2005); Li et al. (2006); Zhang et
al. (2014); Zhang et al. (2017)
Kanto Plain Ishihara et al. (2012); Tanabe et
85 | incised al. (2015); Ishihara and Sugai Cores LGC
valleys, Japan | (2017)
KwaZulu-Natal | Green and Garlick (2011); Green Shallow
92 | shelf, South et al. (2013a); Green et al. seismics LGC
Africa (2013b)
03 | MaPUOBAY. | Groen et al. (2015) Cores, Shallow LGC
ozambique seismics
Pakarae
125 | incised valley, | Wilson et al. (2007) Outcrop, Cores LGC
New Zealand
126 Isumi incised Sakai et al. (2006) Outcrop, Cores LGC
valley, Japan
. Féniés and Lericolais (2005);
127 | 22 ' BISSY. | Ghaumilion et al. (2008); Allard et | SOTe% Shallow LGC
al. (2009); Féniés et al. (2010)
132 MSirs]z\év?/gley, Clement et al. (2017); Clement Cores, Wireline LGC
New Zealand and Fuller (2018) logs
Weiti incised
134 | valley, New Heap and Nichol (1997) Cores LGC
Zealand
Burrill Lake
incised valley,
135 | New South | Sloss et al. (2006) Cores, Shallow LGC
seismics
Wales,
Australia
Lake lllawarra
incised valley,
136 | New South | Sloss et al. (2005) Cores, Shallow LGC
seismics
Wales,
Australia
Lake Conjola
incised valley,
137 | New South Sloss et al. (2010) Cores LGC
Wales,
Australia

Chapter 4




97

North Carolina

coastal-plain Cores, Shallow
138 | incised Mattheus and Rodriguez (2014) L) 2| LGC
seismics
valleys, North
Carolina, USA
Lavaca
139 | incised valley, | Wilkinson and Byrne (1977) Cores 1| LGC
Texas, USA
e wolcutings,
140 Louisi Y: | Nichol et al. (1996) Shallow 1| LGC
oulsiana, seismics
USA
Late
141 | Quatemary of | o oone etal. (2007) Cores, Shallow | 11 5
Gulf of seismics 3
Mexico, USA
Nueces ; . Qi
142 | incised valley, (82|310n8)s (2005); Simms et al. Seoi;ﬁi,cihallow 1l Lac
Texas, USA
Sabine-
143 | Neches Anderson et al. (1991) Cores, Shallow | 41| 5¢
incised-valley seismics
system, USA
Trinity-San
Jacinto ) .
144 | incised-valley Smyth (1991); Rodriguez et al. ques_, Shallow 2| Lae
(2005) seismics
system,
Texas, USA
Baffin Bay
146 | incised valley, | Simms et al. (2010) Cores, Shallow |, || ¢
seismics
Texas, USA
Kushiro Plain
147 | incised valley, | Takashimizu et al. (2016) Cores 1| LGC
Japan
Echigo Plain,
148 J Tanabe et al. (2013) Cores 1| LGC
apan
Song Hong
149 | delta system, | Tanabe et al. (2006) Cores 1| LGC
Vietham
Song Hong
(Red River) cores, Shallow
158 | incised valley, | Wetzel et al. (2017) - 1| LGC
: Bathymetric
Gulf of Tonkin, .
: profile
Vietnam
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Fig. 4.1. (A) Geographic location of late-Quaternary incised-valley fills considered in
this work, with inset maps for North America (B), and southern Europe (C). The
numbers on the map correspond to the IDs in Table 4.1. Base map modified from
Ray and Adams (2001).

4.3.1 Scope of investigation

Large variations in IVF architecture and geometry exist along the dip profile of
incised-valley systems (Dalrymple et al., 1992; Zaitlin et al., 1994; Chaumillon et al.,
2010; Blum et al., 2013; Strong and Paola, 2008; Martin et al., 2011; Phillips, 2011).
Thus, to enable meaningful comparisons, measurements should ideally be made at
the same respective location along the valley axis. However, the use of data from
the published literature imposes some limitations to our ability to refer observations
from different IVFs to a common reference system. In this work, observations are
broadly categorized based on the position where the measurements were made, by
classifying the studied valley fills depending on whether they now occur beneath
present-day coastal plains or on continental shelves (N = 61 and 27, respectively).
For incised-valley fills that sit beneath modern coastal plains, the analyses have
focussed on relationships between the proportion and geometry of architectural
elements that compose them versus continental-margin type, catchment and river-

system size, basin physiography and descriptors of present-day hydrodynamics.
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For cross-shelf valleys, relationships between shelf gradient versus the proportion
and geometry of certain architectural element types are specifically investigated in
detail.

In the analysis of properties relating to systems tracts and elements in incised-
valley fills, only lowstand (LST), transgressive (TST) and highstand (HST) systems
tracts are considered; falling-stage systems tracts (FSST) are discarded for this
purpose, even where they are reported as part of the incised-valley fill (N = 3). This
was done to conform to sequence stratigraphic models (cf. Helland-Hansen and
Martinsen, 1996) that place the sequence boundary at the base of the LST.
However, there are several cases where the deposits contained in the infill of the
IVFs have not been assigned to systems tract, and it is possible that some of those
deposits actually record deposition during falling stage; if these deposits were
reported as contained in the IVF, they are considered in this study.

4.3.2 Architectural-element classifications

In the SMAKS database, architectural elements within valley fills are classified in
terms of two alternative schemes (Table 4.2). Scheme 1 (Fig. 4.2A) classifies the
elements on their interpreted (sub-) environment of deposition. Based on the
interpretations given in the original work, architectural elements within valley fills are
classified as fluvial deposits, non-bay delta, bayhead delta, estuarine bay/lagoon,
barrier complex, tidal sand-bar complex, tidal-flat/-channel deposits, nearshore
deposits and open-shelf deposits. The non-bay delta environment is defined as a
deltaic system that is not fully contained within the confines of the embayment
resulting from valley topography (Fig. 4.2B); only the parts of non-bay delta
deposits that infill the incised valleys are considered in the analyses. The barrier
complex sub-environment is defined as the preserved product of a dynamic set of
barrier-island environments formed by wave and tidal action, such as tidal inlets,
washovers, and flood-tidal deltas; this class includes both spits and barriers
(Dalrymple et al. 1992; Zaitlin et al. 1994; Masselink and Hughes 2003). In Scheme
2 architectural elements are classified according to the dominant process regime
they record, as interpreted in the original source work; in-valley architectural
elements are classified as fluvial-, wave- or tide-dominated deposits. In some
cases, certain deposits (e.g., worm-tube reef, prograding wedge) cannot be
classified according to these schemes. However, the schemes (Table 4.2)
encompass the fundamental architectural-element types associated with incised-
valley fills and can be applied in parallel. For scopes of analysis and establishment
of an audit trail, the classes of deposits and nomenclatures adopted in the primary
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data sources are also recorded, though these are not used in the presentation of
the results.

Table 4.2. Schemes adopted for the classification of architectural elements within
incised-valley fills.

dflung Fluvial channel and floodplain deposits.
eposits
A deltaic system that is not fully contained within the confines of
non-bay the gmbayment_ resulting from vaII(_ay topography._ Its delta top sits
delta at higher elevation than the valley interfluves, which are locally

buried by the delta, and it infills some relict valley topography

during late TST or HST.

bayhead | Delta at the head of an estuarine bay or lagoon into which a river
delta discharges.

The transition zone between the riverine and the marine

gs;bjlzggi environment, where fresh and salt water mix (cf. Allen, 1991),
n dominated by clay flocculation. It corresponds to 'central basin'
environment of Dalrymple et al. (1992).
Preserved product of a dynamic set of contiguous environments
barrier related to barriers or spits (sandy islands above high tide, parallel
Scheme complex to the shore, and separated from the coastal plain by a lagoon or
1 bay), such as tidal inlets, washovers, flood-tidal deltas (Dalrymple

et al., 1992; Zaitlin et al., 1994; Masselink and Hughes, 2003).

Preserved product of the evolution of a field of tidal bars (Olariu et
tidal al., 2012), which are commonly formed within a tide-dominated

sand-bar | estuary (e.g., Dalrymple and Zaitlin, 1994; Fenies and Tastet,

complex | 1998; Dalrymple et al., 2003) or on the open shelf (e.g., Houbolt,

1968; Berné et al., 2002).

tidal flat | Preserved product of deposition in areas of low relief that are

and tidal | alternately exposed and inundated by astronomical tides (cf.

channel | Schwartz, 2005), traversed by tidal channels.

Bathymetric tract comprised between mean fairweather wave base

nearshore | and mean high water. It includes ‘shoreface’ and ‘foreshore’

environments of Reading and Collinson (1996).

open Bathymetric tract comprised below the mean fairweather wave
shelf base, down to the shelf break. It includes 'offshore transition' and
deposits | 'offshore' environments of Reading and Collinson (1996).
fluvial Products of deposition dominated by river currents.
Scheme ™ : .
> wave Products of deposition dominated by wave action.
tide Products of deposition dominated by tidal currents.

Chapter 4



101

m Tida|$ Alluvial valley Allqvial vallgy
limit (Fluvial deposits) (Fluvial deposits)
e Tidal /'
ida
SCHEME 1 Bayhead delta limit NOT TO SCALE
(
A *‘P A
Wave-dominated Tide-dominated D
B’ estuary estuary
Estuarine bay ‘/ /
/lagoon
NN Tidal flat
Washover OO and tidal channel Non-bay delta
Flood Back-barrier .
. tidal delta tidal flat . Shoreli
Barrier complex — @) Delta plain oreline
Na=l S
E Tidal inlet NCS IN )
Tidal sand-bar © r: G
Continental shelf complex Delta front . Valley
/Prodelta < margin
) D’
E
Mean high water
BAYHEAD DELTA NON-BAY DELTA =

Fore'y Mean low water section A-A’ section C-C’
shore: ™~ . - -
Shorerace Mean fairweather Wave base: - --«-nxmmxmsmmem-d Valley unconformity ~ Interfluve Valley unconformity Imerﬂglve

Mean storm wave base =========| sectionB-B = .-~ "" " section D-D’ -

Nearshore Offshore : >
transition - - -
H Offshore - J 3
--- Jaey o¥ iy Jovey o

Open-shelf deposits (Scheme 1)

Fig. 4.2. Definition sketch (A) illustrating the classification of in-valley architectural
elements by (sub-)environment of deposition used in this work. Modified from
Dalrymple et al. (1992). Inset sketch B depicts idealized sections illustrating the
difference between bayhead delta and non-bay delta architectural elements, as
defined in this work, and as would be seen along strike and dip orientations. Non-
bay deltas are defined as deltaic systems that are not fully contained within the
confines of the embayment resulting from valley topography; their delta top sits at
higher elevation than the valley interfluves, and they infill some relict valley
topography during late TST or HST.

4.3.3 Architectural-element geometry and proportion

In SMAKS, incised-valley fills are themselves recorded as higher-order architectural
elements, which act as parent elements to those that form their infills, i.e., their
hierarchal containment is tracked (Colombera et al., 2016). The measurement of
their geometry (Fig. 4.3A) follows the approach used by Wang et al. (2019).
Incised-valley-fill thickness is defined as the vertical distance between the valley
bottom, where deepest, and the top of the valley fill or (for underfilled valleys) the
elevation of the interfluves at the valley margins. The term ‘thickness’ is also used
to describe the total vertical extent of underfilled valleys because this parameter is
always analysed jointly with the thickness of filled valleys. The valley-fill width is
defined as the horizontal distance between the valley walls, measured
perpendicularly to the valley axis. The valley-fill cross-sectional area is defined as
the vertical cross-sectional area subtended by the valley base and either the top of
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the valley fill or the elevation of interfluves (for underfilled valleys), measured in an
orientation perpendicular to the valley axis. The only geometrical parameter
analysed in this study for in-valley architectural elements is the thickness. Where
the 3D geometry of a certain element is well-constrained (e.g., in high-resolution
seismic data), the largest value of thickness of the element along the valley reach is
taken, otherwise the largest value of thickness in the studied sample is recorded.
Where it is unknown whether the maximum element thickness is observed (e.g., in
a 1D core or well-log sample), the thickness is reported as ‘apparent’. Where the
base or top of a certain element, or both, are not seen, the thickness is reported as
‘partial’ or ‘unlimited’ (sensu Geehan and Underwood, 1993; Fig. 4.3B),
respectively. In statistical analyses of architectural-element thicknesses, only
maximum values are used: apparent, partial and unlimited observations are only
used for computing element proportions. However, even for this purpose the use of
incomplete thicknesses can introduce error to the estimations, since certain
deposits might preferentially occur at lower stratigraphic levels, which are
commonly undersampled.

Based on their position, architectural elements that form the incised-valley fills are
classified as located beneath present-day coastal plains or on shelves. The relative
proportion of architectural elements preserved in different systems tracts within
valley fills has been computed based on the sum of their thickness in each systems
tracts (Fig. 4.3D). Similarly, the relative proportion of architectural elements within
valley fills has been computed based on the sum of their thickness within valley fills
(Fig. 4.3D). For overfilled IVFs, only the parts of architectural elements or systems
tracts that are contained within the incised valleys are considered in the analyses
(Fig. 4.3C). Element proportions have been computed accounting for the fact that
in-valley architectural elements can themselves be nested hierarchically. For
example, flood-tidal-delta deposits may be encapsulated in a barrier-complex
element, or delta-plain deposits may form parts of a non-bay delta (Fig. 4.2A).
Therefore, elements at different hierarchal levels can be selectively included or
excluded depending on whether they are classified according to schemes of
interest for the scopes of a particular analysis.
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Fig. 4.3. (A) Incised-valley-fill dimensions (thickness, width and cross-sectional
area) and in-valley architectural element thickness measured in the analysis herein.
(B) Classification of in-valley architectural element thickness by type of observation,
i.e., as ‘maximum’, ‘apparent’, ‘partial’ and ‘unlimited’ (see text). (C) Schematic
diagrams illustrating the internal fills for underfilled and overfilled incised valleys
(Simms et al., 2006). (D) Diagram illustrating the containment of systems tracts in
valley fills, of architectural elements in different systems tracts and of architectural
elements in valley fills. For presentation purposes, architectural elements are only
shown as classified on Scheme 1; the same elements can also be classified
according to Scheme 2. F = fluvial deposits; BHD = bayhead delta; E = estuarine
bay/lagoon deposits; BX = barrier complex; NBD = non-bay delta.

4.3.4 Attributes on geological boundary conditions

In this work, the datasets are filtered on attributes that describe the continental-
margin type, drainage-basin area, incised-valley-fill dimensions, basin physiography
and shoreline hydrodynamics. The incised-valley fills are classified on the type of
continental margin on which they are hosted. The drainage-basin area is defined as
the area of the catchments that fed the incised valley at lowstand, landward of the
location where the incised-valley-fill geometry was measured (see Wang et al.,
2019, for details).

4.3.4.1 Basin physiography

According to the morphometric definitions and map of global distribution of
enclosed and semi-enclosed seas by Healy and Harada (1991a), the coastal-plain
IVFs were classified as located along coastlines that either face enclosed/semi-
enclosed seas (N = 23) or open oceans (N = 26). An enclosed or semi-enclosed
sea is defined as a sea that is surrounded by land and that is connected with an
ocean or another sea by one or more entrances. For practical purposes, this term is
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restricted to features identifiable on a world map of scale 1:15M to 1:25M. In
agreement with Healy and Harada (1991a), certain gulf regions, including the Gulf
of Mexico and the Gulf of Thailand, were classified as enclosed or semi-enclosed
seas, whereas others, such as the Bay of Biscay, were classified as open-ocean
settings.

The present-day shelf physiography is used as a proxy for the physiography of the
shelf through the evolution of the valley fills (cf. Wang et al. 2019). Data on shelf
width and shelf-break depth are based on the map by Harris et al. (2014) and the
digital bathymetric data from Becker et al. (2009). The shelf gradient was calculated
as the mean gradient of the shelf between the present-day shoreline and the shelf
break. The database also records whether cross-shelf incised-valley fills are
characterized on the inner or on the outer shelf. The distinction between inner and
outer shelf being made on bathymetry rather than on process regime: the boundary
between inner and outer shelf is arbitrarily placed at the 25-m isobath (cf. Wang et
al., 2019).

4.3.4.2 Present-day shoreline hydrodynamics

Mean tidal range and mean wave height at present-day shorelines have been
recorded for incised-valley systems beneath modern coastal plains, utilizing digital
data from NOAA (2019) and METOCEAN (2019). Values of mean tidal range and
mean wave height may not be representative of those at the position where the
geometry and architecture of the IVFs were characterized. The duration of tide and
wave measurements varies depending on location. Based on records of mean tidal
range and mean wave height at the shoreline, the present-day hydrodynamic
regime of the coasts (Fig. 4.4) was classified as tide-dominated, mixed-energy tide-
dominated, mixed-energy wave-dominated, or wave-dominated, according to the
classification of Davis and Hayes (1984). Because hydrodynamic conditions will
vary significantly through a cycle of relative sea-level change (Nordfjord et al., 2006;
Yoshida et al., 2005), this classification is only applied to deposits accumulated
during the present-day highstand and incorporated in the HST of the incised-valley
fills.
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Fig. 4.4. Plot of mean tidal range versus mean wave height for the present-day
shorelines of the studied coastal-plain valleys (cf. Davis and Hayes, 1984). WD =
wave-dominated; MW = mixed-energy wave-dominated; MT = mixed-energy tide-
dominated; TD = tide-dominated. The numerical labels next to the spots refer to IDs
in Table 4.1. Data from NOAA (2019) and METOCEAN (2019).

4.3.5 Statistical analyses

Statistical analyses of database outputs have been performed in Minitab 18 and R
(version 3.6.1) (R Core Team, 2019). Statistical analyses have been undertaken to
determine relationships between continuous variables and to test hypotheses
relating to differences in means or distributions of variables across groups. To
quantify linear and monotonic relationships between pairs of continuous variables,
Pearson or Spearman correlation coefficients (R and r hereafter) are used
respectively; their statistical significance is expressed as P-values (P hereafter). To
determine the statistical significance of differences in means across populations, a
two-sample t-test is used when comparing two sets of observations, whereas one-
way analysis of variance (ANOVA) is used when comparing three or more sets of
observations. Normality and homoscedasticity of the data were checked before
performing these tests, and any variable transformation was applied where needed.
The statistical significance of differences across groups, expressed as P-values (P),
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are determined by resulting test statistics (t for t-tests, F for ANOVA) and the
number of degrees of freedom (df hereafter). For distributions that are highly
skewed and zero-inflated, such as distributions of architectural-element proportions,
nonparametric tests are used: the Wilcoxon rank-sum test is used when comparing
two sets of observations, whereas the Kruskal-Wallis test is used when dealing with
three or more groups. The statistical significance of differences in the distributions
across groups is expressed by P-values. P-values are compared with significance
levels (a hereafter) that equal 0.05 or 0.1, to determine whether the null hypothesis
is rejected.

Additionally, principal component analysis and hierarchical cluster analysis of the
variables, were performed on 30 coastal-plain IVFs for which it was possible to
constrain the following eight variables: shelf width, shelf-break depth, IVF thickness,
IVF width, drainage area, mean wave height, mean tidal range and proportion of
fluvial deposits in the valley fills. These multivariate analyses were undertaken for
scopes of dimensionality reduction and identification of redundancy across
variables. Details, results and discussion of the multivariate analyses are only
included in the Supplementary Information.

Further explanation of the statistical methods used can be found in Davis et al.
(2002).

4.3.6 Limitations

Some limitations to the current study that are worth highlighting before any results
are presented can be summarized as follows.

1. Potential bias exists because of the difficulty in recognizing bounding surfaces in
1D datasets. For example, the thickness and proportion of lowstand fluvial deposits
might be over- or underestimated due to the difficulty in recognizing the boundary
between lowstand and falling-stage (or older) alluvial units. This type of bias is a
significant source of uncertainty in the assessment of variability in the proportion of
systems tract or elements for coastal-plain IVFs (section 3.1.1). Additionally, this
type of bias might also arise when assessing the difference between the internal
fills of coastal-plain incised valleys and cross-shelf incised valleys (section 3.1.2) as
the recognition of sequence boundaries relies on different techniques of
investigation in onshore versus offshore settings. In seismic sections, where
sequence boundaries may be readily apparent, lowstand fluvial deposits tend to be
identified more easily, whereas in 1D datasets based on cores or well logs the
thickness of lowstand fluvial deposits may be over- or underestimated due to their
amalgamation with alluvial deposits of the falling stage or of previous cycles.
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2. Relationships between direction and magnitude in relative sea-level rise and fall
and characteristics of IVF architecture could not be examined in detail. Spatial and
temporal variability in sea-level fluctuations are known to exert a control on IVF
architecture (Thomas and Anderson, 1994; Nichol et al., 1996; Rodriguez et al.,
1999; Hori et al., 2002), and it is therefore likely that some variability in the data
presented in this work is related to the temporal change in the rate of post-LGM
sea-level rise and fall and to geographic variations of sea level. Additionally, the
valley reaches studied in the original data sources might have been filled under
different sea-level conditions depending on their positions relative to the present-
day shoreline. A binary distinction between coastal-plain IVFs and cross-shelf IVFs
is therefore necessarily simplistic.

3. Characteristics relating to the shape of incised valleys and to their variations in
shape along their dip extent were not examined. Previous work (Heap and Nichol,
1997; Rodriguez et al., 2005; Rodriguez et al., 2008) has shown that the shape of
incised valleys acts as a controlling factor on IVF architecture; for example, the
progressive inundation of terraces in terraced IVFs can result in step-wise changes
in accommodation space and in variations of hydrodynamic processes, which can
influence the valley-fill architecture. It is desirable to attempt further analysis with
additional metrics of valley-shape variability along dip to consider its potential
control on stratigraphic architectures.

4. Factors relating to the morphology of the bedrock that might be exposed along
the base of incised valleys and to its potential control on hydrodynamics and
resultant sedimentation were not examined.

4.4 Results

4.4.1 Valley-fill stratigraphic organization and sea-level control

The sedimentary architecture of incised-valley fills that sit beneath present-day
coastal plains and of those that occur on continental shelves are expected to differ,
particularly with respect to the extent to which the different systems tracts are
preserved in the valley fill, and in the abundance of architectural-element types and
its variation through systems tracts (Dalrymple et al., 1992; Allen and Posamentier,
1993, 1994b; Zaitlin et al., 1994; Blum et al., 2013). To assess the significance of
these differences, the stratigraphic architecture of coastal-plain (N = 20) and cross-
shelf incised-valley fills (N = 18) is considered separately.
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4.4.1.1 Coastal-plain incised valleys

The ratio between the thickness of deposits belonging to a certain systems tract in
the valley fill and the thickness of the valley fill itself (‘systems tract-to-valley-fill
thickness ratio’, or simply ‘thickness ratio’, hereafter) is taken as an estimation of
the proportion of the systems tract in the incised-valley fill. The mean thickness ratio
(avgTR) of TSTs in incised-valley fills is significantly higher than that of LSTs or
HSTs (avgTRist = 0.18; avgTRrst = 0.62; avgTRust = 0.20; one-way ANOVA:
F(2,57) = 52.42, P-value < 0.001; Fig. 4.5A). Likewise, the thickness of TSTs within
incised-valley fills is, on average, significantly larger than that of LST or HST
(avgTist = 11.8 m; avgTrst = 34.6 m; avgThst = 11.7 m; one-way ANOVA: F(2,57)
= 26.02, P-value < 0.001; Fig. 4.5B).

For architectural elements accumulated during lowstand times, and which form
LSTs in incised-valley fills, fluvial deposits are the most abundant (mean proportion:
avgP = 0.98, o = 0.06; Fig. 4.5C). In TST valley-fill deposits, estuarine bay/lagoon
(avgP = 0.51, o [standard deviation] = 0.25) deposits are the most abundant type of
elements, whereas the second most abundant is represented by fluvial deposits
(avgP = 0.20, o = 0.23). For architectural elements accumulated during highstand
times, and which form HSTs, the type with the largest average proportion is
represented by non-bay deltas, i.e., deltaic systems that are not fully contained
within the confines of the embayment resulting from valley topography, (avgP =
0.29, o = 0.41); the second most abundant type on average is represented by
estuarine bay/lagoon elements (avgP = 0.25, o = 0.34).

For architectural elements across systems tracts, the mean proportion of fluvial
deposits within LST is higher than that within TST or HST (avgP.st = 0.98, o = 0.06;
avgPrst = 0.2, 0 = 0.23; avgPust = 0.06, 0 = 0.12; Fig. 4.5C). The mean proportion
of estuarine bay/lagoon elements within TST is higher than that within LST or HST
(avgPLst = 0.00, o = 0.00; avgPrst = 0.51, o = 0.25; avgPust = 0.25, 0 = 0.34).
When bayhead-delta and non-bay delta units are considered jointly, the mean
proportion of these deltaic deposits within HSTs is higher than that within LSTs or
TSTs (avgP.st = 0.00, o = 0.00; avgP+rst = 0.09, 0 = 0.18; avgPust = 0.39, 0 =
0.38). Differences in the distributions of proportion of fluvial, estuarine bay/lagoon,
and deltaic elements across different types of systems tracts are significant at a of
0.05, based on Kruskal-Wallis test (H = 34.69, P-value < 0.001 for fluvial; H =
24.85, P-value < 0.001 for estuarine bay/lagoon elements; H = 13, P-value = 0.002
for deltaic elements).

The thickness of fluvial deposits within TSTs is higher on average than that within
LSTs or HSTs (avgTist = 8.44 m, o= 7.58 m; avgTrst = 13.12 m, 0= 6.75 m;
avgThst = 6.4 m, 0= 2.29 m; Fig. 4.5D). Differences in the distributions of thickness
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of fluvial deposits across systems tracts are significant at a of 0.1 (one-way
ANOVA: F(2,50) = 3.09, P-value = 0.055). Differences in the thickness distributions
of bayhead delta, estuarine bay/lagoon and barrier-complex elements between TST
and HST are not significant, based on two-sample t-tests (t-value = -0.84, P-value =
0.422, df = 10, for bayhead delta; t-value = -1.5, P-value = 0.157, df = 14, for
estuarine bay/lagoon; t-value = -0.21, P-value = 0.841, df = 4, for barrier complex).

No significant difference exists between the thickness distributions for incised-valley
fills that contain HST deposits compared to those that were overfilled and/or ravined
during transgressions and do not contain HST deposits (mean value = 54.2 m
versus 50.9 m; 0 = 16.2 m versus 24.2 m; two-sample t-test: t-value = 0.28, P-value
= 0.788, df = 5).
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Fig. 4.5. Box plots that present distributions in: (A) systems-tract-to-valley-fill

thickness ratio and (B) thickness of different systems tracts preserved in coastal-
plain incised-valley fills; (C) proportion and (D) thickness of architectural elements
belonging to each type of systems tract in coastal-plain valley fills. For each box
plot, boxes represent interquartile ranges, red open circles represent mean values,
horizontal bars within the boxes represent median values and black dots represent
outliers (values that are more than 1.5 times the interquartile range). ‘N’ denotes the
number of incised-valley fills and associated systems tract, ‘n’ denotes the number
of architectural elements in each systems tract and ‘o’ denotes the standard
deviation. The results of one-way ANOVA are reported in boxes in parts A and B,
as: F-value (degrees of freedom between and within groups in brackets), P-value.

4.4.1.2 Cross-shelf incised valleys

For systems tracts within incised-valley fills, the mean systems-tract-to-valley-fill
thickness ratio of LSTs or TSTs is significantly higher than that of HSTs (avgTRuist
= 0.36; avgTRyst = 0.55; avgTRust = 0.08; one-way ANOVA: F(2,51) = 24.34, P-
value < 0.001; Fig. 4.6A). The thickness ratio of LST deposits within cross-shelf
valley fills is, on average, higher than that within coastal-plain valley fills (avgTRsnerr
= 0.36; avgTRcoasta-plain = 0.18; Figs. 5A and 6A).
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Likewise, the thickness of LSTs or TSTs within incised-valley fills is, on average,
significantly larger than that of HST (avgTist = 13.71 m; avgTrst = 18.95 m;
avgThst = 3.24 m; one-way ANOVA: F(2,51) = 11.53, P-value < 0.001; Fig. 4.6B).

For architectural elements accumulated during lowstand and that form LSTs in
incised-valley fills, fluvial deposits are in almost all cases the only type of deposit
(Fig. 4.6C). For architectural elements accumulated during TST, estuarine-
bay/lagoon deposits (avgP = 0.35, ¢ = 0.40) are the ones with highest average
proportion, followed by barrier-complex deposits (avgP = 0.21, ¢ = 0.32), and tidal-
flat and tidal-channel elements (avgP = 0.10, o = 0.18). For architectural elements
accumulated during highstand and that form HSTs, the most abundant element
type is open-shelf deposits (avgP = 0.7, 0 = 0.48).

The mean proportion of fluvial deposits within LST is higher than that within TST or
HST (avgP.st = 1, 6 = 0; avgPrst = 0.07, 0 = 0.25; avgPust = 0, 0 = 0; Fig. 4.6C).
The mean proportion of estuarine bay/lagoon deposits within TST is higher than
that within LST or HST (avgP.st = 0, 0 = 0; avgP+st = 0.35, 0 = 0.40; avgPnst = 0.1,
o = 0.32). The mean proportion of open-shelf deposits within HST is higher than
that within LST or TST (avgP.st = 0, 0 = 0; avgPrst = 0.08, 0 = 0.24; avgPust = 0.7,
o = 0.48). Differences in the distributions of proportion of fluvial, estuarine
bay/lagoon, and open-shelf deposits across different systems tracts in valley fills
are statistically significant at a of 0.05, based on Kruskal-Wallis test (H = 35.92, P-
value < 0.001 for fluvial deposits; H = 12.44, P-value = 0.002 for estuarine
bay/lagoon; H = 17.17, P-value < 0.001 for open-shelf deposits).

The average thickness of fluvial deposits, i.e., of stratigraphic packages that might
variably include fluvial channel and floodplain deposits, is not significantly different
between LST and TST (avgTist = 15.3 m [0 = 11.7 m], avgTrst = 15.8 m [0 = 1.63
m]; two-sample t-test: t-value = -0.19, P-value = 0.854, df = 15; Fig. 4.6D). The
average thickness of open-shelf deposits is smaller in HST than in TST intervals
(avgThst = 3.7 m [o = 1.68 m], avgTtst = 12.7 m [0 = 11.6 m]); however, these
differences are not statistically significant (two-sample t-test: t-value = -1.55, P-
value = 0.218, df = 3).
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Fig. 4.6. Box plots that present distributions in: (A) thickness ratio and (B) thickness
of different systems tracts preserved in cross-shelf incised-valley fills; (C) proportion
and (D) thickness of architectural elements belonging to types of systems tract in
cross-shelf valley fills. For each box plot, boxes represent interquartile ranges, red
open circles represent mean values, horizontal bars within the boxes represent
median values and black dots represent outliers (values that are more than 1.5
times the interquartile range). ‘N’ denotes the number of incised-valley fills and
associated systems tract, ‘'n’ denotes the number of architectural elements in each
systems tract and ‘o’ denotes the standard deviation. The results of one-way
ANOVA are reported in boxes in parts A and B, as: F-value (degrees of freedom
between and within groups in brackets), P-value.

4.4.2 Continental-margin type

The mean and median proportions of fluvial deposits within incised-valley fills
developed along tectonically active margins are higher than those for valley fills
along passive margins (Fig. 4.7A). A 17% difference in mean proportion of fluvial
deposits is seen between active margins and passive margins, for which
differences in the distributions are statistically significant at a of 0.05, based on
Wilcoxon rank-sum tests (W = 242, P-value = 0.007). For incised-valley fills
developed along tectonically active margins, the mean proportions of bayhead delta
or estuarine bay/lagoon elements appear to be lower than those for valley fills along
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passive margins. However, differences in the distributions of the proportions of
these two types of elements within incised-valley fills across margin types are not
statistically significant, based on Wilcoxon rank-sum tests (W = 154, P-value =
0.721 for bayhead delta; W = 146, P-value = 0.554 for estuarine bay/lagoon
deposits).

Differences in means of the thickness of fluvial, bayhead-delta and barrier-complex
elements within valley fills across these two settings are not statistically significant,
based on two-sample t-tests (t-value = 1.04, P-value = 0.307, df = 37, for fluvial
deposits; t-value = -1.16, P-value = 0.265, df = 15, for bayhead delta; t-value =
0.71, P-value = 0.486, df = 19, for barrier complex; Fig. 4.7B). The thickness of
estuarine bay/lagoon elements within valley fills along active margins is, on
average, larger than that within valley fills along passive margins (avgTactive = 11.7
m, avgTpassive = 6.5 M; two-sample t-test: t-value = 2.76, P-value = 0.01, df = 29).
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Fig. 4.7. Box plots that present distributions in: (A) proportion and (B) thickness of
different architectural-element types within coastal-plain incised-valley fills; data are
presented for all the examples, and separately for active and passive continental
margins. For each box plot, boxes represent interquartile ranges, red open circles
represent mean values, horizontal bars within the boxes represent median values
and black dots represent outliers (values that are more than 1.5 times the
interquartile range). ‘N’ denotes the number of incised-valley fills associated with
each margin type and ‘n’ denotes the number of corresponding in-valley

architectural elements.
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4.4.3 Catchment and basin physiography

4.4.3.1 Record of systems tracts in incised-valley fills and river-system
size

For systems tracts in incised-valley fills, positive correlations are seen between the
thickness of LST deposits versus incised-valley-fill thickness, width and cross-
sectional area (Fig. 4.8A to C; Table 4.3). Positive correlations are also seen
between the thickness of TST deposits versus incised-valley-fill thickness and
valley drainage-basin area (Fig. 4.8A and 8D; Table 4.3). A modest positive
relationship is seen between HST thickness and incised-valley-fill thickness (Fig.
4 .8A; Table 4.3).

Positive correlations are seen between the LST-to-valley-fill thickness ratio and
incised-valley-fill thickness or cross-sectional area (Fig. 4.8E and 8G; Table 4.3).
No apparent correlations are seen between thickness ratios of TSTs or HSTs
versus incised-valley-fill dimensions or drainage-basin areas (Fig. 4.8E to H; Table
4.3).
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Fig. 4.8. Cross-plots of the thickness of systems tracts within coastal-plain incised-
valley fills versus IVF thickness (A), width (B), cross-sectional area (C) and
drainage-basin area (D). Cross-plots of the thickness ratio of systems tracts within
coastal-plain incised-valley fills versus IVF thickness (E), width (F), cross-sectional
area (G) and drainage-basin area (H). For each pair of variables, the correlation
coefficients and P-values are reported in Table 4.3. ‘N’ denotes the number of
incised-valley fills.
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Table 4.3. Correlation coefficients and P-values reported for the relationship

between the thickness or thickness ratio of systems tracts within coastal-plain

incised-valley fills versus IVF thickness, IVF width, IVF cross-sectional area and

drainage area. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and r’

denotes Spearman’s rho.

Parameters tSystems IVF thickness | IVF width IVF cross- Drainage area
ract sectional area
N=20:R= N=17:R = N=11;R= N=17;R=-
0.774,p < 0.498, p = 0.958, p < 0.111,p =
LST 0.001;r= 0.042; 1 = 0.001;r= 0.671:r=
0.666, p = 0.596, p = 0.727,p = 0.258, p =
0.001 0.012 0.011 0.317
N=20:R= N=17:R= N=11;R= N=17;R =
_ 0.700, p = 0.456, p = 0.490, p = 0.243,p =
Thickness | TST 0.001; r = 0.065; r = 0.126;r = 0.347;r =
0.611,p = 0.380, p = 0.291,p = 0.613,p =
0.004 0.133 0.385 0.009
N=20:R= N=17:R = N=11;R= N=17;R=-
0.391,p = 0.050, p = 0.204, p = 0.086, p =
HST 0.089; r = 0.849; r = 0.547; r = 0.744;r =
0.450, p = 0.191,p = 0.191,p = 0.336, p =
0.047 0.463 0.574 0.187
N=20:R= N=17:R = N=11;R= N=17;R=-
0.498, p = 0.345,p = 0.690, p = 0.132,p =
LST 0.026; r = 0.175;r = 0.019;r = 0.612;r=
0.411,p= 0.441,p = 0.536, p = 0.147,p =
0.071 0.076 0.089 0.572
N=20;R=- |N=17R=- |N=11;R=- |N=17;R=
Thickness 0.329,p = 0.226, p = 0.454, p = 0.213,p =
ratio TST 0.157;r = - 0.384;r = - 0.160; r = - 0.412;r=
0.30,p = 0.350, p = 0.364, p = 0.111,p =
0.169 0.168 0.272 0.672
N=20;R=- |N=17R=- |N=11;R= N=17;R=-
0.055, p = 0.025, p = 0.011,p = 0.133,p =
HST 0.819;r = 0.925;r = 0.973;r= 0.610;r = -
0.086, p = 0.104, p = 0.014,p = 0.099, p =
0.717 0.691 0.968 0.706

4.4.3.2 Architectural elements and river-system size

Relationships between river-system size and the proportion and thickness of

architectural elements within valley fills have been investigated, by considering

classifications of the elements by sub-environment of deposition (Fig. 4.9; Table

4.4) and according to their process regime (Fig. 4.10; Table 4.5). In these analyses,

the size of the valley systems are considered in terms of incised-valley-fill

thickness, width, and drainage area (Fig. 4.9 and 10; Tables 4 and 5).
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Fig. 4.9. Cross-plots of thickness of architectural elements within coastal-plain

incised-valley fills versus IVF thickness (A), width (B) and drainage-basin area (C).

Cross-plots of proportion of architectural elements within coastal-plain incised-

valley fills versus IVF thickness (D), width (E) and drainage-basin area (F).

Architectural elements are classified on their sub-environment of deposition. For

each pair of variables, the correlation coefficients and P-values are reported in

respective cell in Table 4.4. ‘N’ denotes the number of incised-valley fills.
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Table 4.4. Correlation coefficients and P-values reported for the relationship
between the thickness or proportion of fluvial deposits, estuarine bay/lagoon,
bayhead delta and barrier complex elements within IVFs versus IVF thickness, IVF
width and drainage area. ‘N’ denotes the number of readings, ‘R’ denotes
Pearson’s R, and ‘r’ denotes Spearman’s rho.

Parameters | Elements IVF thickness IVF width Drainage area
N = 56; N =43; N =51
Fluvial 5 ;o?'-w& a § ;03'-406’ P=  |R=0171,p=
deposits A AL 0.090;r=0.691,p
r=0.458,p< r=0.529,p < <0001
0.001 0.001 '
N = 56; N =43; N =51
Estuarine 50:0?'_517’ P= 5;0(1)'_454’ p< R=0.220,p =
bay/lagoon r=0.420, p < r= 0524, p < 2.8207(;{ =0.351,p
Thickness 0.001 0.001 '
N = 56; N = 43; N =51
R =0.230,p = R=0.390,p = R=0 550 <
Bayhead delta | 0.144; 0.027: 990U, P
- _ _ _ 0.001;r=0.782, p
r=0.017,p= r=0.225,p= <0.001
0.915 0.216 '
N = 56; N =43; N = 51-
Barrier 57:93'_047’ p= 5;7%_1 12p=  |R=0314,p=
complex r=0242,p = r=0324,p = 2.85055;2r =0.318,p
0.175 0.093 '
N = 56; N = 43; N =51
Fluvial oz ps REO264P= | R=0082p=
deposits r= 0473, p < r=0273,p= (3(5)78)94 =0.237,p
0.001 0.077 e
N = 56; N =43; N = 51-
Estuarine R= '0_'243’ p= R= '0_'238’ p= R=-0.175,p =
0.071; 0.125; =
bay/lagoon = _ _ _ 0.219; r=-0.113,
r=-0.24,p= r=-0.191,p= = 0430
Proportion 0.059 0.220 p="
P N = 56; N = 43; N =51
R=-0.242,p= R=-0.235p= R=-0 ’039 _
Bayhead delta | 0.072; 0.129; T P
- - _ _ 0.785;r=0.126, p
r=0.014,p= r=-0.103,p = = 0379
0.918 0.511 '
N = 56; N = 43; N =51
Barrier R=0399,p= R=0335p= |R-0082p=
0.002; 0.028; o
complex = _ = _ 0.566; r=-0.017,
r=0.354,p= r=0.299,p= = 0907
0.007 0.051 p="0
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Fig. 4.10. Cross-plots of proportion of architectural elements (Scheme 2) within

coastal-plain incised-valley fills versus IVF thickness (A), width (B), drainage-basin

area (C) and width-to-thickness ratio (D). Architectural elements are classified on

their dominant process regime. For each pair of variables, the correlation

coefficients and P-values are reported in respective cell in Table 4.5. ‘N’ denotes

the number of incised-valley fills.

Table 4.5. Correlation coefficients and P-values reported for the relationship

between the proportion of fluvial-dominated, wave-dominated and tide-dominated

elements within IVFs versus IVF thickness, IVF width and drainage area. ‘N’

denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes

Spearman’s rho.

Elements IVF thickness IVF width Drainage area IVF width/thickness

Fluvial- N =45; N = 34; N = 44; N = 34;

dominated | R=-0.081,p = R=-0.146,p= | R=0.062,p= R =-0.165,p =
0.596; 0.412; 0.690; r=0.178, | 0.350;
r=-0.085,p= r=-0.161,p = p =0.247 r=-0.179,p =
0.58 0.362 0.310

Wave- N = 45; N = 34; N = 44; N = 34;

dominated | R=-0.056, p = R=-0217,p= |R=-0.176,p= R=-0.153,p =
0.715; 0.218;r=- 0.252;r=- 0.389;
r=-0.201,p= 0.246,p =0.161 | 0.337,p=0.025 | r=-0.111,p =
0.185 0.530

Tide- N = 45; N = 34; N = 44; N = 34;

dominated | R=0.160, p = R=0414,p = R=0.112,p = R =0.369, p =
0.294; 0.015; r=0.457, | 0.469;r=0.129, | 0.032;
r=0.293,p= p = 0.007 p =0.403 r=0.271,p=
0.051 0.120
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4.4.3.3 Process regime, architectural elements and coastal
physiography

For coastal-plain IVFs, differences in both present-day processes (mean wave
height and mean tidal range at the shoreline) and preserved sedimentary products
(proportion of elements recording different process regimes) across enclosed or
semi-enclosed sea and open-ocean settings (Fig. 4.11) are investigated. The mean
wave height (avgMWH) for the studied open-ocean settings is, on average, higher
than that in enclosed or semi-enclosed seas (avgMWHeeen = 1.077 m,
avgMWHencioseda = 0.713 m; two-sample t-test: t-value = -3.14, P-value = 0.004, df =
33; Fig. 4.11A). The mean tidal range (avgTR) in the studied open-ocean settings
is, on average, higher than that in enclosed or semi-enclosed seas (avgTRopen =
1.48 m, avgTRenciosed = 0.640 m; two-sample t-test: t-value = -2.41, P-value = 0.022,
df = 29; Fig. 4.11B).

The mean proportion of wave-dominated elements in IVFs facing enclosed or semi-
enclosed seas is marginally lower than that for IVFs associated with open oceans
(avgPenciosed = 0.231 vs avgPqeen = 0.287), though to a level that is not statistically
significant (two-sample t-test: t-value = -0.65, P-value = 0.522, df = 45). The
proportion of tide-dominated elements in IVFs associated with enclosed or semi-
enclosed seas is, on average, significantly lower than that for IVFs associated with
open oceans (avgPenciosed = 0.051 vs avgPepen = 0.315; two-sample t-test: t-value = -
3.87, P-value <0.001, df = 33). The mean proportion of fluvial-dominated elements
in IVFs associated with enclosed or semi-enclosed seas is significantly higher than
that for IVFs facing open oceans (avgPenciosed = 0.718 vs avgPopen = 0.399; two-
sample t-test: two-sample t-test: t-value = 3.54, P-value = 0.001, df = 44).
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Fig. 4.11. (A, B) Box-plots of distributions of mean wave height (A) and mean tidal
range (B) at the present-day shoreline of the studied coastal-plain incised-valley fills
associated with enclosed or semi-enclosed seas and with open oceans. (C-E) Box-
plots of distributions of the proportion of architectural elements (Scheme 2; see
Table 4.2) in coastal-plain IVFs for enclosed/semi-enclosed seas and open oceans.
For each box-plot, boxes represent interquartile ranges, red open circles represent
mean values, horizontal bars within the boxes 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 two-sample t-test (t-value, P-value and degrees of freedom) are reported in
boxes.

4.4.3.4 Process regime, architectural elements and shelf physiography

For coastal-plain IVFs, relationships between shelf physiography (shelf width, shelf-
break depth and shelf gradient) and present-day hydrodynamic conditions (Table
4.6) are investigated. A modest positive correlation is noted between mean wave
height at the present-day shoreline at the IVF location versus shelf-break depth.
Relationships between shelf physiography and the proportion in coastal-plain IVFs
of architectural elements classified according to their dominant process regime
(Table 4.6) are also investigated. A modest positive correlation is noted between
the proportion of wave-dominated elements in IVFs versus the average shelf
gradient.
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Table 4.6. Correlation coefficients and P-values reported for the relationship
between mean wave height, mean tidal range at present-day shorelines and the
proportion of fluvial-dominated, wave-dominated and tide-dominated elements
within coastal-plain IVFs versus shelf width, shelf-break depth and shelf gradient (N
= 49). ‘N’ denotes the number of incised-valley fills, ‘R’ denotes Pearson’s R, and r’

denotes Spearman’s rho.

Quantity Shelf width Shelf-break depth Shelf gradient
R=0.093,p = R =0.496, p < R=0.200,p =
Mean wave height 0.547; 0.001;r=0.430,p= | 0.168;r=0.260, p =
r=0.171,p =0.267 | 0.002 0.071
R=0.077,p = R=0.260,p = R=-0.228,p =
Mean tidal range 0.617; 0.071;r=-0.027, p 0.115;r=-0.233, p
r=-0.109, p =0.481 | =0.853 =0.108
. . R=0.204,p = R=-0.230,p= R=-0.140,p =
ZL%?%Z'@Z %fefgg‘gﬁ's 0.183; 0.111; 0.336; r = -0.239, p
r=0.176,p=0.252 | r=-0.229, p=0.114 | =0.097
Proportion of wave- R=-0.174,p = R=0.100,p = R=0.346,p =
dominated deposits 0.258; 0.493;r=0.191,p= | 0.015;r=0.449,p =
r=-0.099, p=0.523 | 0.190 0.001
. . R =-0.080,p = R=0.181,p = R=-0.195,p =
dz:z%%T;%“ d‘;f;fs‘?t's 0.607: 0.214: 1= 0247, p= | 0.180; r = -0.155, p
r=-0.024, p=0.878 | 0.087 =0.288

4.4.3.5 Sub-environments of architectural elements and shelf gradient

For incised-valley fills hosted on the outer shelf, positive correlations are seen
between the average shelf gradient and both the thickness and proportion of
barrier-complex elements (Fig. 4.12; Table 7).

For incised-valley fills hosted on the shelf, no correlation is noted between the
thickness of estuarine bay/lagoon elements versus the average shelf gradient (Fig.
4.12A; Table 7); a modest positive correlation is noted between the proportion of
estuarine bay/lagoon elements versus the average shelf gradient (Fig. 4.12B; Table
7).
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Fig. 4.12. Plots of thickness (A) and proportion (B) of architectural elements within
cross-shelf incised-valley fills versus shelf gradient. For each pair of variables, the
correlation coefficients and P-values are reported in respective cell in Table 7. ‘N’
denotes the number of readings.

Table 4.7. Correlation coefficients and P-values reported for the relationship
between the thickness or proportion of estuarine bay/lagoon and barrier complex
elements within IVFs versus shelf gradient. Note that these two elements are
classified into two groups, i.e., those hosted on the outer shelf and those hosted on
the inner shelf. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’

denotes Spearman’s rho.

Parameters | Elements Position Shelf gradient

Estuarine | Outer shelf | N =13; R=-0.004, p = 0.990; r = 0.531, p = 0.062

Thickness | P2Y/18990N ™o o TN = 23, R=-0.139, p= 0.538, 1= 0.122, p= 0.588
Barrier Outer shelf | N=9; R=0.546, p = 0.128; r = 0.741, p = 0.022
complex Shelf N = 20; R=-0.232, p= 0.340; r= -0.226, p= 0.351
Estuarine | Outer shelf | N =14; R=0.314, p = 0.274;r = 0.494, p = 0.072
| bayllagoon T N = 26; R= 0.245, p= 0.228, 1= 0.49, p= 0.011
Proportion

Barrier Outer shelf | N =14; R=-0.107, p = 0.715; r = 0.625, p = 0.017

complex Shelf | N = 26; R= -0.142, p= 0.487; r= 0.325, p= 0.106

4.4.4 Shoreline hydrodynamics

Previous work based on late-Quaternary incised-valley-fill systems and outcrop
studies of ancient successions (e.g., Yoshida et al., 2005; Nordfjord et al., 2006;
Tanabe et al., 2006) has demonstrated that hydrodynamic conditions through a
relative sea-level cycle change in response to several factors, such as wind regime,
coastal bathymetry, shelf-break depth, shelf width, their effect on tidal resonance,
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and frictional forces. To investigate the relationships between coastal
hydrodynamics and resultant sedimentary record, this work only focuses on
deposits accumulated during highstand and incorporated in the HST of incised-
valley fills, by considering the present-day hydrodynamic regimes at the respective
shorelines. The following observations (Fig. 4.13) are based on a limited dataset (N
= 19) and thus any relationships between hydrodynamics and highstand deposits in
incised-valley fills needs to be substantiated with more data.

For deposits accumulated during highstand and forming HSTs within coastal-plain
incised-valley fills (Fig. 4.13A), the thickness ratio of HSTs in valley fills associated
with present-day mixed-energy to fully wave-dominated conditions is smaller on
average compared to that of valley fills associated with present-day fully tide-
dominated conditions or mixed-energy tide-dominated conditions (avgTRust-Mwmwp =
0.18; avgTRust-10 = 0.26; avgTRustvr = 0.26); differences in mean values of the
thickness ratio of HSTs in valley fills across different present-day hydrodynamic
regimes are not statistically significant (one-way ANOVA: F(2,16) = 0.52, P-value =
0.602).

For architectural elements accumulated during the highstand and forming HSTs
within incised-valley fills, the proportion of tide-dominated elements is on average
higher in incised-valley fills associated with present-day tide-dominated conditions
(e.g., Palaeo-Arakawa valley, Palaeo-Nakagawa valley, Palaeo-Tokyo valley in
Japan; Qiantang valley in China) or mixed-energy tide-dominated conditions (e.g.,
Gironde estuary in France), compared to valley fills associated with increased
dominance of wave processes (avgPro = 0.73; avgPwur = 0.60; avgPwwvwo = 0;.00
Fig. 4.13B). For example, according to the classification of Davis and Hayes (1984),
the Qiantang incised valley (China; case study 83 in Table 4.1), now a drowned-
valley estuary, is currently subject to tide-dominated conditions at the modern
shoreline. The HST of the valley fills is characterized by a tide-dominated estuary
that contains a tidal sand-bar complex. In the HSTs of incised-valley fills associated
with present-day mixed-energy to fully wave-dominated conditions, the proportion of
wave-dominated elements is on average higher compared to that in valley-fills
associated with present-day fully tide-dominated conditions or mixed-energy tide-
dominated conditions (avgPmwwp = 0.86; avgPur = 0.17; avgPp = 0.08).

For coastal-plain incised valleys, relationships are also investigated between valley-
fill width and present-day hydrodynamic regimes (Fig. 4.14). A positive correlation is
seen between incised-valley-fill width versus present-day mean tidal range at the
shoreline (r = 0.654, P-value <0.001; Fig. 4.14A). A very weak negative correlation
is seen between incised-valley-fill width versus present-day mean wave height at
the shoreline (r = -0.256, P-value = 0.111; Fig. 4.14B). The width of valley fills in
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tide-dominated or mixed-energy tide-dominated conditions is on average higher
than that associated with valley fills in mixed-energy wave-dominated or fully wave-
dominated conditions (avgWm = 27511 m; avgWwur = 22247 m; avgWuw = 10968
m; avgWwp = 4556 m; Fig. 4.14C); differences in mean values of incised-valley-fill
width across different present-day hydrodynamic regimes are statistically significant
(one-way ANOVA: F(3,29) = 7.24, P-value = 0.001).
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Fig. 4.13. Individual-value plot of thickness ratios of HSTs in coastal-plain valley fills
(A) and of the proportion of architectural elements (Scheme 2; F: fluvial-dominated
deposits; T: tide-dominated deposits; W: wave-dominated deposits) in the HST of
coastal-plain incised-valley fills (B) for different hydrodynamic regimes at modern
shorelines (TD: tide dominated; MT: mixed tide dominated; MW: mixed wave
dominated; WD: wave dominated). Red open circles represent mean values. The
text label near each individual value denotes the valley fill as follows: Gl = Gironde
estuary, France; OB = Ombrone valley, ltaly; Tl = Tiber valley, Italy; AR = Arno
valley, Italy; SE = Serchio valley, Italy; CS = Camaiore-Stiava valley, Italy; Bl =
Biferno upper valley, Italy; LE = Leyre valley, France; CA = Calcasieu valley, USA;
CJ = Changjiang valley, China; QT = Qiantang valley, China; QTT = Qiantang-
Taihu valley, China; AR = Palaeo-Arakawa valley, Japan; NA = Palaeco-Nakagawa
valley, Japan; TO = Palaeo-Tokyo valley, Japan; KS = Kushiro plain valley, Japan;
SH = Song Hong valley, Vietnam; IS = Isumi valley, Japan; WT = Weiti valley, New
Zealand.
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Fig. 4.14. (A, B) Cross-plots of incised-valley-fill width versus mean tidal range (A)
and mean wave height (B) at the modern shoreline. For each pair of variables, the
correlation coefficients and P-values are reported in respective boxes. ‘N’ denotes
the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman’s rho.
(C) Box plot of distributions of incised-valley-fill width for different present-day
hydrodynamic regimes (TD: tide dominated; MT: mixed tide dominated; MW: mixed
wave dominated; WD: wave dominated). For each box plot, boxes represent
interquartile ranges, red open circles represent mean values, horizontal bars within
the boxes 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. ‘o’ denotes the standard deviation. The results of one-way ANOVA are
reported in the box in part C, as: F-value (degrees of freedom between and within

groups in brackets), P-value.
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4.5 Discussion

4.5.1 Comparison with previously published models

A comparison of the studied late-Quaternary examples with generic facies models
for incised-valley fills (e.g., Dalrymple et al., 1992; Zaitlin et al., 1994) and with a
model proposed for the Gironde estuary in France (Allen and Posamentier, 1994b)
highlights what aspects of the models are, or are not, supported by observations in
late-Quaternary examples.

In both the coastal-plain and cross-shelf incised-valley fills studied in this work, the
TST represents the largest part of the fills (Fig. 4.5A and 6A). Coastal-plain valley
fills (cf. the 'middle segment' in Zaitlin et al., 1994) are typically characterized by
fluvial deposits in LSTs and estuarine bay/lagoon deposits in TSTs, capped by non-
bay deltaic deposits or bayhead delta deposits in HSTs (Fig. 4.5). Cross-shelf valley
fills (cf. the 'outer segment' in Zaitlin et al., 1994) are typically characterized by
fluvial deposits in LSTs and estuarine bay/lagoon deposits in TSTs, capped by
condensed open-shelf deposits in HSTs (Fig. 4.5). Observations of stratigraphic
organization in the studied late-Quaternary examples support the classical facies
models for incised-valley fills as a representative base case (Dalrymple et al., 1992;
Zaitlin et al., 1994; Allen and Posamentier, 1994b).

However, the internal fills of valleys incised into modern shelves display significant
variability in facies architecture (Fig. 4.15C; cf. Chaumillon et al., 2008) and differ in
two ways from the studied coastal-plain valleys and from what is represented in the
models.

First, the studied cross-shelf incised-valley fills are characterized by a higher
proportion of lowstand deposits, compared to the studied coastal-plain valley fills
(Fig. 4.5A and 6A). Specifically, in the palaeo-Chao Praya valleys (Case study 67,
Table 4.1; Reijenstein et al., 2011) on the Sunda shelf, LST fluvial deposits make
up the largest portion of the valley fills, and are only capped by relatively thin TST
estuarine mud deposits. In the Changjiang-Qiangtangjiang incised valley of the East
China Sea shelf (Case study 83 in Table 4.1; Wellner and Bartek, 2003), LST fluvial
deposits represent the largest part of the valley fills, capped by limited HST tidal-bar
complex deposits. Transgression within this valley fill is only recorded by
ravinement. These characteristics also contrast with the limited LST fluvial deposits
depicted in existing models for the seaward portion of incised-valley fills (Zaitlin et
al., 1994; Allen and Posamentier, 1994b). There may be two reasons for this
difference. Firstly, some of the valleys in this study are fed by large river systems,
with extensive catchments arising from the amalgamation of the drainage areas of
rivers that join on the shelf. Thus, these large rivers, which are associated with
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large drainage areas and maximum bankfull depths, can generate thicker channel
belts, bars and channel fills (Fielding and Crane, 1987; Bridge and Mackey, 1993;
Shanley, 2004; Fielding et al., 2006; Gibling, 2006; Blum et al., 2013); this, in turn,
can translate to thicker LST fluvial deposits within valley fills. Furthermore, the
gradient of shelves that occur offshore of river-dominated coasts is in part
determined by the profile of the rivers traversing it at lowstand, and larger fluvial
systems are associated with lower channel gradients (Wood et al., 1993; Burgess
et al., 2008; Blum and Womack, 2009; Olariu and Steel, 2009; Semme et al., 2009a
and 2009b; Helland-Hansen et al., 2012; Blum et al., 2013). Thus, larger valleys,
being fed by larger river systems, are generally associated with lower-gradient
shelves on which the shoreline can migrate rapidly in response to transgression.
This could cause any high-energy environment (wave and/or tide dominated
environment) at the shoreline to rapidly backstep along the path of extant cross-
shelf incised valleys, therefore minimizing the impact of potential erosion of fluvial
deposits.

Second, compared to the studied coastal-plain examples, the studied cross-shelf
incised-valley fills are characterized by a higher proportion of shelf deposits (Fig.
4.5A and 6A). Some incised valleys hosted on the shelf had not yet been filled
completely by sediments when the transgressive shoreline backstepped over them,
or were excavated again during transgression, leading to the filling of the relict
accommodation with open-marine deposits (Simms et al., 2010). Depending on the
dominant shelf process responsible for filling the valley, the nature of the infills of
these valleys (Fig. 4.15C) can vary, and can include, for instance, the preserved
products of shelf dunes (Case study 49 in Table 4.1; Payenberg et al., 2006), of
sediment gravity flows (Thieler et al., 2007), or offshore muds (Case study 67 in
Table 4.1; Reijenstein et al., 2011). Specifically, the incised-valley fill hosted on the
outer shelf in Hervey Bay, on the Pacific coast of Australia (Case study 49 in Table
4.1; Payenberg et al., 2006), is thought to be entirely filled by the deposits of shelf
sand dunes, developed under the influence of strong tidal currents prevailing on the
modern shelf. This valley fill is distinctively different from the fluvial- to estuarine-
filled system presented by the general valley-fill models for the seaward portion of
incised valleys (Dalrymple et al., 1992; Zaitlin et al., 1994; Allen and Posamentier,
1994b).

The general stratigraphic organization of the studied incised-valley fills is consistent
with what is depicted qualitatively in classical facies models (e.g., Dalrymple et al.,
1992; Zaitlin et al., 1994; Allen and Posamentier, 1994b), which reflect the primary
control of sea level. However, overall, based on a large composite dataset, this
synthesis demonstrates the internal fills of incised valleys are characterized by
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significant variability in stratigraphic architectures (Fig. 4.15; cf. Chaumillon et al.,
2008; 2010), which is not accounted for by these models. Variations in the facies
architecture of coastal-plain and cross-shelf valley fills can be attributed to controls
other than relative sea-level change, such as tectonic setting (continental-margin
type), basin physiography, catchment area, river-system size and shoreline
hydrodynamics. In the following section, these controls are discussed in detail.
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4.5.2 Controls on the internal fills of incised valleys
4.5.2.1 Continental-margin type

Incised-valley systems are likely to record variations in sediment yield, sediment
supply, and resulting shoreline progradation rates and rates at which drowned-
valley estuaries undergo continentalization (Dalrymple, 2006; Wilson et al., 2007;
Clement et al., 2017; Clement and Fuller, 2018), which themselves might be
expected to vary characteristically across types of continental margins. The results
presented in this study (Fig. 4.7A) indicate that a higher proportion of fluvial
deposits and a lower proportion of central-basin estuarine deposits are observed in
incised-valley fills hosted on active margins compared to those on passive margins.
These observations contrast with the fact that passive margins are typically
associated with larger rivers (Syvitski and Milliman, 2007; Semme et al., 2009a),
and are therefore usually associated with (i) higher rates of sediment supply
(Syvitski and Milliman, 2007; Blum et al., 2013), which control shoreline
progradation rates, and (ii) with larger maximum bankfull depths, which translate to
thicker channel belts, bars and channel fills (Fielding and Crane, 1987; Bridge and
Mackey, 1993; Shanley, 2004; Fielding et al., 2006; Gibling, 2006; Blum et al.,
2013). An explanation of this inconsistency appears elusive. The lower proportion of
central-basin deposits within incised-valley fills along active margins could be
explained by the nature of sediment load carried by the respective river systems.
River systems along passive margins are generally larger than their active-margin
counterparts, and tend to carry high suspended-sediment load, which can feed
estuaries and be deposited as fluid muds around the turbidity maximum (e.g.,
Portela et al., 2013; Carlin et al., 2015).

Previous work (Wang et al., 2019) has demonstrated that incised-valley fills along
active margins tend to be thicker and wider on average than those along passive
margins. This may be seen because active margins are generally associated with
higher-gradient shelves, resulting in larger differences between the shelf gradient
and the lowstand fluvial equilibrium profile, which in turn favours deeper fluvial
incision for a given sea-level fall (Schumm and Brackenridge, 1987; Leckie, 1994;
Posamentier and Allen, 1999). Moreover, active margins are generally associated
with high specific sediment yield and rivers that drain active margins tend to have a
high bedload-to-suspended-load ratio (Milliman and Syvitski, 1992), which
promotes more rapid attainment of equilibrium profiles (Dietrich and Whiting, 1989;
Sheets et al., 2002; Peakall et al., 2007; Martin et al., 2011; Blum et al., 2013); a
tendency to reach equilibrium more easily might therefore result in fluvial incision
being deeper, on average, than what is typical for passive-margin valleys. The
observation that estuarine bay/lagoon elements are thicker on average in incised-
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valley fills along active margins than in those along passive margins (Fig. 4.7B)
might arise because valleys along active margins, by being more deeply incised on
average, will also tend to host greater accommodation. This might favour the
development of thicker estuarine bay/lagoon elements within valley fills on active
margins. The results suggest that continental margin types exert an indirect effect
on the geometry of estuarine bay/lagoon element within incised-valley fills through a
control on valley morphology.

Results from this study suggest that the type of continental margin might be taken
as a predictor of the internal fills of incised valleys, likely because of the effects of
the tectonic setting on basin physiography, rates and mode of sediment supply, and
nature of sediment load. This view is in part supported by the result of principal
component analysis (see Supplementary information; text and Fig. 4.17A) applied
to a limited dataset of 30 IVFs for which eight variables can be constrained; this
analysis indicates that overall the studied IVFs tend to display differences in the
studied variables that map onto the type of continental margin on which they are
hosted.

4.5.2.2 Shelf physiography

The development of barrier islands that can be stranded on the shelf during TST
tend to develop in association with stadials during deglaciation, i.e., in relation with
periods of negligible or slow rates of relative sea-level rise known as stillstands or
slowstands (e.g., Cooper, 1958; Cooper, 1991; Trincardi et al., 1994; Storms et al.,
2008; Salzmann et al., 2013). Preservation of these barrier islands on the shelf
during transgression is believed to be facilitated by factors such as rapid sea-level
rise after stillstands (e.g., Storms et al., 2008; Salzmann et al., 2013), early
cementation of the barrier form (Gardner et al., 2005, 2007; Salzmann et al., 2013;
Green et al., 2013a, 2014), and gentle antecedent shelf gradient and reduced
wave-energy (Cooper et al., 2016; Storms et al., 2008). Rapid sea-level rise after
stillstands is shown to be conducive to the preservation of barrier-island deposits
(Belknap and Kraft, 1981; Forbes et al., 1995; Storms et al., 2008; Salzmann et al.,
2013). Rapid sea-level rise is typically associated with only limited reworking or
breakdown of the barrier form during ensuing transgressive ravinement (Storms et
al., 2008; Salzmann et al., 2013; Cooper et al., 2016). Antecedent shelf gradient is
also shown to be a control on the preservation of barrier islands (Storms et al.,
2008; Salzmann et al., 2013; Pretorius et al., 2016; Green et al., 2018). Cattaneo
and Steel (2003) point out that, given the same unit of time of relative sea-level rise,
the effects of erosion at the shoreline across high-gradient shelves is much greater
than that across low-gradient shelves during ensuing transgressive ravinement,
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resulting in severe reworking or breakdown of the barrier systems. This is because
the shoreline does not translate over a large distance for the same amount of sea-
level rise and erosion is therefore focussed over a shorter profile for the same unit
of time (Davis and Clifton, 1987). However, the results of this study (Fig. 4.12)
challenge the applicability of this notion to incised-valley systems, as positive
correlations are observed between the thickness and proportion of barrier-complex
deposits within incised-valley fills versus the average shelf gradient in the last sea-
level cycle. Previous work documents that equilibrium in sandy shorelines is
attained over timescales of 102 to 10° years (Cowell and Thom, 1994; Stive and de
Vriend, 1995). For a given relative sea-level change, horizontal shoreline shifts
increase in magnitude with decreasing shelf gradient. Thus, compared to lower-
gradient shelves, any high-energy environment located in the area of the coastline
across steeper-gradient shelves will stabilize at a location for longer periods during
episodes of negligible or slow rates of relative sea-level rise, potentially promoting
accumulation of barrier-complex deposits within cross-shelf valleys (e.g.,
Posamentier, 2001; Reijenstein et al., 2011; Wetzel et al., 2017). The control by
shelf gradient on transgression also plays an indirect role on the erodibility of barrier
deposits when accompanied with climate. It has been proposed (Frankel, 1968;
Hopley, 1986; Moore, 2001; Vousdoukas et al., 2007; Cawthra and Uken, 2012)
that the rates of shoreline cementation in warm tropical or sub-tropical climates can
be particularly rapid, occurring on a scale of months to decades. Hence, longer
periods of early cementation of the barriers along steeper shelves, prior to barrier
overstepping, might make the barrier deposits more resistant to erosion during
ensuing transgressive ravinement. Positive correlations between both the thickness
and proportion of barrier-complex elements versus the average shelf gradient (Fig.
4.12) support the idea that the shelf gradient plays a role in controlling the
establishment and preservation of barrier-complex deposits within incised valleys
hosted on the shelf. However, these observations are based on limited data (N = 9
for the thickness of barrier-complex elements and N = 14 for the proportion of
barrier-complex elements) and thus any conjecture on the effective role of shelf
gradient on the development and preservation of barrier-complex deposits within
valley fills needs to be substantiated through further study. Additionally, expected
relationship between shelf gradient and characteristics of barrier-complex deposits
in incised-valley fills might be masked by overriding factors, such as early
cementation controlled by palaeo-climates, or wave and tide energy regimes, or by
the fact that the present-day average shelf gradient does not approximate the local
shelf gradient established during transgression.

Positive correlations between the proportion of estuarine bay/lagoon elements
versus the average shelf gradient (Fig. 4.12B) are attributed to the fact that steeper
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shelves could result in larger difference between shelf gradient and the fluvial
equilibrium profile and therefore should tend to drive deeper fluvial incision for a
given relative sea-level fall (Schumm and Brackenridge, 1987; Leckie, 1994;
Posamentier and Allen, 1999; Wang et al., 2019), thereby providing increased
accommodation for estuarine bay/lagoon deposits that can be preserved in incised
valleys. Thus, the shelf gradient may exert an indirect control on the development
and preservation of the geometry of estuarine bay/lagoon deposits within cross-
shelf incised valleys through its effects on incised-valley dimensions and the
resultant accommodation space.

4.5.2.3 Catchment and river-system size

Positive correlations between the thickness or proportion of LST deposits versus
incised-valley-fill dimensions (Fig. 4.8) might reflect how these parameters tend to
co-vary in relation to a common control exerted by the size of drainage areas.
Previous work (Mattheus et al., 2007; Mattheus and Rodriguez, 2011; Phillips 2011;
Wang et al., 2019) has demonstrated that the size of incised valleys shows positive
correlation with the size of their drainage basins. Water discharge, which is
positively correlated with drainage-basin area (Syvitski and Milliman, 2007),
controls the maximum bankfull depth of a river. Hence, river size and the geometry
of fluvial deposits (thickness of barforms, channel fills and channel belts) are
expected to be scaled to drainage-basin area. Positive scaling relationships
between drainage-basin area, water discharge, single-storey channel-belt sand-
body thickness (channel-fill or barform thickness), and river size are recognised in
studies based on late-Quaternary examples (Blum et al., 2013), compilation of
ancient channel-belt scales from published literature (Gibling, 2006) and regional
case studies (e.g., Shanley, 2004; Fielding et al., 2006). Thus, these results might
reflect the fact that the development of valleys having larger drainage basins and
characterized by higher bankfull discharges will tend to be filled by thicker fluvial
deposits preserved in LSTs. It needs to be considered, however, that relationships
between the thickness and proportion (thickness ratio) of LST deposits in incised-
valley fills and the size of the valley catchments — albeit positive — are modest and
not statistically significant (Table 4.3).

Sedimentation associated with the TST takes place when accommodation is being
created at its fastest rate by relative sea-level rise. Positive correlation between the
thickness of TST deposits versus incised-valley-fill thickness (Fig. 4.8A) can be
explained by the fact that deeper valleys will be more likely to record the full
expression of a TST and to contain maximum flooding surfaces within their
confines. However, this interpretation is at odd with the fact that no significant
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difference exists between the thickness distributions for incised-valley fills that
contain HST deposits compared to those that were overfilled and/or ravined during
transgressions and do not contain HST deposits.

Positive correlations between the thickness of fluvial deposits versus incised-valley-
fill dimensions (Fig. 4.9A to C) might reflect how these variables are expected to co-
vary in relation to a common control exerted by the size of drainage areas. The
results suggest that the thickness of fluvial deposits in valley fills might reflect the
thickness of channel belts, which is itself controlled by the size of their drainage-
basin areas.

Based on studies of the internal fills of modern estuaries in New Zealand (e.g.,
Heap and Nichol, 1997; Wilson et al., 2007; Abrahim et al., 2008; Kennedy et al.,
2008; Clement et al., 2017), it has been proposed that shallower estuaries are more
easily backfilled than deeper ones, especially when they are coupled with river
systems with high sediment supply, such that the relatively restricted space within
valley fills tends to limit the development of deeper central-basin environments
(estuarine bay/lagoon deposits), where fine-grained sediments accumulate.
Additionally, large river systems associated with low-gradient coastal plains —
typical of passive margins — are prone to carrying substantial suspended-sediment
load when they reach the sea (Milliman and Syvitski, 1992). These fine-grained
sediments can feed estuaries and be deposited as fluid muds around the turbidity
maximum (e.g., Portela et al., 2013; Carlin et al., 2015), especially if tidal processes
are important (e.g., Dalrymple et al., 2012). Positive relations between the thickness
of estuarine bay/lagoon elements versus incised-valley-fill dimensions and
drainage-basin area (Fig. 4.9A to C) support these expectations only to a certain
degree, as the thickness of the valley may not necessarily be a good proxy for the
depth of the estuary during TST or HST. The results suggest that both drainage-
basin area and incised-valley geometry could act as factors that control the
accumulation of estuarine deposits preserved within incised valleys.

Positive correlations between the thickness of bayhead-delta deposits versus
drainage-basin area (Fig. 4.9C) could possibly reflect the fact that more rapidly
prograding bayhead deltas associated with larger river systems will have advanced
into deeper parts of their estuaries. However, this interpretation carries significant
uncertainty as the 3D geometry of bayhead delta deposits is not typically
characterized, and packages of bayhead-delta deposits may incorporate vertically
amalgamated lobes that cannot be resolved in core.

Overall, the size of drainage areas appears to control the thickness of fluvial
deposits, of bayhead-delta deposits and of estuarine bay/lagoon deposits in
incised-valley fills (Fig. 4.9A to C) through its effects on water discharge, sediment
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supply, the character of sediment load and in-valley accommodation related to
incised-valley geometry.

4.5.2.4 Shoreline hydrodynamics

4.5.2.4.1 Control of hydrodynamic conditions on sedimentation

Hydrodynamic conditions at the shoreline control the deposition and preservation
potential of sedimentary bodies in estuaries (Tessier et al., 2010a and b; Menier et
al, 2010; Proust et al, 2010; Ferrer et al., 2010; Tessier, 2012). Wave-dominated
estuaries are typically characterized by a barrier beach and a tidal-inlet complex at
their mouth, passing landward into central-basin muds and bayhead delta deposits
(Dalrymple et al., 1992; Zaitlin et al., 1994; Ferrer et al., 2010; Tesson et al., 2010).
Tide-dominated estuaries are typically characterized by tidal sandbars that grade to
mudflats and salt marshes up-estuary (Dalrymple et al., 1992; Zaitlin et al., 1994;
Tessier, 2012). In highstand deposits, the observation of higher proportions of tide-
dominated elements (e.g., tidal flat and tidal channel, tidal sand-bar complex, tidal
inlet and flood tidal delta subenvironment) in valley fills associated with full or
mixed-energy tide-dominated conditions than in those with more wave-dominated
conditions (Fig. 4.13B) indicates the expected increased dominance of tidal
processes on sedimentation. Likewise, higher proportions of wave-dominated
elements (e.g., nearshore, barrier complex sub-environments) in valley fills
associated with full to mixed-energy wave-dominated conditions than in those with
more tide-dominated conditions (Fig. 4.13B) indicate the expected increased
dominance of wave processes on sedimentation. The results (Fig. 4.13B) likely
reflect the importance of hydrodynamic processes in determining the types of sub-
environments recorded as sedimentary bodies in the HST of coastal-plain incised-
valley fills.

Based on the synthesis of data from 10 incised valleys that occur along the
Mediterranean and Atlantic coasts of France, Chaumillon et al. (2010) argued that
within the outer segments of the valley fills (cross-shelf valley fills, in this paper), the
HST to TST ratio increases from wave-dominated to tide-dominated settings
because of the deeper wave base offshore wave-dominated coasts. Chaumillon et
al. (2010) also proposed that in the middle segments of the valley fills (coastal-plain
valley fills, in this paper), the thickness of HSTs does not vary significantly across
different hydrodynamic regimes, despite differences seen in the types of sub-
environments incorporated in the HST of valley fills under different hydrodynamic
conditions. Our data (Fig. 4.13A) support the claim made by Chaumillon et al.
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(2010) for coastal-plain valley fills, but any interpretation is highly uncertain, as the
dataset is limited (N = 19).

4.5.2.4.2 Control of hydrodynamic conditions on IVF geometry

With regards to the relationship between incised-valley-fill width and present-day
hydrodynamic regimes, Mattheus and Rodriguez (2011) argued that bay-
ravinement, or estuarine shoreline erosion, which is controlled by the imposing
energy regime of waves and tides, can lead to the widening of incised valleys.
However, our data (Fig. 4.14) do not fully support this idea, as no apparent
correlation is seen between incised-valley-fill width versus mean wave height at
modern shorelines. This might arise because wave ravinement tends to truncate
the topmost part of the interfluves of some incised valleys, where each valley is
expected to have been widest (Fig. 4.16A); this fact might counteract the effects of
any widening of the incised valleys by wave erosion. This discrepancy might also
arise from the fact that the present-day hydrodynamic conditions at the shoreline
may not be representative of those that existed during the late TST or due to the
influence of other factors such as catchment size, vegetation, substrate and

climate.

Positive correlation between incised-valley-fill width versus present-day mean tidal
range at the shoreline (Fig. 4.14A) could be explained by the fact that tidal
ravinement might drive erosion of valley margins, which promotes the widening of

the incised valleys (Fig. 4.16B).
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Fig. 4.16. Schematic diagrams illustrating the evolution of valley width in response
to wave ravinement (A) and tidal ravinement (B). Red dashed line denotes the pre-
ravinement valley shape.

4.5.2.4.3 Control of IVF geometry on hydrodynamic conditions

The geometry of incised valleys being flooded has also been recognized as a factor
controlling the internal fills of incised valleys through its control on hydrodynamic
conditions (Dalrymple et al., 1992; Chaumillon et al., 2010; Nordfjord et al., 2006).
The tidal prism at any location is a function of the shape of the drowned-valley
estuaries, their geographic orientation, shelf geometry, tidal resonance, which itself
is determined by shelf width and shelf depth, and frictional forces (Luketina, 1998;
Hume, 2005; Davis et al., 2009). Generally, funnel-shaped valleys tend to enhance
the amplification of tidal waves and thus the occurrence of tide-dominated
conditions (Dalrymple et al., 1992; Chaumillon et al., 2010; Tessier et al., 2012).
Based on observations of seismic data of late-Quaternary incised-valley fills on the
New Jersey shelf, Nordfjord et al. (2006) argued that narrower and deeper valleys
should promote the development of tide-dominated environments, whereas broader
valleys might be, comparatively, more dominated by wave processes. However, our
observations (Fig. 4.10) do not support the assumption made by Nordfjord et al.
(2006). Positive correlation between incised-valley-fill width and the proportion of
tide-dominated elements (Fig. 4.10B) might reflect how these two variables co-vary
in response to a common control exerted by the present-day hydrodynamic regime
(mean tidal range) at the shoreline (Fig. 4.13B and Fig. 4.14A). This observation
(Fig. 4.10B) could also be explained by the fact that wider valleys with gentler

Chapter 4



141

gradient, generally associated with larger rivers, will tend to have larger tidal prism
and thus experience stronger tidal currents. Furthermore, for narrow and linear
valleys, tidal flow tends to be dampened by friction on the valley margins and tidal-
wave energy is dissipated by diffraction. Thus, our observations (Fig. 4.10B) can be
seen to support the idea that the influence of valley geometry on tides leaves a
distinct sedimentary record; else, they reflect the control of present-day mean tidal
range at the shoreline on incised-valley-fill width. However, this interpretation
carries uncertainty, as the present-day incised-valley-fill geometry is in part used as
a proxy for the valley geometry through time, ignoring temporal variations in valley
geometry (cf. Blum and Price, 1998; Rodriguez et al., 2008; Blum et al., 2013).

No or weak correlations are seen between the proportion of wave-dominated
elements in IVFs and parameters that describe the IVF geometry. However,
detailed descriptors of the planform shape of the valley and of the morphology of
the bedrock, which might affect the extent to which an IVF could be exposed to
wave action, were not considered in this work.

4.5.2.4.4 Control of basin physiography on hydrodynamic conditions

Other authors (Healy and Werner, 1987; Healy and Harada, 1991b) have proposed
that, compared to open-ocean-facing settings, the coasts of enclosed or semi-
enclosed seas generally experience lower hydrodynamic energy. This is especially
true for coasts characterized by offshore topographic sills that can shelter the
shorelines. Enclosed or semi-enclosed seas are generally characterized by more
restricted fetch, lower wave heights, and lower tidal range. Our observations (Fig.
4.11) are compatible with the idea that the type of coastal physiography and size of
the sea into which a valley discharges could act as controls on the internal fills of
coastal-plain incised valleys, since variations in the record of dominant depositional
processes are seen in the valley fills that are consistent with differences in
hydrodynamic conditions across these settings.

Wave energy at the shoreline depends largely on deep-water wave energy, the
water depth of the basin and the frictional attenuation that occurs on the shelf
(Reading and Collinson, 1996). This frictional attenuation is determined by the
gradient of the sea floor, which itself is a function of the nature and width of the
shelf and the rate and type of sediment supply to the nearshore zone. Positive
correlations between mean wave height and shelf-break depth and between the
proportion of wave-dominated elements in IVFs and the average shelf gradient
(Table 4.6) could be explained by the fact that the shorelines of shallower shelves
tend to be subject to lower wave energy.
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4.6 Conclusions

A database-driven statistical analysis of 87 late-Quaternary incised-valley fills has

been undertaken, to assess the general validity of classical facies models that

remain widely employed as predictive tools, and investigate the relative importance

of different controls on the stratigraphic organization of incised-valley fills. The main

findings are summarized as follows.

(iii)

(iv)

(vii)

The general stratigraphic organization of the studied coastal-plain
incised-valley fills is consistent with what represented in classical facies
models, but significant variability in stratigraphic architectures is seen.

Compared to the studied coastal-plain valleys, the internal fills of valleys
incised into modern shelves are characterized by a higher proportion of
lowstand deposits and a higher proportion of open-shelf sediments.

Compared to valley fills hosted on passive margins, a higher proportion
of fluvial deposits, a lower proportion of central-basin estuarine deposits
and thicker central-basin estuarine deposits are typically observed in
incised-valley fills hosted on active margins; this is interpreted as
reflecting a control by the tectonic setting of continental margins on the
internal fills of incised valleys, through its effects on basin physiography,
rates and mode of sediment supply, and nature of sediment load.

The thickness or proportion of LST deposits is found to be positively
correlated with incised-valley-fill dimensions, likely because of the role of
the size of catchment areas and water discharge in dictating the scale of
lowstand fluvial systems.

Positive scaling shown by the thickness of fluvial, bayhead-delta, and
estuarine bay/lagoon with incised-valley-fill dimensions and valley
drainage-basin area suggests that the valley catchment size controls the
scale of these deposits, possibly through effects on water discharge,
sediment supply, sediment-load type, and incised-valley geometry.

Positive correlations between the thickness and proportion of barrier-
complex deposits within incised-valley fills versus present-day average
shelf gradient indicate a possible control by the physiography of the
shelf on the establishment and preservation of barrier-island
environments within incised valleys.

The gradient of the shelf may also exert an indirect control on the
development and preservation of the geometry of estuarine muds in
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cross-shelf valley fills by partly determining depths of incisions and
resultant in-valley accommodation.

(viii)  Correlations between incised-valley-fill width versus present-day mean
tidal range or mean wave height at the shoreline indicate that tidal
dynamics at the shoreline may control the widening of the incised
valleys. Correlation between the proportion of tide-dominated elements
within incised-valley fills and incised-valley-fill width might arise because
of reciprocal controls between hydrodynamic conditions and valley
geometry.

(ix) Differences in proportion of elements recording different process
regimes are seen between valley fills from open-ocean settings and
those from enclosed or semi-enclosed seas, which are consistent with
differences in hydrodynamic conditions across these settings.

This study is important because it highlights the complexity of the internal
sedimentary fills of incised valleys to a level of detail that is not accounted for by the
general stratigraphic organization depicted by widely employed traditional facies
and sequence-stratigraphic models. This work highlights the role of continental-
margin type, drainage-basin area, valley geometry, basin physiography and
shoreline hydrodynamics — in addition to the role of relative sea-level stage — in
controlling the internal architecture of incised valley fills.

These results can be applied to guide interpretations and attempt predictions of the
architecture of ancient paralic successions, in the subsurface and in outcrop.
However, all the studied examples are from the late Quaternary, and record
relatively high-frequency, high-amplitude changes in sea level: care must therefore
be taken when attempting to use these examples as templates for interpreting or
predicting the stratigraphic architecture of ancient systems, especially for those
developed under greenhouse climates and subject to modest sea-level fluctuations.

4.7 Supplementary information: Multivariate analysis

Several of the variables investigated through bivariate analyses in this work can be
interpreted to covary in relation to common controlling factors (e.g., drainage area
vs shelf width; cf. Wang et al. 2019). It is therefore desirable to identify variables
with similar behaviour, and consider whether all the studied variables can be
reduced to a smaller number of interpretable combinations thereof. To attempt a
reduction of the dimensionality of the variables and identify their redundancy, two
multivariate statistical techniques, principal component analysis (PCA) and
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hierarchical cluster analysis (HCA), were performed on coastal-plain IVFs. These
analyses involved the following eight variables: shelf width, shelf-break depth, IVF
thickness, IVF width, drainage area, mean wave height, mean tidal range and
proportion of fluvial deposits in IVFs (Fig. 4.17). Several of the studied variables are
intimately associated with the types of continental margin hosting the incised-valley
fills (IVFs), and therefore a principal component analysis can also help establish the
value of margin types as predictors of characteristics of incised-valley fills and of
their geological boundary conditions. However, as the original published datasets
vary significantly with respect to the variables that are constrained for each, even
selecting a limited number of parameters results in a significant reduction in the
number of incised-valley fills that can be employed simultaneously in a multivariate
study. Based on the eight selected variables, the dataset employed in the
multivariate analyses is limited to 30 IVFs, i.e., only 34% of the 87 examples
studied overall.

4.7.1 Methods

Multivariate analyses of database outputs in this section were performed with R
(version 3.6.1) (R Core Team, 2019) and Minitab 18.

The principal component analysis (PCA) was performed in R using the built-in
function prcomp, and results presented using packages GGBIPLOT (Vu, 2011) and
FACTOEXTRA (Kassambara and Mundt, 2017). The original variables were scaled
to unit variance. Scores of the first two principal components (PC1 and PC2) for the
30 IVFs are presented in a biplot, together with the loadings of each variable; the
contribution of each variable to PC1 and PC2 are presented in bar charts (Fig.
4.17A). In the biplot, the IVFs are colour-coded by continental-margin type.

A correlation matrix of Pearson’s correlation coefficients between the variables was
represented as a heatmap, produced using the R function cor and plotted using the
R package GGPLOT2 (Wickham, 2016). Hierarchical cluster analysis (HCA) of the
variables was performed based on these Pearson’s correlation coefficients, with
complete linkage and correlation coefficient distance, in Minitab 18.

4.7.2 Results

Principal components 1 and 2 (PC1 and PC2) account for 32.8% and 20.9% of the
total variance in this dataset, respectively (Fig. 4.17A). The variables that contribute
most to PC1 are IVF thickness, mean tidal range, shelf-break depth and IVF width,
whereas the variables that contribute most to PC2 are the mean wave height, shelf
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width and IVF thickness (Fig. 4.17A). The distribution of the studied examples in the
biplot (Fig. 4.17A) indicates that IVFs developed along tectonically passive margins
and active margins form two distinct clusters.

The HCA of Pearson’s correlation coefficients of the variables (Fig. 4.17B) suggests
that the variables that have a relatively more similar behaviour with regards to their
relationships with the full set of eight variables are as follows (in this order): the
mean tidal range with the IVF width, the mean wave height with the shelf-break
depth, and the IVF thickness with the proportion of fluvial deposits in IVFs.
However, for the 30 IVFs employed in the PCA and HCA, Pearson’s correlation
coefficients between variables differ, even markedly in some cases (e.g., mean tidal
range vs shelf-break depth, between mean wave height vs shelf width), from the
results of bivariate analyses (Fig. 4.17B; Table 4.6).
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Fig. 4.17. (A) Biplot of scores of principal components 1 and 2, based on eight

variables, for 30 coastal-plain incised valley fills, together with bar charts of the
contribution of each variable to PC1 and PC2 respectively. In the biplot, the IVFs

are colour-coded by continental-margin type,

whereas loadings of the eight

variables are presented as arrows. The left and bottom axis labels of the biplot

denote the loadings, while the right and top axis labels denote the scores. (B)

Correlation matrix heatmap showing Pearson’s correlation coefficients between

eight variables for 30 coastal-plain IVFs. A dendrogram that summarizes the

outcome of a hierarchical cluster analysis is also illustrated on the right-hand side of

the heatmap.
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4.7.3 Discussion

The PCA (Fig. 4.17A) indicates that, overall, the studied IVFs tend to display
differences in the studied variables that map onto the type of continental margin on
which they are hosted. This observation corroborates the idea that the type of
continental margins can be taken as a predictor of geological boundary conditions
that control the internal fills of incised valleys.

However, the PCA (Fig. 4.17A) only accounts for a limited amount of the total
variance in the dataset (53.7%), and the resulting principal components are not
readily interpretable in geological terms. Furthermore, some of the correlation
coefficients reported in the correlation matrix on which the HCA (Fig. 4.17B) is
based, particularly those between mean tidal range and shelf-break depth and
between mean wave height and shelf width, differ significantly in magnitude from
corresponding coefficients obtained through bivariate analyses of the wider data
pool. This discrepancy arises because the multivariate analyses are based on a
limited dataset (N = 30). The results of both PCA and HCA should therefore be
considered with care.
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5 Palaeohydrologic characteristics and palaeogeographic
reconstructions of incised-valley-fill systems: Insights
from the Namurian successions of the United Kingdom

and Ireland

5.1 Summary

Incised-valley fills developed in coastal-plain to continental-shelf regions under
icehouse conditions contain sedimentological evidence of the scale of large river
systems that existed throughout Earth history and can provide insight into
palaeogeographic configurations.

A data synthesis has been undertaken for 18 Namurian (Carboniferous) sandstone-
dominated fluvial successions from the United Kingdom and Ireland, interpreted as
forming the maijority of the infill of cross-shelf incised valleys. The aim is to
characterize the palaeohydrology of these ancient river systems and to refine the
regional palaeogeographic reconstructions for the basins that hosted them. This is
accomplished by quantitative analyses of facies proportions, valley-fill geometry
and thickness of dune-scale cross-strata, and with consideration of incised-valley-fill
scaling relationships for late-Quaternary systems.

The following main findings arise from this study: (i) the facies organization of the
studied valley fills supports the view that their formative palaeorivers were perennial
and characterized by relatively low discharge variability, as expected in
consideration of the dominantly equatorial humid tropical climate prevailing in the
study areas during the Namurian; (ii) observed variations in facies characteristics,
including proportions of facies indicative of likely upper- vs. lower-flow-regime
conditions and thickness distributions of sets of cross-bedded sandstone, might
reflect a control exerted by the size of drainage areas on river hydrology; (iii)
integration of the proposed estimations of the size of drainage areas with existing
provenance and sedimentological data yields improved understanding of potential
source areas, thereby enabling tentative reconstructions of source-to-sink systems,
and contributes to the refinement of regional palaeogeographic reconstructions for
the Namurian.
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The approach illustrated in this work is more widely applicable to the study of
palaeohydrologic characteristics and palaeogeographic reconstructions of incised-
valley fills globally and through geological time.

5.2 Introduction

Incised valleys are fluvially eroded, elongate palaeotopographic lows that develop
in shelf and coastal settings in response to relative sea-level fall, and which tend to
be subsequently inundated, infilled and reworked by fluvial, coastal and marine
processes during sea-level rise (Posamentier and Allen, 1999; Zaitlin et al, 1994;
Blum et al., 2013). Extensive research has been undertaken on both recent and
ancient incised-valley-fill successions because of their potential to archive complex
sedimentary responses to changes in relative sea level and climate (Boyd et al.,
2006; Simms et al., 2010; Mattheus and Rodriguez, 2011), and because of their
importance as hosts for natural resources, notably as hydrocarbon reservoirs
(Hampson et al., 1999; Stephen and Dalrymple, 2002; Bowen and Weimer, 2003;
Salem et al., 2005).

Quaternary incised-valley fills arising as a consequence of icehouse glacio-eustatic
cyclicity record incision and infill by trunk rivers that traversed coastal plains
extending to continental-shelf margins. The rivers that generated these valleys
commonly merged on lowstand shelves, such that their drainage basins
amalgamated into alluvial catchments that were, at times, larger than any modern
highstand drainage basin. In the rock record, sedimentary bodies interpreted as
incised-valley fills and developed primarily under icehouse conditions contain
sedimentological evidence of the scale of many large river systems that existed
throughout Earth history and can therefore provide insight into palaeogeographic
configurations.

In Namurian (late Mississippian [Serpukhovian] to early Pennsylvanian [Bashkirian])
outcropping and subsurface successions of the United Kingdom (UK) and Ireland,
thick sandstone-dominated fluvial deposits interpreted as forming the majority of the
infill of cross-shelf incised valleys have been well documented. These incised-
valley-fill (IVF) successions are interpreted to have developed in response to high-
frequency, high-magnitude eustatic sea-level changes in relation to Gondwanan
glacial-interglacial episodes (Hampson et al., 1997; Hampson et al., 1999; Davies
et al., 1999; Davies, 2008). During the Namurian, a suite of sedimentary basins in
the region now occupied by the UK and Ireland existed that was part of a series of
linked basins that extended across what is now NW Europe and eastern Canada.
The sedimentary infill of these basins occurred at palaeoequatorial latitudes (Fig.
5.1), under conditions of overall humid tropical climate (Davies et al., 1999; Davies,
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2008). Fifty Namurian, ammonoid-bearing (goniatite) marine bands are identified in
successions from this region (Fig. 5.2), which provide exceptional stratigraphic
resolution (Davies et al., 1999; Davies, 2008; Waters and Condon, 2012). Previous
work in Namurian basins of the UK and Ireland (e.g., Bristow and Myers, 1989;
Bristow, 1993; Hampson et al., 1999; Ellen et al., 2019) has focused on qualitative
analyses of the internal facies architecture of these IVFs, which led these workers
to interpret the river systems feeding these IVFs as having low-sinuosity, probably
braided, planforms at low-river stage. Provenance studies (e.g., Hallsworth et al.,
2000; George, 2001; Hallsworth and Chisholm, 2008; Pointon et al., 2012) are also
available for these IVFs, which provide insights regarding the likely source areas
and extent of their formative rivers.

However, questions still remain in relation to the palaeohydrology and
palaeogeography of these river systems, and such questions can potentially be
answered with additional analyses of sedimentological and architectural
characteristics of the several examples of IVFs identified in these successions.

In this study, a database-driven synthesis of data from 18 Namurian incised-valley
fils from the UK and lIreland has been performed to quantitatively estimate
palaeohydrological characteristics of these ancient river systems, and to attempt to
refine the regional palaeogeographic reconstructions for the basins that hosted
them. Specific objectives of this work are as follows: (i) to decipher palaeohydraulic
characteristics from facies proportions and geometry of cross-strata within incised-
valley fluvial deposits; (ii) to investigate upstream controls on the facies architecture
of incised-valley fluvial deposits; (iii) to illustrate a novel integrated approach to the
estimation of the size of drainage areas for deep-time incised-valley fills, based on
dune-scale cross-set thickness and incised-valley-fill dimension; (iv) to present how
results have implications for regional palaeogeographic reconstructions, when
considered in combination with provenance studies and sedimentological data.

Chapter 5



Panthalassa
(Ocean

[] Deep ccean basin
D Shallow shelf area

[ Landmass
B LEGEND
A [ Deep-watar
depocsntre
100 km D Shallow water
[]Landmass

Laurussia

Souther
North Sea
Basin

Wales-Brabant High

outh Wale:
Basing. — — |

5W

Fig. 5.1. (A) Global palaeogeographic map for the late Mississippian, with inset
map (B) illustrating landmasses, deep-water depocentres and shallow-water areas
across the UK and Ireland during the late Mississippian. Note that the extent of
Gondwanan ice sheets is not shown in (A). Modified from Davies et al. (2012) and
Davies (2008). Selected palaeogeographic and basin names discussed in this
paper are shown. ALB = Alston Block; ASB = Askrigg Block; BB = Bowland Basin;
EMS = East Midlands Shelf; MVB = Market Weighton Block; ST = Stainmore
Trough; NT = Northumberland Trough.
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Fig. 5.2. Schematic stratigraphic columns for selected Namurian basins in the UK and Ireland, illustrating the age of the studied incised-valley fills (IVFs) considered in this work. Modified from Dean et al.
(2011), Waters and Condon (2012) and Bijkerk (2014). Abbreviations for ammonoids: B = Bilinguites; Ca
Hodsonites; Hd = Hudsonoceras; Hm = Homoceratoides; Ho = Homoceras; | = Isohomoceras; N = Nuculoceras; R = Reticuloceras; V= Verneulites.

Cancelloceras; C = Cravenoceras; Ct = Cravenoceratoides; E = Eumorphoceras; H =
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5.3 Geological setting

In the UK and Ireland, basin evolution during the early Carboniferous between the
Wales-Brabant High and Southern Uplands High was strongly influenced by the
reactivation of late Caledonian basement structures, resulting in the development of
a series of fault-controlled extensional basins and structurally emergent blocks (Fig.
5.1). During the Namurian, regional thermal subsidence was dominant in this region
and active rifting became less important. To the south of the Wales-Brabant High,
the South Wales Basin was affected by the Variscan orogeny and formed one of
several E-W-trending foreland basins. The late-Namurian strata relating to the
deposition of the Farewell Rock IVF studied in this work were deposited on the
cratonic margin of the foredeep zone of this foreland basin (George, 2001).

During the late Mississippian to early Pennsylvanian (Namurian), the studied basins
were located at near-equatorial palaeolatitudes, a few degrees north of the equator
(Fig. 5.1; Scotese and McKerrow, 1990; Blakey, 2016). The prevailing climates
were characterized by predominantly humid tropical conditions and short-term
seasonally drier intervals, as recorded by the presence of gleysols and peat mires
(Davies, 2008; Davies et al., 2012).

The different Namurian basins of the UK and Ireland all display similar infill motifs
(Collinson, 1988). The earliest stage of basin fill led to accumulation of mudstones
of deep-water origin, which tended to be deposited in the basin depocentres.
Overlying deposits typically comprise a turbidite-fronted deltaic succession, which
tended to infill the inherited bathymetry of a particular basin or sub-basin. After the
inherited bathymetry was infilled, the basin was subsequently filled by a widespread
shallow-water deltaic succession. Many thick sandstone-dominated fluvial deposits
occurred within turbidite-fronted deltaic or shallow-water deltaic successions and
were interpreted as valley fills that cut into marine or coastal deposits during
episodes of falling sea level (Hampson et al., 1997; Hampson et al., 1999; Davies
et al., 1999; Davies, 2008). These units are the focus of this work.

Global sea-level fluctuations during the Namurian were characterized by high-
frequency and high-magnitude sea-level changes, due to the waxing and waning of
Gondwanan ice sheets (Maynard and Leeder, 1992; Hampson et al., 1997; Wright
and Vanstone, 2001). Fifty continental-scale ammonoid-bearing marine bands,
interpreted as maximum flooding surfaces relating to glacio-eustatic sea-level rises
(e.g., Maynard, 1992; Church and Gawthorpe, 1994; Martinsen et al., 1995;
Hampson et al., 1997; Davies et al., 1999), are identified in Namurian siliciclastic
successions in the UK and Ireland (Waters and Condon, 2012; Fig. 5.2). The mean
periodicity of these marine bands has been estimated at 185 kyr (Holdsworth and
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Collinson, 1988; Martinsen et al., 1995), 120 kyr (Maynard and Leeder, 1992), 90
kyr (Collinson, 2005) or 65 kyr based on SHRIMP U-Pb zircon dating (Riley et al.,
1995). These values are consistent with fourth-order cyclicity sensu Mitchum and
Van Wagoner (1991). The magnitude of eustatic sea-level fluctuations has been
estimated at ca. 42 m (Maynard and Leeder, 1992), 60 m (Church and Gawthorpe,
1994) or 65 = 15 m (Crowley and Baum, 1991). Based on the depth of incision of
palaeovalleys, Rygel et al. (2008) reported glacio-eustatic sea-level oscillations of
60-100 m during the Namurian. Magnitudes and periodicities of eustatic modulation
during the Namurian were similar to those of Late Quaternary glacial-interglacial
cycles (Brettle, 2001).

5.4 Methods

5.4.1 Database

A synthesis of data from 18 interpreted incised-valley fills (IVFs) from Namurian
successions of the UK and Ireland is undertaken here. Data on the sedimentology
of fluvial deposits forming part of these IVFs are included in a relational database,
the Fluvial Architecture Knowledge Transfer System (FAKTS; Colombera et al.,
2012). FAKTS stores data on the geometry, spatial relationships, and hierarchical
relationships of genetic units such as ‘depositional elements’, ‘architectural
elements’ and ‘facies units’; these genetic units are assigned to subsets of fluvial
systems, themselves classified on multiple parameters (e.g., climate, tectonic
setting, catchment area) and metadata (e.g., data quality, data types). Facies units
in FAKTS represent lithofacies classified by grainsize and sedimentary structures,
and delimited by bounding surfaces that correspond to a change in lithofacies type
or palaeocurrent direction, or to erosional contacts or element boundaries
(Colombera et al., 2013).

The sedimentological data relating to the studied IVFs in this work have been
derived from 27 literature sources and one original field study. A detailed account of
the IVFs considered in this work, their corresponding published-source references,
the types of the data available for each, and their geographic location is shown in
Table 5.1; the age and stratigraphic level of the studied IVFs is reported in Fig. 5.2.
For the studied examples, investigations of the facies architecture of their fluvial
deposits are generally based on outcrop exposures in South Wales, North Wales,
northern England, Scotland and Northern Ireland, and on subsurface datasets from
the East Midlands Shelf and the Southern North Sea (Table 5.1).
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The scheme for the classification of facies units adopted in FAKTS (Colombera et
al., 2013) is adapted and extended from the earlier scheme by Miall (1996); the
facies types identified in the studied IVF fluvial deposits are reported in Table 5.2.
The classifications of facies types in the database rely upon interpretations given in
the original works. To facilitate analysis and to establish an audit trail, the detailed
facies descriptions reported in the original sources are also recorded, but are not
used in this work. The relative proportion of each facies type within IVF fluvial
deposits has been calculated based on the sum of their measured thicknesses.

Table 5.1. Namurian incised-valley fills of the UK and Ireland stored in the Fluvial
Architecture Knowledge Transfer System (FAKTS) database and considered in this
study. For each example, the table reports its acronym as used in this work (column
IVF), location, basin name, lithostratigraphic unit, published literature sources and
data types. Fm. = formation; Gp. = Group.

IVE Location | Basin L|th<?strat|graph| Data Data Spatia
c unit source type | type
Midland Spireslack Ellen et al )
MVS | Scotland | Valley Sandstone, Upper ) Outcrops :
) . (2019) section
Basin Limestone Fm.
Shannon Stirling
TCL Western | Basin Tullig Sandstone (2003); Best | Outcrops 2D .
Ireland (Clare section
X et al. (2016)
Basin)
Shannon
Western | Basin . Pulham 2D
KCL Ireland (Clare Kilkee Sandstone (1988) Outcrops section
Basin)
Pennine
North Basin Aqueduct Grit, Jerrett and oD
AGN Wales (North Gwespyr Hampson QOutcrops section
Wales Sandstone (2007)
Shelf)
. Lower Kinderscout
LKG Pennine oon : Hampson 1D
6 England Basin g;t Millstone Grit (1997) Outcrops vertical
. Lower Kinderscout
LKG Pennine oo : Hampson 1D
8 England Basin g;t Millstone Grit (1997) Outcrops vertical
Hampson et
. Lower Rough .
LRRP | England Penplne Rock, Millstone al. (1996); Outcrops 2D .
Basin Grit G Hampson section
P (1995)
Hampson et
URR Pennine | UPPer Rough al. (1996); 2D
England ; Rock, Millstone Outcrops .
P Basin Grit G Hampson section
P (1995)
Pennine Hampson et
URR Basin Upper Rough al. (1996); oD
E England | (East Rock, Millstone Church and | Outcrops section
Midlands | Grit Gp. Gawthorpe
Shelf) (1994);
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Hampson
(1995)
Pennine Church and
Basin _ Gawthorpe
ASHP Southern (East A§hover Grlt_, (1994); Cores 1D _
England : Millstone Grit Gp. Jones and vertical
Midlands .
Shelf) Chisholm
(1997)
gg;\ir:ne O’Beirne
Southern Chatsworth Grit, (1996); 2D
CGE England (E_ast Millstone Grit Gp. | Waters et al. Outcrops section
Midlands (2008)
Shelf)
Brettle et al.
Northern | Pennine | Midgley Girit, (2002); 2D
MGP England | Basin Millstone Grit Gp. Brettle Outcrops section
(2001)
. Upper Howgate .
e | Norhern | Perne | eggear, | M| ourops | 1D
Millstone Grit Gp.
Northern | Pennine Lower Follifoot g/lla(r’;iggg?_ ! 1D
LFGP . Grit, Millstone Grit T ’ Outcrops .
England | Basin G Martinsen vertical
P (1990)
Northern | Pennine Bearing Grit, Bijkerk 2D
BGF England | Basin Millstone Grit Gp. (2014) Outcrops section
Southern Southern
North . . George Cores, 1D
LNS gorth Sea Millstone Grit Gp. (2001) Well logs | vertical
ea :
Basin
Southern
Southern North Lower Trent O'Mara et Cores, 1D
LTSS | North Sandstone, .
Sea ; : al. (1999) Well logs | vertical
Sea Basi Millstone Grit Gp.
asin
South Farewell Rock, orlglngl field
South study; 2D
FRS Wales Upper Sandstone Outcrops .
Wales ; George section
Basin Gp. (2001)
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Table 5.2. Scheme adopted for the classification of lithofacies of fluvial deposits.
The facies types are employed in FAKTS (Colombera et al., 2012, 2013), and are
adapted and extended from those by Miall (1996).

Code Characteristics

G- Conglomerate with undefined structure and undefined additional textural
characteristics.

Gmm Matrix-supported, massive or crudely bedded conglomerate.

Gmg Matrix-supported, graded conglomerate.

Gecm Clast-supported, massive conglomerate.

Goi Clast-supported, inversely graded conglomerate.

Gh _Claslt-supported, horizontally or crudely bedded conglomerate; possibly
imbricated.

Gt Trough cross-stratified conglomerate.

Gp Planar cross-stratified conglomerate.

S- Sandstone with undefined structure.

St Trough cross-stratified sandstone.

Sp Planar cross-stratified sandstone.

Sr Current ripple cross-laminated sandstone.

Sh Horizontally bedded sandstone.

Sl Low-angle (<15°) cross-bedded sandstone.

Ss Faintly laminated, cross-bedded, massive or graded sandstone fill of a
shallow scour.

Sm Massive sandstone; possibly locally graded or faintly laminated.

Sd Soft-sediment deformed sandstone.

F- Fine-grained deposits (siltstone, claystone) with undefined structure.

Fl Inf[erlaminated_ very-fine sandstone, siltstone and claystone; might include
thin cross-laminated sandstone lenses.

Fsm Laminated to massive siltstone and claystone.

Fm Massive claystone.

Fr Fine-grained rooted bed.

C Coal or highly carbonaceous mudstone.

5.4.2 Dune-scale cross-set thickness

The thickness of cross-sets in dune-scale cross-stratification (planar and trough
cross-stratification) has been measured directly on logged sections or outcrop
panels using image-analysis software (ImageJ; Schneider et al., 2012) for the fluvial
deposits of each IVF. Only dune-scale cross sets in sandstones and conglomerates
are included in the dataset; sedimentary structures that are interpreted to represent
preserved macroforms (bars, sensu Jackson, 1975; Bridge, 2003) or microforms
(ripple cross-laminations; sensu Allen, 1982; Bartholdy et al., 2015) have not been
considered. Isolated cross-sets that were originally interpreted to be formed by unit
bars (Bridge and Tye, 2000) are also excluded. Cross-sets interpreted as the
expression of smaller dunes superimposed on larger dunes are also not
considered, since these bedforms might reflect local flow conditions over the larger
host bedforms (Jackson, 1975; Soltan and Mountney, 2016).
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5.4.3 Incised-valley-fill dimensions

IVF dimensions are derived from the original source work, either obtained from the
primary text or measured directly on figures using image-analysis software (ImageJ;
Schneider et al., 2012). The measurement of IVF dimensions follows the method by
Wang et al. (2019). IVF thickness (T) is defined as the vertical distance between the
elevation of the lower most point of the erosional IVF base and the interfluves at the
valley margins. IVF width (W) is defined as the maximum horizontal distance
between the valley walls as measured perpendicular to the valley axis. IVF
thickness usually differs from the thickness of IVF fluvial deposits, for example
because incised valleys are partly filled by estuarine deposits (e.g., Farewell Rock
IVF in South Wales, Lower Trent Sandstone IVF in the southern North Sea). Based
on the reported geometry of IVF fluvial sandstones, the IVF cross-sectional area is
approximated by a half-elliptical or rectangular shape (respectively, /4*T*W or
T*W, where T is IVF thickness and W is IVF width, both in metres), depending on
the reported geometry of the sedimentary unit. For instance, the IVF geometries for
the lower and upper Rough Rock examples from the Pennine Basin and for the
Upper Rough Rock example from the East Midlands Shelf (LRRP, URRP and
URRE in Table 5.1) are originally described as sheet-like, and accordingly the
corresponding IVF cross-sectional areas are approximated as rectangular.

5.4.4 Estimation of drainage-area size

To estimate the size of the drainage area upstream of the location where the
studied IVF is characterized, two integrative approaches are employed in this work.

5.4.4.1 Estimation of drainage area from cross-set thickness

5.4.4.1.1 Scaling between cross-set thickness, dune height and formative
flow depth

Previous theoretical, experimental (Jerolmack and Mohrig, 2005; Bridge and Tye,
2000; Leclair and Bridge, 2001; Leclair, 2002) and numerical studies (Ganti et al.,
2013; Jerolmack and Mohrig, 2005; Leclair, 2002) have demonstrated that the
mean thickness (sm) of a cross set, considered relative to the mean formative
bedform height (hm), and that the coefficient of variation (ratio of standard deviation
to mean) of the preserved cross-set thickness (CV (dst)) remains relatively constant
under steady flow conditions (sm/hm = 0.3; CV (dst) = 0.88).

The following scaling relation has been used to estimate the formative bedform
height:

hm = 2.9(x0.7) sm (Bridge and Tye, 2000; Leclair and Bridge, 2001)
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This empirical equation is indicated to be only applicable when the coefficient of
variation of cross-set thickness CV (dst) equals to 0.88 + 0.3 (Bridge and Tye,
2000).

A scaling relation derived from field observations by Bradley and Venditti (2017)
has been used to estimate the formative flow depth (d), from estimated dune height
(h) as:

d = 6.7 h (Bradley and Venditti, 2017)

In this work, these empirical equations have been used to estimate the mean
bankfull depth for the formative rivers of the studied IVFs from mean dune height,
themselves estimated from the mean value of measured cross-set thickness
(Bridge and Tye, 2000; Holbrook and Wanas, 2014; Buller et al., 2018; Ganti et al.,
2019a).

5.4.4.1.2 Regional hydraulic-geometry curves for estimating drainage areas

For the prediction of drainage areas, Davidson and North (2009) recommend the
use of regional hydraulic-geometry curves obtained from modern drainage-basin
surveys, which relate mean bankfull depth to drainage area under differing climatic,
physiographic and latitudinal conditions. In this work, the approach of Davidson and
North (2009) is employed to estimate the drainage areas from the estimated mean
bankfull depth.

During the Namurian, the study areas were located a few degrees north of the
palaeo-equator (Scotese and McKerrow, 1990; Blakey, 2016) and were
characterized by predominantly humid tropical conditions and short-term seasonally
drier intervals (Davies, 2008; Davies et al., 2012; Boucot et al., 2013). The Pennine
drainage system is interpreted to have derived sediments from Caledonian uplands,
which were located to the north of the Pennine Basin, in an area corresponding to
present-day Greenland and lying between ca. 10° and 20° latitude (Hallsworth et
al., 2000). This implies that a part of the drainage basin might have been located in
the seasonal tropical climate zone and is likely to have received variable, possibly
monsoonal, precipitation throughout the year (Bijkerk, 2014). A regional curve that
is ideally suited to the palaeoclimate or palaeolatitude of the Namurian basins of the
UK and Ireland is not available among those presented by Davidson and North
(2009), whose compilations relating to coastal-plain regions of north Florida,
northwest Florida, North Carolina and Maryland (USA) can be considered as
relatively close analogues. The Amazon basin, whose regional curve can be
compiled from Beighley and Gummadi (2011), is considered as perhaps a more
appropriate analogue, since the Amazon catchment is located near the equator and
is predominantly characterized by tropical rainforest climate, with subordinate
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tropical monsoon climate. Even though these modern analogues may not perfectly
match the palaeoclimate or palaeolatitude of the studied Namurian basins, they
allow an assessment of the likely range in size of drainage areas.

The approach proposed by Davidson and North (2009) is based on inversion of the
direct relations between mean bankfull depth and drainage area to reconstruct
drainage areas from mean bankfull depth, which can be estimated from
observations from the rock record. However, to be able to present prediction
intervals, corresponding relations have been recompiled based on the data reported
in the original sources whereby mean bankfull depth and drainage area are
independent and dependent variables respectively (Fig. 5.3). Unlike Davidson and
North (2009), who quantified these two variables in imperial units, metric units are
here used in representing the scaling relations (Fig. 5.3). To present the uncertainty
in the estimated size of drainage areas for the ancient rivers feeding the studied
IVFs, 95% confidence and prediction intervals are constructed for relationships
between the two variables (Fig. 5.3). 95% prediction intervals are utilized in the
subsequent analyses to carry the sample variability forward as a form of uncertainty
(cf. James et al., 2013).

A scaling relation between drainage area versus mean bankfull depth has also
been derived for all the data from all the aforementioned modern analogues
(‘faverage modern analogue’, hereafter). The resultant estimated drainage areas are
used in the subsequent analyses, for investigating the relationships between facies
architecture within incised-valley fluvial deposits and the size of the drainage basins
feeding their formative river systems.

Based on the reconstructed scaling relationships for individual modern analogues
(Fig. 5.3A-E) and for their collective dataset (Fig. 5.3F), drainage areas for 15 IVFs
considered in this work (15 of 18 valley fills studied) are estimated from
reconstructions of mean bankfull depth based on mean values of cross-set
thickness. Few examples (Ashover Grit, East Midlands Shelf; Bearing Grit, Pennine
Basin; late Namurian IVF, the southern North Sea Basin) are not considered for this
part of the analysis due to the unavailability of data on dune-scale cross-set
thickness.
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Fig. 5.3. Cross-plots of drainage area versus mean bankfull depth for selected
modern analogues: Amazon basin(A), north Florida (B), northwest Florida (C),
North Carolina (D), Maryland (E), and the cumulative dataset from all these modern
analogues (F). Data in (B-E) are available in Davidson and North (2009). Original
data taken from Beighley and Gummadi (2011), Metcalf (2004), Metcalf and
Shaneyfelt (2005), Sweet and Geratz (2003) and McCandless (2003). ‘N’ denotes
the number of readings. The results of regression analysis between these two
variables (power-law relationship and R2) are reported in respective boxes.
Considering the results herein are extra analyses of the data from other approaches

and will be used in the subsequent sections, this figure is introduced here and not in
the Results section.

5.4.4.2 Estimation of drainage area from incised-valley-fill dimensions

The dimensions of nearshore incised valleys are determined by a number of
factors, including the magnitude and rate of relative base-level fall, contributing
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drainage-basin size, climate, basin physiography, substrate types and tectonics
(Talling, 1998; Posamentier, 2001; Gibling 2006; Strong and Paola, 2006, 2008;
Martin et al., 2011; Blum et al., 2013; Wang et al., 2019). Based on statistical
analysis of late-Quaternary incised valleys, previous workers (Mattheus et al., 2007;
Mattheus and Rodriguez, 2011; Phillips, 2011; Wang et al.,, 2019) have
demonstrated that, for a relative sea-level fall of a given magnitude, valley
dimensions at comparable locations along their dip extent are strongly correlated
with the drainage-basin area of their formative rivers, and that for passive margins,
water discharge exerts a primary control on valley-fill shape and size. Considering
the similarity in magnitude and frequency of eustatic sea-level changes during
Namurian and late-Quaternary times, and given the relatively quiescent tectonic
context of the Namurian basins of the UK and Ireland, the drainage areas of 10
incised valleys considered in this work have been tentatively estimated based on
the approximated IVF cross-sectional area. A scaling relation between drainage
area and IVF cross-sectional area for late-Quaternary IVFs from passive continental
margins (Fig. 5.4) is derived on the basis of data from Wang et al. (2019). Ideally,
IVF thickness should be used as predictor, since it is generally easier to constrain in
the stratigraphic record. However, since the relationship between drainage area
and IVF cross-sectional area for late-Quaternary IVFs is stronger than that between
drainage area and IVF thickness or width (Wang et al., 2019), and considering that
valley incision is more sensitive to basin physiography (Bijkerk, 2014; Wang et al.,
2019), the IVF cross-sectional area is utilized in this work for prediction of valley
drainage areas. However, IVF cross-sectional areas are estimated based on the
extrapolation of local observations and not measured directly.
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Fig. 5.4. Cross-plots of drainage area versus reconstructed IVF cross-sectional
area for late-Quaternary incised-valley fills along passive continental margins. Data
taken from Wang et al. (2019). ‘N’ denotes the number of readings. The results of
regression analysis between these two variables (power-law relationship and R2)
are reported. Considering the results herein are extra analyses of the existing data
from other approaches and will be used in the subsequent sections, this figure is
introduced here and not in the Results section.

5.4.5 Statistical analyses

Statistical analyses have been performed in Minitab 18 and SPSS Statistics 25. The
regression analysis and computation of the prediction of drainage areas have been
performed in SPSS Statistics 25. Statistical analyses have also been carried out to
investigate relationships between continuous variables. Pearson or Spearman
correlation coefficients (R and r hereafter) are utilized to quantify linear and
monotonic relationships, respectively, between pairs of continuous variables. Their
statistical significance is expressed by P-values (P hereafter). P-values are
compared with significance levels (a hereafter) that equal 0.05 or 0.1. Further
explanation of statistical methods can be referred to the work by Davies (2002) and
James et al. (2013).

5.5 Results

5.5.1 Facies proportions in incised-valley fluvial deposits

Data on the proportions of facies types can provide information on the relative
predominance of types of depositional and post-depositional processes and of
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possible formative bedforms, which themselves might relate to river-discharge
characteristics and drainage-area size. Database outputs on facies proportions in
fluvial deposits of each IVF are presented in Fig. 5.5. When distributions in facies
proportions in fluvial deposits across all the studied IVFs are considered (Fig. 5.6),
it is noted that planar cross-stratified sandstones (mean proportion: avgP = 0.40)
and trough cross-stratified sandstones (avgP = 0.19) are the most abundant types
of facies.

T=43.1m T=109.5m T=223m T=212m T=295m T=66.0m
UHEP LNS

T=16.6m T=81.1m T=250.5m T=171m T=773m T unknown

Fig. 5.5. Proportions of facies types in fluvial deposits of the studied IVFs. T
denotes the sum of the thickness of all measured facies units for each incised-
valley fill. See Table 5.2 for facies codes.
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Fig. 5.6. Box plots that present distributions in facies proportions in fluvial deposits
across the studied incised-valley (IV) fills. For each box plot, boxes represent
interquartile ranges, red open circles represent mean values, horizontal bars within
the boxes represent median values and black dots represent outliers (values that
are more than 1.5 times the interquartile range). ‘N’ denotes the number of studied
incised-valley fills. See Table 2 for facies codes.

5.5.2 Distribution of cross-set thickness in incised-valley fluvial
deposits

Figure 5.7 illustrates the distributions in the measured dune-scale cross-set
thickness, from planar and trough cross-stratified sandstones or conglomerates in
fluvial deposits of the studied IVFs. The results indicate that the mean values of the
measured thickness of dune-scale cross-sets for the studied IVFs, range from 0.32
1+ 0.07 m to 1.94 + 0.52 m. The coefficients of variation of cross-set thickness in the
fluvial deposits of the studied IVFs are calculated and illustrated in Fig. 5.8. The
results indicate that all the estimated values of CV (ds) for the studied IVFs are
lower than 0.88. Only two IVFs (Chatsworth Grit, East Midlands Shelf; Midgley Girit,
Pennine Basin) are reported to have CV (dst) within the range of 0.58 to 1.18 (0.61
and 0.78, respectively), and therefore yield cross-set thickness statistics suitable for
derivation of mean formative-dune height (Bridge and Tye, 2000). All values of CV
(dst) for the other IVFs are below 0.58 (Fig. 5.8). Notwithstanding, the empirical
equation of Bridge and Tye (2000) (cf. Leclair and Bridge, 2001) has been
tentatively applied in this work to all the studied IVFs.
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Fig. 5.7. Histograms that present distributions in the measured thickness of dune-
scale cross-sets, from planar and trough cross-stratified sandstones and
conglomerates in fluvial deposits of each IVF. ‘N’ denotes the number of readings
and ‘o’ denotes the standard deviation.

Chapter 5



167

-
N

N
o
1

variability-dominated preservation
(Paola and Borgman, 1991) S

o
(o]
1

® MGP

® CGE
LRRP
® MVS TCL
FRS

o
5
o

KCL
® URRP

o LFGP URRE

= LiSS

§ AGN LKG 8
LKG 6

® UHEP

Coefficient of variation of cross-set thickness
o o
N o))

Fig. 5.8. Box plot of the distribution in the coefficient of variation of measured cross-
set thickness for 15 IVFs considered in this work. Individual values are also shown
next to the boxplot for each IVF. For the boxplot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars within the boxes
represent median values, and black dots represent outliers (values that are more
than 1.5 times the interquartile range). The pink band indicates the 0.58-1.18 range,
wherein data are considered suitable for calculating mean dune height, according to
the method of Bridge and Tye (2000). The red dashed line denotes the value
indicated by the variability-dominated preservation model of Paola and Borgman
(1991).

5.5.3 Estimation of formative flow depth

Estimation of mean bankfull depth for the formative rivers of the studied IVFs from
measured cross-set thickness is represented in Fig. 5.9. The results indicate that
the estimated mean bankfull depth of these rivers ranges from 6 to 38 m, with an
average value of 21 m. The estimated mean bankfull depth for the formative rivers
of the Farewell Rock (FRS), Spireslack Sandstone (MVS), Tullig Sandstone (TCL)
and Aqueduct Grit (AGN) IVFs is smaller than or equal to 10 m. The estimated
mean bankfull depth for IVFs of the Upper Rough Rock of the East Midlands Shelf
(URRE), Upper Howgate Edge Grit (UHEP) and Lower Trent Sandstone (LTSS) is
larger than 30 m. The mean bankfull depth estimated for rivers draining into the
Pennine valleys ranges from 13 m to 38 m.

In the fluvial deposits of the studied IVFs, recognition of bar and channel-fill
elements whose vertical profile is completely preserved is limited, since these units
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are commonly amalgamated laterally and vertically to form multistorey
architectures. For the very few cases where complete bar and channel-fill elements
are recognized, estimates of maximum bankfull depth can be attempted by
assuming a compaction factor of 10% (after Ethridge and Schumm, 1978), which
yield values of 6.1 m, 4.0 m, 8.6 m and 6.2 m for the Spireslack Sandstone (MVS),
the Tullig Sandstone (TCL), the Midgley Grit (MGP) and the Chatsworth Grit (CGE)
respectively. It is significant that the projected values of mean bankfull depths
based on these maximum bankfull depths (obtained assuming the channel cross-
sectional area approximated by a half-elliptical shape, and hence the mean bankfull
depth as being equal to /4 times the maximum bankfull depth) are consistently
smaller than the mean bankfull depths estimated from measured cross-set
thickness.
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Fig. 5.9. Box plot of the distribution in the estimated mean bankfull depth for 15
incised-valley fills considered in this work. Individual values are also shown next to
the boxplot for each incised-valley fill. For the boxplot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars within the boxes
represent median values, and black dots represent outliers (values that are more
than 1.5 times the interquartile range).

5.5.4 Estimation of drainage area

Two independent approaches are employed to estimate the drainage areas for the
studied IVFs. The first method is based on the empirical equations that use
measured mean cross-set thickness (Sm) to estimate mean dune height (hn), itself
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used to derive values of mean bankfull depth (dm) that can be applied to regional
curves to predict catchment size. The second method employs scaling relationships
between IVF dimension and drainage area (Fig. 5.4), based on a compilation of
data from late-Quaternary examples (Wang et al., 2019).

As the original published datasets vary significantly with respect to the availability of
data on cross-set thickness and IVF dimension, both methods for the estimation of
drainage areas could only be applied to eight IVFs.

The results of estimated drainage areas for the studied IVFs are represented in Fig.
5.10. Estimations of drainage area based on the northwest Florida and Maryland
coastal-plain analogues are larger than the value obtained using the Amazon basin
as analogue, whereas predicted values of drainage area based on the North
Carolina and north Florida coastal-plain analogues are smaller than that based on
the Amazon regional curve (Fig. 5.10A). The orders of magnitude of drainage-area
size for the studied IVFs range from 10® km? to 10° km?, but prediction intervals
cover a wider range, from 103 km? to the order of 107 km?. Estimations of the size of
drainage areas based on the average modern analogue range in order of
magnitude from 10* km? to 10° km? (Fig. 5.10B). The estimated drainage areas for
the Farewell Rock (FRS), Spireslack Sandstone (MVS), Tullig Sandstone (TCL) and
Aqueduct Grit (AGN) IVFs is in the order of 10* km?; only three IVFs (URRE, UHEP,
LTSS) have estimated drainage area in the order of 10® km?. For all eight IVFs with
available data on both dune-scale cross-set thickness and IVF dimension, 95%
prediction interval of drainage areas estimated from the average modern analogue
and 95% prediction interval of drainage areas estimated from IVF dimensions
overlap significantly (Fig. 5.10B); the base-case predicted values based on these
two methods fall within the range of the prediction interval of the alternative method
respectively, except for one case (MGP). Specifically, for the Farewell Rock (FRS)
and Chatsworth Grit (CGE) IVFs, the two approaches to the estimation of their
drainage areas return broadly similar values (50,887 km? versus 47,547 km? for
FRS; 402,564 km? versus 525,819 km?for CGE).
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Fig. 5.10. Range plots of estimated drainage area from measured cross-set
thickness and IVF dimension. Solid dots represent the predicted values; vertical
bars represent 95% prediction intervals. Note that prediction intervals are truncated
at 107 km2, since it is deemed unrealistic that the studied Namurian IVFs could be
fed by drainage areas larger than this value, based on palaeogeographic
considerations. The size of the drainage basin of the modern Amazon, the largest
river in the world in terms of catchment size, is 7,050,000 km2, but larger values of
drainage area can be expected for lowstand landscapes because of amalgamation
of separate river systems as they meet on the continental shelf. However, the
truncation of prediction intervals at 107 kmZ2 carries uncertainties as the
Carboniferous was a time of supercontinent assembly (Pangea) (Blakey, 2007)
implying that there was a larger single landmass to drain and therefore the potential
for the development of larger rivers.
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5.5.5 Facies architecture in incised-valley fluvial deposits and
drainage-basin size

Considering that the manner in which river systems are expected to respond to
flood waves and undergo modulation of water discharge depends in part on the size
of their drainage areas (Syvitski et al., 2003; Sgmme et al., 2009; Hansford et al.,
2020), relationships are investigated between the size of the drainage-basin areas
of each IVF, as estimated from data on dune-scale cross-set thickness, and both
the proportion of selected facies types in incised-valley fluvial deposits (Fig. 5.11)
and cross-set thickness variability (Fig. 5.12).
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Fig. 5.11. Cross-plots of proportions of facies types within fluvial deposits of the
studied incised-valley fills versus drainage areas estimated from mean cross-set
thickness of each. (A) Cumulative proportions of facies Gp and Sp, and of facies Gt
and St versus drainage area. (B) Cumulative proportions of facies Gp, Sp, Gt and
St and of facies Gp, Sp, Gt, St, Sr and Sw versus drainage area. (C) Proportions of
facies Sh and Sl versus drainage area. (D) Cumulative proportions of facies Sh and
Sl and of facies Sh, SI and Sm versus drainage area. (E) Proportion of facies Sr
and cumulative proportions of Sr and Sw versus drainage area. Half-and-half dots
represent IVFs for which the two proportions are the same. For each pair of
variables, the correlation coefficients of determination and p-values are reported in
respective boxes on the bottom right. ‘N’ denotes the number of readings, ‘R’
denotes Pearson’s R, and ‘r’ denotes Spearman'’s rho.

A positive correlation is noted between the cumulative proportion of planar cross-
stratified sandstones and conglomerates (Gp/Sp) in incised-valley fluvial deposits
and the estimated drainage area (Fig. 5.11A). A modest negative correlation is
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noted between the cumulative proportion of trough cross-stratified sandstones and
conglomerates (Gt/St) and the estimated drainage area (Fig. 5.11A).

When Gp, Sp, Gt and St facies are considered jointly, a modest positive
relationship is seen between the cumulative proportion of these facies and the
estimated drainage area (Fig. 5.11B); when Gp, Sp, Gt, St, Sr (current ripple-
laminated sandstones) and Sw (wave ripple-laminated sandstones) facies are
considered together, a modest positive correlation is seen between the cumulative
proportion of these facies and the estimated drainage area (Fig. 5.11B).

A weak negative correlation is noted between the proportion of planar horizontally
bedded sandstones (Sh) or of low-angle cross-stratified sandstones (Sl) and the
estimated drainage area (Fig. 5.11C). A weak negative correlation is noted
between the proportion of low-angle cross-stratified sandstones (Sl) and the
estimated drainage area (Fig. 5.11C).

When Sh and Sl facies are considered jointly, a weak negative relationship is seen
between the cumulative proportion of these facies and the estimated drainage area
(Fig. 5.11D); when Sh, Sl and Sm (massive sandstones) facies are considered
together, a weak negative correlation is noted between the cumulative proportion of
these facies and the estimated drainage area (Fig. 5.11D).

No correlation or a very weak correlation is identified between the proportion of
current ripple-laminated sandstones (Sr) and the estimated drainage area (Fig.
5.11E); when Sr and Sw are considered jointly, no correlation or a very weak
correlation is noted between their cumulative proportion and the estimated drainage
area (Fig. 5.11E).

A modest negative relationship is noted between the coefficient of variation of dune-
scale cross-set thickness and the size of drainage areas estimated from cross-set
thickness (Fig. 5.12A), whereas a modest positive relationship is noted between
the coefficient of variation of cross-set thickness and the size of drainage areas
estimated from IVF dimension, albeit not statistically significant at the level of 0.1
(Fig. 5.12B).
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Fig. 5.12. Cross-plots of the coefficient of variation of cross-set thickness versus (A)
drainage area estimated by cross-set thickness and (B) drainage area estimated by
IVF dimension. For each pair of variables, the correlation coefficients of
determination and p-values are reported in respective boxes. ‘N’ denotes the
number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho.

5.6 Discussion

5.6.1 Palaeohydrological characteristics

Previous workers have argued that discharge variability can exert a primary control
on the alluvial stratigraphy from bedform to basin scales (Fielding et al., 2009 and
2018; Plink-Bjorklund, 2015; Nicholas et al., 2016; Trower et al., 2018; Colombera
and Mountney, 2019; Ganti et al., 2019b; Leary and Ganti, 2020). Perennial rivers
with low discharge variability are typically characterized by the predominance of
Froude subcritical flow structures (cross-stratification and ripple cross-lamination)
and subordinance of Froude supercritical and transcritical flow structures (planar
horizontal lamination and low-angle cross-stratification; cf. Fielding et al., 2009,
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2018; Plink-Bjorklund, 2015; Colombera and Mountney, 2019). Mean and median
values of facies proportions in the fluvial deposits of the studied IVFs indicate the
predominance of sandstones with planar and tabular cross stratification and ripple
cross lamination (Fig. 5 and Fig. 5.6), which are consistent with what is generally
represented in classical facies models for sandy river channel deposits (e.g.,
Walker, 1976; Collinson, 1996; Miall, 1996; Bridge, 2006), and consistently with the
notion that the palaeoriver-systems feeding the Namurian IVFs of the UK and
Ireland are likely perennial and characterized by relatively low discharge variability.
This is reconciled with the inference of a predominantly equatorial humid tropical
climate prevailing in the study areas during the Namurian (Davies, 2008; Davies et
al., 2012; Boucot et al., 2013; Blakey, 2016). Based on global quantitative analyses
of modern river discharge variability and hydrograph shape with respect to climate
types, Hansford et al. (2000) indicated that due to intense perennial precipitation,
rivers in tropical rainforest climate are typically characterized by large discharge,
low discharge variability and broad flood hydrograph, whereby the flood discharge
tends to build slowly and decline gradually over the course of several months.

The values of mean bankfull depth for the formative rivers of the studied IVFs
estimated from mean values of measured dune-scale cross-set thickness ranges
from 6 m to 38 m, with an average of 21 m (Fig. 5.9). However, the values of mean
bankfull depths projected from the maximum bankfull depth based on limited
complete bar and channel-fill elements in fluvial deposits for few examples (MVS,
TCL, MGP, CGE) studied in this work are consistently smaller than the values
estimated from measured cross-set thickness. Furthermore, in some cases (LRRP,
URRE, UHEP, LTSS) values of maximum bankfull depths projected from the mean
bankfull depths (themselves estimated from mean cross-set thicknesses) are even
larger than the restored thickness of the IVFs themselves, even assuming a
compaction factor of 10%. In addition, the fluvial deposits of the studied IVFs are
commonly characterized by multistorey architectures (Hampson et al., 1997;
Hampson et al., 1999; Davies et al., 1999), and this should support the idea that the
fluvial fill of each of these valleys should be significantly thicker than the
palaeodepth of the river that formed it. These inconsistencies might arise in part
because flow depth estimated from mean cross-set thickness tends to yield an
overestimation of the mean bankfull depth, due to preferential preservation of
thicker dune-scale cross-sets in portions of channel deposits that represent deeper
channel areas (Holbrook and Wanas, 2014), and perhaps because estimation of
dune height from cross-set thickness has been attempted in this work despite the
fact that the method may not be applicable under the observed conditions of limited
variability in cross-set thickness (Bridge and Tye, 2000). Misidentification of cross-
sets that represent the preserved product of unit bars (Reesink, 2019), as dunes, is
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another possible explanation. Estimations of flow depth larger than the restored
thickness of IVFs might also be attributed in part to the fact that IVF fluvial strata
are prone to be truncated at the top by wave or tidal ravinement (e.g., O'Mara et al.,
1999; Wignall and Best, 2000; George, 2001; Brettle et al., 2002; cf. Wellner and
Bartek, 2003; Wang et al., 2020).

Considering similar prevailing humid tropical climate conditions for the studied IVFs,
negative relationships between estimated drainage area and the proportions of
facies that may have been deposited under upper-flow-regime conditions
(horizontally bedded, low-angle cross-stratified and massive sandstones) and
positive relationships between drainage area and proportions of facies that may
have been deposited under lower-flow-regime conditions (planar cross-stratified,
trough cross-stratified and ripple-laminated sandstones or conglomerates) (Fig.
5.11) might reflect the fact that the size of drainage areas might leave a record in
the facies architecture of fluvial deposits within incised valleys through its control on
variability in water discharge (cf. Colombera and Mountney, 2019). Based on global
quantitative analyses of modern rivers, Hansford et al. (2020) indicated that water
discharge variability tends to decrease with increasing drainage areas. This is
attributed to the fact that smaller and steeper drainage basins are more prone to
larger differences between flood and base-flow discharge (Smith, 1992; Robinson
and Sivapalan, 1997; Semme et al., 2009) as external flood drivers (e.g., storms)
are more likely to affect the entire drainage basin.

Values of the coefficient of variation of measured cross-set thickness for the studied
Namurian incised-valley fluvial deposits are consistently lower than what is
expected for steady flow state, based on theoretical, experimental and numerical
studies (e.g. Paola and Borgman, 1991; Bridge and Tye, 2000; Leclair and Bridge,
2001; Leclair, 2002; Jerolmack and Mohrig, 2005; Ganti et al., 2013) (Fig. 5.8).
Theoretical analyses and flume experiments under steady and unsteady flows by
Leary and Ganti (2020) indicate that preserved fluvial cross strata tend to record
bedform evolution during flood recession. Given a characteristic bedform
disequilibrium timescale T* = Tf / Tt, where Tf is the duration of the prevailing flow
and Tt is the bedform adjustment timescale (Myrow et al., 2018), steady flows with
broad flood hydrographs, having a gradual decline in flood discharge and T* = 1,
tend to result in CV (dst) = 0.88, whereas flashy flood hydrographs, with abrupt
decrease in flood discharge and T* « 1, tend to result in CV (dst) that is significantly
lower than 0.88 (Leary and Ganti, 2020). The cross-set thickness variability can
therefore yield information on the ratio of the timescales of formative flood variability
and bedform adjustment, and hence can act as a potential signature of
disequilibrium in the sedimentary record (Leary and Ganti, 2020). In this
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perspective, the low variability (coefficients of variation) of cross-set thickness for
the studied Namurian incised-valley fluvial deposits could be attributed to bedform
disequilibrium relative to formative flows, reflecting the record of bedform evolution
under flashy flood hydrographs. However, this is a condition that appears unlikely to
apply to the studied Namurian IVFs, based on their palaeoclimatic context and
facies architecture. Given the scale and likely hydrodynamics of the studied river
systems, it can be hypothesized that the low inter-annual discharge variability of
these rivers may be responsible for the observed low values of CV (ds). One
possible explanation might be that, for the studied palaeorivers, cross-set-forming
dunes tended to accumulate their deposits under limited disequilibrium, so that the
low variability in cross-set thickness would merely reflect the limited variability in
magnitude across different flood events.

The negative correlation between the coefficient of variation of cross-set thickness
versus the size of drainage areas estimated from mean values of cross-set
thickness (Fig. 5.12A) might reflect how river systems with drainage areas of
different sizes are expected to respond to flood and modulate water discharge (e.g.,
in terms of inter-annual discharge variability), since these factors might control the
preservation of cross strata. Because of the control exerted by inter-annual
discharge variability on resulting alluvial stratigraphy (Fielding et al., 2018), the
relationship between inter-annual discharge variability and drainage area for
modern rivers is also investigated (Fig. 5.13), in order to derive insight that could be
applied to IVFs in the rock record. To characterize inter-annual discharge variability,
Fielding et al. (2018) proposed to use the coefficient of variation of annual peak
flood discharge CVQp: based on daily discharge data reported in Fielding et al.
(2018), a modest negative relationship is seen between CVQp and drainage area
for 26 modern rivers distributed across different climatic zones (Fig. 5.13).
However, when a corresponding analysis is exclusively made for modern rivers in
rainforest climatic types based on daily discharge data by Hansford et al. (2020), no
correlation is noted between the coefficient of variation of peak discharge and
drainage area (Fig. 5.13). Hansford et al. (2020) proposed the use of an index of
yearly discharge variability (DVIy), equal to the average of the difference between
the highest and the lowest daily discharge in the same year divided by the average
discharge across many years, to characterize discharge variability from the annual
to inter-annual scale. Based on data from several modern rivers, a weak negative
relationship is noted between DVI, and drainage area for rivers across all climate
zones (regression with R? = 0.22), but stronger negative correlations are seen for
rivers in rainforest climate zones (R? = 0.39) and for persistent rivers (R? = 0.39).
Notwithstanding, a conclusive explanation of the cause for the consistently low
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values of the coefficients of variation of cross-set thickness (Fig. 5.8 and Fig.
5.12A) appears elusive.
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Fig. 5.13. Cross-plots of the coefficient of variation of annual peak discharge
(CVQp) versus drainage area for modern rivers across all climate zones and in
tropical rainforest climates, respectively. Black spots denote examples from all
climatic zones with data taken from Fielding et al. (2018). Red spots denote
examples in tropical rainforest climates with data taken from Hansford et al. (2020).
For each pair of variables, the correlation coefficients of determination and p-values
are reported in respective boxes. ‘N’ denotes the number of readings, ‘R’ denotes
Pearson’s R, and ‘r’ denotes Spearman's rho.

5.6.2 Palaeogeographic reconstructions

Sedimentological data such as palaeocurrent vectors or palaeoslope indicators
(e.g., interpreted movement directions of slumps, orientation of facies belts),
provide information on directions of sediment transport, but tend to be affected by
local topographic variations. Provenance studies based on detrital zircon age dating
and heavy-mineral analyses can provide key information on the source areas at a
larger scale. The proposed estimations of the size of drainage areas form a dataset
that can be used to integrate existing provenance and sedimentological data, to
improve understanding of likely source areas, enable reconstruction of source-to-
sink systems, and contribute to the refinement of regional palaeogeographic
reconstructions for the Namurian (Fig. 5.14). Implications of the results for selected
basins are presented in the following section. The size of drainage areas for each
IVF used for regional palaeogeographic reconstructions represents either (i) the
average of the base-case predicted value estimated from the average modern
analogue and that estimated from IVF dimension, or (ii) the value obtained with
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either of these two methods if data on cross-set thickness or IVF dimension are
lacking.
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Fig. 5.14. Palaeogeographic reconstruction maps for basins in the UK and Ireland
during Namurian time, presented by regional substage. Green outlines of palaeo-
landmasses adapted from reconstructions of R. Blakey, and Colorado Plateau
Geosystems (2016). Black dashed arrows denote sediment transport paths inferred
from existing provenance studies (detrital zircon age dating, heavy mineral
analyses, petrographic data) and sedimentological data (palaeocurrent or
palaeogradient indicators). Note that the size of drainage areas for each IVF used
for regional palaeogeographic reconstructions represents either (i) the average of
the base-case predicted value estimated from the average modern analogue and
that estimated from IVF dimension, or (ii) the value obtained with either of these two
methods if data on cross-set thickness or IVF dimension are lacking.
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5.6.2.1 Pennine Basin

The integration of heavy-mineral analysis and detrital-zircon dating for late
Carboniferous sandstones of the Pennine Basin by Hallsworth et al. (2000)
indicates that during the Namurian, the majority of sediment was derived from the
north, with subordinate amounts of sediment supplied from the Wales-Brabant
High, on the southern margin of the basin. The northern source areas lay within the
part of Laurentia-Baltica affected by the Caledonian orogeny, which is considered to
locate to the north of the present-day North Sea and has extended to present-day
Greenland. Based on combined analyses of heavy minerals, garnet geochemistry
and palaeocurrent directions of late Carboniferous (Yeadonian) fluvial sandstones
in the Pennine Basin, Hallsworth and Chisholm (2008) proposed that the fluvial
sandstones of the Rough Rock of the central Pennines were mainly supplied with
sediment of northerly provenance. Additional local sediment sources can be
inferred at the northern and southern basin margins and from an intrabasinal high,
the Market Weighton High. The main north branch of the drainage system extended
into the North Staffordshire area, whereas the south branch did not extend beyond
the Widmerpool Gulf. Estimations of drainage areas for the lower Rough Rock and
Upper Rough Rock IVFs in the Pennine Basin (LRRP, URRP) and for the Upper
Rough Rock IVF in the East Midlands Shelf (URRE) yield average predicted values
of approximately 470,000 km?, 910,000 km? and 590,000 km?, respectively. Taking
into account the studies on the provenance of the Rough Rock IVFs and the
average value of base-case estimations of drainage areas based on the average
modern analogue and IVF dimension, palaeogeographic map that illustrates the
possible Yeadonian drainage configurations has been proposed (Fig. 5.14H and I).
The sum of the estimated drainage area for the URRP and URRE IVFs is used
when reconstructing the palaeogeography. The estimated drainage areas are of a
size that is compatible with the extent of the source terranes recorded by the detrital
zircon age spectra and heavy-mineral analysis. The proposed reconstruction
accommodates the hypothesis that the northern drainage system bifurcated into
two branches near the Market Weighton High because of the existence of this
topographic high (Hallsworth and Chisholm, 2008; Waters et al., 2009). The
northern branch fed the Upper Rough Rock in northern England (URRP) and the
Aqueduct Grit in North Wales (AGN); the southern branch diverted westwards due
to the existence of the Wales-Brabant High on the south margin of the basin, as
recorded in palaeocurrent data (Bristow, 1988; Hallsworth and Chisholm, 2008),
and alimented the Upper Rough Rock in the Widmerpool Gulf (URRE).
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5.6.2.2 Clare Basin

The provenance of Namurian sedimentary strata of the Clare basin remains highly
contentious despite decades of research. Contrasting interpretations are derived on
the basis of sedimentological data, i.e., palaeocurrent indicators and interpreted
movement directions of slumps: Collinson et al. (1991) envisaged a source from the
west or northwest, whereas Wignall and Best (2000) suggested sediment influx
from a southerly provenance. Based on detrital-zircon age data from three
Namurian sandstone units (Ross Formation, Tullig Sandstone, Doonlicky
Sandstone), Pointon et al. (2012) suggested that from the time of deposition of the
uppermost Ross Formation (early Kinderscoutian) until the deposition of the
Doonlicky Sandstone (late Kinderscoutian to early Marsdenian), a major sediment
source (over 35%-40%) for the Clare basin was represented by a number of small
terranes of Gondwanan affinity (Avalonia/Ganderia, Armorica and lberia) located to
the south; yet, it is recognized that the possibility of a combined source from peri-
Gondwanan terranes and Laurentia to the north of the basin cannot be discredited.
Drainage area estimates for the Tullig sandstone IVF (TCL) from mean cross-set
thickness yield a range (95% prediction interval) from ca. 1,140 km? to 99,000 km?,
with a base-case predicted value of ca. 10,600 km?. Avalonia was of sufficient size
to host a catchment of such limited extent. Drainage area estimates for the Kilkee
sandstone IVF (KCL) yield a range (95% prediction interval) from ca. 46,000 km? to
4,108,000 km? with a most-likely predicted value of ca. 435,000 km?. This reveals
that the Kilkee sandstones of the Clare Basin must have been deposited by a river
system with a continental-scale or at least regional-scale catchment. The relatively
small terrane of Avalonia might have been too limited in size to host the entirety of
this drainage basin, supporting the hypothesis of a combined source from both
Avalonia and Laurentia. Palaeogeographic reconstructions (Fig. 5.14D) indicate
that, during the late Kinderscoutian, a river network draining from Laurentia might
have reached the Clare Basin and flowed into the basin eastward or southeastward,
while drainage networks sourced from the south flowed northeastward into Clare
Basin, as indicated by palaeocurrent data (Pulham, 1989). In the Clare Basin, these
two catchments amalgamated into a single larger catchment, which might
potentially have acted as a source to contemporaneous deep-water turbidites.

5.6.2.3 South Wales Basin

A speculative palaeogeographic model by George (2001) proposed that the late
Yeadonian Farewell Rock IVF of South Wales (FRS) might represent a preserved
part of the routing system for the late Namurian turbidites (Crackington Formation)
of the Culm Basin. Other authors (Freshney et al., 1979; Melvin, 1986; Burne, 1995;
Hartley, 1993) have demonstrated a northerly provenance for these turbidites on
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the basis of sedimentological data. However, based on channel orientation and
palaeoflow analysis, Rippon (1996) inferred that the deposits of Westphalian A-B
sedimentary strata of the Culm Basin and South Wales Basin were derived from a
common, distant southerly source. This implies that combined northerly-southerly
sources for the late Namurian turbidites of the Culm basin cannot be ruled out on
the basis of the available data. The estimated average value of mean bankfull depth
for the formative rivers of the Farewell Rock incised valley is ca. 10 m, returning an
estimated drainage area with a base-case value of ca. 50,000 km2. Hence, this
regional-scale river system, being derived from the emergent Wales-Brabant High,
a localised high (George, 2001), could only provide limited supply of sediment to
the late Namurian turbidites of the Culm basin. The hypothesis of an additional
sediment source from the south appears therefore likely. However, mass-balance
analysis of the sediment volume derivable from the source and deposited in the
basin is necessary to substantiate this assumption.

5.7 Conclusions

A database-driven synthesis of data from 18 Namurian incised-valley fills in the UK
and lIreland has been performed to quantitatively estimate palaeohydrological
characteristics of their formative river systems, and to attempt refinement of the
regional palaeogeographic reconstructions of their basins. The main findings are

summarized as follows.

(1) The facies architecture of fluvial deposits of the studied IVFs suggests
that the palaeorivers feeding the Namurian IVFs of the UK and Ireland
were likely perennial and characterized by relatively low discharge
variability. This is in accord with inferences of a predominantly humid
tropical climate prevailing in the study areas, located near the equator
during the Namurian. The coefficient of variation of the thickness of sets
of dune-scale cross-stratification for the studied deposits is
characteristically low, possibly because of the low inter-annual discharge
variability of these palaeorivers.

(i) In four examples, inferences on river bathymetry based on limited
observations of the thickness of bar and channel-fill elements return
consistently smaller channel depths than estimations based on cross-set
thickness statistics. In other four cases, projected values of maximum
bankfull depths are larger than the decompacted thickness of the IVFs.
Limitations in data and interpretations are acknowledged as possible
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causes, but a conclusive explanation of these inconsistencies has not
been reached.

(iii) Reconstruction of the size of IVF drainage areas has been attempted
based on integration of flow-depth estimations from dune-scale cross-
set thickness statistics with scaling relationships of IVF dimensions
derived from late-Quaternary IVFs (Wang et al., 2019). This approach
allowed effective consideration of a range of uncertainties in rock-record
observations and in resulting extrapolations.

(iv) Relationships between estimated drainage areas and the relative
proportions of facies that may have been deposited under lower- versus
upper-flow-regime conditions might reflect the fact that the size of
drainage areas controls the facies architecture of fluvial deposits within
incised valleys through its effect on variability in water discharge.

(v) The proposed estimations of the size of drainage areas provide
complementary insight to existing provenance and sedimentological
data, as they enable tentative reconstructions of source-to-sink systems
in the context of the regional palaeogeographic configuration for the
Namurian.

The approaches illustrated in this work can be replicated to the study of
palaeohydrologic characteristics and palaeogeographic reconstructions of incised-
valley fills globally and through geological time.
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6 Discussion

This chapter integrates the main findings of the previous chapters and presents a
wider discussion of the implications of these results for sequence-stratigraphic
models and source-to-sink analyses, and of their applied significance.

6.1 Geological controls on incised-valley-fill geometry and
implications for sequence-stratigraphic models

Previous research on near-shore incised-valley systems (e.g., Schumm, 1993;
Talling, 1998; Posamentier and Allen, 1999; Blum and Tornqvist, 2000;
Posamentier, 2001; Van Heijst and Postma, 2001; Gibling 2006; Strong and Paola,
2006, 2008; Loget and Van Den Driessche, 2009; Martin et al., 2011; Blum et al.,
2013) has highlighted that a wide variety of factors such as the magnitude and rate
of relative base-level fall, basin physiography (gradients and convexity along the
depositional profile and shelf-break depth), contributing drainage-basin size,
climate, substrate characteristics and tectonics, play key roles in determining the
geometry of near-shore incised-valley fills.

The tectonic context of a continental margin controls valley incision and widening
through its effects on base level and relative sea-level fluctuations, distinct
characteristics of basin physiography, climate, water discharge and sediment
delivery rates (Posamentier and Allen, 1999; Jain and Tandon, 2003; Ishihara et al.,
2011, 2012; Wohl et al.,, 2012; Tropeano et al., 2013; Vandenberghe, 2003;
Ishihara and Sugai, 2017). In Chapter 3, incised-valley fills developed along active
continental margins are demonstrated to be thicker and wider, on average, than
those along passive continental margins, implying that the tectonic type of a
continental margin has a significant influence — at least indirectly — in determining
the dimensions of near-shore incised-valley systems.

Climate is known to have significant influence in controlling valley incision and
widening, especially through variations in temperature, peak precipitation,
vegetation and permafrost in drainage-basin areas, which in turn determines water
discharge, rates of sediment supply and bank stability (Blum et al., 1994; Blum and
Térnqvist, 2000; Vandenberghe, 2003; Bogaart et al., 2003a, b; Blum et al., 2013).
Similarly, the drainage-basin area can affect incised-valley-fill dimensions through
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its control on water discharge and sediment yield, which in turn might influence
river-system size and mobility, and in turn valley-fill dimensions. Recent research by
Mattheus et al. (2007), Mattheus and Rodriguez (2011) and Phillips (2011) has
demonstrated that factors that act upstream, in particular, the size of the drainage
basin, act as primary controls in determining the dimensions of incised-valley-fill
systems whereas factors such as shelf-break depth, or coastal-plain and shelf
gradients is considered to be less important. In Chapter 3, strong scaling relations
between contributing drainage area and incised-valley-fill geometry, and distinctive
differences in incised-valley-fill geometry across catchments dominated by different
vegetation patterns support the dominant role of drainage-basin characteristics in
dictating incised-valley-fill dimensions, especially for passive continental margins,
and reveal possible controls by the size and dominant vegetation patterns of
drainage areas.

The physiography of the depositional profile over which incised valleys develop also
exerts a key control on the dimensions of incised-valley fills (Summerfield, 1985;
Talling, 1998; Posamentier and Allen, 1999; Posamentier, 2001; Blum and
Tornqvist, 2000; Toérnqgvist et al., 2006; Blum et al., 2013). Along continental
margins, valley incision typically tends to begin developing when a relative sea-level
fall exposes a convex-up topographic surface (Summerfield, 1985; Talling, 1998;
Blum and Térngvist, 2000; Blum et al., 2013; Fig. 2.2), notably either at the
depositional shoreline break of the highstand shoreline, or at the shelf-slope break.
Conceptual models (Talling, 1998; Posamentier and Allen, 1999; Posamentier,
2001; Tornqvist et al., 2006) predict that incised valleys tend to develop across the
whole continental shelf if a relative sea-level fall exposes the entire shelf; by
contrast, valleys tend to only incise near the coastal prism region if a relative sea-
level fall does result in exposure of the shelf break. Additionally, a consideration
made in sequence-stratigraphic thinking (e.g., Posamentier and Allen, 1999; Fig.
6.1) is that the magnitude of incision in relation to the generation of sequence
boundaries is associated with the degree of exposure of the continental shelf: when
a relative sea-level fall exposes the entire shelf, valley incision tends to be deeper
compared to that associated with partial shelf exposure. In this work, potential
effects of basin physiography (gradients and convexity along the depositional profile
and shelf-break depth) on valley incision and widening are explored based on the
assumption that the physiography of the continental shelf and nearshore during
modern times serve as a proxy for the physiography of the shelf and nearshore
during the Last Interglacial (LI) highstand. This analysis is undertaken with
awareness that the present-day basin physiography might differ from that during the
LI, notably arising from spatial variations in isostatic adjustment or in post-glacial
shelf and shelf-break accretion, and because of differences in process regime,
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variable styles of fluvial and shoreline responses linked to the diversity of climatic
and tectonic settings, and autogenic dynamics. Although the maximum sea-level fall
during the LGM is recorded to vary between 120 m to 130 m (Fairbanks, 1989;
Yokoyama et al., 2000; Lambeck and Chappell, 2001; Peltier and Fairbanks, 2006;
Simms et al., 2007b), geographically and across estimates by different authors, a
120-m fall is utilized as the representative value for scopes of analysis. In Chapter
3, shelves with breaks currently deeper than 120 m are demonstrated to contain
thicker and wider incised-valley fills, on average, than shelves with breaks
shallower than 120 m (Fig. 6.1). This finding challenges the notion that the
magnitude of incision in relation to sequence boundaries is generally associated
with the degree of exposure of the continental shelf. This might be due to the fact
that the studied continental shelves with shelf breaks that are deeper than 120 m
are associated with contributing drainage areas that are larger on average than
those linked to shallower shelves. Yet, negative correlation between valley-fill
thickness and shelf-break depth for cross-shelf valley fills in relation to continental
shelf margin shallower than 120 m is noted (Fig. 3.7A), probably suggesting that
valley fills from shallow shelves still record a causal link between magnitude of
exposure, incision, and resulting valley-fill thickness. According to Talling (1998),
along passive margins and in foreland basins, if the sea level remains above the
continental shelf break, the magnitude of valley incision near the shoreline tends to
be determined by the geometry of the coastal prism and valley incision depth will
increase with the coastal-prism convexity. However, lack of correlation between
valley-fill thickness and present-day coastal-prism convexity is documented in
Chapter 3. This discrepancy could be attributed to the influence of overriding
factors, or to the fact that convexity for present-day costal prisms might not be a
good proxy for the coastal-prism convexity established during the LI.

The possible effects of shoreline hydrodynamic conditions on valley widening has
also been explored. Mattheus and Rodriguez (2011) highlight that during episodes
of relative sea-level rise, bay-ravinement, or estuarine shoreline erosion can widen
incised valleys through the erosion of waves and tides near the shoreline. However,
no correlation is seen between incised-valley-fill width and mean wave height at
modern shorelines, as shown in Chapter 4. This might due to the fact that wave
ravinement is prone to truncate the topmost part of the interfluves of some incised
valleys, where each valley is expected to have been widest (Fig. 4.16A),
counteracting the effects of any widening of the incised valleys by wave erosion.
This inconsistency might also be explained by the fact that present-day
hydrodynamic conditions at the shoreline may not be comparable to those that
existed during the late TST, or by the influence of other overriding factors. Positive
correlation between incised-valley-fill width and mean tidal range at modern
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shorelines (Fig. 4.14A) might be due to the fact that tidal ravinement tends to result
in erosion of valley margins, which in turn leads to the widening of the incised
valleys (Fig. 4.16B). The results of this research also corroborate the notion that
the basal surfaces of incised-valley fills are highly diachronous, composite erosional
features (Strong and Paola, 2006, 2008; Martin et al., 2011; Blum et al., 2013).

In summary, the type of continental margin (active versus passive) appears to act
as a predictor of the dimensions of incised-valley fills, potentially because of
controls operated by factors such as the nature of basin physiography, climate,
water discharge and sediment delivery. In addition, the findings in Chapter 3, and
additional analysis between valley geometry and shoreline hydrodynamic conditions
in Chapter 4, might imply that upstream controls (e.g., contributing drainage-basin
area and dominant vegetation type prevailing in the catchment) could be more
important in modulating the incision and widening of near-shore incised-valley
systems, compared to the characteristics of the receiving basin (e.g., coastal-prism
convexity, shelf-break depth, substrate lithology and shoreline hydrodynamic
conditions), especially for passive continental margins.
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A Posamentier and Allen (1999) model
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Fig. 6.1. Comparison between a model (A) illustrating differences in incised-valley
development depending on the degree of shelf exposure (modified from
Posamentier and Allen, 1999), and a corresponding model (B) revised according to
the findings of this research. Note that the thickness and width of valley fills shown
for section 1-4 on the right are scaled with the estimated means of the dimensions
of valley fills measured beneath the coastal plain and on the shelf corresponding to
shelf-break depth shallower or deeper than 120 m respectively in Chapter 3.
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6.2 Geological controls on incised-valley-fill stratigraphic
architecture

Classical facies models pertinent to coastal-plain incised-valley fills (Dalrymple et
al., 1992; Allen and Posamentier, 1994b; Zaitlin et al., 1994) typically recognize
three segments: (i) a landward segment typically characterized by fluvial systems
throughout its depositional history, (ii) a middle segment exhibiting a drowned-valley
estuarine complex that existed around the time of maximum transgression,
overlying a lowstand to transgressive succession of fluvial and estuarine deposits,
and (iii) a seaward segment commonly comprising basal fluvial deposits overlain by
estuarine deposits and capped by fully marine deposits. Quantitative analysis of the
internal fills of late-Quaternary incised-valley fills in this work suggests that the
general stratigraphic organization of these IVFs is overall consistent with the
qualitative depictions in the widely adopted classical facies models (e.g., Dalrymple
et al., 1992; Zaitlin et al., 1994; Allen and Posamentier, 1994b), which confirms the
primary control of sea-level on the internal fills of near-shore incised-valley systems.
However, on the basis of a large composite dataset, a wide variability in
stratigraphic architectures of the internal fills of incised valleys has been recognized
in this work (Fig. 6.2; cf. Chaumillon et al., 2008; 2010), which is not captured by
these classical models. Variations in the facies architecture of coastal-plain and
cross-shelf valley fills can be accounted for factors other than relative sea-level
change, such as tectonic setting (continental-margin type), basin physiography,
catchment area, river-system size and shoreline hydrodynamics (Fig. 6.2).

The tectonic setting of the host continental margins exert a critical control on IVF
stratigraphic architecture, notably through its modulation of basin physiography,
rates and mode of sediment supply, and nature of sediment load. This is supported
by the observation that compared to their counterparts on passive margins, coastal-
plain IVFs hosted on active margins contain, on average, a higher proportion of
fluvial deposits and a lower proportion of central-basin estuarine deposits; estuarine
deposits tend however to be thicker.

Contributing drainage-basin size and incised-valley dimensions also show
relationships with the stratigraphic architecture of IVFs. Positive correlations
between the thickness and proportion of lowstand systems tracts versus coastal-
plain IVF dimensions identified in this work might suggest a control exerted by
contributing drainage-basin area on the scale of the fluvial systems that carved and
infilled the valleys. Positive relationships between the thickness of fluvial deposits,
bayhead-delta deposits and central-basin estuarine deposits, versus coastal-plain
IVF dimensions and valley catchment area are noted in Chapter 4; these
relationships are interpreted to reflect the roles of the river-system scale and
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contributing drainage area in dictating the rates of sediment supply, and of valley
size in controlling accommodation.

Shelf gradient is suggested to be a significant control on the thickness and
proportion of barrier-complex deposits and estuarine muds in cross-shelf valley fills.
Equilibrium in sandy shorelines is reported by previous workers (Cowell and Thom,
1994; Stive and de Vriend, 1995) to be attained over timescales of 102 to 10° years.
The magnitude of horizontal shoreline shifts tends to increase with decreasing shelf
gradient, for a given relative sea-level change. Hence, any high-energy
environment located in the area of the coastline across steeper-gradient shelves
tends to stabilize at a location for longer periods compared to lower-gradient
shelves, during periods of negligible or slow rates of relative sea-level rise, which
could possibly result in the accumulation of barrier-complex deposits within cross-
shelf valleys (e.g., Posamentier, 2001; Reijenstein et al., 2011; Wetzel et al., 2017).
Shelf gradient influences the nature of transgression, and also exerts an indirect
control on the erodibility of barrier deposits when considered together with climate.
Also, warm tropical or sub-tropical climates are typically characterized by
particularly high rates of shoreline cementation, which is documented to occur on a
scale of months to decades (Frankel, 1968; Hopley, 1986; Moore, 2001;
Vousdoukas et al., 2007; Cawthra and Uken, 2012): longer periods of early barrier
cementation taking place along steeper shelves before barrier overstepping might
result in the accumulation of barrier deposits that are notably more resistant to
transgressive erosion. Positive relationships are noted in this work between the
thickness and proportion of barrier-complex deposits within incised-valley fills
versus present-day average shelf gradient, and this may indicate a control by the
continental shelf physiography on the development and preservation of barrier-
island environments within incised valleys. The gradient of the continental shelf
might also play a role in the establishment and preservation of the thickness of
estuarine muds in cross-shelf valley fills by partly controlling the magnitude of valley
incision and resultant in-valley accommodation. Positive correlations between the
proportion of estuarine bay/lagoon elements and the average shelf gradient noted
in this work might reflect the fact that steeper shelves tend to promote larger
differences between shelf gradient and the fluvial equilibrium profile, which in turn
could promote deeper fluvial incision for a given relative sea-level fall (Schumm and
Brackenridge, 1987; Leckie, 1994; Posamentier and Allen, 1999; Wang et al.,
2019), and therefore provide increased accommodation for estuarine bay/lagoon
deposits that can be preserved in incised valleys.

Shoreline hydrodynamics is also demonstrated to act as a control on the
stratigraphic architecture of IVFs. In particular, incised-valley-fill geometry, coastal

Chapter 6



191

B Model in this work

. Highstand
Coastal-plain shoreline Shelf-marginLowstand

A Zaitlin et al. (1994) model N S d"a spgrene Late-Quaternary IVF globally

1km

i
B : Cr_oss—shelf g\\._ ’_ Large drainage area
. . . incisSdlvallsy Z Cross-shelf valleys vl\.ﬁ;gelriverasyés?hen? ?‘izlt:
Small coastal-plain valley systems Limited sediment supply ic = ide, low-gradient she
Continental shelf 7 Pclasecit”d)};w
= - - - aleo-Chao Praya
Tectonically stable setting Low subsidence Wave-dominated y valley, Sunda shelf Fluvial deposits
. (Modified from
Coastal-plain valleys jenstei et ., 2011)
Tide-dominated
<—ShelfRamp—> Incised-valley System——— 3] Non-incised o Case study 85 Case study 83
Fluvial system P Changjiang-Qiantangjiang valley,
aleo-Nakagawa valley, East China Sea il e
. Segment 1 Segment 2 Segment 3 . .Japan . Tidal flat Tide-influenced (Modified from Weliner & Bartek, 2003) P
<—Marine S Outer > Middle—> €———Inner—>|<«—Fluvial——> Active margin and tidal channel 'shallow marine deposits Large drainage area
VS VS VS (Modified from Tanabe N - T L . . SB
et al., 2015) Fluvial deposits 10 m| arge rlver-sy§tem size
Wide, low-gradient shelf

Case study 48

Case study 83
New Jersey shelf, US

@ e @ 9

Changjiang valley,
H China Modified from Nordfjord et al., 2006)
Small proportion of passive margin (ot fom Nodford o &, 2250
LST fluvial deposits (Mt rom Uit o, 2006 Low sediment supply
Narrow, high-gradient shelf 5m
50m

- ; 0 s f O Case study 134 Case study 127 Shoreface.
Marine Barrier/Inlet Underlying Sequence T . Weiti valley, Leyre valley, ; i WFS
[ central Basin [] Bayhead Delta Large variations in: p:lse::vie:::;n (Mz:yedofmis;ais [ ~——Tdalinlstdoposlis ST NN
H . . . . 1 rom N
[ Deta B Fiuvial Proportion of systems tracts within IVFs st e & = & Larcos, oo [|10m_Tkn
. . . ' Em uvial deposits
Relative proportion of architectural .
- elements preserved in different Mixed energy Save dominated
Large proportion of tems tracts within IVF Caso sty 79 Gase sy 144
H H Sys ems tracts within S . Trinity-San Jacindo
TST estuarine deposits . _ _ ironde estuary incised valley, US
Relative proportion of architectural enee Passive margin
Passive margin
elements within IVFs (Mofied from Alen i E i (Mosfied from Rodriguez
& Posamentier, 1994b) et al., 2005)
The geometry of these sedimentary -
. ésé study Case study 76
bOdIeS V"i‘;i(\:’:”ey' Tiber valley, Italy
Passive margin

Passive margin

(Modified from Chaumillon (Modified fzr;:;)Mllll etal,

Coastal barier deposits

Bayhead delta

et al., 2008)

Floodplain and fluvial deposits

[] Highstand [ Transgressive [ Lowstand
System Tract System Tract System Tract : H
y Y y Namurian IVF in UK and Ireland
. Upp(;r Rot_Jgh BRoc_k IVF MFS
ennine Basin LiL . . . .
Large drainage area I 000 F——T e R
L?rge rlve r'sys-tem Slze (Modified from Hampson et al., 1996) 10m ‘ 45 g(:\llodﬂied from Breul\je, ;001)
Wide, low-gradient shelf 7 Zim

Transgressive Surface
MF

ave
[vm“\
’ Bayhead Diastem Lower Trent IVF TS
. - Southem North Sea Basin . B
Tidal Ravinement Surfaces Large proportlon of Regional thermal subsidence

Farewell Rock IVF

South Wales Basin
Foreland basin
Bayhead Diastem = H (Modified from O'Mara et al., 1999) | 50 m| (Modified from George, 2001)
o—2yhead Diastemy fluvial deposits, few or T
Tidal Ravinement Surfaces : :

. o no estuarine deposits

_ Wave Ravinement Surface

) Transgressive Surface _ (LVialldeposits |25 1

° ® S\ ; )

. . - - c\e‘)o Tullig Sandstone IVF, Clare Basin
< Maximum Flooding Surface > \;\“\1\3\ Regional thermal subsidence
Sequence Boundary Kilkee Sandstone IVF, Clare Basin (Modified from Pulham, 1989)
<t O Regional thermal subsidence | 25
(Modfied from Pulham, 1989) —%m

Fig. 6.2. Comparison between representative stratigraphic architectures of late-Quaternary incised-valley fills and Namurian valley fills in the UK and Ireland, considered in this work, versus stratigraphic
organization of valley fills depicted in the model by Zaitlin et al. (1994). In (B), for each example, information on the geological context is reported. Key sequence-stratigraphic bounding surfaces (SB, TS and
MFS) are shown for examples for which sequence-stratigraphic interpretations were presented in the original source work. SB denotes the sequence boundary, TS denotes the transgressive surface, and

MFS denotes the maximum flooding surface.
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physiography (open-ocean settings and enclosed or semi-enclosed seas) and shelf
physiography (shelf width, shelf-break depth and shelf gradient) can indirectly
influence the stratigraphic architecture of IVFs by affecting hydrodynamic conditions
near the shoreline. Correlations between incised-valley-fill width and present-day
mean tidal range or mean wave height at the shoreline suggest that tidal dynamics
at the shoreline may play a role in the widening of the incised valleys. Correlation
between the proportion of tide-dominated elements within incised-valley fills and
incised-valley-fill width might attributed to the reciprocal controls between
hydrodynamic conditions at the shoreline and valley geometry. Distinctive
differences in proportion of elements recording different process regimes between
valley fills from open-ocean settings and those from enclosed or semi-enclosed
seas are identified in this study (Fig. 4.11), which might reflect differences in
hydrodynamic conditions across these settings.

6.3 Importance of other controls

A wide range of other factors that have not been examined in this work can control
valley-fill dimensions and stratigraphic architecture. These include, for example,
pre-existing structures, inherited topography along the base of incised valleys,
valley shape, different tectonic regimes of tectonically active settings, and variations
of substrate type. Inherited topography and the morphology of the bedrock exposed
along the base of incised valleys might have a potential control on local
hydrodynamics and resultant sedimentation in the valley fill. In tectonically active
settings, extensional, compressional and strike-slip tectonic regimes can variably
exist and determine differences in rates of subsidence or uplift, which might
influence the resultant incised-valley-fill dimensions and stratigraphic architecture.
For example, subsidence can control the dimensions, stratigraphic architecture and
preservation potential of incised-valley fills, whereby higher subsidence rates
increase the preservation potential of the valley forms. Many of the late-Quaternary
examples considered in this Thesis might have relatively low preservation potential
due to long-term relative sea-level fluctuations and the limited rates of subsidence
to which their host margins are subject. By contrast, the Carboniferous examples
discussed in Chapter 5 are located in sedimentary basins that were largely subject
to continuous and prolonged regional thermal subsidence, which largely allowed
preservation of their fluvial infill. The significance of subsidence on the dimensions
and stratigraphic architecture of incised-valley fills can be manifested in two ways
through its effects on relative sea-level change. Firstly, subsidence counteracts the
effects of eustatic sea-level falls in consuming accommodation, and this can impact
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the vertical shifts of river profiles that promote vertical fluvial incision. Secondly,
subsidence reinforces the effect of eustatic sea-level rise on the generation of
accommodation, which in turn can have an influence on channel-belt stacking
patterns as well as on the morphology of the formative river channels. Additionally,
higher rates of relative sea-level rise tend to induce rapid shoreline migration in
response to transgression, which can cause any high-energy environment (wave
and/or tide dominated environment) at the shoreline to transit rapidly along the path
of the extant cross-shelf incised valleys, therefore favouring the preservation
potential of basal fluvial deposits in the valley fills. Furthermore, key stratigraphic
markers that characterize interfluves, such as palaeosols, and that characterize the
internal fills of incised valleys, such as wave/tidal ravinement surfaces, might not
develop in rapidly subsiding basin: during eustatic sea-level fall subaerial exposure
and related pedogenesis might have limited temporal duration, whereas during
eustatic sea-level rise rapid shoreline migration can limit the length of time over
which erosion by wave and tidal processes can take place at the shoreline (Blum
and Tornqvist, 2000). Finally, factors such as pre-existing structures, gradient, local
topography, and variations in substrate type could control the location, morphology,
and orientation of an incised valley-fill along a margin, in turn influencing incised-
valley-fill dimensions and stratigraphic architecture. Future research could attempt a
detailed analysis of these aspects to further improve our understanding of
geological controls on the geometry and stratigraphic architecture of incised-valley
fills.

6.4 Incised-valley-fill dimensions and lessons for the
ancient rock record

Data on morphometric parameters of incised-valley fills studied in this work,
including both late-Quaternary examples distributed globally and Carboniferous
incised-valley systems in UK and Ireland, have been plotted in Fig. 6.3. For
comparison, data on the scales of ancient incised-valley systems interpreted in the
preserved stratigraphic record based on a literature compilation by Gibling (2006)
have been included. Results (Fig. 6.3) indicate that late-Quaternary examples
cover a wider range of width and thickness values, compared to the ancient
examples studied in this work and documented in the database of Gibling (2006),
with width varying over three orders of magnitude (from 142 to 90, 000 m) and
thickness over two orders of magnitude (from 6 m to 92 m). The studied
Carboniferous valley systems from UK and Ireland demonstrate a narrower range
of width and thickness values, with width-to-thickness ratios mainly in the ~100-
1000 range. The widths of these Carboniferous examples fall within the upper end
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of the spectrum of width of late-Quaternary examples. Compared to the datasets
from Gibling (2006), Carboniferous valley systems studied in this work are
comparable in scale to other documented Carboniferous incised valleys. Most
ancient incised valleys within Gibling (2006) database are comparable in scale to
the larger late-Quaternary examples considered in this work. Additionally, Gibling
(2006) demonstrates that Carboniferous incised-valley fills tend to be thicker and
wider than Jurassic and Cretaceous examples (mean value of thickness: 31.0 m vs.
21.2 m; mean value of width: 10.0 km vs. 5.6 km).

The discrepancy between the dimensions of late-Quaternary incised-valley fills and
those of ancient examples interpreted from the ancient rock record (Fig. 6.3) can be
attributed to several factors. First, large incised-valley fills tend to be more easily
identified in the preserved stratigraphic record than smaller valley systems. Second,
thicker ancient valley systems in the dataset by Gibling (2006) might represent
multiple cycles of eustatic sea-level fluctuations, unlike the late-Quaternary
examples documented in this Thesis, and especially those formed during the last
glacial-interglacial cycle. Third, this discrepancy might relate to the preservation
potential of late-Quaternary examples. One possibility is that large valley systems
may have higher preservation potential than smaller valley systems. Moreover, as
noted in section 6.3, subsidence rates control the preservation of incised-valley fills
in the ancient rock record. Specifically, for a relative sea-level fall of given
magnitude, and therefore for a given scale of incised-valley incision at late
lowstand, incised-valley fills associated with more rapidly subsiding basin are
expected to be more limitedly affected by wave and tidal erosion when the shoreline
backsteps across the extant incised valley during sea-level rise (see details in
section 6.3). Fourth, intrinsic differences in the scale of incised-valley systems
might exist between Icehouse vs. Greenhouse periods of the Earth history, and in
relation to the timing of advent of land plants and bank-stabilizing deeply rooted
vegetation. lcehouse periods are typically characterized by high-frequency and
high-magnitude (> 100 m) sea-level changes driven by the waxing and waning of
continental ice sheets, whereas greenhouse periods are characterized by high-
frequency but limited-amplitude (< 10 m) sea-level fluctuations (Lehrmann and
Goldhammer, 1999; Séranne, 1999). Gibling (2006) highlights that the larger scale
of Carboniferous incised valleys (icehouse) compared to those formed in Jurassic
or Cretaceous period (greenhouse) might be due to the influence of the higher
magnitude glacioeustatic fluctuations experienced by the Carboniferous examples.

Vegetation types have evolved throughout the Earth History: the land plants that
characterize the Earth today are different from those in the geological past.
Vegetation types and density in both catchment areas and basins, and their effects
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on bank stabilization and river hydrology, control fluvial morphodynamics and
planform styles (Davies and Gibling, 2010a, 2010b, 2011; Mial, 2014; Santos et al.,
2017). Hence, care must be taken when extrapolating the insight derived from the
late-Quaternary icehouse examples to the ancient stratigraphic record. Insight
derived from late-Quaternary examples might have only a limited applicability to the
ancient past, especially in application to the Palaeozoic, when land plants had only
recently colonised the land masses and had only shallow root systems (Santos et
al., 2017). To improve our understanding of geological controls on the dimensions
and stratigraphic architecture of incised-valley fills, future research could
concentrate on quantitative analysis incised-valley-fill characteristics for: (i)
icehouse vs. greenhouse periods and (ii) successions accumulated before and after
the advent of land plants and under variable conditions of vegetation types and

density.
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Fig. 6.3. Scales of late-Quaternary incised-valley fills and Namurian incised-valley
fills in the UK and Ireland considered this work vs. valley fills interpreted in the
ancient stratigraphic record as extracted from the published literature by Gibling
(2006).

6.5 Lessons for ‘source-to-sink’ studies

The source-to-sink concept focuses on quantification of the main components of
siliciclastic sedimentary systems, from sediment-producing source areas, through
the dispersal system, to deposition within a wide range of potential sedimentary
sinks, which are typically considered to be related in analytical approaches that use
mass-balance theory (Sgmme et al., 2009a; Fig. 2.19 and 2.20). On the basis of a
compilation of modern and late-Quaternary siliciclastic systems from different
tectonic and climatic settings, previous research on source-to-sink systems
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(Anderson et al., 2004, 2016; Syvitski and Milliman, 2007; Sgmme et al., 2009a,b;
Blum et al., 2013; Xu et al., 2016; Sweet and Blum, 2016) has illustrated positive
scaling relationships between the scale of drainage-basin area, water discharge,
river-driven sediment flux, fluvial channel-belt dimensions, and the scale of distal
components of sediment-dispersal systems (e.g. submarine canyons and basin-
floor fans). For instance, Sgmme et al. (2009a, 2009b) recorded morphometric
parameters of 29 submodern source-to-sink systems, which characterize the scale
of contributing drainage-basin areas, fluvial systems and shelf to deepwater
systems, and identified strong positive relationships between drainage area, river
length and gradient, shelf gradient, shelf width, dimensions of submarine canyons
and scale of basin-floor fans. Considering the data on submarine-fan scale and
drainage-area size reported in Semme et al. (2009a), it becomes possible to
recognize that strong positive correlations exist between the scale of submarine
fans (fan area, fan width, fan length and fan volume) and their contributing
drainage-basin areas, based on 28 submodern source-to-sink systems distributed
across different climatic zones and tectonic settings (Fig. 6.4). A regression
analysis between pairs of variables relating to these attributes (Fig. 6.4) has been
performed in order to describe scaling between the size of submarine fans and the
size of their contributing drainage-basin areas.

Incised-valley systems have long been recognized to play an important part in
transferring sediments from sediment-producing source areas to deep-marine
environments, especially during relative sea-level fall (Posamentier and Allen, 1999;
Blum and Tornqvist, 2000; Blum et al., 2013). Positive correlations between incised-
valley-fill dimensions and contributing drainage-basin area recognized in the
compilation of late-Quaternary examples presented in Chapter 3 can broaden
existing source-to-sink scaling relationships to incised-valley fills. Notably, the scale
of incised-valley fills could be utilized to infer or predict the scales of their
contributing drainage-basin areas based on the regression analysis reported in
Chapter 5 (Fig. 5.4), which is derived from the scaling relationships of late-
Quaternary examples. The reconstructed drainage-basin areas can subsequently
employed to predict the scale and grainsize character of linked downdip coarse-
grained lowstand deltas or basin-floor fans based on the scaling relationships
derived from the data by Sgmme et al. (2009a; Fig. 6.4).

Analyses of source-to-sink systems have recently been applied to deep-time
stratigraphic systems, which largely are based on facies architectures in the ancient
record using the empirical equations derived from theoretical or experimental
studies (Bhattacharya and Tye, 2004; Carvajal and Steel, 2012; Miller et al., 2013;
Holbrook and Wanas, 2014). Methods for the estimation of drainage-basin area
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based on the scaling relations of dimensions of late-Quaternary IVF can provide a
tool that integrates existing approaches. In Chapter 5, the resultant database-
derived power-law relationships between late-Quaternary incised-valley-fill
dimensions and drainage-basin area have been applied to the estimation of the size
of contributing drainage areas that fed river systems forming incised-valley fills
recognized in the ancient rock record (Namurian of the United Kingdom and

Ireland), in combination with palaeohydrological estimations based on dune-scale
cross-set thickness statistics.
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Fig. 6.4. Cross-plots of the scale of submarine fan (fan area, fan width, fan length
and fan volume) versus drainage-basin area for 28 submodern source-to-sink
systems. Data taken from Sgmme et al. (2009a). For each pair of variables, the

results of regression analysis (power-law relationship and coefficient of
determination, R?) are reported.

However, two considerations should be made on the feasibility of employing this
approach to link contributing drainage areas to both IVF characteristics and the
scale of linked downdip components of sediment-dispersal systems. Firstly,
Amazon-scale river systems are not always associated with Amazon-scale fans
(e.g., Rough Rock Formation in Chapter 5). This is because sediment bypassing
across a shelf might be limited due to the large amount of sediment storage on the
continental shelf itself. The amount of shelf storage in sediment budgets is indicated
to be primarily determined by wave and shelfal current patterns, inherited
bathymetry, local topography and temporal variations in shelf morphology, which in
turn is mainly controlled by the balance between sediment supply, subsidence/uplift
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and eustatic sea level (Semme et al., 2009a). As for the Rough Rock Formation,
discussed in Chapter 5, the relatively limited volume of deep-water deposits in the
downdip components of this area is attributed to the fact that large volumes of
sediments could be permanently sequestered in the large composite valleys that
formed across the shelf during eustatic sea-level fall, due to the regional thermal
subsidence prevailing in the area. Secondly, for tectonically active systems, the size
of contributing drainage areas might not be a good predictor of incised-valley-fill
dimensions or of the scale of submarine fans. Tectonically active margins are
typically associated with small drainage areas (Fig. 3.5) and tend to have high
specific sediment yield and narrow, steep shelves, which appear to be associated
with large incised-valley systems (Fig. 3.5). Furthermore, small source-to-sink
systems associated with tectonically active margins, with narrower and steeper
shelves, might be much more efficient in bypassing sediment to the continental
slope and basin floor than larger source-to-sink systems (Semme et al., 2009a).
However, these considerations need to be corroborated by further analysis.

6.6 Implications for applied resource geology

Some results of this work have applied significance for subsurface characterization,
for example in contexts of hydrocarbon exploration and production, groundwater
exploitation and clean-up, and underground carbon sequestration (Fig. 6.5). The
ability to link the scale of incised-valley fills to characteristics of catchments and
shelves provides key insight for the development of semi-quantitative guidelines,
which can be utilized to infer or predict the size, location and timing of accumulation
of potential downdip shallow- to deep-marine hydrocarbon reservoirs (Fig. 6.5A).
Additionally, incised-valley fills themselves can form important hydrocarbon
reservoirs or groundwater aquifers. Typically, during the episodes of relative sea-
level fall and lowstand, incised valleys tend to be filled with coarse-grained fluvial
deposits first, which are subsequently overlain by estuarine and marine deposits
during the ensuing relative sea-level rise (Roy, 1984; Dalrymple et al., 1992; Allen
and Posamentier, 1993; Wright and Marriott, 1993; Shanley and McCabe, 1993,
1994; Dalrymple et al. 1994; Zaitlin et al., 1994; Blum and Toérnqvist, 2000; Blum et
al., 2013). Thus, many valley fills are sand prone, and are in some cases sealed by
offshore mud-prone deposits; this architectural configuration makes them potential
hydrocarbon reservoirs, groundwater aquifers and sites for the underground
storage of CO2 (Wright and Marriott, 1993; Shanley and McCabe, 1994; Dalrymple
et al. 1994; Zaitlin et al., 1994; Blum et al., 2013; Fig. 6.5B). In Chapter 3, incised-
valley-fill dimensions are demonstrated to be affected by a wide variety of
geological controls and hence this should be taken into account when exploration of
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incised-valley-fill plays is performed across different tectonic, physiographic and
climatic settings. Notably, results illustrating that incised-valley fills along active
continental margins tend to be thicker and wider than their counterparts along
passive continental margins in this work might imply that the incised-valley fills
along active continental margins could be considered as potential exploration

targets.
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Fig. 6.5. Schematic diagram A illustrating the importance of incised-valley fills for
the inference or prediction of linked downdip lowstand delta and basin-floor fan
systems, all of which might serve as potential applied subsurface hydrocarbon
reservoirs. Inset map B exhibits the general characteristics of architectural
configuration in typical cross-shelf incised-valley fills, which makes incised-valley
fills potential exploration targets from a petroleum-system perspective. Sand-prone
basal fluvial deposits might act as potential reservoirs and the widely developed
offshore muds on the top could be considered as potential top seal rocks. Diagram
A modified from Blum and Womack, 2009; originally after Posamentier and Kolla,
2003.
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In the characterization and modelling of subsurface hydrocarbon reservoirs, both
modern and outcrop analogues are routinely employed to constrain the geometry,
spatial relationships and complexity of sedimentary bodies (e.g., Reynolds, 1999;
Bridge and Tye, 2000; Bhattacharya and Tye, 2004; Tye, 2004; Pranter et al., 2009;
Deveugle et al., 2014). Quantitative analysis of the different possible geological
controls on the stratigraphic architecture of incised-valley fills presented in Chapter
4 indicates that the relative proportion and geometry of different architectural
elements within incised-valley fills are determined by a wide variety of factors,
notably catchment size, river-system size, tectonic setting, shoreline
hydrodynamics, coastal physiography, shelf width, shelf-break depth and shelf
gradient. These findings highlight the importance of selecting suitable modern and
outcrop analogues for reservoir or aquifer characterization, and that the late-
Quaternary case studies themselves constitute a large pool of potential analogues,
which can be used for predicting the architecture of subsurface successions of the
same type. The variability in architectural motifs in incised-valley fills documented in
this research can be employed in subsurface studies for purposes of uncertainty
quantification.

Based on the facies architecture of incised-valley-fill fluvial deposits in the
preserved stratigraphic record, reconstruction of palaeohydraulic characteristics of
valley-forming river systems and estimation of their drainage-basin area in
combination with provenance analysis and sedimentological data (as exemplified in
Chapter 5) can provide key insight into potential characteristics of the source areas
(e.g., composition of exposed rock formation and climate in the source area). This
approach exemplified in Chapter 5 has significant implications for the predictions of
hydrocarbon reservoir lithology and quality in hydrocarbon prospects. Typically,
sediment composition of reservoir units is primarily determined by its provenance,
notably the composition of exposed rock formations in the source areas (e.g.,
Pettijohn et al., 1987). For instance, erosion of volcanic arc terranes commonly
yield clay-rich volcanic litharenites with an abundance in unstable framework grains,
such as volcanic rock fragments and labile minerals such as mica, plagioclase and
amphiboles (Marsaglia and Ingersoll, 1992; Critelli and Ingersoll, 1995). These
sandstones generally have low reservoir quality due to the widespread occlusion of
primary porosity during burial and compaction. By contrast, shield terranes, such as
stable continental interiors, tend to result in multi-cycle quartz-rich sandstones that
commonly have higher reservoir quality (Dickinson, 1985; Johnson, 1993).
Composition of the reservoir rocks is also influenced by the climatic conditions
prevailing in the source area or the intermediate sinks (Johnson, 1990a, 1990b,
1993; Franzinelli and Potter, 1983). For example, in humid tropical climates, high
rates of chemical weathering could lead to the labile minerals in siliciclastic and
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igneous rocks to be more readily weathered and thus produce clay instead of sand
or gravel; carbonate rocks tend to experience extensive dissolution. In this
perspective, for hydrocarbon plays with available 1D core data, the approach stated
above can be replicated to provide key information of the source areas such as
composition of exposed rock formation and climate, which can itself be applied for
predictions of reservoir lithology and quality in hydrocarbon prospects located away
from available datasets. For hydrocarbon plays with only available seismic data,
estimation of drainage-basin area could be tentatively reconstructed based on
incised-valley-fill geometry identified in the seismic data and can thus yield some
insight into the characteristics of potential source areas, which might provide some
important guidelines for predictions of reservoir lithology and quality in the local
hydrocarbon prospects.
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7 Conclusions and future work

This chapter provides a brief summary of the work in this Thesis, presenting
conclusions with regard to the overarching Thesis aim and research objectives
stated in Chapter 1. Recommendations are also given for possible areas of future
research, which might be undertaken to further build upon the findings presented

and discussed in this Thesis.

7.1 Summary

Chapter 2 provided a brief review of published literature pertinent to the research
topics investigated in this work, including an overview of external controls (sea-level
change, climate and tectonics) on fluvial geometry and architecture and the current
understanding relating to incised-valley-fill systems. This forms the essential basis
to investigate the geological controls of geometry and stratigraphic organization of
valley fills and to decipher their prevailing boundary conditions from the preserved
alluvial stratigraphic record, which is the focus of Chapters 3-5.

Chapter 3 concentrated on the investigation and evaluation of the relative roles of
potential controlling factors (e.g., magnitude and rate of relative base-level fall,
basin physiography, contributing drainage-basin size, climate, substrate
characteristics, tectonic setting), which might interplay in determining the geometry
of incised-valley-fill systems. This was accomplished via a novel database-driven
statistical analysis of 151 globally distributed late-Quaternary incised-valley fills
from the published literature, which is considered to be the largest study of this type
undertaken so far.

By means of a quantitative analysis of a very large composite dataset, trends were
identified to attempt to decipher the relative roles of potential geological controls in
determining the geometry of incised-valley-fill systems. The results of the analysis
presented in Chapter 3 were built upon some assumptions: (i) the magnitude of
valley incision is considered to be primarily controlled by the degree of shelf or
coastal-plain incision, which itself is determined by the vertical shifts in fluvial
longitudinal equilibrium profile possibly arising from changes in base level, water
discharge and sediment supply, and by the degree to which the graded profile is
approximated through knickpoint retreat, together with potential truncation by
ravinement processes; (ii) valley widening is significantly influenced by the rate of
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lateral migration of channel belts hosted within them, which in turn is expected to be
controlled by water discharge and sediment supply, and by valley-wall erodibility.

Database-driven quantitative analysis of the studied late-Quaternary incised-valley
fills yielded the following main findings: (i) incised-valley fills hosted on active
continental margins are demonstrated to be thicker and wider, on average, than
those hosted on passive continental margins, suggesting the important role of the
tectonic setting of continental margins in controlling the geometry of incised-valley-
fill systems, possibly via effects on relative sea-level change, basin physiography,
climate, water discharge and modes of sediment delivery; (ii) positive relationships
are noted between incised-valley-fill geometry and the contributing drainage-basin
area, which highlights the key role of drainage-basin area, serving as a proxy of
water discharge, in dictating valley-fill dimensions; (iii) climate is also indicated to
exert potential controls on the geometry of incised-valley-fill systems, especially by
means of modulation of characteristics in catchment area, such as temperature,
peak precipitation, vegetation and permafrost; (iv) continental shelves with shelf-
slope breaks currently deeper than 120 m are found to contain thicker and wider
incised-valley fills, on average, than shelves with shelf-slope breaks shallower than
120 m. This result contrasts with the notion, embedded in sequence-stratigraphic
thinking, that the degree of exposure of the continental shelf dictates the magnitude
of vertical incision preserved in sequence boundaries. This discrepancy might be
attributed to the fact that the studied continental shelves with shelf-slope breaks
that are documented to be deeper than 120 m are primarily associated with larger
drainage-basin areas, compared to those with shallower shelf-slope breaks.
However, negative scaling relation between valley-fill thickness and shelf-break
depth for cross-shelf valley fills hosted on continental shelves with shelf-slope
breaks that are shallower than 120 m are identified, which likely reflects a causal
link between magnitude of exposure, incision, and resulting valley-fill thickness; (v)
the lack of correlation between valley-fill thickness and present-day coastal-prism
convexity challenges the view that magnitude and location of valley incision are
primarily determined by the coastal-prism convexity at the highstand shoreline, if
the sea-level does not drop below the shelf break. This might be due to the
potential influence of other overriding factors (e.g., the size of contributing drainage
areas), or to the fact that the form of present-day coastal prisms might differ
significantly from that of coastal prisms developed along the same coasts during the
Last Interglacial.

These findings challenge some paradigms that are widely adopted in sequence-
stratigraphic studies, and have significant implications for analysis and improved
understanding of source-to-sink sediment route-ways, as positive scaling relations
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between incised-valley-fill dimensions and contributing drainage-basin area
recognized in this work extend existing source-to-sink scaling relationships to
incised-valley fills. The applied significance of these results is also discussed:
notably the incised-valley-fill systems themselves can form potential hydrocarbon
reservoirs or groundwater aquifers and in consideration of the various controls in
determining the geometry of incised-valley-fill systems, care should be taken during
exploration of incised-valley-fill plays across different tectonic, physiographic and
climatic settings. Additionally, incised-valley-fill systems could act as reference for
the prediction of the size, location and timing of accumulation of potential downdip
shallow- to deep-marine hydrocarbon reservoirs in consideration of the scaling
relationship between valley-fill dimensions and drainage-basin area and the existing
scaling relations between drainage-basin area and the scale of downdip shallow- to
deep-marine systems, such as submarine canyons and basin-floor fans reported by
previous workers (e.g., Syvitski and Milliman, 2007; Sgmme et al., 2009a,b; Blum et
al., 2013; Sweet and Blum, 2016).

Chapter 4 focused on the assessment of the general validity of classical facies
models for incised-valley fills and on the investigation of the relative importance of
different potential controls on their stratigraphic organization. This was achieved
through a database-driven statistical analysis on the basis of a literature compilation
of 87 late-Quaternary incised-valley fills, distributed across different tectonic,
climatic and physiographic settings. Different geological factors such as continental-
margin type, contributing drainage-basin area, valley-fill geometry, coastal
physiography, shelf physiography and shoreline hydrodynamics — in addition to the
role of sea level — were assessed and evaluated as potential controls of the internal
architecture of incised valley fills.

The following main findings are summarized: (i) the overall stratigraphic
organization of the studied coastal-plain incised-valley fills is considered to be in
agreement with what represented in popular facies models, but significant variability
in stratigraphic architectures is identified; (ii) positive relationships between the
thickness or proportion of LST deposits and incised-valley-fill geometry might
indicate potential controls exerted by the size of catchment areas and water
discharge in dictating the scale of lowstand fluvial deposits. The thickness of fluvial,
bayhead-delta, and estuarine bay/lagoon elements and incised-valley-fill
dimensions are positively correlated with the size of contributing drainage areas,
suggesting the key role of catchment size in determining the scale of these
deposits, likely through its effects on water discharge, sediment supply, sediment-
load type, and incised-valley geometry; (iii) positive relations between the thickness
or proportion of barrier-complex deposits within incised-valley fills and the present-
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day average shelf gradient might reflect a potential control exerted by the
continental-shelf physiography on the development and preservation of barrier-
island environments within incised valleys. The gradient of the continental shelf may
also have an indirect influence on the establishment and preservation of the
geometry of estuarine muds in cross-shelf valley fills by its effects on magnitude of
incisions and resultant in-valley accommodation; (iv) correlations between incised-
valley-fill width versus present-day mean tidal range or mean wave height at the
shoreline are also explored and demonstrate that tidal dynamics at the shoreline
might play a role in driving the widening of the incised valleys; (v) correlation
between the proportion of tide-dominated elements within incised-valley fills and
incised-valley-fill width might be attributed to the interplay of hydrodynamic
conditions and valley geometry; (vi) valley fills from open-ocean settings and those
from enclosed or semi-enclosed seas are found to show significant differences with
respect to the proportion of elements relating to different process regimes; these
differences are consistent with differences in hydrodynamic conditions across these
settings.

This chapter revealed the complexity of the internal sedimentary fills of incised
valleys to a level of detail that is not accounted for by traditional facies and
sequence-stratigraphic models. These results are important for guiding
interpretations and predictions of the architecture of ancient paralic successions, in
the subsurface and in outcrop. Nevertheless, it should be taken into account that
results derived from late-Quaternary examples could only be limitedly utilized as
templates for interpreting or predicting the stratigraphic architecture of ancient
paralic successions, especially for those developed under greenhouse climates and
subject to modest sea-level fluctuations.

In Chapter 5, the focus was shifted to the analysis of the internal fills of Namurian
incised-valley fills of the United Kingdom and Ireland. Scaling relationships derived
from late-Quaternary examples, presented in Chapter 3, were applied to tentatively
reconstruct the contributing drainage areas of the rivers feeding the studied
Namurian incised-valley fills. This was accomplished in consideration of the
similarity in magnitude and frequency of eustatic sea-level fluctuations during
Namurian and late-Quaternary times. The facies architecture of these ancient
examples was also studied, to help decipher palaeohydraulic characteristics of their
formative rivers and to attempt a refinement of regional palaeogeographic
reconstructions.

The main findings derived from this chapter are summarized below: (i) the facies
organization recorded in the studied valley-fill fluvial deposits indicate that their
formative palaeorivers were likely perennial and characterized by relatively low
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discharge variability, which is consistent with the dominantly equatorial humid
tropical climate inferred for the study areas during the Namurian; (ii) observed
variations in proportions of facies indicative of likely upper- vs. lower-flow-regime
conditions and in the thickness distributions of dune-scale cross sets recorded in
the valley-fill fluvial deposits might reflect a control exerted by the size of drainage
areas on river hydrology; (iii) estimations of the size of contributing drainage areas
in combination with existing provenance and sedimentological data have been
considered in order to understand the potential extent of source areas, for the
refinement of regional palaeogeographic reconstructions for the Namurian.

The approach employed in this chapter could be extended to the study of
palaeohydrologic characteristics and to palaeogeographic reconstructions of other
incised-valley fills.

In Chapter 6, an integration of the primary findings of the previous chapters of the
Thesis was presented, and the implications of these results for sequence-
stratigraphic models and source-to-sink analyses and their applied significance
were discussed in a wider context. In particular, in terms of applied significance, the
main findings of this work can provide key insight into potential characteristics of the
source areas, which control hydrocarbon-reservoir lithology and quality.

7.2 Future research

The work presented in this Thesis has set the stage for further research about
incised-valley fills developed in the Quaternary and in the ancient past, which could
be undertaken in a number of ways to further improve our understanding of
geological controls on the geometry and stratigraphic architecture of incised-valley
fills.

7.2.1 Quantitative analysis of incised-valley-fill characteristics for
Icehouse versus Greenhouse periods

The research presented in this Thesis has mainly focused on the quantitative
analysis of late-Quaternary examples, with only limited consideration of deep-time
incised-valley fills. The applicability of quantitative facies models based on late-
Quaternary examples to the ancient rock record remains unclear. One issue of
considerable concern is the fact that late-Quaternary icehouse periods are
characterized by high-frequency (<400 kyr) and high-amplitude (>50 m) global
eustatic sea-level changes, unlike the majority of the Cenozoic and Mesozoic (Miller
et al., 2005). This implies that insight derived from late-Quaternary examples, i.e.,
icehouse depositional systems, might not be applicable to the interpretation or

Chapter 7



207

prediction of the stratigraphic architecture of ancient greenhouse depositional
systems, deposited at times when more limited sea-level fluctuations occurred
(Miller et al., 2005; Semme et al., 2009c; Miall, 2014). Blum et al. (2013) propose
that, during icehouse times, relative sea-level fall across a low-gradient shelf tends
to expose large areas and leads to the development of a wide coastal plain over
newly emergent shelves, which could result in the significant amalgamation of
drainage-basin areas during sea-level fall. Instead, during Greenhouse periods, the
potential for drainage-basin amalgamation might be considerably less due to
significantly shorter transverse distances of drainage rivers (Fig. 2.22), resulting in
smaller, less-integrated drainage basins at lowstands. Based on limited data on
deep-time incised-valley-fill dimensions, Gibling (2006) indicated that upper
Palaeozoic valley fills are typically larger than Mesozoic examples in scale and
highlight that this difference might be attributed to the influence of the higher-
magnitude glacioeustatic fluctuations experienced by the Palaeozoic examples. As
a follow-on study, a quantitative analysis could be performed of the geometry and
stratigraphic architecture of incised-valley fills developed during icehouse versus
greenhouse periods of the Earth history; such analysis could yield important
insights into the effects of glacioeustatic fluctuations on incised-valley-fill
dimensions and stratigraphic architecture and further augment the current
understanding of the different possible geological controls on IVF geometry and
stratigraphic architecture based on late-Quaternary examples.

7.2.2 Quantitative analysis of the characteristics of incised-valley
fills developed before and after the advent of land plants
and with respect to vegetation types and density

Another possible direction for future research lies in the quantitative analysis of the
geometry and stratigraphic architecture of incised-valley-fill developed before and
after the advent of land plants, and with respect to the evolution of vegetation types
and density through Earth history. Vegetation types have evolved throughout the
Earth history and the vegetation types that characterize the earth in most recent
period (i.e., present-day times and late-Quaternary times) are different from those in
the geological past. For example, the establishment of large land plants at the
Devonian times, of plants that can survive under seasonal climatic conditions at the
Mesozoic times, and of grasses at the Miocene times, all contributed to significant
changes in fluvial hydrologic characteristics and channel style (Schumm, 1968;
Davies and Gibling, 2010a, 2010b, 2011; Mial, 2014; Santos et al., 2017). Hence,
modern or late-Quaternary analogues have only a limited applicability to the ancient
past, especially in parts of the Palaeozoic when land plants had only recently
colonised the land masses and had only shallow root systems (e.g., Santos et al.,
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2017). A follow-on study could focus on the quantitative analysis of incised-valley-fill
geometry and stratigraphic architecture to improve our understanding of the
influence of the evolution of vegetation in controlling earth-surface processes.

7.2.3 Quantitative analysis of incised-valley-fill characteristics
along dip and with respect to the valley shape

Marked variations in incised-valley-fill architecture and geometry exist along their
dip extent (Dalrymple et al., 1992; Zaitlin et al., 1994; Chaumillon et al., 2010; Blum
et al., 2013; Strong and Paola, 2008; Martin et al., 2011; Phillips, 2011). In future,
possible research efforts, grounded on the results of the late-Quaternary examples
studied in this work, might be directed towards improved analyses of the variation of
IVF architecture and geometry along the dip profile of incised-valley systems, to
improve our understanding of the geological controls of incised-valley-fill geometry
and stratigraphic architecture and to guide hydrocarbon-reservoir characterization
and modelling.

Additionally, characteristics relating to the shape of incised valleys and to their
variations in shape along their dip profile are beyond the scope of this work.
Previous work (Heap and Nichol, 1997; Rodriguez et al., 2005; Rodriguez et al.,
2008) has shown that the shape of incised valleys might control IVF architecture;
for example, the progressive inundation of terraces in terraced IVFs can cause
step-wise changes in accommodation space and in variations of hydrodynamic
processes, which in turn can influence the valley-fill architecture. In future, it is
desirable to attempt further analysis with additional metrics of valley-shape
variability along dip to consider its potential control on stratigraphic architectures.
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List of digital appendices

In the attached CD, additional material is included as spreadsheets named as

follows:

Digital appendix A: contains a Microsoft Excel spreadsheet that gives a
detailed account of case studies and the associated parameters stored in
the Shallow-Marine Architecture Knowledge Store (SMAKS) database on
the dimensions of late-Quaternary incised-valley fills presented in Chapter 3.

Digital appendix B: contains a Microsoft Excel spreadsheet that details all
case studies and the associated parameters stored in the Shallow-Marine
Architecture Knowledge Store (SMAKS) database on the stratigraphic
architecture of late-Quaternary incised-valley fills presented in Chapter 4.

Digital appendix C: contains a Microsoft Excel spreadsheet that includes
datasets relating to proportions of facies types in fluvial deposits of
Namurian incised-valley fills in UK and Ireland, measured thickness of dune-
scale cross sets for each incised-valley fill and dimensions of incised-valley
fills presented in Chapter 5.

List of digital appendices



