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Abstract

Earth’s topography results from complex interactions between deep and surface processes operating
on a range of spatio-temporal scales. To quantify the evolution of long-wavelength (>100 km) ver-
tical motions caused by sub-plate support, for which generating sufficient geological observations is
challenging, I combine novel approaches across global, continental and regional scales.

In Chapter 2, I exploit a paleobiological database to generate a new compilation of > 24, 000 spot
measurements of uplift across all continents. Records from western North America and eastern South
America are combined with geophysical observations and isostatic calculations to explore how litho-
spheric thinning and mantle thermal anomalies may generate uplift of the observed wavelengths and
amplitudes.

In Chapter 3, the uplift inventory developed in Chapter 2 is augmented by additional stratigraphic
markers and is subsequently used to estimate post-depositional uplift of the North American Continent.
To bridge the gaps between these measurements, an inverse modelling scheme is used to calculate
the smoothest spatio-temporal pattern of rock uplift rate that yields the smallest misfit between
4161 observed and calculated longitudinal river profiles. A landscape evolution model driven by this
calculated rock uplift history is used to determine drainage patterns, denudation and sedimentary
flux from Late Cretaceous times until present. These patterns are consistent with stratigraphic and
thermochronologic observations.

In Chapter 4, I combine geophysical observations and isostatic calculations with 27 backstripped wells
in the Baltimore Canyon Trough to propose upper mantle drawdown produced ∼600m excess water-
loaded subsidence between ∼20–0Ma. Using the landscape evolution model from Chapter 3, well data
and published isopachs, I explore the contribution of source region uplift to increased Neogene basin-
wide sediment accumulation. Results suggest the Middle Miocene sediments might not be sourced
from the Appalachians, or models are too simplistic to predict the increased sedimentary flux.
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Chapter 1

Introduction

1.1 Overview

Understanding the history of the Earth’s surface is of fundamental concern to the Earth Sciences.

The patterns and tempo of surface uplift and erosion provide a framework for understanding long-

term processes and feedbacks relating to crustal deformation and orogenesis (e.g., Meyer et al.,

1998; Willett , 1999; Roe et al., 2008; Whipple, 2009), global climate and atmospheric circulation

(e.g., Ruddiman and Kutzbach, 1989; Kitoh, 2004; Mitrovica et al., 2020), oceanic geochemical cycles

(e.g., Raymo et al., 1988; Goddéris and François, 1995; Hilton et al., 2011), the evolution of biota

(e.g., Gallen et al., 2013; Perrigo et al., 2019), as well as constraints on mantle viscosity and rates

of convection (e.g., Fjeldskaar , 1994; Gurnis et al., 2000). Histories of surface uplift and subsidence

can help discern mechanisms responsible for generating the observed topography, as these often have

specific rates and patterns specific to the driving forces (Rohrman et al., 2002; Lovell , 2010).

Despite their importance, measurements of surface uplift and topographic growth on geological timescales

are difficult to obtain, as they require the use of proxies (e.g., thermochronology, paleoaltimetry, cosmo-

genic radionuclide dating Blisniuk and Stern, 2005; Sahagian and Proussevitch, 2007; Chamberlain et

al., 2012; Schildgen et al., 2018). These methods require careful field and laboratory work, and thor-

ough assessment of uncertainties, assumptions and interpretations (e.g. constraints on lapse rates,

cooling rates, distribution of cosmic rays). These difficulties mean that obtaining the large, precise

inventories of uplift required to constrain growth and decay of topography at continental scales is

challenging. One way to circumvent problems and uncertainties associated with obtaining uplift rates

from single methods is to employ a multidisciplinary approach, combining data and observations from

17
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different fields, such as erosion rates, age and pattern of magmatism, crustal deformation structures,

geophysical data and models (e.g., gravity, seismic tomography), as well as geomorphic modelling and

provenance studies.

Figure 1.1: Global map of topography from ETOPO1 dataset.

This dissertation describes my work developing datasets and methodologies to constrain histories of

uplift, subsidence and landscape evolution of Earth’s surface. I focus on North America because of its

considerable spatial extent, the presence of marine sedimentary deposits across the continent, large

fluvial catchments draining most of the landmass, and the availability of big data inventories. I start

by exploring how spot records of marine fossils can be combined on a global scale to measure net

uplift of continents from Cretaceous to Recent times. I then focus on constraining the uplift history

of North America, where these measurements are particularly dense. I augment the inventory of net

uplift measurements by including stratigraphic successions of regressive marine sequences. I then fill

in the gaps between spot measurements by using inverse and forward modelling techniques to extract

uplift histories from longitudinal river profiles, and predict long-term erosion and sedimentary flux at

a continental-scale. These predictions are tested using independent datasets of thermochronometric

and sedimentary flux data. Finally, I investigate the subsidence of the eastern North American middle

Atlantic margin and whether simple continental-scale forward landscape evolution models can predict

the observed sedimentary flux to the margin.
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1.2 Motivation

The present day shape of the Earth’s surface, shown in Figure 1.1, is the result of complex interactions

between deep and surface processes operating on a range of spatial and temporal scales. Much of

the observed topography is isostatic in nature, controlled by density and thickness variations within

the Earth’s crust and lithosphere caused by, for example, cooling, crustal thinning, shortening, or

magmatic emplacement (e.g. Parsons and Sclater , 1977; McKenzie, 1978; Reymer and Schubert , 1984;

Tapponnier et al., 2001). Additionally, isostatic support of topography also depends on the buoyancy

of the lithosphere and underlying convecting mantle, where both composition and temperature play

significant roles (e.g. Hager et al., 1985; Gaherty and Hager , 1994; Colli et al., 2016). However, some

proportion of the Earth’s topography is not readily explained by isostatic effects, and the role of

transient changes in isostatic support, such as those arising from temperature dependent buoyancy, is

poorly understood (e.g., Flament et al., 2013; Molnar et al., 2015). Instead, transient asthenospheric

mantle flow, related to vertical stresses exerted by sub-plate convection or glacio-eustatic rebound,

control recent topographic evolution in a number of regions (e.g. Hager et al., 1985; Mitrovica et al.,

1989; Gurnis, 1990; Forte, 2000; Flament et al., 2013; Winterbourne et al., 2014; Arnould et al., 2018).

The interaction of these isostatic and dynamic processes, which can operate on multiple length and

timescales, directly links Earth’s deep interior to the evolution of surface environments through erosion

and deposition (e.g. Whipple, 2009; Molnar et al., 2015).

Observations of paleo-topography, surface and rock uplift rates, and how they have varied over geo-

logical time, may help distinguish between the tectonic and mantle-driven processes responsible for

shaping the Earth’s surface (e.g., Schildgen et al., 2012; Austermann et al., 2017). Therefore, by

constraining histories of surface vertical motions, one may find important clues about geological pro-

cesses (e.g., Hager and Richards, 1989; England and Molnar , 1990; Gurnis et al., 2000; Liu, 2015).

Doing so, however, is challenging because superposition of different processes with varying amplitudes

and rates complicates interpretations (Figure 1.2). Different geological processes will variably affect

rock uplift, surface uplift and erosion. Climatic variability can also affect rates of erosion, which can,

in turn, contribute to further rock uplift (e.g., Molnar and England , 1990; Willett , 1999; Beaumont

et al., 2001; Willett et al., 2001; Bonnet and Crave, 2003; Whipple and Meade, 2006; Bishop, 2007).

Tectonic subsidence and base-level fall also contribute to the generation of relief, and create accommo-

dation space for the erosional products of uplift, acting to enhance geomorphic processes that shape

the landscape (e.g. Burov and Cloetingh, 1997; Gran et al., 2013). Additionally, erosion acts to remove
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Figure 1.2: Diagram illustrating the contributions of isostatic and dynamic topography,
modified after Faccenna and Becker (2020). (a) Illustration (not to scale) of the different processes
that might contribute to the generation of topography. (b) Summary of relevant rates of surface
deformation associated with these processes, and the depths at which they originate. The ? refers to
the unresolved debate on the maximum rates of topographic change associated with mantle convection
(e.g., Flament et al., 2013; Molnar et al., 2015).

much of the measurable record of past uplift. Furthermore, whether erosive processes responsible for

shaping topography on a reach or stream scale, such as lithology, can be scaled-up whole-catchment

or continental scale in an analytical, predictive manner remains unclear (e.g., Kooi and Beaumont ,

1996; Roberts et al., 2019). Therefore, understanding the interaction and interplay between uplift,

erosion and subsidence on a continental scale, and how they affect landscape evolution is paramount

for understanding the driving forces behind the evolution of Earth’s surface.

1.3 Expected topographic signals of geological processes

The length-scales, timescales and amplitudes of the different processes contributing to the generation

of topography span multiple orders of magnitude (Figure 1.2). In general, contrasts in crustal thickness

generate most of the variation in Earth’s observed topography (Figure 1.3; Lachenbruch and Morgan,

1990; Faccenna and Becker , 2020). Crustal thickening as a result of tectonic shortening, or crustal

thinning by extension, is known to generate uplift, or subsidence, up to order 1 km in amplitude (e.g.,

McKenzie, 1978; DeCelles et al., 2002). Similarly to the crust, variations in lithospheric composition

and thickness can generate isostatic topography (e.g., Crough and Thompson, 1976; Le Stunff and

Ricard , 1995; Ávila and Dávila, 2020). In this scenario, the isostatic elevation is a direct consequence
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Figure 1.3: Global map of crustal thickness from CRUST1.0 (Laske et al., 2013). Uncertainties in
crustal thickness are laterally heterogeneous due to sampling variability. In specific regions of interest,
improved Moho depth (i.e., crustal thickness) constraints can be derived from teleseismic receiver
functions (e.g., Luz et al., 2015a).

of structural deformation by plate motion, which generates localised belts of high topography, ranging

from a few kilometres (e.g. throw on single faults) to 1000 km (e.g. Himalayas and Tibetan Plateau).

Regions of tectonically-generated topography are directly associated with geological structures, such

as faults and folds, where rates of deformation can be measured directly (e.g., Suppe et al., 1992;

Mitchell et al., 2001; Walker et al., 2009). The dynamic component associated with these tectonic

processes, which operates on larger length-scales and timescales determined by mantle viscosity and

convection patterns, is harder to detect in the geological record.

1.3.1 Sub-plate support

In this project, I work to understand how the convecting mantle directly beneath tectonic plates affects

vertical motions, as this has direct implications for understanding chemistry of magmatism, ice-sheet

stability, continental-scale ecology and biodiversity, the long-term carbon cycle, and water flux across

oceanic gateways (e.g., Kutzbach et al., 1989; Crosby and McKenzie, 2009; Parnell-Turner et al.,

2015; Roberts and Mannion, 2019; Mitrovica et al., 2020). Here, I take sub-plate support to mean

vertical motions, positive and negative, arising from the convecting mantle, and make no distinction

between those associated with forces arising from mantle convection or the buoyancy contribution

from temperature anomalies.

The timescales, wavelengths and amplitudes of topography generated by sub-plate support can be
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Figure 1.4: Global shear wavespeed anomalies at 125 km depth (Schaeffer and Lebedev , 2013).

estimated by different methods. For example, observations of buried fluvial landscapes, combined with

fluid dynamical models, suggest transient uplift, of 300–1000 m amplitude and length-scales ∼ 400 km,

can be generated on timescales of 1–10 Ma by thermal anomalies in the convecting mantle (Rudge et

al., 2008; Hartley et al., 2011; Stucky de Quay et al., 2017). Independent geophysical observations,

such as shear-wave tomographic models, provide a useful guide to the present-day configuration of

mantle convection, as density variations, and therefore buoyancy of the convective mantle can be

inferred from perturbations in seismic velocity (Figure 1.4; e.g., Forte et al., 1993; Conrad and

Gurnis, 2003; Steinberger , 2016). Geodynamic modelling suggests that the length scales over which

changes are observed is of order 103–104 km, although maximum predicted amplitudes range from

0.6–3 km (Ricard et al., 1993; Steinberger , 2007; Conrad and Husson, 2009; Spasojević and Gurnis,

2012; Flament et al., 2013). These predictions are highly dependent on the assumptions about the

mantle viscosity structure and model boundary conditions, so require testing against independent

geological observations.

A different method of measuring sub-plate support is estimating residual topography by removing

isostatic contributions from sediments, variable crust and lithsophere thickness, and ice loading from

the present-day topography (e.g., Winterbourne et al., 2014; Hoggard et al., 2016). Such measurements

provide key observational constraints for geodynamic model results. Estimates of residual topography

from oceanic lithosphere suggest convectively supported vertical motions can be generated at smaller

length-scales, of 100 to a few hundred kilometres, with amplitudes < 2 km. The lack of consensus

on wavelengths and amplitudes of sub-plate support of topography is an outstanding issue in global
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geodynamic modelling, especially when concerning the continents (Davies et al., 2019). An outstanding

issue is development of datasets that constrain the temporal evolution of sub-plate support.

1.4 Measuring vertical motions of continents

There is no general consensus on how convection-driven vertical motions on continents should be

measured through deep time. Previous works have used paleogeographic interpretations to generate

estimates of epeirogenic motions of continents since the mid-Cretaceous (Ziegler et al., 1985; Saha-

gian, 1987). However the geological data used to generate observations of uplift is unclear, and so

reproducing such results and adequately assessing uncertainties is challenging.

The residual topography measurements compiled by Hoggard et al. (2016) are limited to the oceanic

realm where the lithospheric structure, controlled primarily by a well-understood age-dependent be-

haviour, is relatively simple when compared to continents. Signals of sub-plate support are, therefore,

more easily isolated. Generating such residual elevation datasets on continents is limited by the

present-day understanding of how lithospheric composition, extent of melting, and other processes

such as lithospheric delamination, contribute to the evolution of topography (e.g., Davies et al.,

2019). Conversion of free air anomalies can also be used to infer “dynamic”, i.e. uncompensated,

topography by scaling the gravity anomalies with an “admittance” factor. By assuming a linear (ad-

mittance) transform function between gravity and non-isostatically compensated topography, free-air

gravity anomalies can be used infer sub-plate support on continents (e.g., Roberts et al., 2012a).

However, the choice of admittance factor is not generally agreed upon (Colli et al., 2016; Hoggard et

al., 2016; Yang and Gurnis, 2016). Improved documentation of the temporally and spatially variable

behaviour of the continental surface is required.

The present-day topography of the Earth’s surface is increasingly well mapped, and available with

increasing resolution, owing to higher resolution satellite based digital elevation models (e.g., SRTM,

ASTER, AW3D30; Jarvis et al., 2008; Tachikawa et al., 2011; Tadono et al., 2014). The GPS obser-

vational networks and advances in InSAR, as well as other methods of satellite geodesy, now provide a

robust estimate of the short-term variations in surface elevation in specific areas. These observations

have provided significant advances on our understanding of the earthquake mechanics and ground

motions (Elliott et al., 2016; Wang et al., 2019). On timescales of 100 ka, vertical motions can be

measured using dated raised shorelines or emerged coral atolls, which can be used to constrain long-

term variability of seismic cycles, slip distribution on faults, or the timing of glacial loading-unloading
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Merritts et al. (1999); Pedoja et al. (2006); Westway et al. (2006); Binnie et al. (2016); Austermann

et al. (2017); Hoffmann et al. (2020).

At longer, million-year time scales, the timing and magnitude of uplift, denudation and subsidence

on continents can be reconstructed using geological approaches. The age of magmatic events, low-

temperature thermochronology, subsidence histories, river incision rates, sedimentary flux, isotope

geochemistry, paleobotany, geomorphologic, stratigraphic and paleontological observations can all in-

dependently provide constraints on the history of vertical motions on continents (e.g. Sahagian, 1987;

Dickinson et al., 1988; Gregory and Chase, 1992; Rohrman et al., 2002; Matmon et al., 2003; Chapin

et al., 2004; Colgan and Henry , 2009; Liu and Gurnis, 2010; Galloway et al., 2011; Chamberlain et al.,

2012;McKeon et al., 2014). This data, however, is not always readily available or uniformly distributed

across all continents, thus making the assembly of a coherent continental paleogeographic history a

challenging task. Recently, significant effort has been expended into compiling large databases of ge-

ological observations that can be used to infer histories of vertical motions, such as fossil assemblages

(PBDB, paleobiodb.org), age and composition data of volcanic rocks (NAVDAT, navdat.org), reflec-

tion seismic surveys (NAMSS, Triezenberg et al., 2016), thermochronology (Herman et al., 2013), 10Be

denudation rates (Covault et al., 2013; Harel et al., 2016), and oceanic residual depth (Hoggard et al.,

2016), to name a few. The use of these geological ‘big-data’ in scientific research has the advantage of

allowing the automation of computational processes, significant statistical analysis and investigation

of processes on a global scale. Generation of large-scale, self-consistent compilations of geological data

is therefore of timely relevance.

Spot measurements of uplift and denudation are often spatially restricted by sampling biases or their

geological occurrence and preservation, and often give little or no indication of changing rates of vertical

motions. Further, disagreements still exist on how some of these data should be interpreted and how to

avoid resulting biases (e.g., Deng and Ding , 2015; Schildgen et al., 2018). Fluvial landscapes provide

an alternative opportunity to investigate large scale continental vertical motions (Whittaker, 2012).

Rivers are a ubiquitous feature of low-mid latitude terrestrial topography. Shapes of rivers are the

geomorphic expression of the interaction between tectonic, climatic and erosive processes, therefore

we can use their shape as an archive of the processes that have shaped them (Howard , 1994; Whipple

and Tucker , 1999; Snyder et al., 2000; Kirby and Whipple, 2001; Wobus et al., 2006). Continent-wide

drainage patterns can provide useful information about regional uplift history, and fill in the gaps

where geological data is lacking, consequently helping reveal causal mechanisms of elevation change
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(Roberts et al., 2012a; Goren et al., 2014; Rudge et al., 2015). Similarly, the sedimentary flux into

basins provide a spatially averaged estimate of the erosional and geomorphic evolution of its source

drainage systems. Therefore sediments preserved at the continental margins provide an alternative

approach to resolving the tectonic, erosional and geomorphic histories of their onshore counterpart

(e.g. Pazzaglia and Brandon, 1996; Poag and Sevon, 1989).

Subsidence histories of offshore continental margins also play a significant role in the accumulation and

preservation of sediments. Ultimately, the offshore sedimentary record can also be used to measure

vertical motions at continental margins. Typically, quantitative passive margin basin studies have re-

lied on constraining the subsidence history and the deeper crustal structure, resulting in models where

the development of the basins is expressed in terms of the isostatic response to crustal/lithospheric

thinning (McKenzie, 1978; Watts and Thorne, 1984). However, stratigraphic sequences recorded at

passive margins might also contain signals of sub-plate support (e.g., Moucha et al., 2008; Czarnota

et al., 2013; Lodhia et al., 2018). Processes linking the the onshore and offshore regions also influence

the development of margin stratigraphy, and is therefore directly relevant to the exploration of natural

resources, or inference of sea-level variations from passive margins (e.g., Miller , 2005). Landscape

evolution models, combined with known histories of continental uplift and denudation, can provide

means to quantitatively predict the effects of a changing source region to the sediment delivery to

the margin of continents (Kooi and Beaumont , 1996; Tucker and Slingerland , 1996; Braun and Sam-

bridge, 1997; Salles, 2015). Thus, understanding the history of offshore subsidence, onshore uplift and

the resulting sedimentary flux to passive margins is essential for a comprehensive understanding of

continental landscape evolution.

1.5 Aims & Objectives

This dissertation addresses the following questions: What does the geological record tell us about

global patterns of uplift? How can we improve the spatial and temporal resolution of spot measure-

ments of uplift? Are simple mathematical models of landscape evolution successful on a continental

scale? Can geological ‘big-data’ be used to test model predictions? How does subsidence of continen-

tal margins compare to growth of topography onshore, and what is the significance for deep-Earth

processes?

To answer these questions, the major challenge that arises is generating enough geological observations,

of sufficient precision, and over a large enough geographic extent such that topographic signals of
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mantle convective processes can be picked out. This challenge cannot be resolved by using a single

methodology over a small geographic area, but rather requires the synthesis of multiple techniques,

modelling approaches and data sources. A few factors contribute to the timeliness of this study.

First, the accessibility of global databases of multiple types, which require great effort to compile and

did not exist a decade ago, allows such multi-disciplinary, continental-scale studies to be achieved.

The increasing efficiency and accessibility of inverse and forward models of landscape evolution has

created an opportunity to investigate landscape change in ways that were previously not possible.

Finally, recent work by Austermann et al. (2017) and Hoggard et al. (2016) highlight the importance

of global and continental-scale datasets for investigating the surface expression of mantle convection.

This dissertation will focus on the evolution of long-wavelength (> 100 km) vertical motions on a

global, continental and regional setting, taking the North American continent and adjacent continental

platforms as the main field of study. A key element is to develop observations and methods that link

processes across the range of length- and time-scales from the Late Cretaceous to present-day.

The overarching goal of this research project is to understand continental tectonic motions and their

causal drivers by integrating approaches at a large scale. I wish to develop a thorough understanding

of Cenozoic landscape evolution, with a special focus on North America, through the use of large

geological databases, inverse and forward modelling of drainage, subsidence analysis and histories of

sedimentary flux. My specific objectives are to:

1. Formalise a methodology for deriving net uplift on continents from new, large inventories of

marine fossil and paleoenvironmental data (Paleobiology Database, paleobiodb.org), and apply

this methodology on a global scale.

2. Explore how these measurements of net uplift, combined with isostatic calculations, can be used

to generate insight into the regional history of sub-plate support.

3. Use computational methods to extract and invert large drainage inventories from North America

to derive a best-fitting, smooth uplift rate history from the Late Cretaceous to Recent. The

resulting models will be tested using independent geological data.

4. Predict the denudation and sedimentary flux for North America resulting from the inverse model

by combining these outputs with a forward landscape evolution model. Use low-temperature

thermochronology data and sediment accumulation rates in offshore basins to test these predic-

tions.
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5. Derive a subsidence history for the Baltimore Canyon Trough Basin, offshore eastern North

America, in order to investigate the timing and amplitude of sub-plate support affecting the

passive margin.

6. Review the existing record of sediment accumulation in the Baltimore Canyon Trough, compare

these to predictions of sedimentary flux derived from a landscape evolution model, and consider

the implications for Neogene uplift of the Appalachian Mountains.

1.6 Thesis outline

• Chapter 1: Introduction This chapter provides a background to the significance of understand-

ing of uplift and landscape evolution on continents and adjacent passive margins.

• Chapter 2: Uplift Patterns from a Global Paleobiology Inventory addresses Objectives 1 and 2. I

present a method for adapting modern inventories of paleobiological and paleoenvironmental data

to generate a new compilation of > 24, 000 spot measurements of uplift atop all continents and

numerous ocean islands. The compilation provides self-consistent, and in places, high-resolution

(< 100 km, < 1 Ma), measurements of Cretaceous to Recent cumulative (post-deposition)

uplift across significant tracts of most continents. Records from western North America and

eastern South America are combined with geophysical observations (e.g. free-air gravity, shear

and Pn-wave tomography) and simple isostatic calculations to determine origins of topography.

Uncertainties associated with paleobathymetry, post-deposition compaction and glacio-eustasy

are assessed. Isostatic calculations are used to explore how lithospheric thinning and mantle

thermal anomalies may generate uplift of the observed wavelengths and amplitudes. The results

emphasise the importance of large inventories of paleobiological data for understanding the

history of tectonic and mantle convective processes. The work presented in this chapter has

been published in GSA Bulletin.

All of the published research was conceptualised, carried-out and written up by me, with super-

vision, review and editing by Dr. Gareth Roberts (co-author).

• Chapter 3: The Ups and Downs of a Continent - Evolution of the North American Landscape

addresses Objectives 3 and 4. This chapter explores how inventories of stratigraphic and geomor-

phic observations can be combined with inverse and forward modelling approaches to determine

how the North American landscape evolved. First, the biostratigraphic inventory developed in
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Chapter 2 is augmented by stratigraphic markers and used to estimate post-depositional regional

uplift. Secondly, to bridge the gaps between these measurements, an inverse modelling scheme

is used to calculate the smoothest spatio-temporal pattern of rock uplift rate that yields the

smallest misfit between 4161 observed and calculated longitudinal river profiles. Results suggest

that Cenozoic regional uplift occurred in a series of stages, in agreement with independent strati-

graphic observations. Finally, a landscape evolution model driven by this calculated rock uplift

history is used to determine drainage patterns, denudation and sedimentary flux from Late Cre-

taceous times until the present day. These patterns are broadly consistent with stratigraphic and

thermochronologic observations. We conclude that a calibrated inverse modelling strategy can

be used to reliably extract the temporal and spatial evolution of the North American landscape

at geodynamically useful scales.

This chapter has been published in the Journal of Geophysical Research: Earth Surface. All of

the published research was conceptualised, carried-out and written up by me, with supervision,

review and editing by my co-authors Dr. Gareth Roberts, Dr. Alex Whittaker and Prof. Nicky

White (co-author).

• Chapter 4: Uplift, Subsidence and Evolution of the U.S. Mid-Atlantic Region tackles Objectives

5 and 6. First, I build on existing analyses to backstrip 27 wells, which, combined with seismic

data, constrain timing and extent of Cenozoic subsidence of the Baltimore Canyon Trough,

offshore eastern North America. Results indicate up to ∼ 600 m of water-loaded subsidence

between ∼ 20–0 Ma centred on the Baltimore Canyon Trough. Seismic data from the trough

shows Neogene aggrading clinoforms. There is little evidence for faulting or stratigraphic growth,

which indicates that Neogene lithospheric strain rates were low. Amplitude and spatial extent

of Neogene subsidence are difficult to explain by glacio-eustasy or glacio-isostatic adjustment.

Secondly, I explore whether forward modelling of landscape evolution, developed in Chapter

3, can give new insight into Late Cretaceous to Recent evolution of the Middle US Atlantic

margin. Predictions of sedimentary flux are compared to sediment accumulation rates measured

from well data and published basin-wide isopach maps.

The first part of this chapter (Section 4.3) has been published in Earth and Planetary Science

Letters. The preliminary data processing and analysis for this publication, conceptualised by me,

was carried out by Matthew Morris under my supervision. Their work was completely re-done

by me, including more data, a revised methodology, figures, improved validation of results, and
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new text, such that my work forms the principal contribution to the publication. Dr. Gareth

Roberts provided supervision to this project. I have not included text, results or analysis from

the published article that have not been the direct result of my own work. The second part of

this chapter (Section 4.4) has not yet been published, and is entirely my own work.

• Chapter 5: Discussion This chapter synthesises results presented in this dissertation, evaluates

the overall shortcomings, successes and implications of results, and is followed by a discussion

of future work.



Chapter 2

Uplift Patterns from a Global

Paleobiology Inventory

All of the material in this chapter has been published as

Fernandes, V.M., and Roberts, G.G. (2020). Cretaceous to Recent Net Continental Uplift from Paleo-

biological Data: Insights into Sub-Plate Support, Geological Society of America Bulletin, doi:10.1130/B35739.1.

Copyright (2020), Geological Society of America.

2.1 Chapter overview

There are many geoscience problems for which constraining histories of uplift or subsidence of Earth’s

surface are of direct or indirect importance, for example reconstructing tectonics, mantle convection,

geomorphology, sedimentary and chemical flux, biodiversity, glacio-eustasy and climate change. The

least equivocal constraints on timing and amplitude of vertical motions on geological timescales come

from the distribution of rock formed in shallow marine environments. However, obtaining enough

observations at sufficiently large spatial and temporal scales (∼ 102–104 km, ∼ 1–100 Ma) to constrain

histories of regional topographic evolution remains challenging. To address this issue I adapted modern

inventories of paleobiological and paleoenvironmental data to generate a new compilation of > 24, 000

spot measurements of uplift atop all continents and numerous ocean islands. The compilation provides

self-consistent, and in places, high-resolution (< 100 km, < 1 Ma), measurements of Cretaceous to

Recent cumulative (post-deposition) uplift across significant tracts of most continents. Records from

western North America and eastern South America are combined with geophysical observations (e.g.

30
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free-air gravity, shear and Pn-wave tomography) and isostatic calculations to determine origins of

topography. Uncertainties associated with paleobathymetry, post-deposition compaction and glacio-

eustasy are assessed. Isostatic calculations are used to explore how lithospheric thinning and mantle

thermal anomalies may generate uplift of the observed wavelengths and amplitudes. The results

emphasise the importance of large inventories of paleobiological data for understanding the history of

tectonic and mantle convective processes as expressed at the Earth’s surface.

2.2 Introduction

Vertical motions of Earth’s surface are used to inform almost all branches of the Earth Sciences.

They are used to understand, for example, growth of mountain ranges, deep Earth rheology, natural

hazards, histories of mantle convection, glacio-eustasy and sedimentary basin formation (e.g., Ziegler et

al., 1985; White and McKenzie, 1988; Molnar and England , 1990; Densmore and Hovius, 2000; Copley

and McKenzie, 2007; Hoggard et al., 2016). Understanding how topography grows and decays is a

fundamental geologic concern but also important for understanding chemical fluxes, the distribution

of natural resources and biodiversity. For example, the elevation, history and erosion of topography

are crucial components for understanding chemical fluxes to the oceans, weathering, atmospheric

and oceanic circulation and biotic distributions (e.g., Raymo and Ruddiman, 1992; Anderson and

Anderson, 2010; Herman et al., 2013; Perrigo et al., 2019). As such, topographic evolution plays

a central role in understanding climate change throughout geological time (Mitrovica et al., 2020).

Despite more than 100 years of study, defining and understanding histories of topographic growth and

decay on geologic timescales remain important topics of research (e.g., Davis, 1899; Suess, 1906; Hack ,

1975; Ziegler et al., 1985; Sahagian, 1987; Mitrovica et al., 1989; McDonough and Cross, 1991; Rowley ,

2013). In this chapter, I make use of existing paleobiological databases to produce 24,372 individual

measurements of net uplift since Cretaceous times. These measurements are used to consider how

lithospheric and sub-plate processes generate observed timings, amplitudes, and wavelengths of uplift.

2.2.1 Previous work

In general, subsidence is better preserved in the geological record than uplift because erosion tends

to remove the rock record one wishes to measure. Uplift and associated landscape evolution is often

estimated indirectly using proxies. For example, a consequence of uplift is increased potential energy,

which results in the erosion, transport and deposition of clastic material. As such, histories of solid
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sedimentary efflux at continental margins have been qualitatively and quantitatively related to patterns

of uplift in most continents (e.g., Walford and White, 2005; Guillocheau et al., 2012; Galloway et al.,

2011; Lodhia et al., 2018). Thermal and compaction histories of rocks can be linked to uplift via

inferred histories of denudation (e.g., thermochronometry, vitrinite reflectance, sonic velocities; see

Walford and White, 2005; Schildgen et al., 2009; Anderson and Anderson, 2010). Radiometric and

biostratigraphic techniques can be used to date eroded surfaces, which in many places can be related

to changes in base-level generated by, say, uplift (e.g., Bierman and Steig , 1996; Aciego et al., 2007;

Finnegan et al., 2014; Stucky de Quay et al., 2019). Isotopic data, basalt morphology and paleobotany

are also used to constrain elevation of topography via functions (lapse rates) that correlate, for example,

temperature, or isotopic compositions, with elevation (e.g., Gregory and Chase, 1992; Garzione et al.,

2000; Ghosh et al., 2006; Sahagian and Proussevitch, 2007; Chamberlain et al., 2012).

A suite of geodetic and geologic observations exists to directly measure uplift and subsidence at a

range of scales. For example, contemporary measurements of vertical motion from geodetic data (e.g.,

InSAR, GPS) have improved understanding of active tectonics and associated seismic hazards (e.g.,

Reilinger et al., 2010; Elliott et al., 2016). Uplifted, radiometrically dated Holocene terraces and

historical records at tide gauges are crucial constraints on the viscoelastic response of the lithosphere

and mantle to unloading (e.g., Lambeck et al., 1998; Pedoja et al., 2014; Watts, 2001). The least

equivocal constraints on the history of uplift on timescales of tens of thousands to millions of years come

from dated marine rock. Pioneering work, by for example Ziegler et al. (1985) and Sahagian (1987),

showed that Cretaceous marine sedimentary strata across North America and Africa provide evidence

for kilometre-scale, long wavelength, uplift during the last 100 million years (see also Holmes, 1965;

Burke and Gunnell , 2008). Using these observations to determine uplift histories relies on accurate

identification of marine lithologies and paleoenvironments. To be able to use these inventories to

constrain histories of sub-plate support, a general challenge is their sparsity. In contrast, stratigraphy

along passive margins and the relationship between age and depth of the oceans provide well resolved

estimates of modern and ancient sub-plate support (see e.g., Czarnota et al., 2013; Hoggard et al.,

2016; Lodhia et al., 2018).

Recent studies measuring vertical motions of continental topography on geologic timescales have simi-

larly focused on mapping the difference between modern and paleo-elevations of dated sea-level markers

(e.g., Bétard , 2010; Dorsey et al., 2011; Schildgen et al., 2012; Peulvast and Bétard , 2015; Bessin et

al., 2017). These studies understandably tend to focus on regional scales (e.g., tens to hundreds of
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Figure 2.1: Paleobiology inventory. (a) Circles = Cretaceous to Recent marine fossils contained
within the Paleobiology Database (PBDB) used to measure uplift; colours indicate mean stratigraphic
age. Gray scale = hill-shaded topography (ETOPO1). Star (central western North America) =
location of example shown in Figure 2.2. (b/c/d) Distribution of uplift constraints in western North
America/Borborema Province, Brazil/NW Africa. CP = Colorado Plateau, AP = Araripe Plateau,
H = Hoggar Mountains. Green polygons in panel (c) show distribution of Cretaceous marine rock
including the Araripe Plateau, which is shown in the centre of the panel.

kilometres). Recently, the paleobiology community has assembled large inventories of paleontolog-

ical data from across the globe to address large-scale paleobiological questions (e.g., paleodb.org;

geobiodiversity.com). For example, genera in the Paleobiology Database (PBDB) include 24,372

records of Cretaceous to Recent marine fossil assemblages from all continents and many ocean islands.

In this study I make use of that inventory and coincident elevation measurements to constrain uplift

at > 24, 000 localities, which includes estimates for all continents and many ocean islands (Figure 2.1).

This chapter has three parts. First, the simple methodology for measuring net uplift is explained using
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an example from western North America. The scheme used to assess the veracity of records in the

PBDB, and, in particular, the approach used to identify extraneous records is explained. Uncertainties

generated by paleobathymetry, post-deposition compaction and denudation, and sea level change are

estimated. Second, amplitude, wavelength and timing of vertical motions for two case studies — the

Western Interior of North America and Borborema Province, northeastern Brazil — are given. Finally,

an example is provided of how net uplift measured using the PBDB can be used to give insight into the

geologic evolution of continents. The uplift measurements are combined with geophysical observations

(e.g., free-air gravity, shear and Pn-wave tomography) and simple isostatic calculations to elucidate

the mechanisms responsible for generating the present-day elevation of continental topography.

2.3 Calculation of Vertical Motions

In many cases the current elevation of fossil assemblages on continents provides a reasonably good

(minimum) constraint on net uplift since deposition. This result is a consequence of paleo-water depths

in epicontinental seaways typically being small (less than a few hundred meters), post-deposition

compaction tending to reduce elevations of uplifted marine rock, and far-field glacio-eustatic sea-level

changes being of small amplitude (<200 m) compared to many (kilometre-scale) uplift estimates.

However, in some places (e.g., where there is significant structural relief) these uncertainties can be

important. Therefore the following sections describe procedures to calculate uplift and uncertainties

from PBDB records. In its simplest form net uplift, U , is calculated as

U = E +B − S +∆C, (2.1)

where E is present-day elevation of the marine fossil assemblage, B is paleobathymetry, S is sea-

level at the time of deposition and ∆C is a correction that accounts for post-depositional compaction

of sediments. Maximum and minimum estimates of uplift can be simply calculated using extreme

uncertainties in elevation, paleobathymetry, sea level and compaction (e.g., Umax = Emax + Bmax −

Smin + ∆C; Umin = Emin + Bmin − Smax). If these quantities are measured with uncorrelated and

random uncertainties (i.e. δE, δB, δS, δ∆C) then uplift uncertainties, δU , can be calculated by

quadrature, i.e. δU = [(δE)2 + (δB)2 + (δS)2 + (δ∆C)2]1/2. Similarly, uncertainties in average

uplift rate, U ′ = U/A where A is sample age (with associated uncertainty δA), can be expressed as

δU ′ = |U ′|[(δE/E)2+(δB/B)2+(δS/S)2+(δ∆C/∆C)2+(δA/A)2]1/2. I note that I calculate surface

uplift and that associated rock uplift can be significantly higher in denuded regions (e.g., England and
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Figure 2.2: Schematic illustrating methodology to calculate uplift. (a) Generalised strati-
graphic column of Mancos Shale successions in western Colorado (see star in Figure 2.1a). Age
constraint is based upon ammonite zones (see Biostratigraphy pane) and radiometric dating in some
places (Obradovich and Cobban, 1975; Merewether and McKinney , 2015); dotted/light/dark gray bars
= sand/sandy-shale/shale. Star = location of fossil assemblage shown in panel (c). (b) Schematic
diagram shows information used to calculate uplift and its uncertainty. Gray = solid Earth and as-
sociated compaction (∆C) and paleobathymetric (B) corrections; blue = sea-level correction. (c)
Fossil assemblage used to constrain age and paleoenvironment of Prairie Canyon Member of the Man-
cos Shale (see star in panel a) from PBDB: 1–Prognathodon [mosasaur], 2–Platyceramus cycloides
[bivalve], 3–Baculites haresi [ammonite], 4–Squalicorax pristodontus [shark], 5–Baculites aquilaensis
[ammonite], 6–Innoceramus balticus [bivalve], 7–Cretolamna [shark].

Molnar , 1990).

The following sections describe the methodology used to calculate uplift with the aid of an example

from the Prairie Canyon Member of the Mancos Shale, western Colorado (Figure 2.2; Kass, 1999).

The key fossil assemblages at this locality are preserved within the siltstone part of this member

and include shark teeth, Bacculites ammonites, inoceramid bivalves and mosasaur skull fragments.

This stratigraphy was interpreted as Campanian in age based on the fossil assemblage and regional

chronostratigraphic correlations (Obradovich and Cobban, 1975; Merewether and McKinney , 2015).

2.3.1 Paleobiology Database (PBDB)

Fossil occurrences were retrieved from the PBDB on 8th July 2019 using the following filters: Maximum

Age = 100.5 Ma, Minimum Age = 0 Ma (Cenomanian to Recent). The total number of records (fos-
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sils) downloaded was 580,637. This inventory contains information about age, location, stratigraphic

origin (i.e. formation, unit, member), lithology, paleoenvironment and tectonic setting at the time of

deposition and references to original source material. The inventory also identifies fossil assemblages,

i.e., fossils that are located at the same site and stratigraphic level, which are usually obtained from

cited studies.

The records obtained from the PBDB required modification prior to generating uplift constraints.

The three most important modifications were as follows. First, all fossils identified as non-marine (i.e.

‘terrestrial ’), or those with no information about paleoenvironment, were removed from the database.

Assemblages containing genera that do not necessarily represent marine conditions were also removed

(e.g., birds that fly inland). For example, four records from inland Australia that document assem-

blages containing only species of the Pelecanidae family (pelicans) were removed. The total number

of remaining marine fossil assemblages is 24,372. Each assemblage will subsequently be referred to

as a point, and used to calculated uplift. Second, in general most points are accurately located.

However, a small number are assigned incorrect locations in the database and must be corrected

manually (e.g., whales off the coast of Hawaii were incorrectly assigned locations in Australia and

Brazil). Locations of all key assemblages shown in this paper were checked and < 1% required man-

ual intervention. Finally, qualitative paleoenvironmental information is converted into quantitative

estimates of paleobathymetry. Paleoenvironmental information is recorded in the PBDB as, for ex-

ample, ‘shallow subtidal ’, ‘estuary/bay ’, ‘slope/basin’, as is information about the tectonic setting, for

example, ‘passive margin’, ‘foreland basin’. The PBDB identifies 37 different paleoenvironments and

14 tectonic settings, accompanied by descriptions (see following section for names and descriptions).

The approach used to generate quantitative estimates of paleobathymetry is described in detail in

the following section. Finally, points with poorly constrained paleobathymetry were corrected, where

possible, using the methodology outlined below.

2.3.2 Bathymetric model

A variety of schemes exist to convert paleoenvironment descriptors into quantitative estimates of

paleo-water depth (e.g., Sahagian et al., 1996; Immenhauser , 2009). I used Immenhauser’s (2009)

scheme as it tends to yield conservative estimates of paleo-water depth, especially for shallow water

environments (see Figure 2.3, Table 2.1). For example, I define water depths for ‘very shallow marine’

as 0−50 m, ‘shallow marine’ as 0−100 m, ‘shelf’ as 0−250 m, ‘upper bathyal’ as 250−500 m, ‘middle

bathyal’ as 500−2000 m, and ‘lower bathyal’ as 2000−4000 m. Attributing a paleo-water depth range
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to any given paleoenvironment is obviously subject to uncertainties, but is necessary to be able to use

qualitative descriptions of depositional environments for quantitative analyses of elevation change.

Figure 2.3: Bathymetric model. Cartoon illustrates the distribution of marine paleoenvironments
recorded in the PBDB. 1–basin reef, 2–basinal (carbonate), 3–basinal (siliciclastic), 4–basinal (sili-
cious), 5–carbonate indet., 6–coastal indet., 7–deep subtidal, 8–deep subtidal ramp, 9–deep subtidal
shelf, 10–deep-water indet., 11–delta front, 12–estuary/bay, 13–foreshore, 14–interdistributary bay,
15–intrashelf/intraplatform reef, 16–lagoonal, 17–lagoonal/restricted shallow subtidal, 18–marginal
marine indet., 19–marine indet., 20–offshore, 21–offshore indet., 22–offshore ramp, 23–offshore shelf,
24–open shallow subtidal, 25–paralic indet., 26–perireef or subreef, 27–peritidal, 28–platform/shelf-
margin reef, 29–prodelta, 30–reef, buildup or bioherm, 31–sand shoal, 32–shallow subtidal indet.,
33–shoreface, 34–slope, 35–slope/ramp reef, 36–submarine fan, 37-transition zone/lower shoreface. A
description of paleoenvironments is given in Table 2.1.

Table 2.1: Bathymetric model, descriptions of environments as given in the PBDB docu-
mentation, and attributed paleo-bathymetric ranges

No. Environment Description
min B

[m]

max B

[m]

1 Basin Reef Deep water reef growing close to basin floor 500 1000

2 Basinal (carbonate)
On slope, basinal oozes that are predominantly

carbonate, deep-sea.
500 3000

3
Basinal

(siliciclastic)
On slope, terriginous mud, deep-sea. 500 4000

4 Basinal (siliceous) On slope, cherty deposits, deep-sea. 500 4000
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5 Carbonate indet.
All carbonate deposits where environment of deposition

cannot be determined.
0 3000

6 Coastal indet.
Coastal environment where a specific non-deltaic setting

cannot be identified.
0 50

7 Deep Subtidal
Deposited between normal wave base and typical storm

wave base.
15 50

8
Deep Subtidal

Ramp
Ramp between normal and storm weather wave base. 15 50

9 Deep Subtidal Shelf
On flat shelf or platform between normal and storm

weather wave base.
15 50

10 Deep-water indet. Unspecified deep sea. 250 4000

11 Delta Front
Marine delta portion, more open marine, with significant

fresh water input.
1 15

12 Estuary/Bay
Shallow water with fresh water influence; perpendicular

to shore, including wave base.
0 15

13 Foreshore
Coastal. Sandstone with gently dipping planar cross

lamination with minimal bioturbation.
0 1

14
Interdistributary

Bay

Delta with marine influence, at sea level and may contain

marine to brackish water faunas.
0 2

15 Intraplatform Reef
Shallow-water portion of a platform, but not near its

margin.
0 100

16
Lagoonal/Restricted

Shallow Subtidal

Up to a few meters of water depth, hyposaline, restricted

water movement.
0 2

17 Lagoonal

Up to a few meters of water depth, hypersaline. Shallow

marine with fresh water; influence parallel to shore,

including wave base. Carbonate or siliciclastic.

0 5

18
Marginal Marine

indet.

Shallow setting, dominated by wave, river and tidal

processes. Depositional settings include delta, beach,

barrier island, estuarine, lagoonal, tidal flat.

0 15

19 Marine indet. All marine siliciclastic deposits. 0 4000

20 Offshore

Below typical storm wave base, although can be affected

by exceptionally strong storms. On the continental slope.

Shale with storm sand beds, pervasive bioturbation of

Cruziana.

50 250

21 Offshore indet.

Below typical storm wave base, although can be affected

by exceptionally strong storms. On the continental slope.

Unknown platform geometry.

50 250
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22 Offshore Ramp

Carbonate platforms which have a very low gradient

depositional slope (commonly less than 0.1) from a

shallow-water shoreline or lagoon to a basin floor.

50 250

23 Offshore Shelf

The term shelf is more widely used in geological context

for any broad, gently-sloping surface, clastic or

carbonate, which has a break in slope in deeper water.

50 250

24
Open Shallow

Subtidal

Up to a few meters of water depth, normal marine

salinities.
1 15

25 Paralic indet.
Shallow marine cannot distinguish between lagoon or

estuary, including wave base.
0 15

26 Peri-reef or Sub-reef
Carbonate deposits in the vicinity of a reef, however not

containing in situ reef growth.
1 250

27 Peritidal

Shallow marine. Includes supratidal and intertidal

settings and may be characterised in arid climates by

evaporite minerals, dolomite, and desiccation cracks, but

in humid climates by bioturbated mudstones with

fenestral pores.

0 2

28

Platform/Shelf-

margin

Reef

Located on a carbonate platform margin. 0 250

29 Prodelta
Deeper marine delta portion, mud-dominated, difficult to

distinguish from offshore deposits.
15 100

30
Reef, Buildup or

Bioherm

Reef of uncertain geographical position relative to the

shore or continental shelf margin.
0 250

31 Sand Shoal

Strong wave or tidal currents and consequently displays

large-scale trough cross-stratification of well-sorted

grainstone, but may also display seaward-inclined

laminae where it is developed in a foreshore setting.

0 15

32
Shallow Subtidal

indet.
Up to a few meters of water depth, salinity undetermined. 1 15

33 Shoreface

Coastal. Sandstone with large-scale trough cross-bedding

and Skolithos. On weak wave climate, may be highly

bioturbated with wave-ripple laminae.

1 50

34 Slope Slumps, slides, debrites, turbidites. 250 4000

35 Slope/Ramp Reef Growing on a shelf slope or carbonate ramp. 50 250

36 Submarine Fans
Deep water depositional systems generated by turbidity

currents, often associated with a delta system.
1500 4000
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37
Transition Zone/

Lower Shoreface

Coastal. Mudstone and hummocky cross-stratified

sandstone, mixed Skolithos–Cruziana.
15 70

I compared paleobathymetries calculated using this approach to 13 other schemes (see Table 2.2).

Each depositional environment was matched to the equivalent description in Table 2.1. I find that

there is generally close agreement between approaches. The most significant discrepancies are for

shallow water environments (< 200 m), for which the Immenhauser conversion scheme tends to be

more conservative (i.e. has the greatest range of water depths; see Table 2.2).

Table 2.2: Comparison of paleobathymetric models.

Reference,

Location

Environment &

Description

B min

[m]

B max

[m]

PBDB

Environment
No.

Tectonic

Setting

B min

[m]

B max

[m]

Ziegler et al.

(1985),

Global

ocean trenches;

turbidites or pelagic
6000 12000

deep-water

indet.
10 none 250 4000

ocean floor; pelagic

sequence on ocean

floor

4000 6000
basinal

(silicicalstic)
3 none 500 4000

continental slope-rise 200 4000 slope 34 none 250 4000

prodelta fans 200 4000
basinal

(silicicalstic)
3 none 500 4000

outer shelf 50 200
offshore

indet.
21 none 50 250

prodelta 50 200 prodelta 29 none 15 100

inner shelf 0 50 shoreface 33 none 1 50

delta front 0 50 delta front 11 none 1 15

Sahagian and

Jones (1993),

Russian

platform

shoreface; beach

oolites, mudcracks,

evaporites, fossils

0 2 shoreface 33
passive

margin
1 150

lagoon; mud, fossils 0 2 lagoonal 16
passive

margin
0 2

reef; fossils 0 2
reef, buildup

or bioherm
30

passive

margin
0 250

transition zone;

storm beds, fossils
2 10

transition

zone/lower

shoreface

37
passive

margin
45 200
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offshore; fossils 10 25 offshore 20
passive

margin
150 250

deep; fossils 25 50
deep-water

indet.
10

passive

margin
250 4000

Sahagian et

al. (1996),

Russian

Platform

deep water 100 200
deep-water

indet.
10

passive

margin
250 4000

Read (1985),

Global

deep shelf and ramp;

diverse open marine

biota, upward fining,

storm-generated

beds, dominantly

fair weather base

10 40
deep subtidal

ramp
8 none 45 150

He et al.

(2017),

Pearl River

Mouth

littoral; sea-level to

fair weather-wave

base

0 20

shallow

subtidal

indet.

32
passive

margin
1 45

inner shelf; fair to

storm-wave base
20 100

deep subtidal

indet.
7

passive

margin
45 150

outer shelf;

storm-wave base to

shelf break

100 200 offshore 20
passive

margin
150 250

continental slope;

bathyal
200 3000 slope 34

passive

margin
250 3000

basin plain; abyssal 3000 5000
basinal

(silicicalstic)
3

passive

margin
2000 4000

Katz et al.

(2013),

New Jersey

Shelf

upper shoreface 0 5

shallow

subtidal

indet.

32
passive

margin
1 45

lower shoreface 5 10
deep subtidal

indet.
7

passive

margin
45 150

shoreface-offshore

transition zone
10 30

transition

zone/lower

shoreface

37
passive

margin
45 200

inner neritic shelf 0 30 shoreface 33
passive

margin
1 150
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middle-outer neritic

shelf
30 200 offshore 20

passive

margin
150 250

offshore 20 200 offshore 20
passive

margin
150 250

El-Azabi and

El-Araby

(2007), Gulf

of Suez

foreshore intertidal 0 2 foreshore 13 rift 0 1

shoreface / shallow

subtidal
0 5

shallow

subtidal

indet.

32 rift 1 15

deep subtidal 5 30
deep subtidal

indet.
7 rift 15 50

offshore transition

zone
5 25

transition

zone/lower

shoreface

37 rift 15 70

offshore; lower deep

subtidal
25 30 offshore 20 rift 50 250

Short (2014),

southern

Australia

Shelf

inner shelf; benthic

species
0 70 shoreface 33

passive

margin
1 150

middle-outer shelf;

benthic species
70 250 offshore 20

passive

margin
150 250

intertidal 0 3 foreshore 13
passive

margin
0 1

middle-deep neritic 60 140 offshore 20
passive

margin
150 250

Allen (1970),

modern Niger

delta

delta front 0 30 delta front 11
passive

margin
1 45

prodelta 0 60 prodelta 29
passive

margin
45 100

nearshore/shoreface 0 20 shoreface 33
passive

margin
1 150

upper shoreface 0 7

shallow

subtidal

indet.

32
passive

margin
1 45
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lower shoreface 7 20
deep subtidal

indet.
7

passive

margin
45 150

offhsore 20 200 offshore 20
passive

margin
150 250

continental slope;

bathyal
200 3000 slope 34

passive

margin
250 3000

Adegoke et al.

(2017), Niger

delta

nearshore; includes

shoreline, marsh and

estuary

0 8 foreshore 13
passive

margin
0 1

marsh 0 8
marginal

marine indet.
18

passive

margin
0 45

estuary 0 8 estuary/bay 12
passive

margin
0 45

inner neritic 8 55 shoreface 33
passive

margin
1 150

continental shelf 8 250 offshore 20
passive

margin
150 250

slope; bathyal 250 2000 slope 34
passive

margin
250 3000

basin floor; abyssal 2000 4000
basinal

(siliciclastic)
3

passive

margin
2000 4000

Davies et al.

(2002),

Arabian Plate

outer platform 50 200 offshore shelf 23
foreland

basin
50 250

middle platform 10 50
deep subtidal

shelf
9

foreland

basin
15 50

inner platform 0 10

shallow

subtidal

indet.

32
foreland

basin
1 15

Olson and

Leckie (2003),

northern Gulf

of Mexico

marsh; benthic

foraminifera

zonations

0 5
marginal

marine indet.
18

passive

margin
0 45

bay; benthic

foraminifera

zonations

0 5 estuary/bay 12
passive

margin
0 45

lagoon; benthic

foraminifera

zonations

0 5 lagoonal 16
passive

margin
0 2
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inner neritic; benthic

foraminifera

zonations

0 50 shoreface 33
passive

margin
1 150

middle-outer neritic;

benthic foraminifera

zonations

50 150 offshore 20
passive

margin
150 250

Brigaud et al.

(2018), Paris

basin

upper offshore;

storm dominated,

poorly sorted,

bioturbation

10 40

transition

zone/lower

shoreface

37
cratonic

basin
12 50

shoal (shoreface);

high energy, ooids,

cross-bedding, well

sorted

2 30 shoreface 33
cratonic

basin
1 40

lagoonal 0 2

lagoonal/

restricted

shallow

subtidal

17
cratonic

basin
0 5

intertidal; restricted

and protected

environment

0 2 peritidal 27
cratonic

basin
0 2

supratidal; brackish,

brine ponds and

episodic flux of

normal marine

waters

0 2
marginal

marine indet.
18

cratonic

basin
0 12

An important concern is whether the paleoenvironment of a given fossil assemblage reported in the

PBDB is consistent with other paleoenvironmental interpretations for the same unit. To address this

question I have benchmarked 14 randomly chosen points from North America, Africa and Europe

against independent references (see Table 2.3). For example, PBDB entry number 23,864 is an Eocene

assemblage from the Bashi Member of the Hatchetigbee Bluff Formation of Alabama, US. It is reported

in the PBDB as a sandstone deposited within a peri-reef or sub-reef environment by Palmer and Brann

(1965). These deposits probably formed within a shelf environment in the vicinity of a reef but do

not contain direct evidence of in situ reef growth. Using the preferred conversion scheme they yield

a paleo-water depth of 1–250 m (Table 2.1). An independent paleoenvironmental classification of the
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Bashi-HatchetigbeeBlufdeposits,whichcropsoutasanEast-WestbandinnorthernAlabamaand

Georgia,isgivenbyGibsonandBybell(1981).Basedonforaminiferaassemblagesandsedimentology

(e.g.,theoccurrenceofshellyglauconiticsiltandveryinegrainedsand,commonlyincludingathin

sequenceoflaminatedsiltandclayatthetop),theyidentifythedepositionalfaciesasinnershelf

(innertomiddleneritic,i.e.<150m;OlsonandLeckie,2003).Theotherbenchmarksaresimilarly

consistent(seeTable2.3).

Table2.3: BenchmarkingPBDBandindependentlyreferencepaleoenvironmentalinter-
pretations.

Location Age[Ma] Stratigraphy Reference,Environment BenchmarkReference,

Environment

Saudi

Arabia;

46.824,

25.203

83.5–70.6 HajajahMb,

ArumaFm

El-Sorogyetal.(2016):basin

reef,intra-shelfbasin.

Gameiletal.(2020):intra-shelf

basinreef,fore-reef,back-reef–

basedonfossils(corals,solitary

corals,bivalves,rudists,

gastropods,echinoids).

Skane,

Sweden;

12.816,

55.566

66–61.6 Stevens

KlintFm

Bjerageretal.(2010):basinreef,

deep-watercoralreefcomplex,

reefsare20mhigh,200mlong,

formedonairstorder

paleo-sealoorhigh.

SchøderandSurlyk(2020):

cool-water,coral-bryozoan

moundcomplexwithinachalk

seawaycontinentalplatform–

basedonfossilassemblageand

associatedsediments.

Colorado,

USA;

−104.717,

38.283

100.5–93.9 BridgeCreek

Limestone

Mb,

Greenhorn

Limestone

Elder(1987):basinalcarbonate,

cratonicbasin,chalky,verywell

indurated.SectionC2

constitutesinterbedded

limestonesandshales.

ElderbakandLeckie(2016):

depositionindeepaxisof

Greenhornseaway,inanoxic

event–basedonbenthicand

planktonicforaminifera.

England,

−0.267,

51.950

99.6–93.5 Totternhoe

StoneMb,

ZigZag

Chalk

Newton(1892):basinal

carbonate.

Woods (2015):sealoorpelagic

carbonate–basedon

foraminifera,coccoliths,

sedimentology.
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−110.094,

36.525

99.6–93.5 Mancos

Shale

Kirkland(1996):basinal

siliciclastic,forelandbasin.

Leckieetal.(1991):basinalto

neritic(oxygenminimumzone)–

basedonkaoliniteabundances,

benthicandplanktonic

calcareousforams.Indicates

deeperwateratpeak

transgression,transitioninto

arenaceousbenthicforaminifera

assemblage,hummocky

cross-beds(belowfairweather

wavebase=5–15m).

Bern,

Swizer-

land:

7.517,

46.867

20.44–

15.97

Upper

Marine

Molasse,

Belpberg

Beds

KrohandMenkveld-Gfeller

(2006):sandstone,deltafront.

Schluneggeretal.(1997):

Forelandbasindeltaicshoreface,

ofshorebay,nearshore,

foreshore,shorefacewith

0–130mPWD(givenintext)–

basedonsedimentology.

Alabama,

USA;

−85.317,

32.126

85.8–70.6 Bluftown Schwimmeretal.(1993):

estuary/bay,mostlikely

back-barrierorestuarinesettings

duringrelativelyhighsea-level

stands.

CaseandSchwimmer(1988):

back-barriermarineorestuarine

environment,near-normal

salinity,withconsiderableluvial

input,shallow–basedon

sedimentology.

Alberta,

Canada;

−110.470,

49.120

83.5–70.6 Dinosaur

Park

EberthandBrinkman(1997):

mudstone,estuary/bay.

BeavanandRussell(1999):

paralicwithincreasingmarine

inluence,brackishwater

marginalmarine–basedon

fossils(sharkteeth,marine

reptiles)andsedimentology

(inclinedheterolithic

stratiication,characterisedby

alternatingsand,mud,and

carbonaceousshalelaminae,with

localisedironstoneconcretion

suggestiveofalateralaccretion

surface).
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South

Dakota,

USA;

−103.220,

43.270

99.6–93.5 Hartland

shale,

Greenhorn

Fm

SagemanandBina(1997):

ofshore,forelandbasin.

Depositedduringwidespread

marineloodingofthe Western

InteriorU.S.,theGreenhorn

Formationisrenownedforits

organiccarbon-richshalesand

limestone-marlstonecycles

Sageman(1989):ofshore,

low-energyanoxiaoccasionally

oxygenatedbystormevents,

cratonicbasin–basedon

geochemicalanalysis,benthic

fossilassemblages,otherfossil

associations(e.g.ammonites).

Alabama,

USA;

−87.475,

32.141

56–47.8 BashiMb,

Hatchetigbee

BlufFm

PalmerandBrann(1965):

perireeforsubreef.

GibsonandBybell(1981):inner

shelfdeposits,innertomiddle

neritic–basedonforaminifera

andsedimentology(shelly

glauconiticsiltandveryine

grainedsand,commonly

includingathinsequenceof

laminatedsiltandclayatthe

top).

New

Mexico,

USA;

−105.893,

35.492

93.5–89.3 CarlileShale,

BlueHill

CoatesandKaufman(1973):

balestone,reef,buildupor

bioherm.

Shimada(2006):Comparingto

thelaterallyequivalentin

Kansas.Ofshoretonearshore–

basedondistributionoffossil

ishandsedimentarystructures.

Maryland,

USA;

−76.516,

38.531

13.82–

11.62

Choptank,

Drumclif

Shattuck(1904):shoreface

sandstone. Mollusk-densepale

yellow-browntopaleorange

well-sortedsand.Sub-tropicalto

temperate,inacurrent-swept

channel-likebasin.

Kidwelletal.(2015):shoreface

tomarineshelf–basedonfossil

assemblage(sedimentary

structuresarerare/absent).

Denselypackedshellsandine

sand,onshoreportionsofa

marineshelf,includingsandyand

shellysealoorsofafewmeters

to10–20mPWD(givenintext).
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Arizona,

USA;

−110.819,

35.745

93.5–89.3 TorevaFm,

BluePoint

Tongue

Kirkland(1996):transition

zone/lowershoreface,foreland

basin.

Olesen(1991):shoreface–based

onsedimentologyandfossils.

Fine-grained,non-calcareous

sandstone,stratiicationobscured

bybioturbationbutconsistsof

small-scale,verylowangle,

planar-tabularcross-beddingor

ripplelaminations.

Atfacevaluethelargestpaleo-waterdepthuncertaintiesareassociatedwith11,447assemblages

recordedasforminginindeterminatemarineenvironments(i.e.‘marineindet.’). However, many

recordscontaincommentsthatprovideadditionalinformationthatcanbeusedtoimproveestimates

ofpaleo-waterdepth.These‘geologiccomments’areoftenexcerptsfrompublicationsfromwhichthe

databaseentriesweremade.Thisadditionalinformationwasalsousedtoensureconsistencybetween

thedatabaseandoriginalpublications.Forexample,thepointnumbered10,119isafossilassemblage

fromtheGramFormation,Denmark(Tortonian;11.6−7.2Ma).Itwasrecordedinthedatabaseas

‘marineindet.’andnoindicationoftectonicsettingwasgiven. However,the‘geologiccomments’

notedthat“[the]GramFormationwasdepositedinamarineenvironmentatadepthbetween50

and100m,asindicatedbythemarineloraassociatedwithterrestrialmaterial,foraminiferaandthe

marinefauna”. Thesemorepreciseestimateswereusedtomodifythedatabaseentry. Allentries

correctedinthiswayarelabelled‘b’intheinventoryofupliftconstraints.Ifthe‘geologiccomments’

didnotprovideadditionalinformationonthesourceofthedata(e.g.,theoriginalpaper)thenother

publicationswereconsulted. Thesepointsarelabelled‘c’inthedatatables. Anypointsthatwere

notcorrectedusingeitherofthesetwomethodologiesarelabelled‘a’.Ofthe12,765pointsthathave

accuratepaleo-waterdepthrecords>90%haveminimumpaleo-waterdepthestimatesof50morless,

andmaximumpaleo-waterdepthestimatesof250morless(seeFigure2.4).

Asanotherexample,considerthefossilassemblageshowninFigure2.2.ThePBDBentryisconsistent

withtheoriginalpublication,whichplacestheassemblagenearCedaredge,Colorado,ontheeastern-

mostportionoftheBookClifsandstatesthatitiscontainedwithinthe“MancosB”(thePrairie

Canyon) Memberofthe MancosShale(Coleetal.,1997). Thedepositionalenvironmentisinter-

pretedasofshoremarinebasedonsedimentaryarchitectureandfossilassemblage(mosasaur,shark

teeth,ammonitesandbivalves).ThisinterpretationisconsistentwiththatofHampson(2010)who

examinedthesedimentologyofdistalportionsofthePrairieCanyon MemberinwesternColorado.
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Figure 2.4: Paleobathymetries for best-constrained samples. (a) Minimum paleo-water depth
(PWD), (b) mean and (c) maximum. These histograms exclude samples with tag ‘a’ and identified
as ‘marine indet.’, ‘carbonate indet.’ or ‘deep-water indet.’. See body text of main manuscript for
discussion of these results.

Using my preferred conversion scheme (Table 2.1) the paleo-water depth range for this assemblage is

150 ± 100 m (see Figure 2.2). In the following sections I examine two other potentially significant

sources of error: sea-level and compaction.

2.3.3 Sea-level

Global changes in sea-level are challenging to constrain accurately on geological timescales. Many

previous attempts have made use of two techniques. The first is identifying anomalous subsidence

patterns from backstripped stratigraphy in regions with supposedly well understood tectonic histo-

ries (e.g., rifting and cooling of passive margins; Watts and Steckler , 1979). The second correlates

stratigraphy from supposedly stable, or well understood, continental margins or interiors (e.g., Vail

et al., 1977). Bessin et al. (2017) presented a compilation of global sea-level curves produced using

a suite of different methodologies (coastal onlap analysis, continental flooding, backstripping, ocean

floor age-depth-area and isotope proxies; Haq et al., 1987; Haq and Al-Qahtani , 2005; Scotese and

Golonka, 1992; Smith et al., 1994; Miller , 2005; Kominz et al., 2008; Müller et al., 2008; Miller et al.,

2011; Rowley , 2013). The compilation shows significant discrepancies between estimates of eustasy

(100 − 200 m for some stages). These discrepancies are not surprising given that many estimates

of glacio-eustasy are based on regional datasets in places where the stability (or predictability) of

continental vertical motions is assumed. The role of mantle convection and complex hydrodynamic

processes in modifying the vertical motions of supposedly stable continents and sea level is generally

poorly understood on geological timescales but important (e.g., ocean syphoning: migration of water

caused by surface deflections; Mitrovica and Milne, 2002; Moucha et al., 2008; Flament et al., 2013;
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Austermann et al., 2017). Amplitudes of global sea-level change are estimated to vary by as much as

as 200 m, whilst mantle-driven processes can produce changes in vertical motions of similar or greater

amplitudes, and comparable timescales (Miller , 2005; Lovell , 2010). For example, backstripping of

stratigraphy along passive margins combined with upper mantle shear wave tomographic models in-

dicate that sub-plate support can generate up to ∼ 1 km of uplift or subsidence at ∼ 10− 10, 000 km

wavelengths, on timescales of 1− 100 Ma (e.g., Czarnota et al., 2013; Flament et al., 2013; Lodhia et

al., 2018).
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Figure 2.5: Simplified global sea-level compilation from Bessin et al. (2017). Solid blue
curve is mean sea-level, light blue band indicates minimum and maximum values. These curves were
used to correct uplift estimates using Equation 1 in the main manuscript.

A pragmatic way to assess the impact of sea-level on calculated uplift is to use the range of values

given for each stage in the compilation of Bessin et al. (2017). The extrema for each stage are used

to define sea-level uncertainties, δS, and uplift is corrected by the mean value. Present-day sea-level

is used as the reference frame for all measurements and paleo-sea level uncertainties are between a

minimum of −99 m and maximum of +264 m over the time period of interest (Figure 2.5).

2.3.4 Compaction correction

Post-deposition compaction of strata means that measurements of net uplift from elevations of fossil

assemblages are minima (Figure 2.2). Correcting for compaction is not necessary for sedimentary

rock that satisfies two criteria. First, they were deposited directly upon rock that will not compact

significantly (e.g., crystalline basement; previously compacted rock). Second, they were not subse-

quently buried. However, many of the fossil assemblages within the database are contained within

stratigraphy from sedimentary basins that accumulated significant stratal thicknesses before and after
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their deposition. Therefore a strategy for correcting for compaction is required.

The compaction correction, ∆C, is calculated by decompacting the thickness of underlying sedimentary

rock, Cc, by removing overlying rock of thickness D. Porosity is parameterised using the well-known

formulation by Athy (1930)

ϕ(z) = ϕ◦ exp
(︂
− z

λ

)︂
, (2.2)

where ϕ◦ and λ are initial porosity and compaction wavelength, respectively, z is depth. Assuming

that the solid fraction remains constant during compaction, the decompacted thickness is given by

∫︂ D+Cc

D
[1− ϕ(z)]dz =

∫︂ Cd

0
[1− ϕ(z)]dz, (2.3)

where D is the amount of denudation, Cc and Cd are compacted and decompacted sedimentary layer

thicknesses, respectively. Substitution with Equation 4.1 and solving the integral gives

Cd = Cc + ϕ◦λ

[︃
exp

(︃
−D + Cc

λ

)︃
− exp

(︃
−D

λ

)︃
+ 1− exp

(︃
−Cd

λ

)︃]︃
. (2.4)

Cd is solved iteratively for each layer using the Newton-Raphson method. The resulting compaction

correction is ∆C = Cd − Cc.

Compaction parameter values can be obtained from well data, for example, from direct measurements

of porosity or via indirect means (e.g., the relationship between velocity and porosity; Wyllie et al.,

1956). Values of ϕ◦ and λ can range from 0.25 − 0.7 and 1.4 − 3.7 km, respectively, in siliciclastic

sediments, and 0.4 − 0.8 and 1.2 − 6.0 km in carbonates (Magara, 1980; Sclater and Christie, 1980;

Goldhammer , 1997). Figure 2.6 shows the expected compaction correction for a plausible range of

ϕ◦ and λ. The correction can be significant, exceeding 2.4 km, in regions where initial porosity is

high and large thicknesses of sedimentary rock are decompacted. Notwithstanding these constraints,

estimates of Cc and D are usually minima because it is usually not possible to constrain how much of

the sedimentary pile has been lost by erosion.

Figure 2.7 shows an example of applying a compaction correction to the test case in western North

America. This fossil assemblage was deposited within the Piceance basin, which contains thick Cam-

brian to Pliocene sedimentary rock (Johnson, 1992). The stratigraphy consists of predominantly

siliciclastic deposits (sandstones and shales; UUPA Team, 2003). The exact value of Cc depends

on whether all Mesozoic sedimentary rock or only Cretaceous deposits ought to be decompacted
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Figure 2.6: Compaction correction parameter space. Panels show thickness change between a
compacted and decompacted sedimentary rock column as a function of thickness of underlying rock,
Cc, and denudation of overlying rock, D, for minimum, mean and maximum values of initial porosity,
ϕ◦, and compaction wavelength, λ. Range of ϕ◦ and λ represents extremal values for carbonate and
siliciclastic rocks (Sclater and Christie, 1980; Goldhammer , 1997).

(Cc1 = 1.4 km and Cc2 = 2.7 km, respectively; Figure 2.7; Hintze and Kowallis, 2009). Existence

of a regional Lower Cretaceous unconformity throughout the Western Interior Basin suggests Early

and Mid-Mesozoic rocks of the western Cordillera were compacted and partly eroded during Sevier

orogenesis (e.g., Bjerrum and Dorsey , 1995; Heller and Paola, 1989). I therefore initially assume

that they were not compacted by deposition of Cretaceous to Recent stratigraphy. Instead, I start

by assuming that only Cretaceous sedimentary rock was affected by compaction, i.e. Cc = 1.4 km.

Thickness of denuded rock, D, can be tentatively estimated from preserved thicknesses of sedimentary

rock in adjacent non-eroded sections or neighbouring basins of similar stratigraphy. This correction

ought to be applied on a case-by-case basis because lateral changes in facies or structural variations
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Figure 2.7: Example compaction correction. Panels show calculated elevation change from de-
compacting rock beneath the sample (dashed line), Cc, and denudation of overlying rock, D. (a)
Generalised stratigraphy of western North American example (see star in Figures 2.1a & 2.2). Cc1

is thickness of Cretaceous sedimentary rock beneath Prarie Canyon Member of the Mancos Shale
(Cc1 = 1.4 km), Cc2 is thickness of Triassic to Cretaceous rock beneath Prarie Canyon Member
(Cc2 = 2.7 km); thicknesses were estimated from composite stratigraphic logs (Hintze and Kowal-
lis, 2009). (b) Black curve = porosity-depth function for the Piceance Basin calculated by fitting
porosity-depth data from well logs (see Equation 4.1); initial porosity ϕ◦ = 0.25, compaction wave-
length λ = 3 km (Chapman et al., 1984). (c) Gray scale and contours show uplift correction, ∆C,
following decompaction. For this example decompacting only Cc1 yields 0.21 km of additional uplift
(red circle), and 0.31 km when Cc2 is decompacted (blue circle).

can affect thickness estimates. D ranges from 0.8−2.9 km for this example (e.g., Hintze and Kowallis,

2009). Published porosity-depth data from wells in the adjacent Uinta Basin, which contain similar

stratigraphy, have best-fit values of ϕ◦ = 0.25 and λ = 3.0 km (Chapman et al., 1984). These com-

paction parameters, combined with the range of values of Cc and D, result in a compaction correction

(additional uplift) of 0.08− 0.31 km for the example shown in Figure 2.7.

The analysis presented above shows that compaction of underlying sediments can make a significant

difference. But, for simplicity, I have not applied this correction to the full database and explore

compaction corrections on a case-by-case basis. I chose this approach for two reasons. First, to

constrain Cc a global map of sedimentary thickness on continents would be required. Such maps exist

for the oceanic realm, but not for the continents (e.g., GlobSed; Straume et al., 2019). Additionally, as
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illustrated in the example above, knowledge of periods of potential overcompaction of the sedimentary

pile would be required for an accurate correction. Secondly, determining D for each point in the

database is a even harder task. This information is by nature difficult to constrain and not often

available for specific basins or depocentres.

2.3.5 Elevation

Locations in the PBDB are typically reported with an accuracy of at least 0.01◦ (∼ 1 km at the

equator). However, present-day elevation of each fossil assemblage is not usually provided. Instead

it was extracted from digital elevation data. Elevations were extracted from the ETOPO1 digital

elevation model, which has a grid spacing of one arc minute (∼ 1.85 km) and sea-level as the vertical

datum (Amante and Eakins, 2009). Other datums, such as mean high water, and mean low water,
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Figure 2.8: Comparison between different resolution DEMs for two transects, (a) and (b),
within the Borborema Province, NE Brazil. Black curve = ETOPO1; Green curve = SRTM+, Red
curve = SRTM 250 m, and Blue curve = SRTM30. (c) and (d) show zoom in of elevation transects
for better evaluation.
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typically differ by less than the vertical accuracy of ETOPO1, which is of order 10 meters. I note

that ETOPO1 was generated using weighted means from the SRTM30 data set (horizontal resolution

∼ 30 m) and the GLOBAL digital elevation model, which was used to fill in gaps (Amante and Eakins,

2009). Higher resolution digital elevation data (e.g., ASTER, TanDEM-X) could also be used to extract

information about elevation. A comparison was made for the elevations along two transects crossing

the Borborema Province (Figure 2.8, see Figure 2.1 for location). At the scales of interest, there is

very little difference in elevation measured from ETOPO1 and other higher-resolution DEMs. For

the PBDB points located in western North America and the Borborema Province, elevations from

ETOPO1 differ from SRTM30 by < 60 m, which is significantly less than nearly all paleo-water depth

uncertainties (see Figure 2.9). The present-day elevation of the example from western North America

is 1.90 km (Figure 2.2).

0

1

2

3

El
ev

at
io

n 
SR

TM
+ 

[k
m

]

0 1 2 3
Elevation ETOPO1 [km]

RMS = 0.005
a

0

1

2

3

El
ev

at
io

n 
SR

TM
 2

50
m

 [k
m

]

0 1 2 3
Elevation ETOPO1 [km]

RMS = 0.008b

0

1

2

3

El
ev

at
io

n 
SR

TM
30

 [k
m

]

0 1 2 3
Elevation ETOPO1 [km]

RMS = 0.010
c

Figure 2.9: Elevation consistency test. Comparison of elevations from ETOPO1 and (a) SRTM+,
(b) SRTM 250 m, and (c) SRTM30, for all 24,372 points within the database. Grey line = 1:1
relationship. RMS misfit is given for each comparison.

2.4 Global Patterns of Uplift

Figure 2.10 shows the inventory of global uplift measurements calculated by combining present-day

elevation, paleo-water depth and sea-level (Equation 1). Compaction corrections were not included

for simplicity, as such, Figure 2.10 shows minimum net uplift. The collection of uplift measurements is

particularly dense along the coastlines of most continents, as well as in western North America, Europe,

Japan and New Zealand. Figure 2.10b–e shows examples of cross sections in places where the density

of the inventory is such that uplift at large length scales (∼ 100− 1000 km) can be constrained. For

example, a reasonably densely sampled transect can be constructed from northernmost North America

to the southern tip of South America (Figure 2.10b). This transect includes the Yukon Plateau, Rocky



56 Chapter 2. Uplift Patterns from a Global Paleobiology Inventory

Figure 2.10: Global measurements of uplift. (a) Circles = global inventory of uplift measurements
generated using the PBDB. Curves labelled A–A′, B–B′, C–C′ and D–D′ are locations of swaths shown
in panels (b–e). (b) Circles = uplift constraints within 100 km wide swath through North, Central
and Southern America; colours = mean stratigraphic age. Major provinces are labelled. Black curve
= topography along centre of transect; grey polygon = extreme topography within swath. (c)/(d)/(e)
= Cross sections through northwest Africa/North Africa/Middle East and Eurasia.
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Mountains, Mexican Highlands, the Andes, Altiplano, and Patagonia. A prominent feature of this

transect is the > 2000 km wide post-Cretaceous domal swell centred on the Colorado Plateau in

western North America. Patterns of uplift in the Andes and Altiplano contain shorter wavelength

(< 500 km) relatively large, kilometre-scale, changes in net uplift. Transects through the southern

Appalachian Mountains, North America, indicate that the topography there has been uplifted and

tilted by ∼ 300 m during the last ∼ 40 Ma. These results are a consequence of careful biostratigraphic

mapping by Kirkland (1996), Keller et al. (2002), Sulser et al. (2010) and many others. Citations to

primary literature for all points are included in the data.

The inventory contains important, albeit sparse, measurements of uplift from within continental inte-

riors. In northwest Africa the distribution of nearshore continental, marginal marine, and open marine

fossils record the existence of a Cretaceous–Paleogene trans-Saharan seaway extending from the Gulf

of Guinea, across Mali and Nigeria, to the present-day Mediterranean (e.g. Berggren, 1974; Tintant

et al., 2001; Tapanila et al., 2008; Boyden, 2011; O’Leary et al., 2019). Figures 2.10c–d show ∼ 300 m

of cumulative uplift across western Africa, and ∼ 600 m of post-Paleocene differential uplift of the

Tibesti dome. Figure 2.10e shows 2 km of post-Oligocene uplift of the Caucasus Mountains and uplift

measurements atop the Urals and the west Siberian Plain.

In eastern Australia, fossils from the shallow-marine Mackunda Formation, deposited during the final

marine regression within the Eromanga basin, show a tilt of ∼ 200 m with a wavelength of ∼ 200 km.

These observations complement those generated from correlation and backstripping of well data (Gal-

lagher and Lambeck , 1989). Figure 2.10 contains many other examples of useful spot measurements

of uplift, especially across South America and Eurasia. I examine two case studies in more detail:

Western North America and the Borborema Province, Brazil.

2.4.1 Western North America

Cretaceous flooding of western North America resulted in widespread deposition and preservation

of marine rock within the continental interior (Figure 2.11; e.g., Sloss, 1963; Cross and Piliger ,

1978). Extensive exploration in the region has generated a well-constrained and generally accepted

chronostratigraphy, as well as a large number of sedimentological and paleoenvironmental studies

(Obradovich and Cobban, 1975; Roberts and Kirschbaum, 1995; Johnson et al., 2002; Gani et al.,

2015; Merewether and McKinney , 2015). This well documented stratigraphy is reflected in the high

density of PBDB points in Western North America.
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Figure 2.11: Calculated uplift of Western Interior of North America. (a) Circles = PBDB
measurements coloured by mean stratigraphic age; grey scale = hill-shaded topography (ETOPO1).
CR = Canadian Rockies, GP = Great Plains, RM = Rocky Mountains, CP = Colorado Plateau. X–X′,
Y–Y′, Z–Z′ = cross sections shown in panels (e–g). (b) PBDB measurements atop 1:1M geological map
of North America (Reed et al., 2005, see original publication for full key and unit descriptions); pC =
PreCambrian, Pz = Paleozoic, Tr/J/lK/uK = Triassic/Jurassic/lower Cretaceous/upper Cretaceous,
Cz = Cenozoic. (c) Mean paleobathymetry from PBDB inventory. (d) Mean cumulative uplift since
time of deposition from PBDB measurements. (e–g) Cross sections X–X′, Y–Y′, Z–Z′: grey bands
= topography within 100 km wide swath of central cross section (black curves); circles/triangles =
mean/minimum uplift from measurements within swath; error bars = full range of paleobathymetry
uncertainties.

Paleobathymetric estimates from the PBDB broadly agree with independent values. For example, they

are consistent with local water-depth maxima estimated using the height of clinoforms (40 m, Plint et

al., 2009), planktonic to benthic foraminifera ratios (500 m, Eicher , 1969) and numerical simulation

of oceanic circulation (100–400 m, Ericksen and Slingerland , 1990; Dean et al., 2019). Arthur and

Sageman (2004) correlated depositional environments, lithofacies and water depths in modern marine

settings to infer maximum water depths of 200–300 m across most of the Cretaceous seaway, with

local maxima of 1000 m. These values and smoothly varying paleo-water depth estimates indicate

that a modern analogue is the Hudson Bay, a large, ∼ 1000 km-wide seaway that has an undulated

bottom in most parts and a mean water depth of ∼ 150 m (GEBCO; Stewart and Lockhart , 2006).

The distribution of Cretaceous marine rocks within western North America today defines a domal swell

centred on the Colorado Plateau (Figure 2.11d). Maximum uplift along the mountain belt increases

to the south, from ∼ 1.5 km in the Northern and Canadian Rockies (Figure 2.11e), to 2 − 2.5 km in

the Middle Rockies (Figure 2.11f). The Southern Rocky Mountains and Colorado Plateau are foci of

maximum post-Cretaceous net uplift (2.5 − 3 km; Figure 2.11g). Towards the east post-Cretaceous

uplift decreases to ∼ 0.5 km in the Great Plains where easternmost Cretaceous marine rocks are

recorded. Previous studies of tilting or epeirogenic vertical motions in this region have made use of

reconstructed Cretaceous sedimentary isopachs (Cross and Piliger , 1978; Sahagian, 1987; Mitrovica

et al., 1989). The new PBDB measurements provide additional direct constraints on uplift, including

patterns of post-Cretaceous tilting across most of western North America.

These isopach maps can be used to assess the importance of compaction of Cretaceous sediments in af-

fecting calculated uplift (e.g., Cross and Piliger , 1978; Mitrovica et al., 1989; Roberts and Kirschbaum,

1995). Reconstructed Upper Albian to Santonian isopachs indicate that up to 4 km of sedimentary



60 Chapter 2. Uplift Patterns from a Global Paleobiology Inventory

rock in foreland basins formed as a result of loading by the Sevier orogen. Foci of thick sedimentary

rock are in north-central Utah, southern Wyoming and southeast Idaho. Elsewhere, for example in

eastern Colorado, eastern Wyoming, central Montana and New Mexico, mapped thicknesses are less

than 500 m. Campanian to Maastrichtian isopachs record a different pattern of sedimentation. The

thickest isopachs (2 − 3 km) are centred on eastern Wyoming and western Colorado. Thicknesses of

less than 500 m are mapped eastwards of central North Dakota, South Dakota, Nebraska and Kansas.

These observations suggest that the maximum sediment thickness that could have been compacted,

Cc, is ∼ 6 km (in northeast Utah/southeast Wyoming), decreasing to zero towards the easternmost

extent of the basin (e.g., eastern Minnesota).

Maximum denudation, D, can be approximated using the thickness of Cenozoic sedimentary rock

preserved within the Laramide intermontane basins (e.g., Hintze and Kowallis, 2009). For example,

the Uinta Basin, Utah, contains up to 5.9 km of post-Cretaceous sedimentary rock, which I regard as

a conservative (maximum) estimate of the amount of material denuded from other parts of western

North America. Apatite fission track analyses of Late Cretaceous sedimentary rock, from outcrops

within the Rocky Mountains, provide further evidence of ∼ 4−6 km of denudation since the deposition

of Cretaceous marine rock (e.g., Herman et al., 2013). By taking into account the range of possible ϕ◦

and λ values the compaction correction is a maximum of 0.24−2.5 km centred on the Southern Rocky

Mountains. For easternmost points, which sit directly above basement, their compaction correction is

zero (Dyman et al., 1994). Assuming an average ϕ◦ = 0.5 and λ = 3.6 km the compaction correction

would amplify the differential rock uplift between the Great Plains and Southern Rocky Mountains

by ∼ 1.3 km.

2.4.2 Borborema Province, northeast Brazil

The second example is from northeastern Brazil, which includes the Borborema Province and Creta-

ceous rift basins. This region was chosen because the broad, domal shape of the regional topography

suggests mantle convective processes might be controlling the shape of the landscape. Figure 2.12

shows the spatial and temporal distribution of PBDB points, interpreted paleo-water depths and cal-

culated uplift for the region. The broad domal swell of the region, with a diameter of 900−1000 km and

amplitude of 900 m, is illustrated in the cross-sections shown (Figure 2.12e-f). Calculated post-Aptian

net uplift is > 700 m.

The key constraint on large-scale uplift of this region is the presence of late Aptian-Cenomanian
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shallow marine deposits of the Romulado Formation at 700−900 m elevation within the Araripe basin

(Figure 2.12a). A fossil assemblage from this deposit is recorded in the PBDB and geologic mapping

shows that this unit crops out as a thin band close to the top of the Araripe Plateau (Figure 2.12a).

The Romulado Formation, which is part of the Santana Group, forms a 3 − 5 m thick, shallowly

dipping, black shale that is well known for excellent fossil preservation (e.g., Martill , 1988). Marine

microfossils recovered in the well 2-AP-1-CE (dinoflagellate cysts, ostracodes and foraminifera), and a

fossil-bearing layer towards the top of the formation containing Cretaceous gastropods, bivalves and

echinoderms provides evidence of lagoonal and estuarine environments during a Cretaceous marine

transgression (Arai and Coimbra, 1990; Coimbra et al., 2002; Prado et al., 2016; Pereira et al., 2016).

Sedimentological evidence for marine depositional environments, including tide-dominated coastal

facies and storm-dominated shelf sedimentation, further attests to the marine origin of the Romulado

Formation (Custódio et al., 2017). Absence of marine sediments in the Lower Cretaceous rift basins

located in between the Araripe and Potiguar basins (e.g., Rio do Peixe, Icó, Lima Campos, Iguatu and

Lavras da Mangabeira basins) suggests that this portion of the continental interior might not have

been inundated by marine waters in the Cretaceous Period (Arai , 2009). Paleoflow measurements of

fluvial deposits below and above the Santana Formation in the Araripe and Tucano-Jatobá basins,

the Marizal and Exu Formation, respectively, show a change from the southeast to west-southwest

directions, indicating a redirection of regional drainage towards the Parnáıba Basin likely caused by

regional uplift and tilting (Assine, 1994; Freitas et al., 2017). These data suggest incipient uplift soon

after the deposition of the marine units.

Aptian to Cenomanian shallow marine fossil-bearing outcrops occur at lower elevations in the onshore

portions of the Atlantic rift basins (Potiguar, Pernambuco-Paráıba, Sergipe-Alagoas). Within the Po-

tiguar Basin, shallow marine sedimentation in lagoonal, estuarine and reefal environments is recorded

by the deposition of the Jandáıra Formation (92−91 Ma), which crops out extensively throughout the

onshore portion of the basin (Pessoa Neto et al., 2007; Garcia et al., 2014). Additional regional pale-

obathymetric constraints are provided by marine stratigraphy to the west. Strontium isotope ratios,

organic biomarkers and fossil assemblages indicate that the Albian Codó Formation of the Parnáıba

Basin was deposited under marine conditions (Rodrigues, 1995; Antonioli et al., 1999, Figure 2.12a).

Evidence of Cenozoic vertical motions along the modern coastal margins of this region comes from

the Pirabas and Barreiras Formations (Rossetti et al., 2013, Figure 2.12a, yellow polygons). The

Pirabas Formation is a fossil-rich marine carbonate-siliciclastic deposit which crops out along Brazil’s
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Figure 2.12: Uplift of the Borborema Plateau, NE Brazil. (a) PBDB measurements coloured by
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equatorial margin. Foraminifera and pollen biostratigraphy date it as late Oligocene-early Miocene in

age. Sedimentological and paleontological evidence suggests the unit was deposited in a shallow inner

shelf, lagoonal, shoreface, foreshore and marginal marine environment. The Barreiras Formation

overlies the Pirabas Formation, and is predominantly a siliciclastic deposit that is exposed in a ∼

100 km-wide band along the northeastern coast of Brazil. Mostly afossiliferous, chronostratigraphic

constraints based on pollen and (U-Th)/He-dated overlying laterites constrain the age as early-middle

Miocene, with an upper age limit of 16.45 Ma (Rossetti et al., 2013). Although previously interpreted

as a continental fluvial-alluvial deposit, sedimentological evidence of widespread bidirectional flow,

mud drapes, reactivation surfaces, rhythmites and ichnofossils suggests a tidally influenced estuarine

paleoenvironment (e.g., Rossetti and Santos Jr., 2004). The variable present-day elevation of the

Pirabas and Barreiras Formations, from ∼ 20 m above sea level in the equatorial and southern regions

up to ∼ 150 m in easternmost regions, indicates post-depositional upwarping of this paleo-surface

since the mid-Miocene (Rodŕıguez Tribaldos et al., 2017).

Within the Potiguar Basin, an angular unconformity of Aptian-Albian age (∼ 110 Ma) suggests that

only post-rift sediments were significantly compacted by Cretaceous to Recent sedimentation (Pessoa

Neto et al., 2007). The thickness of Cretaceous sediments (Cc) onshore is at most ∼ 2.2 km and post-

Cretaceous deposits (D) are ∼ 1 km thick (Ojeda, 1983). If I assume that ϕ◦ = 0.5 and λ = 3.6 km

(i.e. mean values for carbonates and clastics) the compaction correction (∆C) is 267 m. This value is

conservative as the largest thicknesses are confined to localised depressions. A similar exercise can be

performed for other Atlantic rift basins. For example, the maximum value of ∆C in the Pernambuco-

Paráıba Basin is 9 m (for Cc = 397 m, D = 95 m; Barbosa et al., 2007), and in the Sergipe-Alagoas

Basin it is 234 m (for Cc = 1000 m, D = 1500 m; Campos Neto, 2007; Ojeda, 1983). For the onshore

Araripe Basin, thickness of Cretaceous stratigraphy beneath the Santana Formation is ∼ 500 m, and

30–350 m of post-Santana sedimentary rock caps the Araripe plateau (Assine, 1994, 2007). Assuming

that no additional sediments were deposited above the plateau (Peulvast and Bétard , 2015), ∆C ranges

from 4–38 m. These maximal compaction corrections are not included in Figure 2.12d for simplicity.

Additional constraints on uplift and denudation in the region include the non-fossiliferous, terres-

trial siliciclastic deposits of the Serra dos Martins Formation (Morais Neto et al., 2009; Oliveira and

Medeiros, 2012), which are found atop many high mesas in the northern Borborema Plateau. Ages of

detrital Apatite and Zircon within these fluvial sedimentary rocks have calculated ages that suggest

sedimentary deposition cannot be older than Paleogene (Morais Neto et al., 2009). These results indi-
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cate that the region was sub-aerialy exposed by Paleogene times. Cenozoic basalt flows crop out atop

mesas within the central and northern parts of the province, 39Ar/40Ar dating of some flows indicates

that they have a minimum age of ∼ 25 Ma, which has been suggested to record Paleogene to Recent

mantle-drive uplift (Menezes et al., 2003; Jardim de Sá et al., 2005). These data have been interpreted

as a record of Paleogene to Recent uplift. Vitrinite reflectance data, thermal maturity analysis and

overcompacted sedimentary rock from the Recôncavo-Tucano-Jatobá basins in the southeastern part

of the province suggest at least 1750 m of rock has been eroded since Cretaceous times (Figure 2.12;

Magnavita et al., 1994).

2.4.3 Summary

Measurements of net uplift using the PBDB show that the North American western interior has

experienced large-scale, domal uplift since the Late Cretaceous. The pattern of uplift is characterised

by ∼ 2.5 km, or up to 4 km if compaction corrections are considered, of differential uplift of the Rocky

Mountains with respect to the Great Plains. Additionally, along the spine of the Rocky Mountains,

uplift increases from north to south, with maximum uplift within the Colorado Plateau. In the

Borborema Province, the presence of low-elevation shallow marine deposits at the coast, cropping out

in the onshore portions of the Potiguar, Sergipe-Alagoas and Pernambuco-Paráıba basins, and high

elevation very shallow marine beds in the Araprie Plateau show evidence for large-scale domal uplift

for the region since the Late Cretaceous. In both cases, mechanisms invoked to explain the uplift

of these regions must be able to explain differential uplift of 700 m to 4 km of differential uplift on

wavelengths of ∼ 1000 km.

2.5 Discussion

In the previous section, results from western North America, where the inventory is relatively dense,

and the Borborema Province where recorded fossil assemblages are more sparse, were examined. In

this section I explore how such uplift measurements can be used to generate useful geologic insight.

Here the uplift measurements are combined with simple calibrated isostatic calculations to constrain

origins of topography. To do so, I use seismological observations from the USArray experiment and a

recent deployment of broadband seismometers in the Borborema province (e.g., Luz et al., 2015a,b;

Buehler and Shearer , 2016). This simple approach assumes that flexural rigidity of the lithosphere

is sufficiently low such that uplift at wavelengths ≳ 100 km is broadly isostatic. This assumption is
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probably reasonable for western North America and Borborema where the relationship (admittance)

between free-air gravity and topography in the frequency domain indicate elastic thicknesses, Te,

of 12 ± 2 km and 3 km, respectively (Stephenson et al., 2014; Rodŕıguez Tribaldos et al., 2017).

Admittance calculated using spherical wavelets indicate similarly low (≲ 20 km) values of Te for these

regions (Audet , 2014). I acknowledge that other approaches can be used and suggest that the inventory

could be helpful in assessing predictions from, for example, geodynamic models of mantle convection

(e.g., Flament et al., 2013).
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2.5.1 Isostatic considerations

Correlations between elevation and crustal thicknesses in western North America and the Borborema

province are weak (Figure 2.13; Roberts et al., 2012a; Rodŕıguez Tribaldos et al., 2017). Instead, the

three primary candidates for generating support of topography (and uplift) are modification to the

density and thickness of the lithosphere, or the convecting mantle. Following the approach of McNab

et al. (2018) and Klöcking et al. (2018a), I explore the effects of lithospheric thinning, depletion

and excess asthenospheric mantle temperature on the expected elevation of continents. I outline the

governing equations below.

Calculation of isostatic elevation change
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Figure 2.14: Schematic illustrating lithospheric and asthenospheric columns used for iso-
static calculations. T, P, ρ, z refer to temperatures, pressures, densities and depths, respectively.
Symbols, parameter values and units are defined in Table 2.4.

Assuming isostasy prevails (i.e. flexural effects are minimal and viscous stresses related to deeper

mantle flow can be neglected), the expected elevation, e, of a column of lithospheric material and

associated asthenospheric mantle with respect to the depth of a standard mid-ocean ridge is given by

e = tcc

(︃
ρL − ρcc

ρa

)︃
− tw

(︃
ρa − ρw

ρa

)︃
− toc

(︃
ρa − ρoc

ρa

)︃
+ (a− x)

(︃
ρa − ρL

ρa

)︃
+ b

(︃
ρa − ρca

ρa

)︃
(2.5)

where tw and ρw are the mean depth and density of water at a mid-ocean ridge, and toc and ρoc are the

mean thickness and density of oceanic crust, respectively. tcc is variable thickness of continental crust

(30–40 km), ρcc is density of continental crust. a is lithospheric thickness, b is thickness of astheno-
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spheric mantle that contributes to uplift and x is the thickness of lithospheric mantle removed. ρa and

ρca are densities of asthenospheric mantle beneath mid-ocean ridge and continent respectively, ρL is

density of lithospheric mantle. I assume that e is small compared to a. The density of asthenospheric

mantle beneath a mid-ocean ridge, ρa, is estimated by accounting for its temperature dependence.

Assuming a linear adiabatic temperature gradient and accounting for compressibility I obtain

ρa = ρ◦

(︃
1− αTa +

Pa

K

)︃
(2.6)

where the average temperature of oceanic asthenosphere, Ta , is given b

Ta = Tbase −
1

2

dT

dz
(a− tw − toc + b− x) (2.7)

and the temperature at the base of the column, Tbase, is given by

Tbase = TP + (a+ b− x)
dT

dz
. (2.8)

The average lithostatic pressure of oceanic asthenosphere, Pa, is given by

Pa =
g(ρwtw + ρoctoc)

1000
+

1

2

dP

dz
(a− tw − toc + b− x). (2.9)

Instantaneous removal of the base of continental lithosphere leaves the remaining portion thermally

disequilibrated. When nothing has been removed (i.e. x = 0), the lithosphere is assumed to be

thermally equilibrated (i.e. a steady-state geotherm, ∂2T/∂z2 = 0). By assuming a linear geotherm

from the surface (T = 0◦C) to the base of the lithosphere and by accounting for the effects of mantle

depletion and compressibility, I estimate the density of the continental lithospheric mantle, ρl, to be

ρL = (ρ◦ −∆ρd)

(︃
1− αTL +

PL

K

)︃
(2.10)

where ∆ρd is the density difference between normal and depleted lithospheric mantle, and the average

pressure in the continental lithospheric mantle, PL, is given by

PL =
gtccρcc
1000

+
1

2

dP

dz
(a− x− tcc). (2.11)
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The average temperature of continental lithospheric mantle, TL, is given by

TL =
TL◦

2a
(a− x+ tcc) (2.12)

and TL0 is the temperature at the base of unthinned continental lithosphere, given by

TL◦ = TP + a

(︃
dT

dz

)︃
. (2.13)

I also consider the effects of emplacing anomalously hot asthenospheric mantle of thickness b beneath

continental lithosphere. For an excess temperature of ∆T , the asthenospheric mantle beneath the

continent has a density of

ρca = ρ◦

(︃
1− α(Tca +∆T ) +

Pca

K

)︃
(2.14)

where the mean temperature of unheated continental asthenosphere, Tca, is given by

Tca = TP +

(︃
a− x+

b

2

)︃
dT

dz
(2.15)

and the average pressure of the asthenosphere, Pca, is given by

Pca =
gρcctcc
1000

+
dP

dz

(︃
a− x− tcc +

b

2

)︃
. (2.16)

Individual values used for each parameter is listed in Table 2.4.

I start by assuming lithospheric thinning is instantaneous such that the geotherm has not reached

steady state. My rationale is that most of the measurements considered indicate that uplift occurred

on timescales shorter than lithospheric thermal time constants (e.g., τ = a2/π2κ; τ ≈ 130 Ma for

a = 200 km, and τ ≈ 80 Ma for a = 50 km, where κ = 10−6 m2 /s). Figure 2.15a, b, and c shows how

elevation, e, varies by changing ρL, a, and ∆T , respectively, for different crustal thicknesses, tcc. Both

changes in ρL and ∆T result in a linear increase in elevation, while thinning the lithosphere leads to

a non-linear response of the elevation. These three parameters trade off against each other, and these

are shown in Figure 2.15d, e, and f for tcc = 40 km, and 2.15g, h, and i for tcc = 30 km. It is important

to note that a ∼ 1 km change in crustal thickness results in a ∼ 200 m change in elevation. These

trade-off plots will be used to explore possible mechanisms that can generate the net uplift calculated

from the PBDB.
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Table 2.4: Parameters used in isostatic calculations

Parameter Symbol Value Units

Mid-ocean

Ridge
Ridge depth tw 2.8 km

Oceanic crust thickness toc 7.1 km

Water density ρw 1.0 Mg m−3

Oceanic crust density ρoc 2.86 Mg m−3

Oceanic asthenosphere density ρa Mg m−3

Oceanic asthenosphere average temperature Ta
◦C

Oceanic asthenosphere average pressure Pa GPa

Continent Elevation above sea-level e km

Continental crust thickness tcc km

Original continental lithosphere thickness a km

Removed lithospheric mantle thickness x km

Thickness of hot asthenosphere b 200 km

Continental crust density ρcc 2.75 Mg m−3

Continental lithospheric mantle density ρL Mg m−3

Lithospheric mantle depletion density ρd Mg m−3

Continental lithosphere average temperature TL
◦C

Temperature at base of equilibrated lithosphere TL◦
◦C

Continental asthenosphere average temperature Tca
◦C

Asthenospheric mantle temperature anomaly ∆T oC

Lithospheric mantle average pressure PL GPa

Continental asthenosphere average pressure Pca GPa

General Reference mantle density ρ◦ 3.33 Mg m−3

Mantle adiabatic temperature gradient dT/dz 0.44 ◦C km−1

Mantle thermal expansion coefficient α 3.3× 10−5 ◦C−1

Potential temperature of ambient mantle TP 1320 ◦C

Temperature at base of column Tbase
◦C

Mantle pressure gradient dP/dz 0.033 GPa km−1

Bulk Modulus K 115.2 GPa

Gravitational acceleration g 9.8 m s−1
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Figure 2.15: Parameterisation of isostatic calculations. Top row shows predicted elevation as a
function of crustal thickness, tcc, and (a) % depletion, d, (density) of lithospheric mantle; (b) removed
thickness of lithospheric mantle, x; (c) asthenospheric temperature anomalies, ∆T . Middle row: Gray
scale and contours show calculated elevations for a crustal thickness of 40 km and (d) depletion
and thinning of the lithosphere, (e) lithospheric thinning and asthenospheric temperature anomalies,
and (f) asthenospheric temperature anomalies and mantle depletion. (g)-(i) Predicted elevations for
a crustal thickness of 30 km. Labelled boxes indicate estimates of support for Cretaceous western
interior of North America (K), Great Plains (GP), Araripe Plateau (AR), Rocky Mountains (RM) and
Potiguar Basin (PT).

Alternatively, it is straightforward to perform the same isostatic calculations assuming a state-state,

equilbrated, geotherm (i.e. the lithospheric geotherm is thermally equilibrated as the base of the

lithosphere is removed) by modifying the term for dT/dz. The most significant difference between

the equilibrated and non-equilibrated geotherm assumptions is in the non-linearity of the elevation

response to thinning the lithosphere, shown in Figure 2.16a and b. Figures 2.16c, d, e and f compare
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Figure 2.16: Comparison of a steady-state (equilibrated) and a disequilibrated geotherm
on the generation of uplift by lithospheric thinning. Top row: predicted elevation as a function
of removed thickness of lithosphere for a (a) steady-state and (b) disequilibrium lithospheric geotherm.
Middle row: Gray scale and contours show calculated elevations for a crustal thickness of 40 km, and
lithospheric thinning and asthenospheric thermal anomaly for a (c) steady-state and (d) disequilibrium
geotherm. Bottom row: Predicted elevation for a crustal thickness of 30 km for a (e) steady-state
and (f) disequilibrium geotherm. Labelled boxes indicate estimates of support for Cretaceous western
interior of North America (K), Great Plains (GP), Araripe Plateau (AR), Rocky Mountains (RM), and
Potiguar Basin (PT).
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the effects of trading-off a and ∆T on the resulting elevation, assuming steady-state and disequil-

brated geotherm. These figures show that thermal equilibration after following lithospheric thinning

of 50 km, or lithospheric thinning with a steady-state geotherm, generates additional uplift of ∼ 1 km.

However, as previously outlines, the long thermal time constant of the lithosphere suggests assuming

a disequilbrated geotherm is appropriate to examine the geodynamic evolution of lithosphere and

asthenosphere beneath western North America and eastern South America.

2.5.2 Western North America

Proposed mechanisms for uplift of the Colorado Plateau and surrounding regions include isostatic

uplift from crustal thickening (e.g., Morgan and Swanberg , 1985; McQuarrie and Chase, 2000), mantle

convection and shallow subduction of the Farallon slab (e.g., Moucha et al., 2008b; Liu and Gurnis,

2010), edge-driven convection (e.g., van Wijk et al., 2010), large-scale uplift by lithospheric thinning

(Roberts et al., 2012a; Bailey et al., 2012) or a combination of such processes (e.g., Levander et al.,

2011). I make use of the inventory of uplift constraints and simple isostatic calculations to assess the

contribution of changing lithosphere thicknesses, densities, and asthenospheric thermal anomalies.

Figure 2.17 shows free-air gravity anomalies, lithospheric thickness, shear-wavespeed velocity anom-

lay and crustal thickness beneath western North America. Crustal thicknesses beneath the Rocky

Mountains and the Great Plains are broadly similar, ranging from 36–43 km with a mean of 40 km

(Figure 2.13 and 2.17c; Buehler and Shearer , 2016). Conversion of shear wave tomographic mod-

els into temperature indicates that the lithosphere beneath the Great Plains (e.g., Minnesota, Iowa)

is ∼ 200 km thick (Priestley and McKenzie, 2013). Solving Equation 5 using this value, a crustal

thickness of 40 km and assuming that the plate rests directly upon asthenosphere that does not have

excess temperature anomalies yields an elevation of 480 m. This value is consistent with the average

present-day elevation of the plains (Figure 2.15e: red box labelled GP). However, the distribution of

Cretaceous marine rock across the plains, and paleo-water depth assessments from the PBDB indicate

that most of the region was at or below current sea level by as much as ∼ 100 m (Figure 2.15e). This

paleogeography is well known and used as a basis to parameterise geodynamic models of drawdown,

which are often related to subduction of the Farallon Slab (e.g., Liu and Nummedal , 2004; Flament et

al., 2013). If dynamic stresses and lithospheric thickness are assumed to not have changed since the

Cretaceous Period, I can explore an alternative explanation where the asthenosphere directly beneath

the plate was cooler than it is today. For example, a 200 km thick asthenospheric layer that has an

excess temperature of −74 to −89◦C yields elevations of 0 to 100 m below modern sea level. Increasing
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Figure 2.17: Geophysical observations from the Western Interior of North America. (a)
Long wavelength free-air gravity (GRACE; 800 − 2500 km long pass filter; Tapley et al., 2005). (b)
Lithospheric thickness from CAM2016 model (Priestley and McKenzie, 2013). (c) Shear-wavespeed
anomaly at 100 km depth (SL2013sv; Schaeffer and Lebedev , 2013). (d) Crustal thickness from PnUS
model (south of dotted grey line Buehler and Shearer , 2016) and CRUST1.0 (north of dotted grey line
Laske et al., 2013). Black curves show locations of cross sections X–X′, Y–Y′ and Z–Z′. (e–g) Cross
sections X–X′, Y–Y′ and Z–Z′ showing topography from ETOPO1 (black curve), topography within
100 km wide swath (grey band), mean uplift of points within swath (coloured circles). Mean and
extrema of geophysical observations are shown along the swaths as coloured curves and bands (see
key).

or decreasing the thickness of the layer adjusts estimated temperatures in a straightforward curvilinear

way (e.g., Figure 2.15).

Causes for differential uplift between the Rocky Mountains and the Great Plains can be explored by

considering the effects of lithospheric thinning and asthenospheric thermal anomalies (Figure 2.15e). I

estimate the amount of lithospheric thinning beneath the Rocky Mountains by comparing its present-

day thickness to thicknesses beneath the Great Plains. Figure 2.13a shows that conversion of shear

wave tomography into estimates of lithospheric thicknesses indicates a difference of ∼ 150 km. Inverse

modelling of rare earth, major and trace elements from basalts across the plateau suggests that

the average potential temperature of the asthenosphere beneath western North America is currently

1340 ± 20 ◦C. The highest values (∼ 1365 ◦C) are beneath the Snake River Plain, which implies

excess temperatures of 0 to 45 ◦C (Klöcking et al., 2018a). These measurements predict that the

asthenosphere and lithosphere support almost all of the present-day elevation of the Southern Rocky

Mountains (∼ 3.1 km; red box, RM; Figure 2.15e).

Using these values and Equation 5, I suggest that Late Cretaceous-Recent uplift of the Southern Rocky

Mountains can be explained by an average increase in asthenospheric temperatures of ∼ 200 ◦C and

150 km of lithospheric thinning (red arrows, Figure 2.15e). In other words, I suggest that post-

Cretaceous uplift of the Rocky-Mountains-Colorado Plateaux could be the result of heating of the

asthenosphere that was anomalously cool during Cretaceous times to its current anomalously warm

state, and thinning of the plate beneath the region. These calculations are in agreement with the

presence of colder, downwelling mantle in the Cretaceous, and subsequent emplacement of hotter

mantle following lithospheric thinning (e.g., Moucha et al., 2008b; Liu and Gurnis, 2010; Roberts

et al., 2012a; Bailey et al., 2012). On the other hand, assuming a steady-state geotherm requires

∼ 100◦C of heating to generate the uplift of the Great Plains and ∼ 150◦C of heating to support

highest topography in the Rocky Mountains. These results are consistent with interpretations of major
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and trace element chemistry of basaltic rock from across the region, which suggests the lithosphere

beneath the Rocky Mountains is relatively thin, and upper mantle temperatures only slightly above

average (Klöcking et al., 2018a).

2.5.3 Borborema

Suggested mechanisms for Late Cretaceous to Recent uplift of the Borborema Plateau and Araripe

Basin include crustal thickening by lateral flow related to Mesozoic rifting and mafic underplating

driven by a deep mantle plume (Morais Neto et al., 2009), emplacement of a shallow upper mantle

thermal anomaly (Ussami et al., 1999), localised mantle plume (Jardim de Sá et al., 1999), mafic un-

derplating (Oliveira and Medeiros, 2012), basin inversion caused by plate-wide compression (Marques

et al., 2014), and a modest, positive, asthenospheric thermal anomaly that has thinned the overlying

lithosphere (Klöcking et al., 2020). Here, I explore how the uplift measured using the PBDB inven-

tory, combined with isostatic calculations, can help shed light on the mechanism responsible for the

long-wavelength uplift of the region.

Late Cretaceous shallow marine rock in the Araripe Plateau and basins along the Atlantic margin

record ∼ 700 m of differential uplift on a length scale of ∼ 900− 1000 km (Figure 2.18). Shear-wave-

to-temperature conversions indicate that the lithosphere beneath the Araripe Plateau is ∼ 150 km

thick, and thins to less than 100 km at the coast (Priestley and McKenzie, 2013). In contrast, inverse

modelling of magnetotelluric data has been used to suggest that the lithosphere beneath the Araripe

Plateau is ∼ 120 km thick, and surrounding lithosphere is as thick as ∼ 200 km (Garcia et al., 2019).

H–κ stacking of receiver functions in the Borborema Province indicates that crustal thicknesses are

variable (30–41 ± 2 km; Luz et al., 2015a). They are as low as 30 km in the Potiguar and Sergipe-

Alagoas Basins, 38 km on the eastern edge of the Araripe Basin and 40 km within the Borborema

Plateau. Luz et al. (2015b) suggest that p-wave velocities, Vp, of the upper and lower crust beneath

the Borborema plateau are 6.03–7.33 km s−1. Conversion of these Vp values into density suggests

crustal densities of 2.73–2.91 Mg m−3 (Barton, 1986). Inserting these values into Equation 5 indicates

that present-day lithospheric and crustal thicknesses (150 and 38 km, respectively) are sufficient to

explain the elevation of the Araripe Plateau without recourse to excess temperature anomalies in the

asthenosphere.

A remaining question is why were significant tracts of the province marine in the Cretaceous Period?

By Late Aptian times rift basins had developed along the Atlantic margin of the South American plate
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Figure 2.18: Geophysical observations from the Borborema Province, northeast Brazil. (a)
Long wavelength free-air gravity (GRACE; 800−2500 km long pass filter; Tapley et al., 2005). (b) Litho-
spheric thickness from CAM2016model (Priestley and McKenzie, 2013). (c) Shear-wavespeed anomaly
at 100 km depth (SL2013sv; Schaeffer and Lebedev , 2013). (d) Crustal thickness from CRUST1.0 (north
of dotted grey line Laske et al., 2013). Black lines show locations of cross sections X–X′ and Y–Y′.
(e–f) Cross sections X–X′ and Y–Y′ showing topography from ETOPO1 (black curve), topography
within 100 km wide swath (grey band), mean uplift of points within swath (coloured circles). Mean
and extrema of geophysical observations are shown along the swaths as coloured curves and bands
(see key).
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and within the continental interior (e.g., Machado Júnior et al., 1990; de Matos, 1992). Morais Neto

et al. (2009) use thermal modelling of apatite fission track data to suggest two phases of exhumation of

the Borborema Plateau, during Cenomanian-Turonian and Miocene times. Their results are broadly

consistent with the transition from marine to fluvial depositional environments in the Araripe, Tucano

and Jatobá basins, and the presence of the marine Miocene Barreiras Formation that crops out at

higher elevations along the coast (Figure 2.12; Rossetti et al., 2013).

I note that Late Cretaceous marine rock that is exposed near the top of the Araripe Plateau was

probably deposited after rifting. Interpreted paleo-water depths of the Santana Formation are < 50 m,

and the formation crops out at an elevation of 600–850 m. I tentatively suggest that one way of

explaining observed vertical motions is that the asthenosphere beneath the Araripe Plateau was cooler

in Cretaceous times than it is today. For example, warming of asthenosphere by 155 ◦C to ambient

(1330 ± 15 ◦C) temperatures yields 995 ± 95 m of uplift (Equation 5). These results are consistent

with Klöcking et al. (2018b, 2020) who, based on forward and inverse modelling of major, trace and

rare earth element concentrations of volcanic samples, suggest a mantle potential temperature of

∼ 1320− 1340 ◦C. Alternatively, removal of ∼ 100 km of lithospheric mantle beneath the plateau can

generate observed uplift. For the steady-state scenario, it would require the present-day asthenosphere

to have a ∼ 90◦C negative thermal anomaly and thinning would be sufficient to explain the present-day

elevations.

2.5.4 Summary

In this study, I have generated an inventory of 24,372 measurements of Cretaceous to Recent net uplift.

The inventory includes measurements in all continents and many ocean islands. The measurements

were generated by combining records of Cretaceous to Recent marine rock in the Paleobiology Database

(PBDB) with estimates of elevation, paleobathymetry, compaction, and global sea-level change. In

some places the inventory is sufficiently dense that wavelengths and amplitudes of regional uplift can

be constrained (e.g., western North America, Figure 2.19a,b). In other places sparse measurements

provide useful bounds on topographic evolution (e.g., Borborema province, Brazil, , Figure 2.19d,e).

Less than 1% of the records in the PBDB required manual modification to correct erroneously located

samples. A larger effort was required to check the quality of paleo-water depth and paleoenvironment

records. I combined points from western North America and the Borborema province with seismolog-

ical observations and simple isostatic calculations to investigate the origins of topography. In these

regions post-Cretaceous net uplift has amplitudes up to ∼ 1 km at wavelengths of 100 − 1000 km,
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and can be explained by a balance of lithospheric thinning and heating up of the upper mantle from

relatively cooler temperatures.

Figure 2.19: Schematic paleogeographies and uplift patterns from PBDB measurements.
(a) Cretaceous paleogeography of western North America. Coloured circles = paleobathymetry from
PBDB measurements; blue polygon = Turonian (∼ 98 Ma) seaway (Heine et al., 2015). (b) Measured
uplift (coloured circles) atop modern topography (ETOPO1). (c) Uplift (coloured circles) atop long-
wavelength free-air gravity (GRACE). (d–f) Paleogeography, uplift and sub-plate support of Borborema
province, NW Brazil. Blue polygons in panel (a) indicate late Albian (∼ 100.5 Ma) paleocoastline
(Arai , 2009).

2.5.5 Remarks on limitations and further work

There are two main shortcomings in this study. The first is that although these measurements provide

robust constraints on the net uplift experienced by the region, they cannot provide information on the

temporal variation of uplift rates, or whether the region underwent periods of subsidence. There is a

suite of additional uplift and denudation constraints that can be combined with these observations to

understand the evolution of North American topography, which I discuss in Chapter 3. For example,

observations including stable isotopes, palynology, radiometrically dated incision, thermochronology

and additional stratigraphic observations could be brought in to better constrain the surface evolution

of the region (e.g., Dickinson et al., 1988; Gregory and Chase, 1992; Flowers et al., 2008; Karlstrom

et al., 2008; Chamberlain et al., 2012; Heller et al., 2013). An additional approach that could be used
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to fill in the gaps between spot measurements of post-Cretaceous uplift is a continent-wide inversion

of drainage patterns. The inverse methodology uses families of drainage networks to recover smooth

spatio-temporal uplift rate histories using a calibrated stream power erosional model (e.g., Roberts

et al., 2012a), a technique which I explore in Chapter 3. Second, although the inventory of uplift

measurements is reasonably dense in some places, there are clearly large gaps especially in continental

interiors, most notably in Africa, central South America, northeastern Eurasia, and central Australia.

These gaps represent a lack of marine deposition in some places, but in others it is where the inventory

is not yet exhaustive.

An obvious way to improve the inventory is inclusion of more documented marine rock. Another

is addition of uplift and subsidence estimates generated using alternative approaches, for example,

isotopic altimetry. I feel it is important to make a distinction between such estimates and the more

direct, typically less equivocal, constraints provided by uplifted marine rock. A general challenge

is designing sensible schemes to interpolate between spot measurements of uplift, subsidence and

denudation. Attempts to do so have included interpolation of interpreted paleoenvironments and

tectonic histories provided by geological observations (e.g., Sahagian, 1987; Scotese and Golonka,

1992; Carena et al., 2019; Markwick , 2019). For the Cenozoic Era, a useful approach is to make use

of inverse modelling of drainage patterns. This approach provides a quantitative means for filling

in spatio-temporal gaps between spot measurements of uplift and denudation, and is testable using

inventories of uplift such as those generated in this study. The next chapter focuses on developing and

analysing such inverse techniques to understand the history of sub-plate support in North America,

where the inventory of net uplift is dense.



Chapter 3

The Ups and Downs of a Continent -

Evolution of the North American

Landscape

The material in this chapter has been published as

Fernandes, V.M., Roberts, G.G., White, N.J., and Whittaker, A.C. (2019). Continental-Scale Land-

scape Evolution: A History of North American Topography, Journal of Geophysical Research: Earth

Surface, 124, 2689–2722, doi:10.1029/2018JF004979.

Copyright 2019, American Geophysical Union.

3.1 Chapter Overview

The generation and evolution of continental topography are fundamental geologic and geomorphic

concerns. In particular, the history of landscape development might contain useful information about

the spatio-temporal evolution of deep Earth processes, such as mantle convection. A significant chal-

lenge is to generate observations and theoretical predictions of sufficient fidelity to enable landscape

evolution to be constrained at scales of interest. Here, I combine substantial inventories of strati-

graphic and geomorphic observations with inverse and forward modelling approaches to determine

how the North American landscape evolved. First, the biostratigraphic inventory developed in Chap-

ter 2 is augmented by stratigraphic markers and used to estimate post-depositional regional uplift.

80
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Present-day elevations of these deposits demonstrate that > 2 km of long wavelength surface uplift

centred on the Colorado-Rocky-Mountain Plateaux occurred in Cenozoic times. Secondly, to bridge

the gaps between these measurements, an inverse modelling scheme is used to calculate the smoothest

spatio-temporal pattern of rock uplift rate that yields the smallest misfit between 4161 observed and

calculated longitudinal river profiles. Results suggest that Cenozoic regional uplift occurred in a series

of stages, in agreement with independent stratigraphic observations. Finally, a landscape evolution

model driven by this calculated rock uplift history is used to determine drainage patterns, denudation

and sedimentary flux from Late Cretaceous times until the present day. These patterns are broadly

consistent with stratigraphic and thermochronologic observations. I conclude that a calibrated inverse

modelling strategy can be used to reliably extract the temporal and spatial evolution of the North

American landscape at geodynamically useful scales.

3.2 Introduction

Topography is the result of complex interactions between the solid Earth and surface processes that

operate on multiple spatial and temporal scales (e.g., Anderson and Anderson, 2010; Roberts et al.,

2019). Consequently, surface uplift and subsidence histories have been combined with magmatic and

tomographic information to estimate temperatures, wavelengths and timescales of mantle convection

(e.g., Gurnis et al., 2000; van Wijk et al., 2010; Salles et al., 2017; Roberts et al., 2018; Lodhia

et al., 2018). The results of these studies imply that mantle processes play a significant role in

driving the erosional history of a landscape. Unfortunately, existing inventories of uplift or denudation

measurements are sparse, which makes it difficult to determine histories of geodynamical processes

(e.g., sub-plate support) at appropriate scales. In Chapter 2, I showed how an existing paleobiology

database can be explored to generate a global inventory or rock uplift measurements. From these data

I was able to extract the timing, magnitude and wavelength of uplift on a global scale, with a focus

on two case studies: Borborema Province, NE Brazil, and Western Interior of North America. Both

regions display kilometre-scale Late Cretaceous to Recent uplift on wavelengths of 1000–2000 km.

Using isostatic calculations I showed that sub-plate processes, specifically the thinning of lithospheric

mantle and emplacement of asthenospheric thermal anomalies, can provide explanations for generating

the observed uplift patterns.

Although measurements of continental uplift provide robust constraints on continental uplift histories,

they contain little information about the temporal and spatial variability of uplift. Vast expanses
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of continental interiors do not contain Cretaceous or younger marine rock, either due removal of

stratigraphy by erosion or a lack of deposition. Further, these measurements are temporally limited,

in that they do not contain information about how uplift rate might have changed over time. In this

chapter I explore how the PBDB-derived uplift measurements for the North American continent, shown

in Chapter 2 can be combined with thermochronometric and stratigraphic information to constrain

continental-scale surface uplift histories on time scales of O(1–100) Ma. I match insights from this

approach with geomorphic inverse modelling to reconstruct a Cretaceous to Recent uplift history of

North America, where sub-plate processes appear to have played an important role in generating

and maintaining long-wavelength topography. Finally, I explore how calibrated rock uplift histories

can be used to parameterise three-dimensional forward models of landscape evolution, which make

predictions about continental denudation, drainage routing and sedimentary flux that can be assessed

using independent geologic observations.

Particular attention is paid to four regions with elevated topography: the Colorado-Columbia-Rocky

Mountains Plateaux, the Appalachian mountain belt, the Yukon plateau, and the Mexican highlands.

Spot measurements of rock and surface uplift (e.g., uplifted marine stratigraphy, stable isotopes, pa-

leoflora, structural geology), denudation (e.g., low temperature thermochronometry, fluvial incision

dating) and the geochemistry of basaltic magmatism suggest that a broad region encompassing the

Colorado-Rocky Mountain Plateaux experienced multi-staged Cenozoic uplift and denudation gener-

ated, at least in part, by time-dependent thermal anomalies within the upper mantle (e.g., Sahagian,

1987; Flowers et al., 2008; Karlstrom et al., 2008; Huntington et al., 2010; Mix et al., 2011; Chamber-

lain et al., 2012). Punctuated delivery of clastic sediments into the Gulf of Mexico corroborate these

observations (Galloway et al., 2011). There is also evidence for youthful regional uplift elsewhere.

For example, uplifted Pliocene marine sedimentary rocks that crop out along the eastern seaboard

and sedimentation rates within the Baltimore Canyon Trough imply that significant topography of

the Appalachian mountains may have been generated during the last 20 million years (e.g., Poag

and Sevon, 1989; Rowley , 2013). In the northern cratonic interior, thermochronometric observations

and scattered outliers of Cretaceous marine sedimentary rock suggest several hundred meters of post-

Cretaceous uplift and denudation occurred (e.g., Nassichuk and McIntyre, 1995; Ault et al., 2013).

Widespread magmatism, uplifted marine terraces and incised drainage patterns suggest that Mexico

also experienced long wavelength Cenozoic uplift (e.g., Stephenson et al., 2014). Nevertheless, the

timing and mechanism for generating these patterns of regional uplift remain uncertain.
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3.2.1 A Role for Large-Scale Crustal and Lithospheric Thickening?

Some models explain kilometre-scale changes in continental elevation by invoking crustal thickening

by, for example, Early Cenozoic crustal flow (e.g., McQuarrie and Chase, 2000). These models have

largely fallen out of favour since they are difficult to reconcile with present-day crustal thicknesses esti-

mated from seismic wide-angle surveys, from receiver function analyses and from shear wave dispersion

modelling (e.g., Levander and Miller , 2012; Becker et al., 2014; Shen and Ritzwoller , 2016).

Isostatic calculations can be used to estimate the crustal (and lithospheric) thickening factor required

to generate the observed 1.5 km of relief (Figure 3.1a; Klöcking et al., 2018a)). A reference column of

Figure 3.1: Topography and physiographic provinces of North America (a) Topographic map
based upon ETOPO1 database. Physiographic provinces are named using nomenclature of Fenneman
(1928). PM = Pacific margin; RM = Rocky Mountains; BR = Basin and Range; CP = Colorado
Plateau; GP = Great Plains; CS = Canadian Shield; O = Ozark-Ouachita Plateau; AP = Appalachian
mountains; C = Gulf and Atlantic Coastal Plains; MH = Mexican Highlands. Albers Equal Area
projection.
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Figure 3.2: Geological map of North America from USGS (a). (b) Colour scale following original
publication.

continental lithosphere is shortened uniformly by thickening factor, f , to estimate value of f required

to generate regional uplift, U , where

U =
a
[︁
(ρm − ρc)

tc
a

(︁
1− αT1

2
tc
a

)︁
− αT1

2 ρm
]︁

ρm(1− αT1)
(f − 1). (3.1)

Respective densities of mantle and crustal rocks are ρm = 3.33 and ρc = 2.8 Mg m−3 at standard

temperature and pressure, thermal expansion coefficient is α = 3.28 × 10−5 K−1, and temperature

at the base of the plate is T1 = 1333◦C. I assume a linear geothermal gradient and initial crust

and lithospheric thicknesses of tc = 30 km and a = 125 km, which are appropriate for a reference

lithospheric column with zero elevation (i.e. U = 0). Substitution of the values of these parameters

yields U = 2.1(f − 1). To produce 1.5 km of relief difference between Colorado Plateau and Great
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Plains (e.g., Figure 3.1a) by lithospheric thickening alone, requires crust and lithosphere beneath

Colorado Plateau to be f = 1.7 times thicker than that beneath Great Plains.

However, empirical parameterisation of shear wave tomographic models suggests that the lithospheric

thickness beneath the Great Plains is approximately double that of the Colorado Plateau (e.g., Priest-

ley and McKenzie, 2006; Shen and Ritzwoller , 2016). The striking similarity of crustal thicknesses

beneath the Colorado-Columbia-Rocky Mountains Plateaux and beneath the Great Plains (35–45 km)

is consistent with the view that orogenesis played an insignificant role in generating and maintaining

the regional elevation of western North America since Late Cretaceous times (Spencer , 1996; Wilson

et al., 2005). The observed velocity structure of the crust indicates that differences in crustal and

sedimentary densities alone are insufficient to account for these dramatic changes in topographic relief

(2; Roberts et al., 2012a; Klöcking et al., 2018a; Levandowski et al., 2018).

3.2.2 Epeirogeny and the Role of Dynamic Support

Figure 3.3: Shear wavespeed anomalies beneath North America (a) at depth of 100 km and
(b) 125 km (Schaeffer and Lebedev , 2013).

More popular models invoke the development of positive and negative mantle buoyancy anomalies

generated by hot upwellings and subducting slabs to generate vertical motions (e.g., Thompson and

Zoback , 1979; Humphreys, 1995; Spencer , 1996; Liu and Gurnis, 2010; Karlstrom et al., 2012). The

admittance, Z, between long-wavelength (≳ 800–2500 km) free-air gravity anomalies and topography

for western North America show it has an elastic thickness of 12± 3 km, which implies that sub-plate

buoyancy anomalies ought to measurably deflect the Earth’s surface (McKenzie, 2003). At the longest
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Figure 3.4: Distribution of Cretaceous to Recent magmatism (a) North American Cenozoic
magmatism from NAVDAT database (Ferrari et al., 2012, ; www.navdat.org). Gray shading = present-
day topography from ETOPO1 database; orange/yellow polygons = Oligocene/Miocene ignimbrites
(Ferrari et al., 1999; Chapin et al., 2004). (b) Western North American magmatism centred on
Colorado Plateau, which is outlined by black polygon labelled CP.

wavelengths, Z = 23± 5 mGal/km, which suggests that the topographies of western North America,

the Yukon, Central Mexico and the Appalachian mountains are at least partially supported by sub-

plate processes (e.g., Figure 3.1b, Roberts et al., 2012a; Stephenson et al., 2014). These locations of

inferred sub-plate support are corroborated by seismic tomographic imaging, which shows that the

upper mantle beneath these parts of North America is anomalously slow and juxtaposed against a

central region with thick (> 150 km) lithosphere (e.g., Figure 3.3; Priestley and McKenzie, 2006;

Ritsema et al., 2011; French et al., 2013; Rowley , 2013; Schaeffer and Lebedev , 2013; Molnar et al.,

2015). Basaltic magmatism coincides with many of these low velocity zones (e.g., Figures 3.3 and 3.4).

Beneath western North America, an overall increase in melt volume at 40 Ma, as well as an abrupt

change from lithospheric to asthenospheric signatures at 5 Ma, point towards the emplacement of

anomalously hot material during the last 70 Ma (e.g., Figure 3.4; Fitton et al., 1991; Roy et al., 2009;
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Klöcking et al., 2018a). Drainage patterns of the four most prominent topographic swells (e.g., Yukon,

western North America, Mexico, Appalachians) are broadly radial, which suggests domal support of

the present-day landscape (Figure 3.1b).

A burgeoning number of geodynamic models have been used to predict mantle flow patterns beneath

the continent with a view to constraining the history of dynamic topography (e.g., Mitrovica et al.,

1989; Lithgow-Bertelloni and Gurnis, 1997; Liu et al., 2008; Spasojević and Gurnis, 2012; Dávila and

Lithgow-Bertelloni , 2015). These models estimate that transient dynamic topography has amplitudes

of up to ±2 km and wavelengths of hundreds to thousands of kilometres (see e.g., Flament et al., 2015).

They have been used to account for the aerial extent of the Western Interior Seaway as well as for

Mesozoic–Cenozoic uplift, subsidence and magmatic patterns (e.g., Rowley , 2013; Flament et al., 2015;

Liu, 2015; Heller and Liu, 2016). There is considerable debate about how best to parameterise and

test these models and it is notable that most of them fail to match the power spectral characteristics

of a global database of oceanic residual depth measurements (Hoggard et al., 2016). Thus, reliable

histories of continental-scale vertical motions of the lithosphere are important constraints for this

rapidly evolving field.

The primary aim of this chapter is to develop a testable history of uplift and denudation for the North

American continent. First, I review published estimates of rock and surface uplift and denudation

used to constrain North American topographic growth since Campanian times. I then fill in some of

the gaps and omissions by exploiting regional uplift measurements obtained from stratigraphic and

biostratigraphic inventories, which includes the uplift measurements from Chapter 2. Next, I generate

a continent-wide history of regional rock uplift by inverting an inventory of 4161 river profiles. The

calculated rock uplift history is tested using independent stratigraphic data. Finally, I use this uplift

rate history to carry out continental-scale landscape simulations whose predictions are tested using a

combination of legacy thermochronometric and detrital zircon measurements.

3.3 North American Landscape Evolution: Existing Constraints

3.3.1 Birth of the Western Interior Seaway

The chronology of deformed igneous rocks, metamorphic time-temperature paths, low temperature

thermochronology and biostratigraphic ages of deformed and overlapping sedimentary rocks testify

to the existence of an orogenic belt has spanned the length of the North American continent since
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Figure 3.5: Western Interior Seaway and Cretaceous outcrop Solid blue polygons/dashed lines
= maximum flooding extent of Cretaceous (i.e. Late Maastrichtian) interior seaway (Smith et al., 1994;
Kauffman and Caldwell , 1993). Dark/light green polygons = outcropping Lower/Upper Cretaceous
rocks (Reed et al., 2005).

Late Jurassic times (see, e.g. DeCelles, 2004). Shortening along a ∼ 200 km wide and ∼ 2000 km

long structural belt that is oriented north-south manifests the Sevier orogen (Gans and Miller , 1983;

Wernicke, 1992). Marine sedimentary rocks deposited within the adjacent Western Interior Seaway

provide a useful datum against which Cenozoic uplift can be gauged (Figure 3.5; e.g. Ziegler et al.,

1985; Sahagian, 1987). Field mapping, seismic data and borehole penetrations imply that up to 4

km of Late Jurassic to Late Cretaceous marine sedimentary rocks were deposited within the Western

Interior basin, indicating that continental flooding was widespread (e.g., Niobrara Formation, Mancos

Shale; Cross, 1986; DeCelles, 1994; Smith et al., 1994; Setterholm, 1994; Nassichuk and McIntyre,

1995; Roberts and Kirschbaum, 1995). These rocks have extensively documented ammonite biozones

and known chronostratigraphy (e.g. Jeletzky , 1971; Obradovich and Cobban, 1975; Kauffman and

Caldwell , 1993). Sedimentary isopachs and backstripped subsidence curves show that between ∼ 92

and 82 Ma the Western Interior basin was narrow and that subsidence patterns are consistent with the

growth of foreland basins generated by loading associated with the Sevier orogeny (Cross and Piliger ,

1978; Cross, 1986; Roberts and Kirschbaum, 1995; Pang and Nummedal , 1995; Heller and Liu, 2016).
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In contrast, subsidence between ∼ 80 and 67 Ma occurred over a broader region centred on Colorado

and Wyoming. Loading by the Sevier belt or changes in sea level cannot easily account for either the

lateral extent or amplitude of observed subsidence (Bond , 1976; Pang and Nummedal , 1995; Liu and

Nummedal , 2004). A range of geodynamic models have been proposed to explain these subsidence

patterns by invoking kilometre-scale Cretaceous dynamic drawdown of large parts of the continent

(Mitrovica et al., 1989; Gurnis, 1993; Liu et al., 2008).

3.3.2 Regression of Western Interior Seaway

Figure 3.6: Constraints on Landscape Evolution Distribution of (a) paleoaltimetry, (b) paleoflow,
(c) denudation and (d) uplift measurements since Late Cretaceous times (see e.g., Dickinson and
Snyder , 1978; Cassel et al., 2009; Chamberlain et al., 2012; Rowley , 2013, and others cited in text).

By ∼ 70 Ma, when peak metamorphism was reached within the main fold belt, eastward migration
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of thrust faulting resulted in an increasing partitioning of the Western Interior basin into smaller

basins flanked by basement-cored uplifts (Cross, 1986; Dickinson et al., 1988; Stone, 1993; DeCelles,

2004). This ‘Laramide’ structural style developed over a wide region east of the Sevier belt (Dickinson

and Snyder , 1978; DeCelles, 2004). Despite the structural relief across these thrusts, intra-basinal

deformation is insufficient to denude existing sedimentary deposits or to halt accumulation of Late

Cretaceous marine sequences and associated deltaic facies (e.g. Dickinson et al., 1988). At the same

time, a Late Cretaceous to Early Paleocene transition from marine deposition (e.g., Pierre shale, Lewis

shale) to deltaic (e.g., Fox Hills sandstone) to terrestrial deposition (e.g., Lance formation) facies oc-

curred diachronously across North America (Dickinson et al., 1988; Lillegraven and Ostresh, 1988;

Setterholm, 1994; Heller and Liu, 2016). Paleoflow directions of conglomerates from the Laramide

intramontane foreland basins (e.g., Paleocene Ohio Creek Conglomerate, Colorado; Maastrichtian-

Paleocene Ojo Alamo Sandstone, New Mexico) indicate that a regional eastward tilt probably existed

at ∼ 70–60 Ma (Heller et al., 2013). Late Paleocene to Early Eocene terrestrial, synorogenic conglom-

erates deposited within the Middle Rocky Mountains record active thrust faulting and erosion (Fan

and Carrapa, 2014). These combined observations show that during Late Mesozoic to Early Cenozoic

times the Western Interior Seaway retreated and substantial parts of western North America were

uplifted (Dickinson et al., 1988; Roberts and Kirschbaum, 1995). The resultant facies change caused

by retreat of this seaway has been linked with variable sedimentary flux, changing styles of subduction,

hydration of the lower crust, and dynamic support (e.g. Kauffman and Caldwell , 1993; Humphreys et

al., 2003; Dávila and Lithgow-Bertelloni , 2015; Levandowski et al., 2018)). During this period, minor

tectonic shortening occurred across the Colorado Plateau (Spencer , 1996).

3.3.3 Post-Cretaceous Events

Thermochronometric and incision rate histories suggest that Cenozoic denudation of the Colorado

and Rocky Mountains plateaus occurred in several stages (e.g. Flowers et al., 2008; Karlstrom et al.,

2017; Winn et al., 2017). Staged Cenozoic uplift and denudation of North America is consistent with

the history of sedimentary deposition observed along the northern and western margin of the Gulf

of Mexico (Galloway et al., 2000; Stephenson et al., 2014). Feng et al. (1994), Peel et al. (1995)

and Galloway (2008) showed that that Mesozoic strata in the Gulf of Mexico are relatively uniform

in thickness, while Cenozoic sedimentary strata increase in thickness towards the west. The highest

rates of sedimentary flux occurred during Paleocene (∼ 65 Ma), Oligo-Miocene (∼ 40–15 Ma) and

Plio-Pleistocene (∼ 5–0 Ma Ma) times (Figure 3.7 Galloway et al., 2011). Timing of these depo-
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Figure 3.7: North American solid sedimentary flux (a) to the Gulf of Mexico determined from
seismic reflection surveys and well-log information by Galloway et al. (2011). (b) Uncorrected sedimen-
tary flux for New Jersey margin determined from seismic reflection surveys and well-log information
by Poag and Sevon (1989).

sitional phases is broadly coeval with the history of uplift estimated from clumped isotopes (∆47)

and with other paleoaltimetric proxies, which imply that the Colorado Plateau had an elevation of

1–2 km between Cretaceous and Oligocene times (e.g., Gregory and Chase, 1992; Wolfe et al., 1998;

Figure 3.8: Sediment provenance for Gulf of Mexico drainage (a) Basement terranes coloured
by age (after Blum and Pecha, 2014). Solid black lines = portion of present-day Mississippi drainage;
circles = Cenomanian and Paleogene fluvial sandstones (Blum et al., 2017). Dotted polygons la-
belled GoM/BCT = Cenozoic clastic sedimentary deposition within Gulf of Mexico/Baltimore Canyon
Trough (Poag and Sevon, 1989; Galloway et al., 2011). (b) Detrital zircons and drainage patterns
along northern fringe of Gulf of Mexico. Black/grey/white lines = Mississippi/Texan/Mexican rivers;
labelled circles = subset of detrital zircon samples extracted from Cenomanian (green) or Paleocene-
Eocene (orange) fluvial deposits. Inset with labelled bars = cumulative percentages of detrital zircon
populations at locations that correspond to annotated circles on map. Coloured circles = zircon ages
(Blum et al., 2017).
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Huntington et al., 2010). Galloway et al. (2011), Blum and Pecha (2014) and Blum et al. (2017) argue

that large-scale drainage of the Cordilleran highlands toward the Gulf of Mexico existed by at least

Late Paleocene times and that drainage catchments probably extended up to the western flank of

the Appalachian mountains. Further west, Cather et al. (2008) identified a major denudation event

within the Colorado Plateau between the deposition of the Chuska Erg (35–27 Ma) and the Bidahochi

Formation (∼ 16 Ma).

Geologic mapping and regional palinspastic reconstructions suggest that the final stages of terrane

accretion in Western Canada and Alaska occurred between ∼ 50 and 40 Ma and in the Pacific North-

west after ∼ 30 Ma, establishing the present-day tectonic configuration of the northwest Cordillera

(Johnston, 2001; Dickinson, 2004). Oxygen isotope paleoaltimetry has been used to suggest that a

kilometre-scale ‘Nevadaplano’ plateau was present in British Columbia by ∼ 50 Ma and that it mi-

grated south toward Nevada by ∼ 30 Ma (Chamberlain et al., 2012). The presence of an elevated, but

low relief, plateau is corroborated by reconstruction of deeply incised, west-flowing paleo-valleys across

the present-day crest of the Sierra Nevada (Best et al., 2009; Cassel et al., 2009; Henry et al., 2012).

Cross-cutting relationships of extrusive magmatism and ignimbritic flows, thermochronology together

with wide-spread deposition of syn-tectonic basin fill suggest that regional compressive stress gave

way to extension stress. The Basin and Range province started to extend at ∼ 30 Ma and experienced

rapid Miocene (∼ 20–15 Ma) stretching and subsidence, coeval with eruption of the Columbia River

basalts (Zoback et al., 1981; Cassel et al., 2009; Colgan and Henry , 2009; Chamberlain et al., 2012).

The history and chemistry of extrusive western North American magmatism suggest that Cenozoic

uplift is related to decompression melting of anomalously warm asthenosphere (Figure 3.4; Snyder et

al., 1976; Fitton et al., 1991; Roy et al., 2009; Ferrari et al., 2012). The NAVDAT database contains

6713 samples of extrusive volcanic rocks from the Colorado Plateau and surrounding regions that

suggest a trimodal magmatic history, with peaks at ∼ 70–55 Ma, 40–20 Ma and 6–0 Ma (Figure 3.4c).

Spatio-temporal patterns of magmatism record a westward migration, culminating in a maximum

aerial extent during Oligocene times (Chapin et al., 2004). These phases of magmatism are broadly

coeval with pulses of sedimentary flux within the Gulf of Mexico between ∼ 60–50 Ma, 37–11 Ma and

2–0 Ma (Figure 3.7; Galloway et al., 2011). Recent correlation of basalt geochemistry with shear wave

velocities suggests that magmatism and uplift of western North America is generated by a thermal

anomaly which sits beneath thin lithosphere (Chapter 2; Klöcking et al., 2018a).

Mexican topography is characterised by an Altiplano-style physiography so that the 1–3 km high
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Sierra Madre Occidental, the Mexican Altiplano, the Trans-Mexican Volcanic Belt and the Sierra

Madre del Sur together form a broad, elevated region (Figure 3.1a). Reconstruction of an ignimbrite-

capped plateau records up to 2 km of incision of the western highlands since 26 Ma (Montgomery

and López-Blanco, 2003). The southern portion of this region has peaks that are higher than 5 km.

Oligocene ignimbrite flare-ups occurred throughout the Sierra del Sur, and migrated southward during

Miocene times with a decreasing lithospheric signature (Figure 3.4a, b; Márquez et al., 1999; Ferrari

et al., 1999, 2002, 2007). Thermal modelling of heatflow measurements suggests that anomalously hot

mantle sits beneath the lithospheric plate (Ferrari et al., 2012).

The cratonic interior of North America, including the Canadian Shield, has a modest average elevation

(≲ 0.5 km; Figure 3.1a). Backstripping of sedimentary rocks recorded in boreholes shows that it has

experienced slow (∼ 0.01–0.001 mm a−1) Paleozoic subsidence (Armitage and Allen, 2010). Nonethe-

less, portions of the Canadian Rockies and of the craton show evidence of youthful uplift. Kimberlites

of the Lac de Gras field in central Slave craton that are ∼ 75–45 Ma crop out at 550–600 m elevation.

Significantly, these deposits contain xenoliths of marine and terrestrial sedimentary rocks of Albian

(∼ 113–100 Ma) and Eocene (∼ 56–45 Ma) ages, respectively. The present-day absence of cratonic

Phanerozoic sedimentary cover suggests that moderate (⩾ 300 m) uplift and denudation occurred

prior to, and after, magmatic emplacement (Nassichuk and McIntyre, 1995; Heaman et al., 2004; Ault

et al., 2013). Variations in coal rank from the Upper Cretaceous Plains of Alberta suggest that be-

tween 1.1–1.9 km of overburden was removed from the Western Canada basin within the last ∼ 60 Ma

(Nurkowski , 1984; Bustin, 1991). These observations are in agreement with modelling of (U-Th)/He

in Apatite (A-He) from the Slave craton, which indicate that regions surrounding the cratonic core of

North America experienced diachronous post-Cretaceous uplift and exhumation with wavelengths of

tens to thousands of kilometres (Flowers et al., 2012; Ault et al., 2013).

The origin of kilometre-scale Appalachian topography remains enigmatic. After the end of rifting at

∼ 175 Ma, the eastern seaboard constituted a passive margin (e.g. Klitgord et al., 1988). Long-term

slow exhumation rates (20 m Ma−1 for > 80 Ma) inferred from AFT measurements are comparable

to rates of fluvial erosion estimated using cosmogenic dating. These measurements have been inter-

preted as evidence for slow and steady decay of an old orogen (cf. Pavich et al., 1985; Boettcher and

Milliken, 1994; Matmon et al., 2003; Naeser et al., 2004; Portenga et al., 2013). In contrast, A-He

thermochronometry suggests that kilometre-scale Late Cretaceous denudation of the southern and

northern Appalachians has occurred (McKeon et al., 2014; Amidon et al., 2016). Topographic relief
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of the crests of the Appalachian mountains has no obvious relationship to the underlying geologic

terranes, which implies that prior tectonic shortening may not be the primary geomorphic control

(McKeon et al., 2014).

3.3.4 Neogene Uplift and Denudation

A range of observations suggest that the Appalachian Mountains experienced Neogene uplift and

denudation. Elevation of the warped Orangeburg-Chippenham-Thornburg escarpments and of other

reconstructed Cenozoic paleoshorelines record tens of meters of Pliocene to Recent uplift (Spasojević

and Gurnis, 2012; Rowley , 2013; Rovere et al., 2014). The shapes of longitudinal river profiles from the

southern and central Appalachian Mountains are convex upward, which suggests that this landscape

is in disequilibrium (Gallen et al., 2013; Miller et al., 2013; Prince and Spotila, 2013; Gallen, 2018).

Significantly, the Cenozoic stratigraphic record from the adjacent Atlantic shelf shows major pulses of

Cretaceous and Miocene sedimentary flux (Poag and Sevon, 1989; Pazzaglia and Brandon, 1996). Sed-

imentary flux estimates are incompatible with slow and steady erosion of the Appalachian Mountains.

Thermal modelling of A-He observations show increased Miocene exhumation of this region which

correlates with increased sedimentary flux (McKeon et al., 2014). As Taylor and Fitzgerald (2011)

and McKeon et al. (2014) point out, the lack of post-Cretaceous AFT or A-He ages at other sites does

not necessarily preclude Miocene uplift but it does imply that the magnitude of this denudation is

small (≲ 1 km). In Florida, coarse siliciclastic rocks with a Southern Appalachian provenance overlie

Late Miocene carbonate platforms, an observation which is consistent with post-Miocene denudation

(Missimer and Maliva, 2017). Detrital zircon analyses from the Atlantic Coastal Plain suggest that

the recent erosion in the Appalachian Mountains is related to westward migration of eastern drainage

divides (Naeser et al., 2016). These combined observations indicate that Appalachian physiography

is not solely a result of erosional decay of a Paleozoic mountain chain (cf. Baldwin et al., 2003).

Youthful uplift of the northern Appalachian Mountains and of Newfoundland has also occurred. A

combination of AFT modelling and 40Ar/39Ar ages from Mount Washington in New Hampshire indi-

cates an increased exhumation rate after 60 Ma (Roden-Tice et al., 2012; Amidon et al., 2016). Along

the continental margin of Labrador, calibrated seismic profiles show that Mesozoic strata dip seaward

and are truncated by Late Oligocene and younger strata, which are consistent with phases of regional

uplift (Dickie et al., 2011). A regional Miocene unconformity has also been documented in offshore

seismic data (Ainsworth et al., 2014). Subsidence curves and vitrinite reflectance measurements from

the Hopedate E-33 well offshore Labrador show that pre-Pliocene strata have been more deeply buried
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by as much as 750 m prior to removal of Miocene strata (Japsen et al., 2016). Earthquake tomographic

modelling has identified a region of slow velocity, which has a diameter of ∼ 400 km and is known as

the Northern Appalachian Anomaly (Menke et al., 2016). This anomaly occurs within the astheno-

sphere beneath southern New England and, if it is of thermal origin, it may play a role in generating

youthful uplift.

In western North America, sedimentary deposits of the Ogallala Group are exposed in the Great

Plains and suggest that the eastern margin of the Colorado Plateau was regionally tilted during

Miocene times (McMillan et al., 2002). Stratigraphic constraints on the timing of regional tilting

places this differential uplift between ∼ 6 and 3.7 Ma (Duller et al., 2012). Evidence for younger

(i.e. post-8 Ma) regional uplift and surface tilting is corroborated by differential incision of the Rocky

Mountains and by a reconstructed low relief surface generated by post-Laramide basin fill, which

reached as far east as the Great Plains (McKenna and Love, 1972; McMillan et al., 2002). Incision

histories of 40Ar/39Ar-dated basaltic flows within the Colorado, Columbia and Rio Grande catchments

help to constrain long-term landscape development (e.g. Wakabayashi and Sawyer , 2001; Karlstrom

et al., 2008, 2017). These catchments have been incised by tens to hundreds of meters during Neogene

times (e.g. Karlstrom et al., 2012; Nereson et al., 2013; Channer et al., 2015; Repasch et al., 2017).

40Ar/39Ar dating and magnetostratigraphy of tephra deposits within the oldest marine deposits of

the Gulf of California suggests that rifting of the Gulf of California initiated by ∼ 7 Ma. Present-day

elevations (> 300 m) of the shallow marine Upper Bouse formation implies that uplift of the lower

reaches of the Colorado river occurred after ∼ 4.8 Ma (Dorsey et al., 2018). Quaternary marine

terraces along south-western and eastern coast of Mexico are elevated by several tens of meters above

sea level, an observation that is interpreted as a consequence of uplift at rates of up to 3 m ka−1 (Self ,

1977; Ramirez-Herrera et al., 2011).

3.4 Stratigraphic Constraints on Uplift

Elevation of dated marine sedimentary strata is probably the least contentious and most robust con-

straint on the history of continental uplift. In North America, the distribution of Cretaceous marine

rocks provides excellent evidence for kilometre-scale uplift of the Colorado-Columbia-Rocky Mountains

Plateaux since ∼ 80 Ma (e.g., Ziegler et al., 1985; Sahagian, 1987; Roberts and Kirschbaum, 1995).

In the previous chapter, I made used of the PBDB to produce spot measurements of uplift. Similarly,

the youngest outcropping marine to terrestrial sedimentary sequences, which mark the latest regres-
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sive transitions, provide also provide key datum against which uplift can be measured. Stratigraphic

constraints on the timing of uplift initiation were compiled using the methodology of Dickinson et al.

(1988), which identifies the last (i.e. youngest) marine to non-marine transitions in the sedimentary

record. Central to this methodology is the accurate identification of the age and facies of depositional

sequences in a stratigraphic framework that is consistent across the region of interest. The steps to

generating a stratigraphic database are as follows.

3.4.1 Regressive stratigraphic sequences

First, a working chronostratigraphic framework was established for the region by adapting published

time-scales for the Late Cretaceous of the U.S. Western Interior (Figure 3.9 Obradovich and Cobban,

1975; Cobban et al., 2006; Merewether et al., 2011; Merewether and McKinney , 2015; Lynds and

Slattery , 2017). These time-scales were compiled based on extensive fieldwork and fossil analysis by

the authors and others. Biostratigraphic ages are based on Molluscan (ammonite) and Inoceramid

(bivalve) fossil occurrences, and fossil zones given by the last occurrence of the biostratigraphic marker.

Fossil zones are tied to the Gradstein et al. (2012) timescale by 40Ar/39Ar and 40Ar/40K radiometric

dating of ashfall and bentonite beds.

Second, regressive stratigraphic sequences were identified from published facies interpretations (e.g.,

Roberts and Kirschbaum, 1995; Johnson et al., 2002; Gani et al., 2015). The approximate location of

each stratigraphic column is shown with the corresponding letter on the map (Figure 3.10). References

used to determine formation names, ages and depositional environments are listed in Table 3.1 and

generalised stratigraphic columns are shown on Figure 3.11. Particular care was taken to identify

the lateral and temporal variability of marine to terrestrial transitions, such as, for example, those

observed for depositional sequences within the Star Point Sandstone, Blackhawk, Castlegate, and Sego

Sandstone Formations (e.g., Gani et al., 2015).

Figure 3.9: Chronostratigraphic framework of Western Interior of the United States [fol-
lowing page]. Molluscan (ammonite) fossil zones were determined by the last occurrence of the
biostratigraphic marker. The numbered zones include several other fossils, such as inoceramids (bi-
valves). Biostratigraphic ages are tied to the Gradstein et al. (2012) time scale by 40Ar/39Ar and
40Ar/40K radiometric dating of ashfall beds within the fossil zones (after Merewether et al., 2011;
Lynds and Slattery , 2017, and references therein).
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Figure 3.10: Location of reference stratigraphic columns containing sedimentary records of
marine to terrestrial transitions (numbered letters). Green polygons = location of Cretaceous outcrop.

Figure 3.11: Stratigraphic columns showing marine to terrestrial transitions recorded in
the Cretaceous basins [following page] of the North American western interior. The approxi-
mate location of each stratigraphic column is shown with the corresponding letter on the map (Figure
3.10). References used to determine formation ages and depositional environments for each column
are listed in Table 3.1. Stratigraphic nomenclature across the U.S. Western Interior can be incon-
sistent, especially near the borders with surrounding states. The nomenclature used in this chart is
from Love et al. (1993) in locations where multiple terminologies are used. Blue = offshore deposi-
tional environment (generalised); Yellow = Nearshore to transitional marine depositional environments
(generalised); Brown = Terrestrial environment; Vertical lines = missing section/unconformity. fm =
formation; mb = member; sst = sandstone. Triangles = last occurrence of age-diagnostic fossil and
associated zone. Chronostratigraphic ages from Figure 3.9.
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Table 3.1: References for generalised stratigraphic columns

Reference Column Number

Cobban et al. (2006) A2, A4, A8

Eaton et al. (1997) E6

Gill et al. (1972) I1

Hettinger and Roberts (2005) F1

Hook et al. (2012) G3

Johnson et al. (2002) A3, A5, B1,B2, C1

Johnson (2003) E2

Landman and Cobban (2003) F3

Lynds and Slattery (2017) A7, D1, D2, D3, D4, D5, D6, D7, D8, F1

McLaurin and Steel (2000) E3

Merewether et al. (2011) A9, F4

Merewether and McKinney (2015) A1, A6, E4, E5, F5, G1, G2, H1

The stratigraphic nomenclature of correlative formations across the U.S. Western Interior is variable,

such that units of the same age and depositional facies might have distinct names in individual

basins. For that reason, generalised stratigraphic columns were defined for each basin. Where multiple

terminologies are used, I have adopted formation names of Love et al. (1993). For a given stratigraphic

column, maximum age of the marine to non-marine transition was assigned as the top of the offshore

unit (blue), and minimum as the top of the nearshore/transitional marine unit (yellow). For example,

in column B2 (Sioux Region, North Dakota) the maximum age was assigned to the Hoploscaphites

nebrascaensis zone (∼ 68.0 Ma) and the top to the Baculites clinolobatus zone (70.8 Ma). Where the

transition is marked by an unconformity (e.g., column A5 - Cedar Creek Anticline, Montana) or an

abrupt transition from offshore to terrestrial facies (e.g., column D1 - Bighorn Basin, Wyoming), the

age is assigned based on the youngest marine age.

Finally, the locations were these marine to non-marine transitions occur at the surface were de-

termined from state geologic maps (https://ngmdb.usgs.gov; references for individual state maps

shown in Table 3.2). Rocks of the U.S. Western Interior are well exposed as surface outcrops, therefore

mapped geologic units provide a good guide to the location of formation contacts. For each region,

the location of the transition between marine and non-marine was defined as the contact between the

nearshore/transitional marine units and terrestrial units (yellow and brown, respectively, on Figure

3.11). Contacts were then extracted from geo-referenced Geological Maps using ArcGIS.
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Table 3.2: References for state-wide geological maps

Map Reference

A Montana Vuke et al. (2007)

B North Dakota Clayton et al. (1980)

C South Dakota Martin et al. (2004)

D Wyoming Love and Christiansen (1985)

E Utah Hintze (1980)

F Colorado Tweto (1979)

G New Mexico Scholle (2003)

H Arizona Richard et al. (2000)

I Kansas Kansas Geological Survey (2008)

Net uplift at these spot locations was determined using the methodology outlined in Chapter 2. The

paleobathymetric range for each regressive sequence was set at 0 ± 10 m. The error was included to

account for environmental variability within the nearshore/transitional marine units. Together, the

regressive sequences and PBDB points comprise 4972 individual spot measurements of net uplift. Ele-

vation of each sample was extracted from the Advanced Space-borne Thermal Emission and Reflection

Radiometer (ASTER) global digital elevation model which has vertical and horizontal resolutions of

∼ 20 m and ∼ 75 m, respectively (Tachikawa et al., 2011).

3.4.2 Net Uplift of North America

Paleo-water depth and net uplift calculated from the PBDB and stratigraphic constraints are shown in

Figure 3.12. In Figure 3.13, cross sections 3.13c–e compare present-day elevations of biostratigraphic

and stratigraphic constraints with a 100 km wide topographic swath along three key transects. In

each case, the spatial distribution of samples reveals a broad swell which matches the topography.

Net calculated uplift, shown in Figure 3.12, is greater than present-day elevation. Samples used in

this study indicate that water depth of the Late Cretaceous Western Interior Seaway was ≤ 300 m

(Figure 3.12a; Arthur and Sageman, 2004). These shallow values imply that the present-day elevation

of each sample is broadly representative of its net uplift. As previously shown in Chapter 2, the

compiled results show that since 80–65 Ma, a region encompassing the Colorado Plateau, Southern

Rocky Mountains and swathes of the Great Plains have been uplifted to form a broad swell that has a

wavelength of ∼ 1500 km (Figure 3.12b, Figures 3.13c and e). Uplift reaches a maximum of ∼ 3 km in

the Colorado Plateau and Southern Rocky Mountains, decreasing smoothly to ∼ 500 m at the eastern



3.4. Stratigraphic Constraints on Uplift 105

−120˚ −100˚ −80˚

20˚

40˚

60˚ a

0 1 2

Paleobathymetry, km

−160˚ −40˚

20˚

40˚

60˚

b

0 1 2 3

Uplift, km

Figure 3.12: Paleobathymetry and net uplift from stratigraphic and biostratigraphic PBDB con-
straints (a) Blue circles = paleo-water depths (see scale bar). (b) Coloured circles = net uplift deter-
mined from marine to terrestrial transitions recorded by stratigraphic record and fossil assemblages.

edge of the Great Plains (e.g., Figure 3.12, Chapter 2).

The age constraint for initiation of uplift is in general agreement with the proposed start of the

Laramide orogeny (Dickinson et al., 1988). Superimposed on this broad swell are shorter wavelength

(< 100 km) variations in elevation of up to 1 km, which probably reflect uplift caused by horizontal

Figure 3.13: Stratigraphic and biostratigraphic constraints (following page). (a) Coloured
circles show location and age of marine fossil assemblages from the PBDB as well as youngest marine to
non-marine stratigraphic transitions. Black lines = locations of vertical cross sections shown in panels
c–e; white circles = locations of stratigraphic columns shown in panels f–h, i–k and l–n. (b) Extent
of Late Cretaceous seaway interpreted from PBDB. Solid blue polygons/dashed lines = maximum
flooding extent of Cretaceous (i.e. Late Maastrichtian) interior seaway (Smith et al., 1994; Kauffman
and Caldwell , 1993). Dark/light green polygons = outcropping Lower/Upper Cretaceous rocks (Reed et
al., 2005). (c–e) Topographic and stratigraphic cross sections (see panel a for location); black line with
grey band = topography ± maximum and minimum elevation within 100 km swath; labelled arrows
= location of stratigraphic columns shown in adjacent panels; coloured circles = biostratigraphically
dated marine rock coloured according to age (see scale bar); light blue band = free-air gravity anomaly
± maximum and minimum within 100 km swath from GRACE database (Figure3.1). SG = San Gabriel
Mountains, RM = Rocky Mountains, GP = Great Plains, MH = Mexican Highlands, TX = Texas, A
= Appalachian Highlands, PC = Pacific Coast Ranges, CP = Colorado Plateau. (f–n) Generalised
stratigraphic sections with youngest marine regression or outcropping marine strata (arrow); blue
boxes = shallow marine facies; yellow boxes = marginal marine/shoreface facies; brown boxes =
terrestrial facies.
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shortening within the Rocky Mountains (Figure 3.13c and e; e.g. Fan and Carrapa, 2014). In general,

however, the correlation between large-scale uplift patterns and individual Laramide structures is

tenuous since in many locations there is little difference in net uplift between the Rocky Mountain

front and the Great Plains (cf. DeCelles, 2004, ; Figure 3.12b). A similar pattern is observed for the

central and southern portions of the Mexican Highlands where 1.5–2.5 km of post-Cretaceous uplift

decreases smoothly toward the Gulf coast and toward the Basin and Range province. Sample density

makes it difficult to distinguish smaller scale uplift patterns.

Along the Gulf and Atlantic Coastal Plains, sedimentary successions containing marine fossils were

deposited on a shallow marine shelf, at the shoreface, or within a deltaic environment. In general,

they record seaward progradation of the continental shelf (Figure 3.12a; Olsson et al., 1988; Gohn,

1988; Pazzaglia and Gardner , 1994). Figure 3.13d shows Late Cretaceous to Eocene age samples from

the Gulf Plain region at elevations of ∼ 200 m. Here, calculated uplift smoothly increases westward

towards the Mexican Highlands where Cretaceous samples from the Rio Grande Embayment are at an

elevation of 500 m. Regional tilt of the eastern Gulf Coast and Atlantic Coastal Plain samples (Figure

3.13d and e; stratigraphic columns j, k and n) is suggestive of long-wavelength (∼ 1000 km) surface

uplift of magnitude ≤ 300 m that has developed since Eocene times. Regional uplift calculated for

samples along the Pacific Coastal Ranges reveals no simple large-scale pattern, which probably reflects

the complex tectonic history of terrane accretion, lateral displacement, subduction and subsidence

(e.g., Awater , 1970).

The magnitude of regional uplift across the Colorado Plateau, Mexico and the Appalachian Mountains

is obviously too great to be accounted for by glacio-eustasy (cf. Miller , 2005). Figure 3.13c-e shows

the pattern of maximum and minimum free-air gravity anomalies, which broadly mimics topographic

elevation. Long wavelength (> 1000 km) post-Cretaceous warping of North American topography and

the co-location of gravity anomalies, slow shear wave velocity anomalies, and magmatic observations

indicate that sub-plate support has played a significant role in generating and maintaining kilometre-

scale Cenozoic epeirogeny of large portions of North America (Figures 3.1, 3.3 and 3.4). Despite the

spatial and temporal coverage provided by the PBDB, there are extensive tracts where uplift histories

are poorly understood since it is difficult to interpolate between spot measurements. A potentially

fruitful approach is to exploit drainage patterns, which are ubiquitous throughout the continent.
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3.5 River Profile Inversion

In principle, drainage networks should indirectly record uplift histories although this record is obscured

by the erosional process (e.g. Howard , 1994; Whipple and Tucker , 1999; Snyder et al., 2000; Kirby

and Whipple, 2001; Wobus et al., 2006). Significant effort has been put into developing techniques

that can be used to extract information about geologic and geomorphological processes from fluvial

networks. Many modelling studies have shown that the shape of a river profile is affected by changes in

uplift rate, which acts to generate transient knickzones (e.g. Howard and Kerby , 1983; Rosenbloom and

Anderson, 1994; Crosby and Whipple, 2006). It is evident that longitudinal rivers profiles from multiple

catchments share common knickzones, which suggests that uplift rate can affect whole catchments (e.g.

Roberts et al., 2012a; Roberts, 2019). Here, I apply a general inverse approach that enables regional

rock uplift rates as a function of time and space to be extracted from large inventories of river profiles

(Rudge et al., 2015). This approach has three important steps. First, continent-wide drainage patterns

are extracted from a suitable digital elevation model and their veracity checked using satellite imagery.

Secondly, a physically appropriate erosional model is chosen. Thirdly, the erosional constants used in

this model are calibrated and the drainage inventory is inverted to determine the smoothest rock uplift

rate history that minimises the misfit between observed and calculated river profiles. It is crucial that

the calculated rock uplift history is carefully tested using independent geologic observations. Each of

these steps is tackled in the following way.

3.5.1 Drainage Inventory

An inventory of 4161 river profiles was extracted from the ASTER GDEM database. Esri flow-routing

algorithms were used to calculate overland flow, which in turn enables river profiles to be constructed.

Rivers were extracted from cells with calculated upstream drainage areas larger than 4 km2. The

planform drainage network was compared to satellite imagery (e.g., Copernicus, Landsat) and it can be

shown that the extracted network has high fidelity in regions away from flat topography and narrow

(< 30 m wide) gorges. Figure 3.14 shows the drainage distribution for North America, which is radially

distributed about four major topographic swells: the Yukon plateau (centred on 60◦ N and 140◦ W),

the Colorado-Columbia-Rocky Mountains Plateaux (45◦ N and −05◦ W); Mexico (20◦ N and 100◦

W); and the Appalachian mountains (35◦ N and 80◦ W).

Families of longitudinal river profiles grouped by catchment are shown in Figure 3.15. Profiles from

the Colorado catchment exhibit two substantial convexities at ∼ 500–1000 km and at ∼ 1500–2500 km
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Figure 3.14: Topography and drainage of North America. Thin black curves = 4161 rivers
extracted from ASTER GDEM database. Ms = mouth of Mississippi; L = St. Lawrence; N = Nelson;
Ma = Mackenzie; Y = Yukon; Cb = Columbia; Cd = Colorado. Drainage network is draped over
topography from ASTER GDEM

(Figure 3.15). River profiles from the Columbia catchment and from the upper western reaches of

the Mississippi catchment also have substantial knickzones (Figure 3.15). Pronounced convexities are

observed on river profiles that drain northern and eastern North America (e.g., at ∼ 1500–2000 km

along the Nelson river). Many other North American catchments also have large convex-upward

knickzones. The locations of these broad knickzones do not generally correlate with lithologic contacts,
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Figure 3.15: Inverted longitudinal river profiles. (a) Observed river profiles for Mississippi and
its principal tributaries (see Figure 3.1). (b) Observed and calculated river profiles for Mississippi
catchment. Red dotted lines = best-fitting theoretical river profiles calculated using uplift history
shown in Figure 3.18; value of root-mean-squared (rms) misfit is shown in top right-hand corner.
Spatial distribution of misfit is shown in Figure 3.17. (c) Observed and calculated river profiles from
six catchments shown in Figure 3.1.

which suggests that their shapes are not related to substrate (e.g., bedrock) in a simple way (Roberts

et al., 2012b). Instead, the observed commonalities of long wavelength knickzones draining the four

topographic swells suggests that they could have been generated by the spatial and temporal pattern

of regional uplift.

3.5.2 Erosional Parameterisation

Shapes of longitudinal river profiles, z(x), are controlled by the history of rock uplift rate, U , and

by erosion rate, E, both of which can vary as a function of space, x, and time, t (e.g. Gilbert , 1877;

Davis, 1899; Howard , 1994; Whipple and Tucker , 1999; Sklar and Dietrich, 1998; Loget and Van

Den Driessche, 2009; Anderson and Anderson, 2010). A range of laboratory experiments and field

measurements suggest that erosion rate depends upon a suite of complex processes that include the

dynamics of water flow (e.g., discharge, turbulence, vorticity), strength of the substrate (e.g., bedrock),

orientation of jointing and fracturing, local erosional mechanisms, sediment supply and biota (e.g. Sklar

and Dietrich, 1998, 2001; Brocard and Van Der Beek , 2006; Allen et al., 2013; DiBiase et al., 2014;

Mackey et al., 2014; Rengers and Tucker , 2014; Castelltort et al., 2015; Brocard et al., 2016; Baynes
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et al., 2018).

At continental scales, it appears that large, coherent signals become emergent and that the stream

power equation provides a practicable way to model drainage evolution through time and space (e.g.

Roberts, 2019). For example, at wavelengths > 10 km, lithology does not appear to correlate with

changes in slope, with curvature or with stream power (Roberts et al., 2012b; Czarnota et al., 2014).

These inferences are consistent with spectral analyses of river profiles, which suggest that processes

operating at long wavelengths (> 100 km) dominate the shapes of river profiles (Roberts et al., 2019;

Roberts, 2019). Assumptions of erosional thresholds do not seem to be required in order to achieve

a good match between observed and calculated river profiles at these long wavelengths (Roberts et

al., 2012a). Furthermore, changes in precipitation rate where the period is less than about 1 Ma do

not significantly affect calculated river profile shapes (e.g. Paul et al., 2014)). Fluvial erosion appears

to be a highly integrative process such that regional uplift primarily determines profile shape. The

empirical stream power equation is given by

∂z(x, t)

∂t
= −vA(x)m

(︃
∂z(x, t)

∂x

)︃n

+ U(x, t), (3.2)

where upstream drainage area A varies as a function of distance, x. z is elevation above sea level, t

is time and U is rock uplift rate. Values of the erosional constants v, m and n can be determined by

independent calibration. Equation (2) can be solved in order to calculate U . For example, Pritchard

et al. (2009) demonstrated that U can be extracted from river profiles by exploiting the method of

characteristics. Later, Royden and Perron (2013) employed the same integrative approach to calculate

metrics that may relate to landscape evolution. These metrics, notably τG and χ, are often used to

gauge the time taken for erosional signals to propagate through a given landscape and to infer drainage

divide migration. A challenging problem is that regional uplift signals are generally inserted into the

upstream reaches of individual rivers and catchments. An obvious solution is to pose the inverse

problem whereby a smoothly varying rock uplift rate history, U(x, y, t), is sought. The problem can

be solved by either linear or non-linear optimisation. I make the assumption that drainage area is

temporally invariant, which implicitly assumes that reorganisation of planform does not significantly

affect shapes of rivers at the scales of interest (Paul et al., 2014; Rudge et al., 2015). Significantly,

no a priori assumptions about the spatial and temporal distribution of uplift signals are made. An

inverse approach provides a pragmatic and testable way to calculate rock uplift rate histories at scales

appropriate for investigating histories of sub-plate support.
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3.5.3 Inverse Modelling

The inverse scheme proposed by Pritchard et al. (2009) was generalised to incorporate ‘erosional

diffusivity’ and spatio-temporal changes in uplift rate histories by exploiting quasi-linear optimisation

methodologies (Roberts and White, 2010; Roberts et al., 2012a). A significant benefit of non-linear

inverse modelling is that it is possible to investigate the importance of erosional parameters whose

values are much debated (Lague, 2014). For example, a suite of inverse models shows that residual

misfit is minimised when the slope exponent, n, equals 1 (Paul et al., 2014). This result means that a

simplified erosional model can be used to develop a linearised inverse model using a Bayesian approach

in which a posteriori probability distributions (e.g., prior guesses at approximate rock uplift histories)

are defined and, alternatively, a damped linear least squares approach that has a null starting set

(Fox et al., 2014; Goren et al., 2014; Rudge et al., 2015). Other schemes have also been proposed (e.g.

Campforts and Grovers, 2015; Glotzbach, 2015).

Rudge et al. (2015) show that smooth spatio-temporal rock uplift histories can be obtained by linear

inverse modelling without recourse to prior information. By solving the simplified stream power

equation using the method of characteristics, the landscape response time, τG, can be expressed as

τG − t =

∫︂ x(t)

0

dx

vAm
. (3.3)

Elevation is given by

z∗ =

∫︂ τG

0
U(x(t), t)dt, (3.4)

(Luke, 1972; Weissel and Seidl , 1998). The resultant set of linear equations that relate elevation to

rock uplift and erosion is rewritten in matrix form as

z = MU. (3.5)

Families of river profiles are inverted by minimising

|MU− z|2 + λ2
S |SU|2 + λ2

T |TU|2. (3.6)

where S and T are the spatial and temporal smoothing matrices, respectively (Rudge et al., 2015). U is

permitted to vary subject to a non-negativity constraint, U ≥ 0, since river profile elevations constitute
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positive measurements. Uplift rate is allowed to vary as a function of time at vertices arranged in a

triangular grid with a spacing of 125 km. The starting set is the null set and no assumption is made

about pre-existing North American paleotopography. Uplift along river profiles is linearly interpolated

from this spatio-temporal grid. It is important to note that the model cannot resolve uplift rate at

times that are greater than the largest value of τG. Following Parker (1994)’s protocol, the spatial

and temporal smoothing coefficients, λS and λT , are systematically varied to identify the smoothest

model that yields the best fit between observed and calculated river profiles (Figure 3.16a). Here, I

used λS = 0.5 and λT = 0 and the effective temporal resolution is 5.7 Ma. I explore the effect of using

different values of λS in Section 3.5.4.

Figure 3.16: Inverse model parameterisation (a) Data misfit plotted as function of model smooth-
ness for suite of inverse models with different values of smoothing parameter, λS (see Figure 3.18a for
configuration of inverse model). Black arrow = locus of smoothest, best-fitting model where λS = 0.5.
(b) Residual misfit plotted as function of erosional parameter m. Black arrow = locus of weak global
minimum at m ≈ 0.4.

One way to constrain the value of m is to calculate residual misfit from a suite of inverse models for

which m is systematically varied. In each case, it is important to ensure that the same number of

free parameters is used. In essence, this approach exploits the spatial geometry of drainage networks

(i.e. A(x) and z(x)) to constrain m. Crucially, rock uplift is allowed to vary spatially and temporally,

which means signals can be inserted at any position along different river profiles, and I do not assume

river profiles are in steady state (i.e. ∂z/∂t = 0). Indeed, I caution against the use of methodologies

which assume steady state, which exploit the derivative of river profiles, or which prescribe an a
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priori uplift history (e.g., χ-analysis). In general, all three of these assumptions yield unstable and

misleading results. Figure 3.16b shows that North American river profiles are consistent with an

optimal value of m = 0.4, although the range 0.2 ≤ m ≤ 0.5 has sufficiently small residual misfits

to be deemed acceptable. The value of v, which trades off against m, was calibrated using the

history of incision recorded by eroded lava dams within the Grand Canyon (Karlstrom et al., 2008).

The mean incision rate is 111 ± 7 m Myr−1. By combining this rate with local slope and area

measurements Roberts et al. (2012a) showed the relationship between erosional parameters v and m

is v = 4.16× 104 × (2.78× 10−12)m. For m = 0.4, v has a value of 0.99± 0.062 m0.2 Myr−1. I explore

the impact of changing v by plus or minus one order of magnitude in Section 3.5.4.

Figure 3.17: Residual misfit. (a) Histogram of residual misfit between observed and predicted river
profiles. (b) Inset showing full frequency distribution of residuals. (c) Residual positive misfit map
between observed and calculated river profiles. (d) Residual negative misfit map.

The optimal fit between observed and calculated river profiles shown in Figure 3.15 is obtained for the

cumulative rock uplift history shown in Figure 3.18. The root-mean-squared (rms) misfit is given by

[︄
1

N

N∑︂
i=1

(︃
zoi − zci

σ

)︃2
]︄1/2

, (3.7)

where N = number of data values, zo and zc are observed and calculated river elevations, respectively.

Distribution of residual misfit, both positive and negative, is shown in Figure 3.17. Elevation variance

was set as a constant value of σ = 20 m, based upon the reported resolution of the ASTER database

(Tachikawa et al., 2011). I emphasise that alternative objective functions can be used to measure

the goodness of fit between observed and calculated river profiles without significantly affecting the

principal results. I chose a standard approach to calculating misfit (i.e. root-mean-squared misfit).

This approach has the benefit of being transparent and readily relatable to the observed and theoretical
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rivers profiles (Figure 3.15). Finally, I note that this approach does not explicitly address the difficult

problems of internal drainage or of strike-slip tectonics, which means that calculated uplift histories

along the Pacific seaboard and Great Basin should be treated with caution. Drainages from these

regions were not removed from the inversion, principally because it is unclear what parts of these

rivers should be removed.

3.5.4 Calculated Rock Uplift History

The calculated uplift history is shown in Figure 3.18. This history yields a global residual rms misfit

of 1.25 between observed and calculated river profiles. The most striking feature of this history is the

Cenozoic growth of topography in western North America which can be divided into two principal

uplift events. Cumulative uplift over time is shown for selected model nodes in Figure 3.20. Between

∼ 80 and 40 Ma, regional uplift rate is modest, rarely exceeding ∼ 0.02 mm/a. Between 30–20 Ma

and the present day, uplift rate dramatically increases and reaches values as high as 0.1 mm/a. This

calculated history predicts that the Colorado-Columbia-Rocky Mountains Plateaux was uplifted from

approximately sea level (i.e. < 250 m) at ∼ 80 Ma to an average elevation of 1.5–2.5 km at the present

day. Note that the Rocky Mountains front and the Great Plains are uplifted at approximately the

same time. Late Cretaceous to Recent cumulative uplift reaches 2.5–3.0 km within the southern Rocky

Mountains, decreasing northward to ∼ 1.5 km toward the Canadian Rockies and eastward to 0.5–1.0

km toward the Great Plains. Along the southern slopes between the Rocky Mountains and the Great

Plains, cumulative uplift appears to have occurred in two broadly synchronous pulses between 60–40

Ma and 20–0 Ma. Regional uplift is progressively younger and of shorter duration toward the north.

The southern portion of the Great Plains becomes emergent after 20 Ma.

With the exception of the Rio Grande Embayment, calculated cumulative uplift along the Gulf Coastal

Plain is < 250 m. Between Georgia and the Mississippi Embayment, a rapid episode of regional uplift

occurs at ∼ 35 Ma. Cumulative uplift of 400 m is predicted to have occurred within the last 20 Ma

for the Rio Grande Embayment with fastest uplift rates between 20 and 10 Ma. Post-Cretaceous

uplift of the Mexican Highlands generally exceeds 1 km. The southern and northernmost portions of

these highlands were uplifted by almost 3 km and ∼ 2 km, respectively. Along the eastern seaboard,

the results suggest that the central Appalachian mountains were uplifted by ∼ 1 km. The adjacent

coastal plain underwent a maximum uplift of 300 m. Within cratonic North America, cumulative

uplift is modest which suggests that the Canadian Shield and Interior lowlands have sat at relatively

low elevation since Late Cretaceous times.
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Figure 3.18: Calculated uplift history for North America. (a) 16 panels that show cumulative
uplift history (i.e. temporally integrated uplift rate history) calculated by linear inverse modelling of
4161 river profiles (residual rms misfit = 1.25; Figure 6). Grid of red points in top left-hand panel
= loci of vertices used to discretise uplift rate. Age, in millions of years, is shown for each panel.
Hatched region = Great Basin and Pacific margin where internal drainage, plate accretion and strike-
slip tectonics compromise assumptions that underpin inverse model. (b) Calculated uplift rate at four
different times. (c) Selected panels at four different times that show model coverage (i.e. number of
non-zero entries in model matrix, M, corresponding to given uplift node). Note that model coverage
is highest toward present day and significantly decreases for ages > 70 Ma (see Figure 3.19). (d) Four
panels showing cumulative uplift history of North America calculated using coarser mesh (residual
rms misfit = 2.62). (e) and (f) Calculate uplift rates and model coverage for coarser mesh at 0 Ma.

It is important to note that at the oldest time-step, 87 Ma, the model predicts small amounts of

cumulative uplift and low uplift rates for most of the North American continent. Such observation is

at odds with many tectonic models of western North America in mid-Cretaceous times (e.g., Dickin-

son and Snyder , 1978; DeCelles, 2004). This modelled uplift history, however, a function of model

coverage. Figure 3.19 shows cumulative model coverage as a function of time. τG defines how much
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Figure 3.19: Data coverage as a function of model time Coverage is calculated as the percentage
of total river data points with τG equal to or older than model age. Circles are coloured with colour
scale from Figure 3.18

data is present in the model at any given time-step (see coverage maps in Figure 3.18c, which shows

the spatial density of river segments with ages older than a given τG). Given this relationship, at

the oldest ages considered by the inverse model (82 Ma), there is very little river data available to

constrain calculated uplift. This lack of resolution does not imply that there was no topography in

western North America at 82 Ma, simply that the model lacks the resolution to calculate uplift rates

before this time.

I explored the effects of changing the spatial smoothing parameter on the resultant uplift model.

Figure 3.21 and 3.22 show cumulative uplift, uplift rate and model coverage over time for λs = 0.05

and λs = 5.0, respectively. Changing the smoothing parameter alters both the spatial distribution of

predicted uplift, as well as the maximum observed uplift rate at any given point in the model.

3.5.5 Independent Tests

A significant advantage of an inverse modelling approach is that the predicted regional rock uplift as

a function of space and time can be tested against independent observations. Here, I have carried out

this testing by comparing predicted uplift histories with those determined from the biostratigraphic

(PBDB) and stratigraphic inventory presented in Chapter 2 and Section 3.4 of this Chapter. The

average uplift rate at each location was estimated from the age and elevation of the biostratigraphic
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Figure 3.20: Calculated uplift history at grid nodes. North America map shows cumulative uplift
at 0 Ma. Cumulative uplift as a function of time shown for key locations in North America, identified
by letters on map. For graphs where more than one location is shown, these can be distinguished by
colours.

sample. This value can be directly compared with the average predicted uplift rate, which is deter-

mined from the amount of cumulative uplift that has occurred since the time of deposition. Samples

younger than 5 Ma were not used, since the temporal resolution of the calculated uplift history is of

order 5–10 Ma (Figure 3.18).

Figures 3.23 and 3.24 show a comparison between observed and predicted uplift for key stratigraphic

and PBDB-derived measurements, respectively. Comparison between all observed stratigraphic and

biostratigraphic constraints, and predicted average uplift rate measurements are presented in Figure
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3.25. The inverse model used for comparison is the preferred, calibrated and smoothest, best-fitting

run, where m = 0.4, v = 0.99, and λs = 0.5. Analysis of the smaller stratigraphic database shows that

the inverse model yields a good agreement between observed and predicted uplift rates. Figure 3.25b

presents a similar set of results for the much larger PBDB inventory. Open white circles comprise

observations with relatively small uncertainties that are within an order of magnitude of the central

value. In these cases, observed and predicted values agree to within a factor of two. Gray circles

also agree but have large observed uncertainties, principally because of relatively poorly constrained

paleobathymetry. I conclude that calculated average uplift rates for most of the Colorado-Columbia-

Rocky Mountains Plateaux, the Appalachians, Texas, Mexican Highlands, Yukon and the Great Plains

are consistent with a combination of biostratigraphic and stratigraphic uplift measurements (Figure

3.25c and d).

There are two regions where the inverse model significantly over- or under-predicts observed uplift

rates: the Pacific Coastal Ranges and the Rio Grande Embayment (Figure 3.24). It is unsurprising that

a damped inverse model yields a poorer fit along the Pacific Coast, which has experienced a complex

tectonic history dominated by transcurrent plate motions and regional subsidence (e.g. Awater , 1970;

Bartow , 1991). Over-predicted uplift rates within the Rio Grande Embayment are more problematic.

Figure 3.21: Calculated uplift history with spatial smoothing λs = 0.05. (a) 16 panels that
show cumulative uplift history. (b) Calculated uplift rate at four different times. (c) Selected panels
at four different times that show model coverage.
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Figure 3.22: Calculated uplift history with spatial smoothing λs = 5. (a) 16 panels that show
cumulative uplift history. (b) Calculated uplift rate at four different times. (c) Selected panels at four
different times that show model coverage.

The biostratigraphic compilation indicates that this embayment progressively shoaled from a deep

marine Upper Cretaceous environment until Late Eocene times when deposits were predominantly

deltaic or estuarine (e.g., Wilcox Formation; Galloway , 2001; Milliken et al., 2018). Since then, this
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Figure 3.23: Comparison uplift history with stratigraphic data. Observed vs Predicted uplift
from the stratigraphic sections of marine to terrestrial transitions.
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Figure 3.24: Comparison uplift history with PBDB data. Observed vs Predicted uplift from
example points from the paleobiology database.

region probably remained close to sea level, manifest by a record of Cenozoic shoreline progradation

along the Coastal Plain (Hosman, 1996; Galloway , 2001). At present, the embayment is adjacent

to the uplifted Sierra Madre province. Since relatively few rivers drain this region, there is lower

model coverage and thus smoothing is larger, which is a possible reason why regional uplift has been

over-predicted (Figures 3.14, 3.18).

One plausible explanation for poor fit between some observed and predicted uplift rates could be that

the prefactor of the stream power relationship, v, is not appropriate. To test this, I compared uplift

rates derived from the bisotratigraphic and stratigraphic constraints to uplift histories where v is either

decreased or increased by one order of magnitude (Figures 3.26 and 3.27, respectively). The resultant

uplift histories yield calculated rates that significantly mismatch stratigraphic and biostratigraphic

constraints. These tests suggest that the calibrated value of v used in this study is a reasonable one.

An assessment of model fidelity can also be made using additional independent uplift constraints (e.g.,

number of recorded extrusive events, clumped-isotope constraints). A two stage Cenozoic uplift

history of the Colorado Plateau is consistent with paleoaltimetric observations calculated from clumped
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Figure 3.25: Testing results of inverse modelling. Comparison of time-averaged Late Cretaceous
to Recent uplift from inverse model and (a) stratigraphic and (b) biostratigraphic constraints (Figures
3.13f–n and 3.13a, respectively). Inset histograms = percentage error distribution of observations.
Solid black line = 1:1 relationship; white circles = inverse results that agree with stratigraphic esti-
mates; grey points = samples with large observational uncertainties (i.e. greater than one order of
magnitude) with error bars omitted for clarity; red/blue points indicate where inverse model over-
/under-predicts uplift rate by more than a factor of two. (c) Spatial distribution of stratigraphic and
biostratigraphic constraints coloured by accuracy of inverse model. Symbols same as for panels a and
b. (d) Comparison of inverse modelling results and observations centred on Colorado Plateau (labelled
box in panel c). Inverse model best matches uplift measurements across the Colorado Plateau and
Rocky Mountains.
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Figure 3.26: Testing effect of reducing erosional parameter, v, by one order of magnitude.
(a) Comparison of uplift rates calculated by inverting drainage patterns and those determined from
stratigraphic observations (see Figure 9 of main text for further details). Solid diagonal line = 1:1
relationship. (b) Comparison of uplift rates calculated by inverting drainage patterns and those de-
termined from biostratigraphic inventory. Blue circles = significantly under-predicted values obtained
by inverting drainage patterns. (c) Comparison of observed and calculated uplift rates as function of
space. Labelled box shows panel d. Note that these results were obtained using parameterisation with
unrealistically small value of v, tends to under-predict uplift rates. (d) Zoom of panel c.
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Figure 3.27: Testing effects of increasing value of erosional parameter, v, by one order of
magnitude. (a) Comparison of uplift rates calculated by inverting drainage patterns and those deter-
mined from stratigraphic observations. Solid diagonal line = 1:1 relationship. (b) Comparison of uplift
rates calculated by inverting drainage patterns and those determined from biostratigraphic inventory.
Red/blue circles = significantly over/under-predicted values obtained by inverting drainage patterns.
(c) Comparison of observed and calculated uplift rates as function of space. Labelled box shows panel
d. (d) Zoom of panel c.
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isotopic analysis (Huntington et al., 2010). The distribution of extrusive magmatic events summarised

in the NAVDAT database displays two broad peaks at ∼ 80–55 Ma and at ∼ 40–0 Ma (see e.g.,

Chapin et al., 2004). In Alaska, three phases of magmatism centred at 33, 15 and 2 Ma have been

recorded (Figure 3.4). Timing of peak magmatism is consistent with changes of predicted uplift

rates (Figure 3.18b). In southern North America and Mexico, predicted regional uplift is consistent

with the distribution of Cretaceous marine sedimentary rocks (Figure 3.13a, Figure 3.24; Bond , 1976;

Sahagian, 1987). Along the Atlantic margin, Cretaceous marine sedimentary rocks also crop out which

is consistent with calculated regional uplift since the age of deposition. Between 30◦N and 35◦N, the

elevation of an emergent Pliocene marine terrace increases from 20–30 m to 60–80 m (Rowley , 2013;

Rovere et al., 2014). Calculated cumulative uplift in this region increases from ∼ 40 Ma with higher

rates between 30 Ma and the present day (Figure 3.18b).

In summary, the inverse model yields a reasonable match to most of the stratigraphic and biostrati-

graphic inventories, respectively. I conclude that a continent-wide spatial and temporal uplift history

calculated by inverting an inventory of 4161 river profiles generally agrees with a suite of independent

constraints. These results build upon, and are consistent with, non-linear inverse modelling of a much

smaller inventory of 93 river profiles (Roberts et al., 2012a).

3.6 Landscape Evolution Modelling

The inverse modelling procedure described and applied in the preceding section can be further tested

by forward modelling. By forcing a landscape evolution model with the rock uplift rate history

calculated by inverse modelling, testable predictions about elevation, drainage patterns, denudation

and sedimentary flux are made. In particular, the way in which the planform of drainage patterns

evolves as it responds to regional uplift can be examined. In future, it may prove possible to directly

invert continental-scale topography for uplift and denudation using a landscape evolution model (e.g.,

Croissant and Braun, 2014). At present, guided forward modelling is a pragmatic and computationally

efficient approach for calculating continental-scale landscape evolution.

3.6.1 Badlands Algorithm

A modified version of the Basin and Landscape Dynamics (Badlands) model is used to calculate the

spatial and temporal evolution of North American topography during the last 82 Ma together with
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discharge, denudation and sedimentary flux (Salles, 2015). Badlands exploits an irregular triangular

mesh to solve the relevant geomorphic equations. Here, this mesh was generated from user-defined

vertices with a regular spacing of 10 × 10 km using Delauney-Voronoi triangulation (Voronöı, 1908;

Delaunay , 1934). Drainage flow paths were determined using a single flow direction, steepest descent

algorithm. Using a finite volume approach, the continuity of mass equation is solved to calculate

sedimentary flux across cell edges. The time steps are determined in accordance with a Courant-

Friedrichs-Lewy condition to ensure numerical stability. Sediment properties, such as composition,

particle size and bulk density, are assumed to be spatially and temporally uniform. No differentiation

between regolith and bedrock is made.

As proposed by Salles (2015) a diffusion coefficient, κ = 10−20 m2 Ma−1, is included to ensure model

stability. I purposefully ensured that the forward model was kept as simple as possible and that

erosional parameters, v, m and n, have identical values to those used for inverse modelling. Fixed

Dirchlet boundary conditions were employed along the edges of the box to ensure that no interference

with drainage development of the continental domain occurred. The model was not permitted to

deposit sediment on the continent or along its margins, sea level was assumed to be constant and

precipitation rate, P , was set to unity. Finally, flexural responses to re-partitioning of surface loads,

glacial erosion and ice cover were not included and no corrections to the loci of paleo-shorelines were

made (cf. Wickert , 2016; Salles et al., 2017). The governing empirical equation takes the form

∂z

∂t
= −v(AP )m∇z − κ∇2z + U(x, y, t), (3.8)

where U is the rock uplift rate history that was previously obtained by inverse modelling of the drainage

inventory (Figure 3.18a). Only vertical displacements are considered. Incision rates (i.e. ∂z/∂t− U)

are easily extracted from numerical solutions of Equation 3.8. In turn, these rates can be used to

calculate cumulative denudation at spot locations by integrating incision rate with respect to time or

to calculate sedimentary flux by integrating with respect to flow length in a downstream direction.

The initial condition was set to 5% of the present-day topography, which was calculated by multiplying

the ASTER GDEM grid by 0.05. By etching the initial condition (i.e. starting topography), the initial

drainage pattern is set but is subsequently allowed to evolve as the landscape develops.
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3.6.2 Calculated Landscape

Figure 3.28 shows the preferred model run, and presents elevation, discharge (i.e. drainage networks),

cumulative denudation and sediment load as a function of geologic time for the last 70 Ma for a

Badlands model that has a 5% initial condition. Unsurprisingly, this model predicts elevations at the

present day that are similar to the ASTER GDEM topography (Figure 3.28a). In some locations,

calculated elevations are lower than observed, especially within the Appalachian Highlands and Cana-

dian Rockies, which I attribute to model smoothing. Calculated Cenozoic discharge suggests that

the major continental-scale catchments (e.g., Mississippi, Colorado, Columbia, Yukon, Mackenzie) are

broadly stable. For example, most of the large rivers that drain western North America into the Gulf

of Mexico have similar flow patterns over the last ∼ 65 Ma, which is consistent with zircon provenance

measurements from Cretaceous and Paleocene fluvial sandstones along the northern margin of the

Gulf of Mexico (Figure 3.8; Blum and Pecha, 2014; Blum et al., 2017).

I investigated the impact of different initial conditions on the channelisation and subsequent develop-

ment of drainage planforms: a random distribution of slopes with small (i.e. meter-scale) relief, and

1%, and 10% of present-day topography. The results of these model runs are shown in Figures 3.29,

3.31 and 3.30, respectively. Similar results to those shown in Figure 3.28 have been obtained for the

random slope condition and for the 1% initial condition. Drainage planforms are more entrenched for

the 10% initial condition (Figure 3.30).

One concern is that the cell size used to parameterise the landscape evolution model can potentially

force the drainage planform to remain fixed (Goren et al., 2014). This conjecture was examined by

changing the inserted rock uplift history by rotating the uplift history shown in Figure 3.18 by 90◦.

In these tests, the initial condition was kept as 5% of present-day topography. Results of this test are

shown in Figure 3.32), which shows that calculated planforms (e.g., rivers and drainage divides) do

indeed adjust and change as the landscape develops, in accordance with the pattern of forcing uplift.
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Figure 3.28: Predicted landscape evolution. (a) Late Mesozoic and Cenozoic topographic evo-
lution of North America calculated using modified version of Badlands landscape evolution model
(Salles, 2015). Model was forced using uplift history calculated by inverse modelling (Figure 3.18).
Model resolution = 10 km. Hatched region = portion of model where calculated uplift history should
be treated with caution. Lowest panel = present-day topography from ASTER GDEM database for
comparison. (b) Calculated discharge. Bottom panel = present-day discharge calculated using Esri
flow-routing algorithms and ASTER GDEM database (see Figure 3.14 for annotation). (c) Calculated
cumulative denudation (i.e.

∫︁
∂zdt/∂t). (d) Calculated sedimentary load (i.e.

∫︁
∂zdx/∂t). (e) Gray

histogram = observed solid sedimentary flux for Gulf of Mexico redrawn from Galloway et al. (2011).
Orange/black/red lines = flux calculated for three different Badlands landscape evolution models pa-
rameterised using 1, 5 and 10% starting conditions (see Supporting Information). Brown/peach band
shows stratigraphy: W = Wilcox; Q = Queen City; S = Sparta; Y = Yegua; J = Jackson; F/V =
Frio/Vicksburg; L, M, U = Lower, Middle and Upper Miocene. Note model coverage is < 20% before
55 Ma (see Figure 8c).
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Figure 3.29: Landscape evolution model, flat initial condition. Testing impact of alternative
starting conditions used to initiate landscape evolution model. In this example initial topography was
set to zero. Note that Badlands algorithm randomizes slopes to ensure channelisation.
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Figure 3.30: Landscape evolution where initial topography is 1% of present-day topography
extracted from ASTER GDEM.
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Figure 3.31: Landscape evolution model where initial topography is 10% of present-day
topography extracted from ASTER GDEM.
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Figure 3.32: Testing impact of alternative uplift history used to externally force landscape
evolution model. Here, uplift history calculated by inverting drainage patterns was rotated by
90◦ and Badlands model was rerun. This approach largely preserves length-scale and aspect ratio
of inserted uplift pattern. Initial topography was set to 5% of present-day topography (i.e. initial
condition was not rotated).
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3.6.3 Denudational History

Thermochronometric measurements provide an additional means of estimating denudation over long

time scales. In essence, these techniques record the temperature of rocks as a function of time. By

relating these histories to estimates of crustal temperatures, it is possible to extract denudational his-

tories (see e.g., Green et al., 1989; Gleadow and Brown, 1999; Gallagher , 1995; Farley , 2002). A key

result from thermochronometers is the age at which rock has cooled below the closure temperature of

the individual system. The presence of cooled rock at Earth’s surface today is usually interpreted as re-

moval of overburden by denudation. Predicted denudation history was tested by exploiting the results

from two well-known low-temperature thermochronometers: apatite fission track (AFT) and apatite

(U-Th)/He (A-He). The principal aim is to investigate how well the landscape evolution model, which

was parameterised using a smoothly varying rock uplift history, can reproduce independent estimates

of exhumation. This compilation of thermochronometric results builds on previous inventories and

includes 1642 AFT and 789 A-He closure ages from North America (e.g., Sloan et al., 2003; Herman

et al., 2013, ; USGS National Geochronology Database). The spatial and temporal distribution of this

compilation is presented in Figure 3.33. I have attempted to identify samples with cooling histories

that have been overprinted by tectonic and/or magmatic events and manually excised them from the

compilation.

Figure 3.33d and f shows there are three broad peaks evident within AFT closure age measurements:

80–60 Ma, 50–30 Ma and 30–10 Ma. The number of measurements of A-He closure ages is greatest

between ∼ 20 Ma and the present day (Figure 3.33e). Thermobarometric modelling and rock cooling

histories suggest that Cenozoic denudation rates across southern North America and Mexico were

highest during the last 40 Ma (Gray et al., 2001; Montgomery and López-Blanco, 2003; Ferrari et

al., 2012). One interpretation of this trimodal distribution is that North America has experienced

at least three discrete kilometre-scale phases of Late Mesozoic to Recent denudation. However, I

acknowledge that this database has significant spatial bias; coverage is greatest on the Colorado-

Columbia-Rocky Mountains Plateaux, along parts of the Appalachian mountains, Mexican highlands,

and within the Yukon region (Figure 3.33a and b). Portions of the Colorado Plateau that have a

two-stage Cenozoic cooling history have been interpreted as evidence for an ancestral Colorado river.

I note that alternative explanations exist (see e.g., Flowers and Farley , 2012; Karlstrom et al., 2014).

Late Cretaceous to Early Paleocene A-He and AFT ages along the Appalachian mountains suggest

that ∼ 2 km of overburden has been removed during the last ∼ 60 Ma. Closure ages along the northern
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Pacific Coastal Ranges are mostly younger than 50 Ma. In the north and central Rocky Mountains,

closure ages are between 70 and 40 Ma, which is broadly coeval with the timing of Laramide tectonism

(e.g., Dickinson et al., 1988; Peyton and Carrapa, 2013). In the Southern Rockies and Rio Grande

Rift, there are a suite of A-He and AFT closure ages < 40 Ma. Kelley and Chapin (1995) and Peyton

and Carrapa (2013) related this post-Laramide cooling to burial, subsequent epeirogenic uplift and

Figure 3.33: Distribution of thermochronology data. (a) Synthesis of independent estimates of
U-Th/He (A-He) closure ages for North America. Gray shading = present-day topography calculated
from ETOPO1 database; thin white line encloses Colorado Plateau. (b) Apatite Fission Track (AFT)
closure ages. (c)/(d) Histograms of A-He and AFT closure ages, respectively, from Colorado Plateau.
(e)/(f) Histograms of of A-He and AFT closure ages, respectively, closure ages for North America.
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removal of sedimentary rocks while the Rio Grande Rift developed. O’Sullivan and Currie (1996)

and O’Sullivan and Lane (1997) propose that the Yukon plateau has had a staged denudation history,

with cooling phases between 60 and 40 Ma, and at ∼ 15 Ma.

In order to compare this compilation with predictions from the landscape evolution model, I first

convert reported closure ages into average denudation rates. Temperature histories of rocks can be

extracted by inverting apparent closure ages and fission track length distributions (Ketcham, 2005;

Gallagher , 2012). However, it is still unclear how spatial averaging of cooling histories, exhumation

rate dependence of closure temperatures, and time-dependent geothermal gradients affect these results

(e.g., Schildgen et al., 2009, 2018). Here, I use a simple expression that relates surface and closure

temperatures, Ts and Tc, geothermal gradient, dT/dz, and closure age, ac, in order to calculate the

time-averaged denudation rate which is given by

dz

dt
=

T

ac(dT/dz)
, (3.9)

where T = Tc − Ts. Measurement errors and uncertainties in the thermal properties of the crust were

propagated to obtain

δdz/dt =

⃓⃓⃓⃓
dz

dt

⃓⃓⃓⃓ √︄(︃
δT
|T |

)︃2

+

(︃
δdT/dz

|dT/dz|

)︃2

+

(︃
δac
|ac|

)︃2

, δT =
√︁

(δTc)
2 + (δTs)

2. (3.10)

These errors can also be gauged by using extremal values of the variables. Significant uncertainties

include closure temperatures, which vary between 110 ± 10◦C for AFT and ∼ 60 ± 30◦C for A-He,

although a larger range for AFT is sometimes reported (Dodson, 1973; Green et al., 1989; Reiners

and Brandon, 2006). Geothermal gradients can be affected by changes in basal heat flow, by the

distribution of radiogenic elements, and by thermal advection. I tested a suitable range of geothermal

gradients (25±15◦C km−1), which broadly encompasses those values reported for radiogenic to weakly

radiogenic crust. These values are the most significant control for crustal temperatures of unstretched

lithosphere (e.g., McKenzie et al., 2005). Surface temperatures are often poorly constrained and I

assumed that Ts = 15±10◦C (see e.g., Greenwood and Wing , 1995). I acknowledge that more complex

thermo-kinetic models exist which incorporate, for example, the effects of two- and three-dimensional

conductive cooling and advection of heat (e.g., Braun, 2002). In my view, the uncertainties in thermal

structure of the crust and its time-dependent behaviour mean that simple models are justifiable in

this instance. For each sample, denudation rate and associated error were calculated using Equations
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3.9 and 3.10.

Figure 3.34: Comparison of thermochronmetric and calculated denudation rates. (a) Com-
parison of denudation rates calculated from landscape evolution model that was parameterised using
results of inverse modelling (Figure 3.28c) and independent A-He closure ages (see Figure 3.33 panels
a and b). Circles coloured according to closure age. Black lines = error bars for all points. (b)
Comparison of calculated denudation rates and independent estimates from AFT closure ages. (c)
Underpredicted data (blue circles), where calculated denudation rates are factor of two or more lower
than A-He and (d) AFT estimates. Error bars have been omitted for clarity. Error bars = data with
a good match between the parameterised forward model and independent estimates.

It is important to emphasise that rock uplift without concomitant denudation is difficult to detect

using thermochronometric techniques. Conversely, rapid erosion can in principal produce significant

denudation in the absence of surface uplift. One way to examine the cause of rock cooling and its

relationship with uplift is to extract denudational estimates from parameterised landscape evolution

models. Here, I use the compilation of rock cooling rates to test predicted values from my preferred

model (Figure 3.28). It is important that these rates are compared at the same location and for
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the timescale determined by the closure age of the thermochronometric measurement. The simple,

inverse relationship between closure ages and denudation rates shown in equation 3.9 will result in an

apparent increase in rates though time (e.g., Willenbring and Jerolmack , 2016), however is appropriate

for comparison with the average denudation rates extracted from the landscape evolution model. I

avoided comparing samples with closure ages younger than 5 Ma which is the limit of resolution for

this landscape model. Furthermore, young AFT (or AHe) ages that are <5 Ma can be affected by

thermal advection which I have ignored for simplicity (Lisker et al., 2018). A comparison between

observed and predicted denudation rates is presented in Figure 3.34. For clarity, uncertainties are

shown for samples where my model matches thermochronometric measurements within error (plus

or minus a factor of two), representing 90% of the A-He and 36% AFT samples in this inventory.

Samples where denudation cannot be predicted within error are shown as blue circles. The landscape

evolution model under-predicts 10% and 64% of the A-He and AFT measurements, respectively. One

way to interpret these results is that A-He closure ages are more closely related to the formation

of the modern landscape than AFT measurements. Rock cooling histories can be sensitive to short

wavelength tectonic processes and abrupt changes of denudation rate are unlikely to be expressed

in the smooth landscape evolution model presented here. Finally, fission track annealing can result

in bias toward younger AFT ages, and therefore higher denudation rates, which is consistent with

systematic under-prediction.

3.7 Discussion

3.7.1 Continental Epeirogeny

The stratigraphic and biostratigraphic inventories that I exploit provide excellent evidence for staged

regional Cenozoic growth of North American topography, with at least 2 km of topography having been

generated since Campanian times (∼ 82 Ma; Figure 3.6; Chamberlain et al., 2012). To further explore

and constrain the history of vertical motions and sub-plate support, I solved for spatially and tempo-

rally smooth rock uplift histories by inverting a continental inventory of river profiles. This inverse

model was calibrated using a small number of incision rates from the Colorado Plateau (Karlstrom

et al., 2008; Roberts et al., 2012a). The calculated uplift history is consistent with the independent

inventory of stratigraphic and biostratigraphic uplift constraints across the Colorado-Columbia-Rocky

Mountains Plateaux, for large portions of the Appalachian Mountains, for Mexico and for the Gulf

Coast. It is also broadly consistent with a range of other independent uplift constraints (e.g., clumped
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and stable isotopes, magmatism; Fitton et al., 1991; Huntington et al., 2010; Chamberlain et al., 2012).

Calculated uplift from the Rockies to Great Plains suggests that regional tilting developed during the

last ∼ 10 Ma, which is consistent with tilting histories recorded by the Late Miocene Ogallala Group

and by the Pliocene Broadwater Formation adjacent to the North Platte river (Duller et al., 2012;

Willett et al., 2018). The model performs poorly where there has been significant lateral tectonic
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Figure 3.35: Paleogeography model of North America. Four panels show calculated Mesozoic to
Cenozoic topographic evolution compared with coeval independent paleogeographic constraints. Red
circles = magmatic record from NAVDAT database (Figure 3.4); blue circles = stratigraphic shoreline
markers/marine fossils from PBDB (Figure 3.12); light blue shading = maximum flooded surface from
Smith et al. (1994) revised with stratigraphic and biostratigraphic constraints presented here.
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displacements (e.g. Pacific seaboard) or where spatially smooth uplift histories are less appropriate.

Despite the simplicity of the inverse modelling scheme, there is a reasonable match between timing of

uplift and location of paleo-shorelines inferred from the biostratigraphic inventory and from previous

studies (Figure 3.35; Ziegler et al., 1985; Kauffman and Caldwell , 1993; Smith et al., 1994; Roberts

and Kirschbaum, 1995).

Observed and calculated uplift rates are broadly consistent and suggest that North American topog-

raphy grew in several stages. These results imply that drainage planforms tend to respond to changes

in uplift rate in a predictable fashion, which can be exploited to investigate continental-scale histories

of regional uplift. An important test of this approach is to compare calculated uplift and denudation

with independent observations. In Figures 3.25 and 3.34, I show that a simple erosional model can

yield results that provide a reasonably good match. The calibrated value of v is appropriate for ex-

tracting continental-scale uplift histories from drainage. These combined results provide additional

constraints for the driving mechanisms of continental epeirogeny (Figure 3.35).

3.7.2 Consequences for Landscape Evolution

The inverse modelling strategy that I have described and applied makes a series of simplifying as-

sumptions that warrant further discussion. With regard to the drainage evolution of North America,

there are three significant concerns: simplicity of the erosional model presented here, stability of the

drainage planform, and the influence of glaciation.

Erosional model

First, I have assumed a simplified version of the non-linear stream power erosional model. This model

appears to be sufficiently complex to fit large inventories of river profiles with geologically meaningful

uplift rate histories in that they are comparable to independent constraints (e.g., Figure 3.25). This

model assumes that the values of the erosional parameters, v and m, are constant and that shockwaves

are unimportant at long wavelengths (i.e. n = 1; Equations 3.2 & 3.8). Implicit in these assumptions

is that substrate (e.g., bedrock lithology, alluvium), biota, hydrodynamic processes and changes in

climate (e.g. precipitation, discharge) do not set the pace of landscape evolution at long wavelengths

and timescales of tens of millions of years. More generally, poor correlations between substrate (or

change in substrate) as a function of river elevation, slope, curvature or calculated stream power

at wavelengths greater than a few kilometres support the suggestion that lithology may not control

channel geometry at wavelengths of more than a few kilometres (Roberts et al., 2012b; Paul et al.,
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2014; Czarnota et al., 2014). These observations are consistent with spectral analyses of longitudinal

river profiles, which indicate that their shapes are dominated by wavelengths > 10 km, and that river

profiles from adjacent catchments contain commonalities generated by regional uplift (Roberts et al.,

2019; Roberts, 2019). Nevertheless, there is a substantial body of work which demonstrates that at

smaller scales these processes determine the efficacy of fluvial erosion and the geometry of river profiles

(e.g., Armitage et al., 2018; Baynes et al., 2018; Forte and Whipple, 2018; Gallen, 2018). It is unclear

how these complex, dynamic, threshold-dependent, and undoubtedly non-linear, processes scale over

geologic timescales. However, at a continental scale, I propose that the long wavelength portions of

landscapes are controlled by regional uplift but moderated by integrated fluvial erosion through time

and space in a predictable way.

The way in which erosion scales with slope is debated. For example, the value of the slope exponent in

the stream power model, n, might range between 2/3 to 5/3 or greater, and may be location, process

and scale dependent (e.g., Howard and Kerby , 1983; Whipple and Tucker , 1999; Attal et al., 2008;

Whittaker and Boulton, 2012; Lague, 2014). If n > 1, then information about tectonic history may be

lost from longitudinal river profiles (e.g., Pritchard et al., 2009; Royden and Perron, 2013). However,

several observations exist which suggest that the integrated history of fluvial erosion on scales of order

(102–103) km and (1–10) Ma may depend linearly on slope. For instance, Czarnota et al. (2014)

shows that there is a global minimum at n = 1 by minimising misfit between modelled and observed

longitudinal river profiles of modern and ancient thalwegs of the Tumut river, Eastern Australia. In

general, testing and validation of fluvial erosional models at long wavelengths and timescales is difficult

(Salles et al., 2017). Large inventories of independent constraints on surface and rock uplift can be

used to evaluate the success of erosional models (see Figures 3.23, 3.24, 3.25). The simple, linear

version of the stream power erosion model I use appears to provide sufficient complexity to match

observed longitudinal river profiles and reproduce meaningful uplift histories. However, I acknowledge

that at short timescales and length scales, more complex erosional models might be more appropriate.

Stability of the drainage planforms

A second and related issue concerns the evolution of drainage planforms (e.g., Willett et al., 2014).

There is much uncertainty about the longevity of drainage networks. Changing drainage planforms by

divide migration or by stream capture should, with time, rearrange catchment planforms thus render-

ing attempts to extract information about uplift signal problematic, especially over long temporal and

spatial scales. However, a small number of observations suggest that, at large scales, the assumption
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of essentially fixed drainage planforms could be a reasonable one. First, laboratory sand-box experi-

ments point to the importance of pre-existing topography in determining the fixity of drainage divides

and the extent to which they can migrate under changing experimental conditions (e.g., Lague et

al., 2003; Bonnet , 2009). We note that fluvial systems have been used to infer lateral migration of

drainage divides by using simple geomorphic parameters (e.g., χ). Unfortunately, use of these simple

metric values require assumptions that the spatial pattern of uplift rate is fixed in space and time,

which is demonstrably incorrect, especially at continental length scales (Herman and Braun, 2006).

Landscape evolution models suggest that drainage divide migration is not especially significant and

in any case the inverse modelling presented here is robust to large excursions in values of upstream

drainage area since A is taken to a fractional power. Nonetheless, I can examine how calculated uplift

histories are affected by changing drainage planform by comparing our results with the history of long-

term planform evolution inferred by detrital zircon studies (Blum and Pecha, 2014). In Figure 3.8, I

summarised measurements of detrital zircon ages along the northern margin of the Gulf of Mexico.

Figure 3.8a shows crustal and magmatic zircon source terranes adapted from Figure DR5 of Blum

and Pecha (2014) where the cumulative percentage plots of Figure 3.8b were redrafted from their

Figure DR6. Their observations suggest that the Paleocene drainage planform had a broadly similar

distribution to that of the present day. For example, > 50% of the zircons in Paleocene samples close

to the eastern tributaries were derived from the Grenville (1250–950 Ma), Mid-Continent (1500–1300

Ma) and Appalachian (750–280 Ma) terranes (e.g. sample 43). Paleocene samples located west of

the Mississippi river have > 50% of zircons ages that correspond to the Yavapai-Mazatzal (1800–1600

Ma) and Western Cordillera (275–50 Ma) terranes (e.g. sample 64). These observations imply the

large-scale planform of the Mississippi catchment may not have significantly changed during Cenozoic

times.

Another way to estimate longevity of drainage patterns is to compare observed and predicted sedimen-

tary flux. Sedimentary flux was calculated by integrating incision rate in a downstream direction using

the landscape evolution model shown in Figure 3.28. The tectonic history of western North America

complicates interpretation of sedimentary flux observations from, for example, the Los Angeles basin

or Baja California (see e.g., Dorsey et al., 2018). In contrast, the Gulf of Mexico appears to have

acted as a stable depositional sink since Cretaceous times (Galloway et al., 2000). Figure 3.28c–e

compares predicted to independent estimates of flux in the Gulf of Mexico (Galloway et al., 2011).

Calculated cumulative denudation is highest in the regions of highest predicted uplift rates (e.g. Rocky
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Mountains-Colorado Plateaux, Appalachian Mountains, Yukon, Mexican Highlands). Predicted sedi-

mentary flux is smoother than that measured by Galloway et al. (2011), which is unsurprising because

the landscape model was parameterised using a damped, smooth, rock uplift history. The biggest

discrepancy between predicted and observed flux is at ∼ 60 Ma (e.g. the Wilcox Formation). I note

that model coverage in the headwaters of the Mississippi catchment is low before ∼ 55 Ma (Figure

3.28c).

Glaciation

Finally, I have ignored the possible effects of glacial erosion and widespread continental ice cover during

the last glacial maximum, partly for simplicity but mostly because it is not obvious how this issue can

be addressed in a transparent way. Most of the area that was covered by ice sheets is located within

the cratonic regions of northern and eastern Canada where glacial isostatic rebound continues to be

a significant driver of surface uplift. Temporal resolution of the inverse model presented here is too

coarse to accurately compute the effect of this glacial signal. The effect that extensive ice sheets could

have upon drainage planform and their efficiency in topographic erosion relative to fluvial processes

are poorly understood. For example, global compilations of erosion rates from glaciers and rivers

on timescales of 101–107 years implies that glacial erosion tends to decrease by one to two orders

of magnitude over glacial cycles, whereas fluvial erosion rates reveal no such dependence upon time.

This observation suggests that uplift histories control rates of both fluvial and glacial erosion over

millennial and longer timescales (Koppes and Montgomery , 2009). It remains unclear how drainage

planforms were dramatically modified by the last glacial maximum (e.g., Wickert , 2016). Geologic

constraints for the uplift and denudation history of a region covered by the Laurentide ice sheet are

sparse (Figures 3.35 and 3.13). Additional testing of the results of our inverse model for this region

would be insightful.

3.7.3 Geodynamic Implications

Both orogenic and epeirogenic processes can generate topography. Shortening, extension, magmatic

underplating and dynamic uplift all contribute toward continental uplift and, to some extent, these

phenomena can be discriminated between based upon their magnitude and wavelength (e.g., Pazzaglia

and Brandon, 1996). Cretaceous uplift of the Rocky Mountains region was partially caused by growth

of Laramide-aged structures (Figures 3.13 and 3.12). The geomorphic modelling and stratigraphic

observations presented here suggest that regional uplift of western North America has dominated evo-
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lution of topography. Isostatic considerations indicate that the present-day surface elevation of this

extensive region is supported by density variations within and beneath the lithospheric mantle rather

than by crustal thickening (e.g., Levandowski et al., 2018). Rare earth element inverse modelling of

< 5 Ma basaltic melts with Ocean Island Basalt affinities combined with the presence of shear wave

velocity anomalies constrained by earthquake tomographic models are consistent with moderately el-

evated mantle potential temperatures and thin (∼70 km) lithosphere beneath western North America

(Klöcking et al., 2018a). These observations support the notion that large-scale dynamic topography

is generated and maintained by temperature anomalies within asthenospheric mantle directly beneath

a thin plate. The detailed driving mechanisms that underpin observed and predicted vertical displace-

ments have been explored by a range of numerical flow models on different temporal and spatial scales

(see, e.g., Mitrovica et al., 1989; Lithgow-Bertelloni and Gurnis, 1997; Liu et al., 2008; Moucha et al.,

2008b; Spasojević et al., 2009; Forte et al., 2009; van Wijk et al., 2010; Spasojević and Gurnis, 2012;

Rowley , 2013; Liu, 2014). The results from this study could provide additional constraints for such

models.



Chapter 4

Uplift, Subsidence and Evolution of the

U.S. Mid-Atlantic Region

Part of the work presented in this Chapter (Section 4.3) has been published1 as

Morris, M., Fernandes, V.M., and Roberts, G.G. (2020). Extricating dynamic topography from subsi-

dence patterns: Examples from Eastern North America’s passive margin, Earth and Planetary Science

Letters, 530, 115840, doi:10.1016/j.epsl.2019.115840.

4.1 Chapter overview

The two previous chapters have focused on quantifying positive vertical motions (i.e. uplift) on conti-

nents. In Chapter 2, I created a global database of uplift, and explored how these measurements can

be used to examine possible causes of uplift. In Chapter 3, I used the uplift measurements generated

in Chapter 2 together with additional proxies for landscape change, combined with a calibrated in-

verse modelling of river profiles, to generate a continental-scale uplift history of North America. This

uplift history, combined with landscape evolution models, was used to make predictions of elevation,

denudation, and crucially, sedimentary flux to the continental margins. In this chapter I turn my

focus to the eastern margin of the North American continent, where I explore uplift, subsidence and

sedimentary flux to this passive margin.

1My work forms the principal contribution to this publication. I supervised the preliminary data processing and
analysis, which was performed by M. Morris as part of their MSci research project. I have not included results or
analysis from the published article that have not been the direct result of my own work.
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4.2 Introduction

The U.S. Atlantic margin, including the Appalachian Mountains and associated continental platform,

has been a subject of much debate and controversy in the literature. It is generally agreed that the

Appalachian Mountains have been a tectonically quiescent region since the establishment of a passive

margin in the Late Jurassic (e.g. Klitgord et al., 1988). Offshore sedimentary basins, formed during

rifting of the North Atlantic, are generally thought to have been an effective sink for sediment shed

eastward from the Appalachian Mountains and post-rift margin since Triassic-Jurassic times (Steckler

and Watts, 1978; Grow et al., 1988; Watts and Thorne, 1984). The largest of them, the Baltimore

Canyon Trough (BCT), is a 400 km long, 18 km deep basin recording an almost complete history

of continuous erosion and subsidence (Poag and Sevon, 1989). Onshore, geomorphological studies

indicate modern rates of erosion are low (∼ 20–40 m Ma−1), and comparable to long-term denudation

rates derived from thermochronological studies (closure ages of 80–100 Ma; Pavich et al., 1985;

Boettcher and Milliken, 1994; Matmon et al., 2003; Naeser et al., 2004; Portenga et al., 2013; Amidon

et al., 2016). On the other hand, seismic and well data from offshore sedimentary basins demonstrate

an order of magnitude increase in sediment accumulation rates from the Miocene to Recent (e.g. Poag

and Sevon, 1989; Poag and Ward , 1993). The implication is that these changes related to increases

in mechanical erosion rates, contradicting the notion of a stable passive continental margin, free from

major tectonic events that could drive a change in erosion rates. One way to investigate this geological

paradox is to integrate the history of subsidence and sediment accumulation offshore to measurements

of uplift and denudation onshore in a self-consistent framework (e.g. Czarnota et al., 2013, 2014).

The Appalachians Mountain and BCT represent a suitable natural laboratory to investigate the links

between the evolution of source areas and sediment sinks.

This chapter has two parts. First, I combine backstripping of wells along Eastern North Amer-

ica’s passive margin with seismological and gravity data and simple isostatic calculations to examine

the timing, amplitude and wavelength of vertical motions, which highlights the importance of sub-

plate support in the BCT (Section 4.3). Second, I explore whether the uplift history and calibrated

Landscape Evolution Model described in Chapter 3 can be used to better understand the history of

denudation and sedimentary flux to the basin and the implications for the Neogene evolution of the

margin (Section 4.4).
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4.3 Passive Margin Subsidence and Sub-Plate Support

The stratigraphic record at passive margins can be affected by a suite of geological processes including

the history of rifting and post-rift cooling, eustasy, sub-plate support and the effects of water-loading

and glacial unloading (e.g., McKenzie, 1978; Le Pichon and Sibuet , 1981; Lambeck and Chappell , 1988;

Allen and Allen, 2005;Kominz et al., 2016; Austermann et al., 2017;Müller et al., 2018). One approach

to circumvent the challenging task of isolating, for example, eustasy is to backstrip stratigraphy at

margins with a well understood tectonic (rift and post-rift) history (e.g., Miller et al., 2003; Kominz

et al., 1998, 2016). The eastern seaboard of North America has been used to do so because its tectonic

history is, on the whole, well understood (Watts and Ryan, 1976; Steckler and Watts, 1978; Watts and

Thorne, 1984). Biostratigraphic analyses of core and cuttings from wells along the margin combined

with reflection and refraction seismology, and oceanic magnetic anomalies, show that, following late-

Triassic to early-Jurassic rifting, post-rift subsidence of the margin has been governed principally by

lithospheric cooling (e.g., Steckler and Watts, 1978; Grow et al., 1988; Steckler et al., 1999; Miller ,

2005; Miller et al., 2013; Kominz et al., 2008, 2016; Greene et al., 2017). Fitting of simple cooling

models to backstripped subsidence patterns and inversion for strain rate histories indicate that the

lithosphere beneath the extensively studied COST B-2 well in the Baltimore Canyon Trough stretched

by a factor, β ∼ 2 (e.g. Steckler et al., 1999; Flament et al., 2013). However, stratigraphy of the

deepest (syn-rift) parts of this margin is sparsely sampled and this value is debated (see e.g. Watts

and Thorne, 1984).

Residual subsidence, i.e., that not explained by thermal cooling of stretched lithosphere, can be inter-

preted as changes in accommodation space caused by eustasy. The eastern passive margin of North

America has been extensively studied with the aim of documenting the history of global eustatic sea

level changes (e.g., Miller , 2005; Kominz et al., 2016). Additional mechanisms proposed to gener-

ate subsidence along this margin include a flexural response due to offshore sediment loading, plate

reorganisation and epeirogeny generated by dynamic support (Cloetingh et al., 1990; Pazzaglia and

Gardner , 1994; Vanderaveroet , 2000; Browning et al., 2006; Kominz et al., 2008, 2016).

It is generally accepted that mantle convection can generate time-dependent vertical motions of the

lithosphere that overlap in amplitude and timescale with estimates of eustatic (global) sea-level change

(order 10–100 m, over 100 ka–100 Ma; Hager and Richards, 1989; Lithgow-Bertelloni and Silver , 1998;

Miller , 2005; Lovell , 2010; Hartley et al., 2011; Rovere et al., 2014; Cloetingh and Haq , 2015; Kominz et

al., 2016). Stratigraphy and sub-plate shear wave velocities from the Mauritanian margin of northern
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Africa and Australian’s Northwest Shelf, for example, indicate that mantle convective drawdown can

generate hundreds of meters of water-loaded subsidence on timescales of 1–10 Ma (Czarnota et al.,

2014; Lodhia et al., 2018). Residual ocean age-depth measurements indicate that dynamic topography

has wavelengths of hundreds to thousands of kilometres, and amplitudes of up to order 103 m (Hoggard

et al., 2017). These observations and the complex response of sea level to glacial unloading means

that estimating eustasy from a single site is generally challenging (see e.g., Austermann et al., 2017;

Mitrovica et al., 2020). Geodynamic models of mantle convection provide predictions of vertical

motions at passive margins with amplitudes up to 103 m and wavelengths up to order 104 km (e.g.,

Müller et al., 2008; Moucha et al., 2008; Spasojević et al., 2008; Flament et al., 2013; Steinberger et al.,

2019). However, there is disagreement on the predicted timing, amplitude and wavelength of support,

and whether sub-plate processes have generated uplift or subsidence. Given the general importance

of accurately constraining sea-level change, I investigate whether a signal of sub-plate support can

be isolated using stratigraphic and geophysical observations along Eastern North America’s passive

margin (Figure 4.1). In the first part of this chapter, the stratigraphic archive is used to examine the

history of lithospheric subsidence.

4.3.1 Geophysical observations

Figure 4.1b shows free air gravity data extracted from the GRACE dataset filtered to remove wave-

lengths ≲ 800 km, which can be used as a guide to sub-plate support (e.g., McKenzie, 2010; Colli et

al., 2016). The Baltimore Canyon Trough has negative free-air gravity anomalies of between ∼ −30

to 0 mGal (Tapley et al., 2005). In comparison, the Georges Bank and the Southeast Georgia Embay-

ment, ∼ 500 km north and ∼ 1000 km south of the trough, respectively, have anomalies of ∼ 0 to +10

mGal. Positive free-air anomalies are centred on the Bermuda Rise and on the Appalachian mountains

(e.g. Courtillot et al., 2003). If a transfer function of 30–50 mGal km−1, which encompasses the range

of admittance values typically assumed for oceanic and continental dynamic support, is used to convert

long wavelength gravity into a prediction of sub-plate support it implies that the Baltimore Canyon

Trough is drawn down by ∼ 0.6–1 km today (Crosby et al., 2006). Calculated drawdown does not

extend to the Georges Bank or the Southeast Georgia Embayment (Figure 4.1b). These observations

are broadly consistent with some geodynamic predictions of upper mantle convective drawdown (e.g.

Steinberger et al., 2019). Nevertheless, using single admittance values to estimate dynamic support

is debated (see e.g., Colli et al., 2016). Admittance methods indicate that the elastic thickness of

Eastern North America’s continental lithosphere is on the order of 10s of kilometres (e.g. McKenzie,
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Figure 4.1: Eastern North America and Atlantic Ocean. (a) Topography and bathymetry of the
Eastern North American passive margin (ETOPO1 dataset). Dotted line indicates extent of seismic
data. G = Georges Bank, BCT = Baltimore Canyon Trough, S = Southeast Georgia Embayment, B =
Bermuda Rise. (b) Free air gravity anomalies from the GRACE dataset, filtered to remove wavelengths
≲ 800 km. Diamonds = wells backstripped in this study. (c) Geoid-corrected residual ocean-age
depths in 1◦ bins (Hoggard et al., 2017). Circles represent measurements with sedimentary and crustal
corrections applied. Up/down pointing triangles = lower/upper limits for which only a sedimentary
correction has been applied. Filigree = residual ocean-age depth estimates from ship track data. (d)
Slice through SL2013sv shear wave tomographic model at 125 km depth (Schaeffer and Lebedev , 2013).
Note that free-air gravity anomalies and residual topography of the Baltimore Canyon Trough and its
surroundings are negative, and the region sits atop fast upper mantle shear wave velocity anomalies.

2010). Recent spherical wavelet transformation of gravity and topography indicate that the elastic

thickness of Eastern North America’s passive margin is ∼ 15–40 km, which implies that sub-plate

processes could be manifested at Earth’s surface at wavelengths of 100s km (Figure 4.2; Audet and

Bürgmann, 2011; Audet , 2014).
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Figure 4.2: Elastic thickness of eastern North America. (a) Colour scale = elastic thicknesses,
Te, from Audet (2014)’s spherical wavelet analysis of gravity and topography. ◦ = measurements
on eastern seaboard used to generate histogram shown in panel (b). Blue circle encompasses Balti-
more Canyon Trough (BCT). (b) Histogram of Te estimates from eastern seaboard (white bars) and
Baltimore Canyon Trough (blue). Note Te of ∼ 15–40 km centred on Baltimore Canyon Trough.

Residual ocean age-depth measurements can also be used to estimate present-day sub-plate support

(Figure 4.1c; Hoggard et al., 2017). Oceanic lithosphere close to the Baltimore Canyon Trough has

a residual depth of −0.2 to −0.4 km. Highest positive residuals in this region (almost +1 km) are

centred on the Bermuda Rise.

A slice through the SL2013sv shear wave tomography model at 125 km depth beneath eastern North

America and the western Atlantic Ocean is shown in Figure 4.1d (Schaeffer and Lebedev , 2013). Upper

mantle velocity anomalies appear to be a few percent faster than the AK135 global model beneath

the Baltimore Canyon Trough. A suite of other recent shear wave tomographic models also shows

fast upper mantle velocity anomalies beneath the New Jersey margin (e.g., Ritsema et al., 2011;

Moulik and Ekstrom, 2014; French and Romanowicz , 2014; Durand et al., 2017). The SL2013sv model

has broadly comparable velocities to the global average beneath the Southeast Georgia Embayment

and the Georges Bank. A long wavelength slow velocity anomaly is centred on the Bermuda Rise.

Sub-plate support calculated from gravity and residual ocean-age depths also broadly correlate with

upper mantle velocity anomalies in more recent shear wave tomographic models improved by data
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collected during the EarthScope Transportable Array experiment (Figure 4.1; Clouzet et al., 2018).

These observations combine to suggest that the Baltimore Canyon Trough sits above the margins of

upper mantle that is drawing down the lithosphere. Whereas sub-plate uplift or drawdown of the

Georges Bank and Southeast Georgia Embayment appears to be negligible.

A suite of geodynamic models predict dynamic drawdown of the New Jersey margin, and adjacent

Appalachian Mountains, during the last ∼ 20 Ma. The convection model of Spasojević et al. (2008)

predicts ∼ 500−250 m of regional dynamic subsidence since 50 Ma, with ∼ 70−120 m of the drawdown

occurring over the last 20 Ma. Flament et al. (2013) models ∼ 750 m dynamic subsidence between

120–35 Ma, but only 30 m in the last 15 Ma. Liu (2014) predicts a similar history of vertical motions,

with 500–700 m dynamic subsidence of Appalachians and BCT region since 60 Ma, but virtually no

changes in vertical motions from 15–0 Ma. Many, but not all, geodynamic models of mantle convection

predict Neogene dynamic drawdown of the eastern North American margin. For example, mantle flow

simulations by Moucha et al. (2008) predict ∼ 50 − 150 m of dynamic uplift since 30 Ma. A suite

of mantle convection simulations by Müller et al. (2008) predict 105–385 m of dynamic subsidence

of the Appalachians-BCT region, but predictions of Neogene vertical motions vary between 100 m of

continuous subsidence over the last 20 Ma, and ∼ 40 m of uplift in the last 8 Ma.

Despite the seemingly contradictory predictions, geodynamic models tend to emphasise the impor-

tance of flow at deeper, mid-mantle, depths associated with Farallon plate subduction in driving

drawdown. The models also predict patterns of uplift and subsidence on wavelengths > 2000 km,

meaning smaller scale sub-plate mantle processes that could generate measurable vertical motions

might not be accounted for. Gravity and residual ocean age-depth data, and more recent tomographic

models indicate that support of the margin might be related to upper mantle structure (e.g., Figure

4.1). In other regions, such as West Africa, Northwest Australia, and Borneo, dynamic topography

appears to be governed by the thermal (buoyancy) structure of the uppermost convecting mantle

(e.g., Czarnota et al., 2014; Hoggard et al., 2017; McNab et al., 2018; Roberts et al., 2018; Lodhia et

al., 2018).

In order to estimate the history of sub-plate drawdown of Eastern North America’s passive margin,

first, I calculate the subsidence histories of 27 wells from Georges Bank to the Southeast Georgia

Embayment. Published backstripped subsidence histories for the BCT have previously used a single

well from the basin, the COST B-2 well (e.g., Watts and Thorne, 1984; Heller et al., 1982; Browning

et al., 2006). Preliminary analysis of published seismic profiles indicates a greater complexity in
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Figure 4.3: Location of well data on passive margin of eastern North America from Miami to
Maine. Labelled gold diamonds = backstripped wells published in Morris et al. (2020); labelled white
diamonds = additional backstripped wells; solid red lines = seismic reflection data shown in Figure
4.14.

the subsidence and sediment accumulation history of the BCT (e.g. data from Monteverde et al.,

2008), where a shift from prograding to aggrading clinoforms can be identified in the stratigraphic

architecture. Multiple studies have indicated the region has undergone a period of increased erosion

during the Middle Miocene, reflected in a regional unconformity and deeply incised canyons (e.g.

Mountain et al., 1996). These observations suggest the Neogene to Recent vertical motions might not

be fully explained by a simple model of continuous thermal subsidence of a passive margin.

4.3.2 Data

27 wells along the Atlantic continental margin, including the COST B-2 well, were backstripped to

calculate their subsidence histories (Figure 4.3). 23 of these wells are located in, or are proximal to, the

Baltimore Canyon Trough. The COST G-1, COST G-2 and Exxon 957-1 wells are located on Georges

Bank, and the COST GE-1 well is in the Southeast Georgia Embayment. Details of each well can be

found in Table 4.1

Table 4.1: List of wells used in this study. Latitude and longitude are
given in decimal degrees. MD = maximum depth of well below Kelly
Bushing; KB = height of Kelly Bushing above sea level; WD = water
depth below sea surface.
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Well Name Latitude Longitude MD [m] KB [m] WD [m]

1 COST G-1 40.931 -68.305 4899 29.9 48.4

2 COST G-2 40.836 -67.508 6667 24.1 82.9

3 Exxon 975-1 41.007 -67.622 4452 10.4 63.7

4 COST B-2 39.375 -72.734 4890 27.4 90.8

5 COST B-3 36.917 -72.773 4822 12.8 819

6 Texaco 598-3 39.382 -72.499 4908 23.8 129.5

7 Texaco 642-1 39.348 -72.515 5428 25.0 137.2

8 Texaco 642-2 39.493 -72.494 5608 26.8 135.6

9 IODP 313 M27 39.381 -73.373 89 17.0 33.5

10 IODP 313 M28 39.339 -73.298 89 13.7 35.1

11 IODP 313 M29 39.312 -73.248 89 16.7 36.0

12 Murphy 106-1 38.850 -72.960 5610 29.9 125.6

13 DSDP 612 38.823 -72.779 675.3 32.8 1386

14 DSDP 613 38.771 -72.507 2901 10.0 2309

15 Shell 372-1 38.600 -72.871 3545 14.6 2119

16 Shell 586-1 38.406 -73.218 4877 14.6 1779

17 Shell 587-1 38.381 -73.164 4419 14.6 1965

18 Shell 93-1 37.893 -73.736 5407 14.6 1529

19 ODP 150 902 38.935 -72.773 1559 11.0 808.0

20 ODP 150 903 38.938 -72.817 1490 11.7 4441.3

21 ODP 150 904 38.863 -72.768 1711 11.2 1122.8

22 ODP 150 905 38.614 -72.284 3620 11.1 2697.9

23 ODP 174A 1071 39.382 -72.728 151 11.2 88.2

24 ODP 174A 1073 39.225 -72.276 1315 11.5 639.4

25 Bethany Beach 38.548 -75.062 448 1.4 0

26 Ancora 39.692 -74.849 356.7 31.7 0

27 COST GE-1 30.619 -80.300 4040 30.0 41.5

4.3.3 Stratigraphic framework

Basin-wide stratigraphy has been widely described in the literature over the past 35 years (e.g., Smith

et al., 1976; Schlee, 1981; Poag and Sevon, 1989; Poag and Ward , 1993; Miller et al., 1998; Pekar et

al., 2003; Browning et al., 2008; Miller et al., 2017). Extensive commercial and scientific drilling of

the onshore and offshore portions of the margin, which, coupled with a wealth of available seismic

reflection data, has provided a comprehensive stratigraphic framework for the basin. Figure 4.4 shows

a summary of the generalised basin stratigraphy based on lithologies and ages reported in the COST
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Figure 4.4: Chronostratigraphy of the Baltimore Canyon Trough (following page). Litho-
facies are synthesised from wells across the Baltimore Canyon Trough. Paleo-water depths were
extracted from well reports, and were interpreted from benthic fauna and environmental settings;
grey band = paleo-water depth uncertainty (Smith et al., 1976; Scholle, 1977). Right panel shows
first (upward pointing triangle) and last (downward pointing triangle) appearances of common and
dominant species in the Baltimore Canyon Trough used to constrain age of stratigraphy.

B-2 well log, and broadly comprises a series of widespread siliciclastic and mixed carbonate sequences,

bounded by erosional unconformities, that can be traced throughout the basin. I here provide a

brief description of the basin stratigraphy, primarily based on the sedimentological descriptions in the

analysed well reports and interpretations from Scholle (1977) and Poag and Ward (1993).

The thickest sediment succession accumulated at the margin during the rift period (Triassic-Jurassic).

Non-marine Triassic clastic and evaporite deposits, preserved mainly in onshore half-graben basins

(e.g. Newark-Gettysburg, Culpeper, Richmond basins) gave way to predominantly shallow marine

Jurassic sedimentation. Large thicknesses of shales and sandstones accumulated in a near-shore envi-

ronment, whilst limestones were deposited in outer shelf reefs. It is important to note that the oldest

biostratigraphic unit drilled in the margin is Oxfordian (157–163 Ma), therefore ages of older units are

less-precisely determined. Shallow marine facies continued into the Early Cretaceous. Deeper-water

sequences were deposited during Cenomanian-Turonian times, before reverting back to shallow-water

deposits caused by progradation of a clastic sediment wedge. A basin-wide deepening of depositional

paleo-environments is observed during the Maastrichtian-Paleocene, which progressively shoaled in

Neogene to Recent times due to progradation and aggradation of siliciclastic deposits. Significant re-

gional unconformities, with time gaps estimated to range from 1–4 Ma, have been recognised between

the Hauterivian and Barremian, Turonian and Coniacian, Palaeocene and Maastrichtian, late Eocene

and late Oligocene, and the middle Miocene and Pliocene. The most striking of these unconformities

separate the Palaeocene/Maastrichtian and late Eocene/late Oligocene where an estimated 17–18 Ma

and 8 Ma, respectively, are missing.

4.3.4 Backstripping methodology

Backstripping makes use of age, depth, sediment compaction, and paleo-water depth observations

from wells to estimate basement subsidence in the absence of sediment. Stratigraphy from the BCT

wells was backstripped using a one-dimensional model that assumes Airy isostasy, which is proba-

bly appropriate because this stretched margin has an elastic thickness, Te ∼ 15–40 km (Watts and

Ryan, 1976; Audet , 2014). Age-depth relationships were determined by biostratigraphic correlation
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of foraminifera, nannofossils and palynomorphs recorded in published well logs. Paleo-water depths,

interpreted from benthic fauna, were extracted from individual well reports (e.g., Figure 4.4 for the

COST B-2). Once age-depth relationships were obtained, the well stratigraphy was decompacted,

water-loaded and corrected for paleo-water depth, in order to isolate the signal of tectonic subsidence.

To calculate the decompacted sediment thickness for each well, a porosity-depth relationship was

established from available, checkshot or interval velocity data. These observations were used to de-

termine initial porosity, ϕ◦, and compaction wavelength, λ. Calculated porosity-depth curves were

compared to available porosity measurements. The methodology is outlined below, and exemplified

in Figure 4.5 for the COST B-2 well.

First, I sought the ϕ◦ and λ values that yielded calculated time-depth pairs with the lowest residual

misfit to checkshot values. Porosity as a function of depth was parameterised using Athy (1930)’s

well-known formulation

ϕ(z) = ϕ◦ exp
(︂
− z

λ

)︂
. (4.1)

Velocity, vs, as a function of porosity (and depth), which can be straightforwardly related to time-depth

pairs, was calculated using Wyllie et al. (1956)’s approach

1

vs(z)
=

ϕ(z)

vw
+

1− ϕ(z)

vsg
. (4.2)

Here, vw represents pore fluid velocity and was assigned a value of 1.5 km s−1, representative of

seawater, and vsg is the solid grain velocity, assigned a value of 5.5 km s−1 to represent a sand-clay

mixture, which is appropriate for wells in the Baltimore Canyon Trough (e.g., Scholle, 1977; Kominz et

al., 2016). Porosity is not assumed to be lithology dependent, and is probably a reasonable assumption

given the variability in individual lithology porosity-depth curves (Kominz et al., 2016).

Two-way travel time, T , and velocity are related such that

∫︂ T

0
dt = 2

∫︂ z

0

dz

vs(z)
. (4.3)

Combining Equations 4.1 and 4.2, and substituting into Equation 4.3, yields

T = 2

{︃
λϕ◦

[︃
1

vsg
− 1

vw

]︃ [︃
exp

(︃
−z

λ

)︃
− 1

]︃
+

z

vsg

}︃
. (4.4)

ϕ◦ and λ were systematically varied to determine the minimum misfit between observed checkshot
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data and calculated time-depth curves (Figure 4.5c and d). Figures 4.6 and 4.7 show the time-depth

data with best-fitting curves and trade-off between compaction parameters, respectively, for all wells

where check-shot or interval velocity data were available. Where data was not available, an initial

porosity of 0.6 and compaction wavelength of 2 km were assumed (Steckler and Watts, 1978; Kominz

et al., 2016).

Assuming that the total amount of solid material remains constant during compaction, the decom-

pacted thickness of each sedimentary layer is

∫︂ z2

z1

[1− ϕ(z)]dz =

∫︂ z4

z3=0
[1− ϕ(z)]dz, (4.5)

where z2 − z1 and z4 − z3 are sedimentary layer thicknesses before and after compaction, respectively.

Substitution with Equation 4.1 and solving the integral gives

z4 = z2 − z1 + ϕ◦λ
[︂
exp

(︂
−z2

λ

)︂
+ exp

(︂
−z1

λ

)︂
+ 1− exp

(︂
−z4

λ

)︂]︂
. (4.6)

z4 is solved iteratively for each layer using the Newton-Raphson method, assuming an initial solution

of z4=z2 − z1.

The resultant decompacted subsidence curves are then standardised assuming Airy isostasy and a

water load, such that

Sw = Ss

(︃
ρa − ρs
ρa − ρw

)︃
, (4.7)

where Sw and Ss are water and sediment loaded subsidence, respectively. If asthenospheric density, ρa

= 3200 kg m−3, average sediment density, ρs = 2400 kg m−3, and water density, ρw = 1000 kg m−3,

Equation 4.7 simplifies to 3Sw ≈ Ss. This methodology produces estimates of tectonic subsidence

without accounting for changes in global sea level (equivalent to R1 curves in Bond et al., 1989).

Additional errors may arise where basin subsidence exhibits a flexural response to sediment loading

(e.g., Watts, 1982, 1988). The flexural response was not considered here because the calculated low

Te of the margin is low (Figure 4.2 Audet , 2014).

Figure 4.5e shows calculated ϕ◦ and λ values for the COST B-2 well compared to porosity-depth data

acquired from core and cuttings (Steckler and Watts, 1978; Watts and Thorne, 1984; Van Sickel et

al., 2004). The porosity-depth relationship calculated from check-shot data broadly matches these

independent observations and suggests that a simple calibrated parameterisation of compaction is
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Figure 4.5: History of New Jersey subsidence from the COST B-2 well (a) Eustasy calculated
from reduced subsidence history of COST B-2 well, New Jersey margin, from 98.4 to 9.25 Ma and
oxygen isotopes from 9.25 to 0 Ma (Miller , 2005). (b) Subsidence at COST B-2 well from stratigraphy
described in the well reports: black = backstripped burial curve; red = decompacted subsidence;
dotted blue = decompacted, water-loaded subsidence. Light blue rectangles = decompacted, water-
loaded subsidence, with added paleo-water depth uncertainties, obtained from well reports (see e.g.,
Figure 4.4). Light blue = water-loaded subsidence curve generated using Watts and Thorne (1984)’s
compaction parameterisation (see panel e). Arrow = onset of anomalous Neogene subsidence. Dashed
grey curve = best-fit thermal subsidence. (c) Black circles = time-depth measurements in the COST
B-2 well from check shots; red curve = best-fitting theoretical time-depth relationship for compaction
parameters indicated by red cross in panel d. Light blue curve = time-depth relationship for initial
porosity, ϕ◦ = 0.52, and compaction wavelength, λ = 3 km (Watts and Thorne, 1984). (d) Colour
scale = misfit between observed and calculated time-depth relationship for COST B-2 well (panel c).
Parameter sweep was performed for range of ϕ◦ and λ values. Red cross = best-fitting values used to
generate red curve in panel c. (e) Red curve = best-fitting porosity-depth relationship calculated from
check shot data. Coloured circles = measured porosities as a function of depth (Steckler and Watts,
1978; Watts and Thorne, 1984; Van Sickel et al., 2004). Light blue curve = porosity as a function of
depth calculated using Watts and Thorne (1984)’s parameterisation.
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justified. Figure 4.8 shows calculated porosity-depth relationship compared to well porosity measure-

ments for other wells, where data was available. I note that shallow wells tend to emphasise subsidence

anomalies since no underlying stratigraphy is included in the decompaction procedure.

Finally, the water-loaded subsidence is corrected for the paleo-water depth of each stratigraphic unit,

described in the well reports. Figure 4.4 shows a summary of paleo-water depths in the COST-B-2

well, which shows that Late Jurassic to Recent water depths have varied between upper bathyal to

Figure 4.6: Time-depth relationships for wells along Eastern North America’s passive margin.
Black circles = time-depth data obtained from well reports, most often from integrating interval
velocities. Red curves = best-fitting time-depth relationships obtained from parameter sweep of initial
porosities, ϕ◦, and compaction wavelengths, λ (see Figure 4.7). Well names and best fitting compaction
parameters are shown in bottom left of each panel.
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neritic, which is consistent with other interpretations (e.g. Kominz et al., 2016). Paleo-bathymetric

estimates are laterally highly variable owing to the changing position of the shelf-edge throughout the

basin’s history (Fulthorpe et al., 1999; Pekar et al., 2000, 2003). Paleo-water depth ranges, and mean

values, were individually extracted for each well.

Figure 4.7: Testing compaction parameterisation. Colour scale = root mean squared misfit
(white = low; dark = high) between observed and calculated time-depth pairs as a function of initial
porosity, ϕ◦, and compaction wavelength, λ (see Figure 4.6). Red crosses = global minima.
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Figure 4.8: Compaction parameterisation. Solid circles = measured porosities described in well
reports; diamonds with error bars = range of porosities recorded in well reports, typically estimated
from sidewall cores. Note that porosity information was missing in the online well report for Murphy
106-1 (pg. 21). Red curves = best-fitting porosity-depth curves, ϕ = ϕ◦exp(−z/λ), calculated using
initial porosity, ϕ◦ and compaction wavelength, λ, that minimise misfit between observed and theo-
retical time-depth pairs (see Figures 4.6 and 4.7). Blue curves = compaction parameterisation from
Watts and Thorne (1984), which was calculated by fitting porosity measurements from the COST B-2
well (ϕ◦ = 0.52, λ = 3 km).
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4.3.5 Theoretical thermal subsidence

The predictability of passive margin subsidence and its relationship to strain and lithospheric cooling

is well known (e.g., McKenzie, 1978; White, 1994). It forms the basis for extracting eustasy from

backstripped stratigraphy (e.g. Watts and Ryan, 1976; Miller , 2005; Kominz et al., 2016).

A challenging problem along this margin is that its deep structure, and therefore the timing of rifting,

are poorly understood, partly because nearly all wells terminate in post-rift stratigraphy (see, e.g.,

Grow et al., 1983; Watts and Thorne, 1984; Sheridan et al., 1993). A guide to the time at which

continental stretching (rifting) terminated is the age of oldest abutting oceanic crust. Greene et al.

(2017) suggest that, if the source of the Blake Spur Magnetic Anomaly is oceanic crust, it may have

formed at ∼ 168.5 Ma, which gives a basis for assuming rifting terminated before then. However, there

is some debate about the age and origin of the oldest magnetic isochron offshore eastern North America

(see Greene et al., 2017). Seismic and geophysical data indicate that 0.5–3.7 km of sedimentary rock

sits atop the rifted basement of the Baltimore Canyon Trough (e.g., Benson and Doyle, 1988).

Diagnostic Late Triassic dinoflagellates from the deepest sampled stratigraphy in the COST G-2 well

on Georges Bank correlate with the oldest sedimentary rock preserved in half-graben basins onshore

(e.g. Newark Supergroup), which suggests that the earliest sediment to fill on- and offshore basins did

so contemporaneously (Cousminer , 1983).

Onshore, the Newark supergroup comprises continental clastic and extrusive volcanic rocks preserved

within asymmetric half-grabens that crop out along the coastal plain (e.g., Newark-Gettysburg,

Culpeper, Richmond, Hartford and New York Bight basins; Manspeizer , 1988). Biostratigraphic

analysis of fossil plants, pollen and spores from these sedimentary rocks indicate that these grabens

are Upper Triassic aged (∼ 227 Ma; Cornet and Olsen, 1985). Radiometrically-dated tholeiitic lavas

that are interbedded within lacustrine growth strata provide additional constraints on the timing

of rifting (e.g., Orange Mountain, Aspers, Watchung and Deerfield basalts). They have U-Pb and

40Ar/39Ar ages of 201 ± 1 Ma, and K-feldspar cements formed from hydrothermal fluids generated

during magamtism have 40Ar/39Ar ages of 196 ± 1 Ma (Weems and Olsen, 1997). A complicating

factor is that some of these igneous rocks show evidence of later hydrothermal alteration, which can

make the calculated ages of these rocks appear younger than their true ages (Seidemann et al., 1984;

Sutter , 1988). Offshore, syn-rift sedimentary rock is separated from thick post-rift stratigraphy by

a regional angular unconformity, which is observed on two-dimensional seismic profiles as a strong

reflector with onlapping younger sedimentary packages (see e.g., Grow et al., 1983). Palynomorphs
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from the COST G-2 well indicate that this regional unconformity was generated during Lower Jurassic

times (Cousminer and Steinkraus, 1988). These observations give a basis for assuming that rifting

occurred between ∼ 230–170 Ma (Upper Triassic to Lower Jurassic).

Stratigraphy from the COST B-2 well has been combined with inferences about the deep structure of

the margin to invert syn-rift to Recent subsidence patterns for strain rate histories, ϵ̇(t), which indicate

lithospheric stretching factor β = exp(
∫︁ t
◦ ϵ̇(t)dt) ∼ 1.7–2.2 (see, e.g., Watts and Thorne, 1984; Jarvis

and McKenzie, 1980; Grow et al., 1988; White, 1994; Kominz et al., 1998; Flament et al., 2013).

An alternative pragmatic approach to dealing with a poorly constrained syn-rift history is to constrain

stretching factors and rifting histories by comparing root-mean-squared misfit between observed and

theoretical thermal subsidence histories generated by systematically varying stretching factors and the

timing of rifting. I make use of simple analytical solutions that assume instantaneous stretching and

relate β, asthenospheric temperature (T ), thermal expansivity (α), lithospheric density (ρm), and infill

(e.g., water; ρw), time since rifting (t), and the thermal time constant of the lithosphere (τ = l2/(π2κ))

to calculate thermal subsidence (St) histories

St = E◦r

[︃
1− exp

(︃
− t

τ

)︃]︃
, where (4.8)

E◦ =
4lρmαT

π2(ρm − ρw)
and r =

β

π
sin

(︃
π

β

)︃
. (4.9)

Root mean squared was calculated such that

H =

⌜⃓⃓⎷ 1

N

N∑︂
i=1

(︃
s◦i − sci

σi

)︃2

, (4.10)

where N is the number of subsidence measurements, s◦i and sci are observed and theoretical subsidence

and σi is paleo-water depth uncertainty. I set lithospheric thickness, l = 125 km, thermal diffusivity,

κ = 10−6 m2 s−1, ρm = 3300 kg m−3, α = 3.28×10−5 /◦K, and T = 1330◦C. Stretch factor, 1 ≤ β ≤ 5,

and timing of rifting, t◦, are systematically varied between 250–170 Ma to calculate the best-fitting

values for the COST B-2 well. Best-fitting thermal subsidence histories are shown in Figure 4.9.

Stretching factors and the timing of rifting tradeoff such that 2 ≤ β ≤ 5 and 170 ≤ t◦ ≤ 200 Ma yield

low misfits. These values overlap results from inverting subsidence patterns, probably because the

duration of rifting was short (i.e. ∼ 15–25 Ma; Jarvis and McKenzie, 1980; Flament et al., 2013).
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Figure 4.9: Best-fitting instantaneous rifting subsidence histories. (a) Pre-Neogene, post-rift
subsidence history of COST B-2 well (see Figure 4.5). Red circles = decompacted, water-loaded and
paleowater depth (PWD) corrected subsidence; error bars = PWD uncertainties. Gray curve = theo-
retical thermal subsidence with lowest misfit to observations (red cross in panel b). (b) Misfit between
observed and theoretical thermal subsidence assuming instantaneous stretching. (c–x) Subsidence
histories and misfit as a function of β and time of rifting for other wells along the eastern margin of
North America.

Substituting 1.7 ≤ β ≤ 2.2 and 170 ≤ t◦ ≤ 200 Ma into Equations 4.8 and 4.9 yields total water-

loaded thermal subsidence since rifting of 1876± 281 m, which brackets post-rift subsidence recorded

by backstripping of the COST B-2 well (grey dashed curve in Figure 4.5). Calculated Neogene to

Recent (23–0 Ma) thermal subsidence is 31± 13 m. The proximity of the margin to the Appalachian

mountains and thick lithosphere imaged in some shear wave tomographic models indicates that the

lithosphere beneath this margin might have been thicker before stretching. If, for example, l = 150

km calculated Neogene water loaded subsidence is 71 ± 24 m. These values of calculated Neogene

thermal subsidence are nearly an order of magnitude lower than observed values (∼ 500–600 m; e.g.

Figures 4.5).

4.3.6 Subsidence history

The analyses in this study differ from Miller (2005) in that residual subsidence is not assumed to be

necessarily generated by eustasy. Water-loaded subsidence curve for the COST B-2 well is shown in

Figure 4.5, and for all other wells in Figures 4.10 and 4.11. Cumulative water-loaded subsidence from

188 Ma to the present day is 2.4 km. Most of this subsidence can be attributed to post-rift thermal

sag (e.g. Equations 4.8 & 4.9). The most significant departure from predicted post-rift subsidence is

between 20–11 Ma when an additional ∼ 200–500 m of water-loaded subsidence is observed. Flament et

al. (2013) also observed an increase in Neogene subsidence rates, which they show could be attributed

to increased lithospheric strain (i.e. stretching) at ∼ 16 Ma or mantle convective drawdown (e.g.

their Figures 6 & 7). Anomalous water-loaded Neogene subsidence, with rates of up to ∼ 50 m Ma−1

between∼ 20–0 Ma, is observed for most wells in the the Baltimore Canyon Trough and for the Bethany

Beach and Ancora wells onshore. The sparsely populated subsidence curves shown in Figures 4.10i-k

are a result of scant post-Cretaceous stratigraphic information. These wells have high residual post-

Cretaceous subsidence, which is broadly comparable to that recorded in the more completely sampled

wells. However, the sparsity of reported Cenozoic stratigraphy means that Neogene subsidence rates

are not well constrained and they are excluded from subsequent analyses. The age of stratigraphy
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Figure 4.10: History of passive margin subsidence (a–o) Subsidence curves for wells on the
Eastern North American passive margin (see yellow diamonds in Figure 4.3 for location). Wavy red
curves represent unconformities. Annotation is same as for Figure 4.5b. Black/red/light blue curves =
burial/decompacted/water-loaded subsidence curves. Light blue rectangles = water-loaded (tectonic)
subsidence curves with added paleo-water depth uncertainties. Black triangles = onset of Neogene
Period. Dashed lines = best-fitting thermal subsidence history calculated assuming instantaneous
rifting. Best-fitting thermal subsidence curves are shown for wells with accurately matched pre-
Neogene stratigraphy. Note that expected Neogene thermal subsidence is O(10) m.
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Figure 4.11: History of passive margin subsidence (continued). (a–k) Subsidence curves for
wells on the Eastern North American passive margin not shown in Morris et al. (2020) (see white
diamonds in Figure 4.3 for location).

sampled during IODP Expedition 313 ages is determined by Sr isotopic chemistry and has a resolution

of ±0.25–0.5 Ma (Kominz et al., 2016). Backstripping of these wells shows that subsidence rates

increased between 20 and 13 Ma (Figures 4.10e-g; Kominz et al., 2016). In contrast, wells located on

Georges Bank and the Southeast Georgia Embayment have ≲ 1 km of post-Santonian stratigraphy

and almost no residual Neogene water-loaded subsidence (Figure 4.10a, b, o; Figure 4.11c).

It is important to acknowledge that some wells, especially those located in the deeper portions of the

basin, have large paleo-water depth uncertainties. For example, wells ODP 150 905 and DSDP contain

sedimentary deposits identified as ‘bathyal’, indicating a paleobathymetric range of 150–4000 m. This

large uncertainty imposes a limitation on determining changes in subsidence rates from these wells.
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Figure 4.12 shows the spatial patterns of total and Neogene water-loaded subsidence for all wells

considered in this study. As predicted for a rifted continental margin, onshore and shallow wells

record less total subsidence than deeper wells. Wells located off the continental shelf break showing

under 1 km of total water-loaded subsidence (Figure 4.12a) are those which have not been drilled to

syn-rift stratigraphy. Figure 4.12b highlights the anomalous Neogene subsidence of the BCT when

compared with the adjacent continental margins.
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Figure 4.12: Spatial patterns of tectonic subsidence. (a) Coloured diamonds = total water-
loaded subsidence calculated by backstripping wells along Eastern North America’s passive margin
(Figures 4.3, 4.10 & 4.11). COST B-2 well is identified as a star. BCT = Baltimore Canyon Trough;
G = Georges Bank. (b) Neogene water-loaded subsidence. Highest Neogene subsidence is centred on
the BCT.

4.3.7 Seismic reflection data

The stratigraphic architecture of the BCT might provide additional information about the history of

the basin. Extensive seismic mapping of basin stratigraphy has been performed for the BCT, owing to

the wealth of available data (e.g., Fulthorpe et al., 1996; Miller et al., 1998; Fulthorpe and Austin Jr.,

2008; Miller et al., 2018; Cosgrove et al., 2019). Based on these previous published interpretations,

stratigraphy was mapped along the margin using four two-dimensional seismic reflection lines to

highlight the large-scale stratigraphic architecture (Figures 4.4 & 4.14). Location of all seismic lines

interpreted in this study are shown in Figure 4.13. These lines were chosen because of their proximity

to backstripped wells, image fidelity and so that stratigraphy could be interpreted on dip and strike

lines. Seismic segy data files were quality checked and visualised using segy.io software. The data

display was scaled and standardised using the 99th percentile of the amplitudes for each profile.
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Figure 4.13: Location of seismic profiles (red lines) in the Baltimore Canyon Trough (BCT) and
Georges Bank (G). Well locations shown for reference.

Data follows the American seismic wave polarity convention, where positive polarity or impedance

contrast is represented by a positive amplitude. Seismic stratigraphy was tied to wells with accurate,

biostratigraphically determined, ages. Age constraints from each well were converted from depth into

two-way travel times using checkshot data and interval velocities provided in the well reports (Figure

4.5 and 4.6).

Seismic data and biostratigraphic correlations indicate that Neogene to Recent stratigraphy is up to

∼ 1 s thick (two-way time; ∼ 1 km, using velocities in Figure 4.5c) in the Baltimore Canyon Trough.

Figure 4.14 shows a well-studied inline from the BCT, where both the syn- and post-rift sequences

can be clearly identified. Strike line A-148, which intersects the trough, shows that Miocene to Recent

stratigraphy is almost uniformly planar and > 1 s thick offshore New Jersey (Figure 4.15). In contrast

seismic lines MMG16 and LMG81 on Georges Bank show that post-Santonian (≲ 84 Ma) stratigraphy

is < 1 s thick (Figure 4.16 and 4.17). Well COST GE-1 on the bank indicates that its Miocene to Recent

stratigraphy is < 100 m thick. Post-Jurassic stratigraphy of Georges Bank has a shallow gradient in

strike and dip directions (Figure 4.16 and 4.17). In contrast, dip lines from the Baltimore Canyon
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Figure 4.14: Seismic stratigraphy of the New Jersey margin. (a) Seismic line USGS Line 2
(Figure 4.3). Arrows = extent of zoomed-in image shown in panels (c) and (d). Negative reflectors
are shown in red, positive in blue. (b) Interpreted stratigraphy. Annotated triangle, star and vertical
lines = wells projected onto line (see Figure 4.3). Thick black curves = key stratigraphic horizons.
Thin black curves are indicative of stratigraphic architecture. (c & d) Central portion of USGS Line 2
and interpreted stratigraphy. Annotated inverted triangles = last appearances of key biostratigraphic
markers extracted from well reports (see e.g. Figure 4.4). Red circles and dashed curve = trajectory of
clinoforms. Note ∼ 1 s of Neogene stratigraphy, which contains prograding and aggrading clinoforms.
Labelled triangles, star and vertical lines = wells projected onto transect (see Figure 4.3).
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Trough show > 100 km of Miocene-Recent progradation and ∼ 0.25 s (∼ 250 m) of aggradation

(Figure 4.14). These clinoforms prograde from close to the shoreline and are best developed in the

northern part of the Baltimore Canyon Trough. Rapid increases in accommodation space offshore was

coeval with increased sedimentary flux from onshore (Poag and Sevon, 1989).

Figure 4.15: Seismic strike line A-148, located offshore New Jersey. See Figure 4.3 for location.
(a) Uninterpreted seismic line. (b) Interpreted seismic line. Well COST G-1 was projected on to the
line from 10 km to the north west. Major stratigraphic horizons are shown by the thick black curves.
Annotations show last occurrence, ▼, occurrences of biota that constrain stratigraphic ages. Thin
black lines show stratigraphic architecture.
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Figure 4.16: Seismic line MMG16, located on Georges Bank. (a) Uninterpreted seismic line.
See Figure 4.3 for location of this line. (b) Interpreted seismic line. Note relatively thin post-Santonian
(post-Mid Cretaceous) sedimentary packages compared to seismic data further south (e.g. line A-148;
Figure 7).
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Figure 4.17: Seismic line LMG18, located on Georges Bank.(a) Uninterpreted seismic line. See
Figure 4.3 for location of this line. (b) Interpreted seismic line.

4.3.8 Causes of subsidence in the Baltimore Canyon Trough

Up to ∼ 600 m of Neogene to Recent (∼ 20–0 Ma) water-loaded subsidence is recorded by back-

stripped wells centred on the Baltimore Canyon Trough. Seismic strike line A-148, which intersects

the trough, shows that accumulation of Neogene sedimentary rock is up to ∼ 1 s (∼ 1 km) along

at least ∼ 200 km of the margin offshore New Jersey. Miocene clinoforms, mapped on seismic dip

lines, prograded > 100 km away from the coastline and then aggraded, which indicates an increase in

Neogene accommodation space (e.g., seismic line USGS 2; Greenlee et al., 1988; Posamentier et al.,

1988; Poag and Sevon, 1989; Greenlee et al., 1992). In contrast, seismic mapping and backstripped
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stratigraphy on the Georges Bank and the Southeast Georgia Embayment shows that Neogene sub-

sidence and sedimentation rates were much lower. These observations imply that the relatively rapid

Neogene to Recent subsidence observed in the Baltimore Canyon Trough is a local, rather than global

(e.g. eustatic), phenomenon. The amplitude of water-loaded Neogene subsidence in the Baltimore

Canyon Trough (∼ 300 m, up to ∼ 600 m) also precludes glacio-eustasy as the mechanism for in-

creased accommodation space along this margin. In the following section, I examine whether observed

subsidence patterns could have been generated by flexure, lithospheric strain or sub-plate support.

A role for plate flexure or extension?

Variations in post-rift subsidence of the Baltimore Canyon Trough has been previously attributed to

a flexural response to sediment loading (Pazzaglia and Gardner , 1994; Kominz et al., 1998; Vander-

averoet , 2000; Kominz et al., 2008; Miller et al., 2013). I use a simple flexural model to examine

whether loading could have generated the observed water-loaded subsidence patterns in the trough

and its surroundings. The flexural model assumes that the lithosphere deflects as a semi-infinite plate

in response to an end load. Maximum deflection, w◦ = V◦α
3/4D, where the flexural parameter, α,

and flexural rigidity, D, are given by

α =

[︃
4D

g(ρm − ρw)

]︃ 1
4

, D =
ET 3

e

12(1− σ2)
, (4.11)

(e.g., Turcotte and Schubert , 2002). Gravitational acceleration, g = 9.8 m s−2, mantle density, ρm =

3300 kg m−3, water density, ρw = 1000 kg m−3, Young’s Modulus, E = 70 GPa, and Poisson’s ratio

σ = 0.25. The most obvious nearby large load is the Appalachian mountains. I estimate the width of

foreland basins for a range of elastic thicknesses by calculating the position of forebulges, xb, relative

to the eastern edge of the Appalachian mountains using xb = 3πα/4 (Turcotte and Schubert , 2002).

Figure 4.18 shows the distance to the forebulge from the eastern edge of the mountains for elastic

thicknesses of 20–40 km (cf. Watts and Ryan, 1976; Pazzaglia and Gardner , 1994; McKenzie, 2010;

Audet , 2014). These tests indicate that loading by the Appalachian mountains did not generate the

observed Neogene subsidence. To produce a forebulge to the east of the Baltimore Canyon Trough

requires an elastic thickness of ≳ 100 km, which is much higher than that estimated from the ad-

mittance between gravity and topography along the margin (∼ 15–40 km; Watts and Ryan, 1976;

McKenzie, 2010; Audet and Bürgmann, 2011; Audet , 2014).

Another possible source of loading is sedimentary rock deposited on the margin. To generate the
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a

BCT

G

Figure 4.18: Flexural analysis for an Appalachian load. (a) Solid curve = eastern margin of the
Appalachian mountains. Dashed curves show calculated distances to forebulge crests, which equal 128
and 216 km for elastic thicknesses Te = 20 and 40 km, respectively. Note that all wells in this study
(yellow/white diamonds) sit outboard of the calculated forebulge positions, except for the onshore
Ancora well. BCT = Baltimore Canyon Trough, G = Georges Bank.

observed Neogene water-loaded subsidence (∼ 550 m) by flexing a plate with an elastic thickness of

15 km requires a load, V◦ ∼ 5.4 × 1011 Pa per unit width (cf. Watts and Ryan, 1976; Pazzaglia

and Gardner , 1994; Audet , 2014). If the load was generated by sedimentary rock and assumed to

be ρglz, where l and z are the length and depth of the load, respectively, the volume of sedimentary

rock required to generate the observed water loaded subsidence can be calculated. If the density of

sedimentary rock is 1500 kg m−3 (equivalent to sedimentary rock with 64% porosity, 2400 kg m−3

solid grain density, 1000 kg m−3 pore fluid density; Pazzaglia and Gardner , 1994), the calculated

volume of sedimentary rock required is 3.7×107 m3. If I assume unit width and a 1 km thick Neogene

sedimentary pile, the length of the required load is 37 km. If an infinite plate is used to model

the deflection then the load required is approximately twice as large. Assuming a sedimentary infill

density of 2400 kg m−3, the required length is 23 km. If the elastic thickness is taken to be 30 km, the

load length increases to 78 km. A difficulty with proposing such a model for generating the observed
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water-loaded subsidence of the Baltimore Canyon is that such a load does not appear to exist nearby.

Another way to generate relatively rapid Neogene subsidence could be increasing lithospheric strain

rates (stretching). Inversion of the subsidence history of the COST B-2 well indicates that Neogene

strain rates of up to ∼ 5 Ga−1 are required to generate observed subsidence patterns (Flament et

al., 2013). However, seismic lines in the Baltimore Canyon Trough do not show obvious faulting, or

Neogene stratigraphic growth, which precludes lithospheric extension as an important mechanism for

generating subsidence at this time. An obvious next step is to investigate the role sub-lithospheric

support might play in generating lithospheric subsidence.

Sub-plate support

Several geodynamic models predict post-Cretaceous dynamic topography along the east coast of North

America (e.g., Moucha et al., 2008; Spasojević et al., 2008; Flament et al., 2013; Liu, 2015). Most of

these models use broadly similar techniques to convert seismic tomographic models into predictions

of mantle flow. Many predict dynamic support of the margin at wavelengths in excess of 1000 km.

Moucha et al. (2008) calculated dynamic uplift of 100–200 m over the past 30 Ma. In contrast,

Spasojević et al. (2008) estimated 100–200 m of dynamic drawdown over the same period and Müller

et al. (2008) propose subsidence of 105–385 m since 70 Ma. Flament et al. (2013)’s model predicts

580 m of subsidence since 80 Ma, and ∼ 30 m since 15 Ma, whilst Rowley (2013) estimate uplift

of +10–20 m since 3 Ma. Dynamic uplift or subsidence along this margin is usually attributed to

subduction of the cold, dense, relict Farallon slab, which is generally thought to reside in the lower

mantle (≳ 670 km depth; see e.g. Rowley , 2013; Liu, 2015).

Instead, I suggest that long wavelength free-air gravity anomalies, residual ocean age-depth measure-

ments, and the stratigraphic and subsidence history of the margin suggest that Neogene dynamic

drawdown was centred on the Baltimore Canyon Trough, and extended not more than ∼ 500 km away

from it (e.g. Figures 4.1 & 4.12). These observations indicate that the shallow upper mantle beneath

the lithosphere might be playing an important role in generating dynamic support of the the margin

(e.g. Figure 4.1; Colli et al., 2016; Hoggard et al., 2017; Lodhia et al., 2018; Roberts et al., 2018).

My approach to investigating the role the upper mantle plays in supporting topography along the

margin makes use of the isostatic calculations described in Chapter 2. The presence of a cooler,

denser asthenospheric mantle beneath the basin is suggested by the low shear wave velocity anomaly

at shallow mantle depths (Figure 4.1b Schaeffer and Lebedev , 2013), and can provide a plausible
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explanation for the observed drawdown. Assuming the lithospheric thickness of the passive margin

has not changed since rifting in the Jurassic, the equations outlined in Section 2.5 simplify to

S =
hαT

1− αT◦
, (4.12)

where S is excess subsidence, h is thickness of the anomalously hot or cool layer, here assumed to

be 200 km, α is thermal expansivity, T is average negative excess temperature, T◦ is background

temperature, which I set to 1333 ± 30◦C (e.g. Rudge et al., 2008). The calculated excess subsidence

caused by cold thermal anomalies between 0 and -250◦C, for a variable asthenospheric layer thickness,

is shown in Figure 4.19. Layer thickness, h, is likely to be ∼ 200 km, based on the thickness of a

high shear-wave velocity anomaly beneath the BCT, estimated from Schaeffer and Lebedev (2013).

The blue box shows shows the range of temperatures anomalies that could generate the observed

Neogene subsidence in the BCT for a cool layer of ∼ 200 km. Note that layers of thickness < 200 km

require unreasonably large changes in temperature to generate the observed ∼ 300–600 m of observed

water-loaded subsidence. These calculations suggest that an asthenospheric layer with temperatures

100◦C cooler than ambient mantle temperature can explain the observed subsidence.
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Implications for eustasy

Eustatic sea level estimates are often calculated at supposedly tectonically stable passive margins (e.g.,

Vail et al., 1977; Miller , 2005). It is now generally accepted that dynamic topography can generate

lithospheric vertical motions on space and time scales that overlap with estimates of eustasy (e.g.,

Hager and Richards, 1989; Lovell , 2010; Hoggard et al., 2017; Mitrovica et al., 2020). Most efforts to

quantify the effect of sub-plate support for estimates of eustasy have focused on results obtained by

geodynamic models of mantle convection (e.g., Moucha et al., 2008; Kominz et al., 2016; Austermann

et al., 2017). Instead, I show how geophysical and stratigraphic observations (e.g. gravity, seismic,

backstripped wells) can be combined with simple isostatic calculations to constrain wavelengths and

amplitudes of dynamic support at passive margins. The results indicate that a cool upper mantle has

drawn down a ∼ 1000 km-long stretch of Eastern North America’s passive margin by up to ∼ 600 m (in

water-loaded space). Drawdown of the margin during the last ∼ 23 Ma has been centred close to the

Baltimore Canyon Trough. I note that the wavelength of calculated drawdown is smaller than many

geodynamic predictions. The cause of this discrepancy is probably, in part, because most geodynamic

models do not include the shallow upper mantle in their calculations of mantle flow. Given that the

mantle has a Rayleigh number of ∼ 106–108, the vertical motions of passive margins are expected

to be affected by dynamic uplift and drawdown on a range of spatial and temporal scales. Some of

these scales are akin to long term sea level changes, complicating the interpretation of sea level curves

derived from ‘stable’ continental margins (of the order 101–102 m, 10−1–102 Ma).

In summary, backstripping of 27 wells showed that Neogene water-loaded subsidence was up to∼ 600 m

in the BCT. This subsidence history cannot be readily explained by post-rift thermal subsidence, post-

rift stretching or flexure. In contrast, Neogene subsidence of the adjacent continental shelf, on the

Georges Bank and Southeast Georgia Embayment, can be explained by simple post-rift lithospheric

cooling. Seismic lines in the Baltimore Canyon Trough and Georges Bank show thick (∼ 1 km) and thin

(< 200 m) Neogene sequences, respectively. Progradational and aggradational Neogene clinoforms in

the Baltimore Canyon Trough reflect rapid generation of accommodation space and subsequent filling

between ∼ 20–0 Ma. The amplitude of subsidence and its spatial localisation rules out eustasy as the

sole contributor to the generation of accommodation space. Correlation with free-air gravity anomalies,

shear wave tomography velocities and isostatic calculations indicate that temperature variations in the

uppermost convecting mantle are able to generate sufficient density anomalies to drawdown the New

Jersey margin. The patterns of dynamic subsidence shown in this study are similar to observations
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of ocean age-depth measurements, and suggest that the Baltimore Canyon Trough has been drawn

down by up to ∼ 600 m since ∼ 20 Ma. Upper mantle convection appears to play an important role in

generating accommodation space along passive margins, which may incorrectly have been interpreted

as a signal of eustasy in the past.

The sedimentary record preserved at passive margins, which records the history of basin subsidence,

can also be used as an indicator of uplift in adjacent onshore regions. Increased influx of clastic

sediments to offshore basins provide a record of changes to the geomorphic evolution of the rivers

draining to the margin. In the next section, I explore how the sedimentary record of the BCT,

combined with landscape evolution modelling, can be used to investigate the history of uplift in the

Appalachians.

4.4 Appalachian Uplift and Sedimentary Flux

In the previous section, I have used the stratigraphy recorded at individual wells to show that the

accommodation space of the BCT has increased by ∼ 300−600 m in Neogene times. The cause of this

excess subsidence, not readily explained by simple thermal cooling of stretched lithosphere or glacio-

eustatic sea-level changes, was attributed to sub-plate mantle drawdown induced by the presence of a

cooler than normal upper mantle. One question that arises is whether this increase in basin subsidence

is matched by a concurrent increase in the sediment influx from the adjacent Appalachian Highlands.

Changes in sediment accumulation rate in basins are often attributed to one of three factors: tectonic

subsidence, sea level, or sediment flux from the source region. The first two are related to changes

in base-level or accommodation space, whereas the latter is a function of the geomorphic evolution

of the source region. It is generally agreed that the Appalachian Mountains have been a tectonically

quiescent region since the establishment of a passive margin in the Late Jurassic (e.g. Klitgord et al.,

1988). The apparent agreement between the long-term and short-term measurements of denudation in

the Appalachian Mountains has led to the idea of a ‘steadily-decaying orogen’, where the present day

topography is the result of the slow and steady decay of a Paleozoic mountain range that once reached

Himalayan-like elevations (e.g., Pavich et al., 1985; Boettcher and Milliken, 1994; Matmon et al.,

2003; Naeser et al., 2004; Portenga et al., 2013; Amidon et al., 2016). Figure 4.20 shows a compilation

of low-temperature thermochronology closure ages, incision rates, catchment average erosion rates

from cosmogenic 10Be analysis, and uplift of the Appalachians and adjacent coastal plains. Linear

denudation rates calculated from closure ages (using equation from chapter 3), as well as thermal
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Figure 4.20: Geomorphic constraints on the evolution of the Appalachian Mountains and
Atlantic Coastal Plain. (a) Apatite fission track and (U-Th)/He closure ages (Zimmerman et al.,
1975; Blackmer et al., 1994; Boettcher and Milliken, 1994; O’Sullivan and Lane, 1997; Spotila et al.,
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modelling, suggest that long term exhumation rates are of similar order to the modern incision and

erosion rates (Figure 4.20b,c). This idea of a steadily-eroding mountain range is at odds with the large

sediment thicknesses of Middle Miocene age recorded in offshore wells of the BCT, which implies a

significant increase in Neogene erosion rates.

On the other hand, the modelled uplift history shown in Chapter 3, derived from the inverse modelling

of river profiles, suggests the Appalachian Mountains have been steadily uplifting since the Late

Cretaceous, with a marked increase in uplift rates over the last 15 Ma in the southern and central

ranges. Such changes in the uplift of source regions should predictably alter the observed sediment

yield of rivers, and therefore the sediment accumulation history in depositional sinks. Landscape

evolution models, such as the one described in Chapter 3, can be used to predict the sedimentary flux

to basins as a function of a known uplift history, using a calibrated erosional model. In this way, a

regional scale landscape evolution model of eastern North America, together with a well know history

of sedimentary accumulation in the BCT, provides a practical method to test different hypotheses

regarding the long-term geomorphic evolution of the Appalachian Mountains.

In this section, I explore whether forward modelling of landscape evolution using constraints from

offshore sediment volumes and source-region erosion rates can give new insight into Late Cretaceous

to Recent history of sedimentary flux to the Middle US Atlantic margin. Can the steady ‘decay’ of

an initially high landscape, or modelled uplift of 300–500 m uplift over the last 20 Ma, as predicted

by the inverse model, generate an order of magnitude increase in the sedimentary flux to the BCT?

First, I review the existing record of sediment accumulation in the BCT, as it provides a proxy for the

sediment flux to the margin. Estimates of sediment accumulation are then compared to predictions

of sedimentary flux derived from the landscape evolution model (LEM) shown in Chapter 3, Section

3.6. The results presented in this section are part of an ongoing study, and the next steps are further

discussed in Chapter 5.

4.4.1 Measuring sediment accumulation rate

The sediment accumulation recorded at each well can provide a proxy for sediment flux to the margin,

and related to uplift or geomorphic processes onshore (e.g., Pinet and Souriau, 1988; Milliman and

Syvitski , 1992; Hovius, 1998). Using the stratigraphic thicknesses and age constraints recorded in

the individual well reports, sediment accumulation is calculated as the temporal rate of change in

the thickness of the sediment column recorded at each well. To avoid a systematic bias towards
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thicker sequences of younger sediments, a compaction correction was applied to each layer using

equation 4.1 (e.g., Einsele, 1992; Liu and Galloway , 1993; Liu and Galloway, 1997). The compaction

parameterisation used was that of Watts and Thorne (1984), where initial porosity, ϕ◦, is 0.52, and

compaction wavelength, λ, is 3 km. Figures 4.21 and 4.22 show the Late Cretaceous to Recent
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Figure 4.21: Sediment accumulation rate at each well, measured from reported thicknesses of
sedimentary sequences and biostratigraphic ages (grey points). Solid sediment accumulation rate (red
points) was calculated by subtracting the pore space, accounting for compaction, using the relationship
described in equation 4.1 and the compaction parameterisation of Watts and Thorne (1984). No
correction was made for unconformities, which will bias accumulation rates towards slower values.
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Figure 4.22: Sediment accumulation rate at each well (continued).

sediment accumulation for each well. The gray lines show the recorded thickness of sedimentary

sequences accumulated at each well, and the red line shows the thicknesses at each well corrected for

sediment compaction.

Most of the wells located within the BCT show a marked increase in the accumulation rates in

the Middle Miocene, with changes of one to two orders of magnitude. Note that this increase in

accumulation rate is coeval with the increase in water-loaded subsidence recorded in the wells (see

Figure 4.10 and 4.11). Some wells, for example Shell 586-1 and Texaco 598-3, Figures 4.21j and 4.22j

respectively, lack the temporal resolution in the stratigraphy to resolve any changes in accumulation
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rate in Neogene times. Wells located on the Georges Bank, COST G-1, COST G-2 and Exxon 975-

1, and on the Georgia Embayment, COST GE-1, do not show any significant increase in sediment

accumulation during over the last 20 Ma. These wells also do not display a significant increase in

water-loaded subsidence over the same time period.

There are inherent problems with using the sediment accumulation rates recorded at individual points

as a proxy for sediment flux to whole basin. First, linear sedimentation rates derived from well

data may be unrepresentative of the complexity of the depositional settings at passive margins (e.g.,

Molnar , 2004). Local variations in accommodation space caused by, for example, basement fault

geometry, may cause lateral variability in the accumulation rate that is unrelated to the onshore

sediment flux distribution. Secondly, sediment deposited during one time period can be reworked and

redeposited as part of a younger sediment succession. Additionally, erosion can be localised, as is

the case with submarine canyons, which can add to the lateral differences in accumulated sediment

thicknesses. Finally, sedimentation rates are dependent upon the time scale of observation McCave

and Swift (1976); Sadler (1981). This effect is well demonstrated by the wells lacking in temporal

resolution over the last 20 Ma (e.g. Figures 4.21j and 4.22j).

Other methods exist for estimating the sedimentary flux to a basin. For example, Petter et al. (2013)

related the geometry and stacking patterns of clinoforms, observed from seismic data, to sedimentary

flux. This method cannot account for sediment re-worked and deposited in deeper, ocean floor por-

tions of the basin. Steckler et al. (1999) estimated of sediment flux to the BCT based on down-dip

cross-sectional areas of depositional sequences interpreted from seismic profiles tied to Ocean Drilling

Program cores. This method, although it provides some improvement to the estimates from core only,

still cannot fully account for variability along the strike of the basin.

Volumetric sedimentation rates provide the most robust estimate of the onshore sediment flux to a

margin. It can account for spatial variability, especially if enough data is available such that sediment

accumulated far from the basin main depocentre (e.g. on the abyssal plain) can be accounted for

to some extent. Mapped sediment volumes can be used as proxy for the solid sediment flux from

rivers as long as a correction for porosity is applied (e.g., Liu and Galloway, 1997). This method has

been used by several researchers to estimate sediment flux on basinal and global scales at both short

(k.y.) and long (m.y.) geologic time scales (e.g., Hay et al., 1988; Pazzaglia and Brandon, 1996; Liu

and Galloway, 1997; Walford et al., 2005; Guillocheau et al., 2012; Covault et al., 2013; Pedersen et

al., 2018). Volumetric estimates of sediment flux have formed the basis for many of the hypothesis
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surrounding the evolution of the Appalachian Highlands and the BCT.

4.4.2 Assessment of sediment volumes

Sediment accumulation rates reported in the seminal work by Poag and Sevon (1989) provide a

starting point for estimating sediment flux from the Appalachian Mountains to the BCT. Bulk volume

of siliciclastic sediment for each of the stratigraphic intervals was determined from isopach maps,

generated from interpretation of available well data and seismic reflection surveys. These isopach

contour maps were digitised using QGIS software. The published isopach figures for each time slice

were geo-referenced, and contour lines were individually traced to create a vector map of the contour

lines where the thickness value of each line is an attribute. Next, using GRASS functionalities, the

vector map was rasterised by creating a 1′ × 1′ grid, where each grid cell is either a contour line cell

(containing the sediment thickness value), or a fill cell. Using the r.surf.cont functionality, a linear

interpolation between contour intervals is performed using a flood fill algorithm. Grid tests were

performed by surface interpolation by fitting a regularised spline with tension, however it produced

unwanted data artefacts in regions where the contour lines were too closely spaced. The best-fit

isopach maps are shown in Figures 4.23 and 4.24.

A few key basin features can be picked out from the sediment thickness grids. The syn-rift sed-

imentation is well defined by localised, large thickness deposits from Aalenian to Callovian times.

Development of a clear shelf-slope break can be observed from Santonian-Coniacian times. Low sed-

iment accumulation rates from Upper Eocene to Lower Miocene times are followed by a significant

volume increase from the Middle Miocene to Recent.

However, the Poag and Sevon (1989) data analysis has important shortcomings. First, the isopach

maps were not depth-converted using an appropriate velocity model. The thickness of the sedimentary

sequences, mapped on the seismic data in two-way travel time, were converted to depth using the

simple assumption of 0.1 s = 100 m. This linear time-depth relationship overestimates the volume of

sediment deposited at shallow depths and underestimates the volumes of older sediments, preserved

deeper in the basin. For example, comparison of the linear time-depth conversion with an interval

velocities curve from the COST B-2 well suggests sediments of Middle Miocene age deposited at depths

of ∼ 450 m are overestimated by about 10%, while sediments of Callovian age are underestimated by

at least factor of two. The time-depth relationships reported for wells in the BCT, shown in Figures 4.5

and 4.6, provides additional confirmation that a more careful approach to the depth-conversion of the
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Figure 4.23: Isopach maps of allostratigraphic units in the Baltimore Canyon Trough,
Salisbury Embayment, and Hatteras Basin as mapped by Poag and Sevon (1989). Grey lines show
digitised isopach contour lines. 0 m thickness show regions of no deposition, erosional unconformities,
or unit thicknesses too small to be resolved by the seismic reflection surveys.
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Figure 4.24: Isopach maps of allostratigraphic units in the Baltimore Canyon Trough,
Salisbury Embayment, and Hatteras Basin as mapped by Poag and Sevon (1989) (continued).

isopach maps is required for a more accurate/precise estimate of the sediment volumes preserved in the

BCT. Secondly, no correction for sediment compaction was applied to the volumes, which would also

act to under-predict the volumes of older sediments in the basin. This shortcoming was recognised by

Pazzaglia and Brandon (1996), who converted the sediment volumes into solid rock sediment volumes

by applying a porosity correction to the volumes reported by Scholle (1977). However, the lateral

variability in sediment thickness throughout the basin, shown in Figures 4.23 and 4.24, suggests that

assuming a uniform porosity for each stratigraphic unit throughout the whole basin could result in

erroneous solid sediment volumes. Thirdly, the geological timescale used by Poag and Sevon (1989)

is the Decade of North America Geology (Palmer , 1983). This timescale has significantly different

interval lengths, especially for Neogene and Jurassic periods, therefore the estimated volumetric flux

will be different. For example, the Palmer (1983) scale identified the duration of the Oxfordian period

as ∼ 5 Ma longer than Gradstein et al. (2012), 8 compared to 3.7 Ma, respectively. Pazzaglia and
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Brandon (1996) also recognised this problem and corrected the ages to the timescale of Cande and

Kent (1992), however this timescale has recently changed. For consistency, I calculated sedimentary

flux using the sedimentary flux using the timescale of Gradstein et al. (2012). Finally, Poag and Sevon

(1989) recognised that each allostratigraphic member, or depositional sequence, was separated by an

erosional unconformity. As the duration of the unconformity cannot be accurately determined, they

assumed a 1 Ma time gap between each depositional unit. However, it is unclear how this assumption

was applied to the sediment accumulation rate calculations.

More detailed isopach maps, produced with more data, were published in Poag (1992) and Poag and

Ward (1993), but the volumes recorded in each isopach map is not reported. One way of assessing the

quality of the isopach maps from Poag and Sevon (1989) is to compare to the same data from Poag and

Ward (1993). Figure 4.25 shows the comparison of the Middle Miocene isopach from Poag and Sevon

(1989) and to the equivalent map from Poag and Ward (1993), which corresponds to the Phoenix

Canyon allostratigraphic member. In general, the sediment accumulation patterns are similar: both

show significant sediment storage within the continental shelf, an erosional hiatus where on the paleo-
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Figure 4.25: Comparison of Middle Miocene isopach maps from (a) Poag and Sevon (1989)
and (b) Poag and Ward (1993) (Phoenix Canyon allostratigraphic member); (c) Isopach contour lines
shown in (a) and (b); (d) Difference between isopachs shown in (a) and (b). Note that the maximum
thickness difference is 900 m.
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continental slope, and significant volumes accumulated in the abyssal plain in the southern portion of

the region. However there are significant differences in the recorded thicknesses for the two isopach

maps, by as much as 900 m as shown in Figure 4.25d. Surprisingly, the total volume recorded within

these maps only differs by a relatively small amount (1.546 × 105 and 1.574 × 105 km3 , from Poag

and Sevon (1989) and Poag and Ward (1993), respectively). Pazzaglia and Brandon (1996) compared

the volumes reported by Poag and Sevon (1989) and Poag (1992) and postulated that volumes agree

within ∼ 20%. Despite being generated from the same well and seismic datasets, there are some

discrepancies in the sedimentary fluxes. I examine these inconsistencies by systematically exploring

the uncertainties.

One way to quantify the error in the sediment accumulation rate at each time interval is to compare

the different estimates for the BCT from different sources. Figure 4.26 shows a comparison of the

sediment flux reported in Poag and Sevon (1989), calculated from isopachs from Poag and Sevon

(1989), the single Middle Miocene isopach from Poag and Ward (1993), and the volume from Poag

(1992). For all datasets, sediment accumulation rate was re-calculated using the geological timescale
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Figure 4.26: Comparisons of sediment flux to the BCT. Estimates of flux plotted as points to
be comparable with original figure from Poag and Sevon (1989). Red = sediment accumulation rate
reported by Poag and Sevon (1989), corrected for the (Gradstein et al., 2012) timescale; Blue = rate
calculated from digitised isopach grids from Poag and Sevon (1989); Green = rate reported in Poag
(1992), corrected for the (Gradstein et al., 2012) timescale; Yellow = rate calculated from the single
digitised isopach from Poag and Ward (1993).
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of Gradstein et al. (2012). No correction for porosity or compaction was applied, therefore the volumes

represent the volumes observed in the seismic data.

In general, all datasets show a similar trend in the sediment accumulation rate history in the BCT

(Figure 4.26). All reported histories of sediment accumulation show a peak in the Jurassic, correspond-

ing to syn-rift deposits, a moderate increase in the Late Cretaceous, very low rates from Paleocene

to Lower Miocene time, and a dramatic increase after the Middle Miocene. This similarity is per-

haps unsurprising, all rates have been calculated from the same data. For exactly that reason, a

better agreement between data might be expected, yet there are differences that cannot be system-

atically explained. For example, the rate calculated using the digitised Pliocene isopach map from

Poag and Sevon (1989) (Figure 4.23) is significantly lower than that reported in their paper, differing

by ∼ 15 km3 Ma−1. As previously mentioned, the estimate from the Poag and Sevon (1989) Middle

Miocene isopach is similar to the Poag and Ward (1993) estimate, but both are ∼ 5 km3Ma−1 lower

than rates reported by Poag and Sevon (1989), and the ∼ 5 km3 Ma−1 lower still than Poag (1992).

At each time interval, the standard deviation of the data is, on average, 30.9%.

The largest drawback of this dataset is that is that is records bulk volume, and a correction for pore

space has not been performed. Even if the volumetrically derived fluxes were corrected for porosity,

which should act to correct for an overprediction of younger volumes, significant flux increase in the

Middle Miocene is still observed. For example, using a generous porosity estimate for Middle Miocene

sediments of 50%, the the observed flux woud be reduced from ∼ 40 to ∼ 20 km3Ma−1. Despite the

sizeable decrease, it is still an order of magnitude increase from a maximum 1.9 km3Ma−1 in the Lower

Miocene. Any model that attempts to predict the delivery of clastic sediments to the BCT basin must

generate this order of magnitude increase in sediment accumulation rate at ∼ 15 Ma.

Notwithstanding the limitations of each method, all estimates of sediment flux, whether point estimates

from from individual wells, integrated cross-sectional area from a single seismic line (Steckler et al.,

1999), or from seismic volumes (Poag and Sevon, 1989; Poag , 1992; Poag and Ward , 1993; Pazzaglia

and Brandon, 1996) show an order of magnitude increase in the sedimentation rates in the BCT during

the Middle Miocene (∼ 15 Ma). In the next section, I explore whether the landscape evolution model,

described in Chapter 3, can generate the observed patterns of patterns of sediment flux to the BCT.
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4.4.3 Sediment Flux Prediction from Landscape Evolution Modelling

Different explanations have been given to explain the Middle Miocene increase in sediment accumulated

in the BCT, such as lowering of sea-level (Miller et al., 1996), changes in climatic regimes (Steckler

et al., 1999), uplift of the Appalachian Mountains (Poag and Sevon, 1989), and drainage capture

events in Appalachian rivers (Moodie et al., 2017). In this section I explore the contribution of source

region uplift to the Neogene increase in sediment flux to the BCT by comparing the observed sediment

flux to that derived from a landscape evolution model (LEM). Here, I examine the assumption of a

‘steadily decaying’ origin, and investigate the extent to which the uplift history derived in Chapter 3

can explain the order of magnitude increase in the Middle Miocene offshore sediment accumulation

rate in the BCT.

Model Setup

Three different scenarios are explored. (1) The model setup as described in Chapter 3, Section 3.6.

Initial topography was seeded with the present-day DEM of North America scaled to 5% of the

elevation. The model was then forced with the uplift history from the river profile inversion (Section

3.5). (2) An initial paleotopography that is allowed to steadily erode over the model time (82 Ma). The

initial model elevation was generated by smoothing a present-day DEM of North America (ASTER)

using a 500 km low-pass Gaussian filter. This model run is intended to explore the idea of an ‘old

decaying orogen’, as is proposed for the Appalachians by several authors. (3) The LEM was seeded with

the same paleotopography as in scenario (2), but forced with the uplift function from the inversion.

For all model scenarios, the erosional parameterisation was the same (as described in Chapter 3,

Section 3.6). The Badlands landscape evolution model uses a detachment-limited stream power law

formulation to compute erosion. Initial conditions are set with regular grid spacing of 10×10 km, which

is used to generate a triangular irregular network grid, on which calculations are performed. Erosional

parameters m and v are set to 0.4 and 0.9924 × 10−6 m0.2 yr−1, respectively. A diffusion coefficient

κ = 10−20 m2 Ma−1 is assumed. Precipitation rate is set to 1 m a−1. The modelled landscape is

assumed to be purely erosive, in that all of the generated sediment is moved to the margin and no

sediment is deposited on land. The full model description can be found in Chapter 3. This simple

approach is a reasonable starting point, and I later consider other scenarios.
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Modelling Results

Th model grid nodes containing the mouth of rivers flowing to the BCT were identified and defined

as a swath, shown in Figure 4.27. For each model timestep, the sedimentary flux at each individual

was extracted and summed, giving the total flux to the margin. The modelled sedimentary flux

is converted from m3 s−1 to ×103 km3 Ma−1 in order to be compared with the volumes predicted

from Poag and Sevon (1989) (Figure 4.26). It is important to note that model flux predictions are

of solid sediment volumes, but the reported sediment flux are calculated from bulk volumes (i.e.

including porosity). Figures 4.28, 4.29 and 4.30 show the model outputs for scenarios (1), (2) and (3),

respectively. Figure 4.31 shows the predicted sedimentary flux to the BCT resulting from the three

different model scenarios compared to the observed sediment accumulation history, the uplift history

of the Appalachian Mountains from the inverse model, and the water-loaded subsidence history from

the COST B-2 well.

Model (1), with 5% of the present-day DEM initial condition and forced with the uplift history from

the river profile inversion, is shown by the red curve in Figure 4.31. This model fails to generate any

significant variations in the sedimentary flux to the margin, with rates steadily increasing towards

the present day but not surpassing 5 × 103km3Ma−1. Significant denudation of the topography only

occurs after 23 Ma, as seen on Figure 4.28d, yet no concomitant increase in sediment flux is observed.

Predicted sediment flux is not higher than 3× 103 km3Ma−1. A steadily decaying initial topography,

modelled in scenario (2), is shown by the blue curve. The model erodes most Appalachian topography

Figure 4.27: Location of sedimentary flux swath profile. (a) Swath profile (blue line) overlay
on sedimentary flux grid. Dotted line shows approximate location of BCT deposits. (b) Zoom in of
swath, showing location of individual points.
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Figure 4.28: Predicted landscape evolution of Appalachian Mountains as shown in Figure
3.28, with 5% DEM initial condition. (a) Late Mesozoic and Cenozoic topographic evolution of eastern
North America calculated using modified version of Badlands landscape evolution model (Salles, 2015).
Model was forced using uplift history calculated by inverse modelling (Figure 3.18). Model resolution
= 10 km. Lowest panel = present-day topography from ASTER GDEM database for comparison. (b)
Calculated water discharge. Bottom panel = present-day discharge calculated using Esri flow-routing
algorithms and ASTER GDEM database (see Figure 3.14 for annotation). (c) Calculated cumulative
denudation (i.e.

∫︁
∂zdt/∂t). (d) Calculated sedimentary load (i.e.

∫︁
∂zdx/∂t).
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Figure 4.29: Landscape evolution model for decaying topography. Initial model elevation is a
smooth present-day DEM of North America, which is allowed to erode with no additional uplift.
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Figure 4.30: Landscape evolution model with paleotopography and uplift. Initial model
elevation is a smooth present-day DEM of North America. Model was forced using uplift history
calculated by inverse modelling (Figure 3.18).
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to relatively flat elevations by 23 Ma, drainage patterns are fixed in space and time, total denudation

follows the patterns of the original topography, and the sedimentary flux slowly decays over time.

Model (2) predicts a peak in the flux at ∼ 70 Ma, and a steady decay to present-day flux similar

to that predicted from scenario (1). Model (3) generates the highest denudation in the Appalachian

Mountains, with a notable increase in the denudation of the Middle Appalachians in the last 23 Myr,

although most denudation is focused in the southern portion of the mountain belt (Figure 4.30c).

Predicted sedimentary flux is between 20 and 30 km3Ma−1 throughout the model run time. Other

than between 70–80 Ma, the model does not produce any significant, order of magnitude changes in

the flux to the margin. Observed flux remains relatively constant over the Neogene period, with only

a minor decrease in the Middle Miocene.

In summary, none of the model scenarios are capable of generating a 30–40 km3Ma−1 increase in

sedimentary flux to the BCT in the Neogene. Instead, all models predict a relatively stable flux of

sediments to the basin, with either a steadily increasing or decreasing trend.

4.4.4 Causes for data-model mismatch

There are various possible reasons for the observed mismatch between the sediment accumulation

rate and predicted sedimentary flux to the BCT. I will explore further two potential causes. First, I

discuss whether the sediment accumulation data is representative of changes in the delivery of clastic

sediments by rivers. Second, I consider whether the landscape evolution model is too simplistic.

External sources of sediment?

It is often inferred that Neogene clastic sedimentary rock hosted in the BCT was sourced from the Ap-

palachian Mountains, generated as a consequence of enhanced erosion due to Miocene uplift, drainage

capture events, or changes in climate (cf. Poag and Sevon, 1989; Monteverde et al., 2008; Moodie

et al., 2017; Steckler et al., 1999). One potential caveat is if the large volumes of Neogene sediment

deposited in the BCT, particularly during the Middle Miocene, were sourced from several different

regions, including areas outside the Atlantic margin. Interpretation of well-tied seismic sections across

the Blake Plateau, offshore South Carolina, indicate an abbreviated Cenozoic sedimentary section,

suggesting the continental shelf to the south of the BCT has been extensively scoured by the north-

flowing Gulf Stream (Pinet and Popenoe, 1982, 1985; Dillon et al., 1990). If the sediments eroded off

the Blake Plateau were subsequently deposited in the deeper portions of the BCT, a simple source-to-

sink correlation of BCT sediments to Appalachian river sediment flux might not be so straightforward.
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Additionally, quantifying how much sediment has been eroded from the BCT and deposited in sinks

that lie outside of our study area provides an additional challenge. Correcting for these types of uncer-

tainties, especially those relating to reworking, sediment bypass or alternative sediment sources, are

intractable in an objective manner, and cannot be adequately tackled without a provenance analysis

of basin sediments.

Is the model too simple?

The landscape evolution model purposefully did not include processes, other than uplift, that might

play a key role in the geomorphic evolution of this region. Processes related to glacio-isostatic unload-

ing or glacial erosion since the last glacial maximum were not considered. Effects of glacial erosion

would be isolated to the northernmost sections of the model space in the Susquehanna River catch-

ment, so probably reasonable to consider fluvial erosion only (Clark and Ciolkosz , 1988; Braun, 1989).

However, modelling of glacial isostatic adjustments related to the demise of the Laurentide ice sheet

suggests rivers in the Northern Appalachian Mountains might have been significantly affected by these

processes (e.g., Pico et al., 2019; Ruetenik et al., 2019). I have also not considered changes in cli-

mate over the Neogene period, such as global cooling since the Middle Miocene (e.g., Zachos et al.,

2001). Changes in climate, particularly precipitation rates, can alter landscapes and erosion rates,

however exactly how precipitation rates have varied in eastern North America over the Cenozoic is

not known (Molnar , 2004; Hoomehr et al., 2016). However, quantitative paleoclimatic reconstructions

of the Middle Miocene Climactic Optimum using palinological analsysis from ODP wells drilled in

the BCT suggest that the regional climate in the central Appalachian Mountains did not significantly

change over that period. This suggests assuming a spatially and temporally uniform precipitation

rate is a reasonable assumption, and changes in climate did not play a significant role in generating

the increased sedimentary flux in the Middle Miocene. The LEM does not include short term active

coastal and near-shore processes that reshape the deltas and shorelines and transport sediment off-the

shelf into deeper water. As suggested by the sedimentation and erosional history of the Blake Plateau,

coastal processes and marine currents might be important and key to explain the observed patterns

of sedimentation (Pinet and Popenoe, 1985). The model is defined as being purely erosive, such that

sediments are not allowed to deposit along the river flow length. Given the small volumes of on-

shore sediment deposition in present-day unglaciated Appalachian rivers, this assumption is probably

reasonable (e.g., Taylor and Kite, 2006).

Finally, the LEM used in this study does not include a flexural response of the lithosphere to the
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redistribution of surface loads. Moucha and Ruetenik (2017) modelled the evolution of the eastern

margin of North America over the last 3.5 Ma using a LEM which solved for flexural-isostatic defor-

mation on an thin, infinite elastic plate overlying an inviscid mantle. Their model was forced with a

history of dynamic uplift and subsidence, and the resulting topography compared to the present day

elevation of a well-studied Pliocene sea-level marker (Orangeburg Scarp). They concluded that the

Pliocene to Recent deformation of the US East coast is the result of sup-plate support and flexural

response to sediment loading/unloading, and that dynamic alone, without flexure, cannot explain the

observed topographic patterns. It is therefore possible that, without including a flexural component

to the LEM, the observed sedimentary flux to the BCT cannot be explained.

4.4.5 Implications for Neogene topographic growth of the Appalachian Mountains

Maximum Neogene sediment accumulation rate in BCT is 41× 103 km3 Ma−1, deposited during the

Middle Miocene. By applying a bulk correction for an average layer porosity of 50%, a conservative

estimate, the the solid sediment flux is estimated as ∼ 20.5 × 103 km3 Ma−1. This value is a lower

bound estimate of the flux. I acknowledge that re-picking the seismic data, depth converting using an

appropriate velocity model, and basin-wide decompaction of sediment volumes would generate more

accurate estimates.

The present-day area of Appalachian catchments draining to the BCT is ∼ 250×103 km2. Combining

these values of solid sedimentary flux and drainage area would imply an average, uniform denudation

rate of 80 m Ma−1, similar to the rates calculated by Pazzaglia and Brandon (1996). This rate

is ∼ 40 − 60 m Ma−1 higher than present fluvial incision rates, catchment average erosion rates,

and long-term denudation rates from thermochronology (Figure 4.20). The predicted Appalachian

denudation rate would be significantly higher if landscape denudation was not assumed to be uniform

over the catchment area. Sustaining a uniform rate of 80 m Ma−1 over the duration of the Middle

Miocene (4.34 Ma) would result in ∼ 350 m of denudation over the central Appalachians and Coastal

Plain. This value similar to the total uplift predicted by the inverse model over the last 20 Ma. It is

then perhaps unsurprising that the uplift history shown in Chapter 3 could not predict the observed

sediment flux to the BCT. Generation of such large incision rates would require a dramatic change

during the Middle Miocene, either climate, tectonics, or mantle dynamics, and remains to be further

explored.
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Discussion

5.1 General Conclusions

In Chapter 2, I addressed objectives 1 of this thesis by generating an inventory of 24,372 measure-

ments of Cretaceous to Recent net uplift. The measurements were generated by combining records

of Cretaceous to Recent marine rock in the Paleobiology Database (PBDB) with estimates of ele-

vation, paleobathymetry, compaction, and global sea-level change. In some places the inventory is

sufficiently dense that wavelengths and amplitudes of regional uplift can be constrained (e.g., western

North America). In other places, sparse measurements provide useful bounds on topographic evolu-

tion (e.g., Borborema province, Brazil). Less than 1% of the records in the PBDB required manual

modification to correct erroneously located samples. A larger effort was required to check the quality

of paleo-water depth and paleoenvironment records. To address objective 2 of the thesis, I combines

points from western North America and the Borborema province with seismological observations and

simple isostatic calculations to investigate the origins of topography in western North America and

northeast Brazil. In these regions, post-Cretaceous net uplift has amplitudes up to ∼ 1 km at wave-

lengths of 100 − 1000 km. The results indicate that spot measurements of uplifted marine rock aid

understanding of sub-continental mantle dynamics and mantle-surface interactions. The inventory

of uplift measurements might also provide useful constraints on paleo-environmental, -climatic and

-biologic evolution.

Chapter 3 uses these biostratigraphic constraints on net uplift to investigate the large-scale evolution

of the North American landscape from the Late Cretaceous to present-day. Uplift measurements from

the paleobioloigcal database is supplemented by including outcrops of regressive (marine to terrestrial)

199



200 Chapter 5. Discussion

stratigraphic sequences. Average uplift rates estimated from fossil and stratigraphic data suggest that,

following the retreat of the Western Interior Seaway at ∼ 80 Ma, western North America experienced

staged uplift of up to 3 km. The Yukon, Appalachian Mountains and Mexico mostly underwent

Neogene uplift. I addressed thesis objective 3 by inverting 4161 longitudinal river profiles, assuming

a simplified version of the widely used stream power relationship, I have generated a smooth spatio-

temporal uplift history that fills the gaps between spot stratigraphic and biostratigraphic constraints.

Mapped drainage planforms indicate that North American rivers flow radially from large-scale swells,

which have wavelengths of the order 100–1000 km. The principal swells are centred on the Colorado-

Columbia-Rocky Mountains plateaus, Yukon, Appalachians and Mexico where sub-plate dynamic

support is important. Predicted regional uplift rates of the Colorado-Columbia-Rocky Mountains

plateaus increased from ∼ 0.02 mm a−1 between 80 and 50 Ma to ∼ 0.1 mm a−1 between 30 Ma

and the present day. To address objective 4, to estimate denudation and to examine sensitivities of

drainage patterns to tectonic forcing I parameterized the Badlands landscape evolution model using

the inverted uplift history. The results of this forward simulation are compared with a synthesis

of independent estimates of denudation from thermochronometric studies, and with continent-wide

provenance analyses.

Several significant implications are apparent. First, substantial compilations of stratigraphic obser-

vations can be used to gauge uplift and denudation rates at large length and timescales. Secondly,

drainage patterns can be inverted by assuming a simplified version of the stream power relationship

despite the apparent complexity of eroding landscapes. This modelling approach provides a useful

and reproducible way of constraining uplift histories on continental scales. Finally, measured and

calculated uplift and denudation histories are consistent with Cenozoic sub-plate support which seems

to have played a defining role in generating the North American landscape, especially at wavelengths

greater than a few tens of kilometres.

In Chapter 4, I focused on the evolution of the eastern margin of North America. To address objective

5, a subsidence history for the Baltimore Canyon Trough Basin was calculated by backstripping of

twenty seven wells along the margin. Results showed that Neogene water-loaded subsidence was up

to ∼ 600 m in the basin. This subsidence history cannot be readily explained by post-rift thermal

subsidence, post-rift stretching or flexure. In contrast, Neogene subsidence of the adjacent continental

shelf, on the Georges Bank and Southeast Georgia Embayment, can be explained by simple post-rift

lithospheric cooling. Seismic lines in the Baltimore Canyon Trough and Georges Bank show thick
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(∼ 1 km) and thin (< 200 m) Neogene sequences, respectively. Progradational and aggradational

Neogene clinoforms in the Baltimore Canyon Trough reflect rapid generation of accommodation space

and subsequent filling between ∼ 20–0 Ma. The amplitude of subsidence and its spatial localisation

rules out eustasy as the sole contributor to the generation of accommodation space. Correlation with

free-air gravity anomalies, shear wave tomography velocities and isostatic calculations indicate that

temperature variations in the uppermost convecting mantle are able to generate sufficient density

anomalies to drawdown the New Jersey margin. The patterns of sub-plate driven subsidence are

similar to observations of ocean age-depth measurements, and suggest that the Baltimore Canyon

Trough has been drawn down by up to ∼ 600 m since ∼ 20 Ma. Upper mantle convection appears to

play an important role in generating accommodation space along this passive margin.

Finally, I addressed objective 6 by examining the sediment accumulation history in the Baltimore

Canyon Trough, and how it might be linked to Neogene uplift of the Appalachian Mountains. The

thickness of sedimentary sections recorded at each well shows that the Middle Miocene increase in

water-loaded subsidence was accompanied by an order of magnitude increase in sediment accumulation

rate in the basin. Notwithstanding the uncertainties in the data, volumetric estimates of sediment

accumulation also suggest the rate of sediment delivered to the basin dramatically increased in Neogene

times. If the source of sediment is solely the erosion of the Appalachian Mountains by eastward-

draining catchments, this increase in sediment accumulation implies an increased source region erosion

rates. I use the landscape evolution model from Chapter 3, forced by different uplift histories and initial

conditions, to investigate possible causes of increased sedimentary flux. Of the modelled scenarios,

whether a steadily eroding paleo-landscape in the absence of uplift, or forced with the uplift history

derived in Chapter 3, none could generate the observed increase in sedimentary flux to the Baltimore

Canyon Trough. These results suggest the large volumes Middle Miocene sediment might not be

sourced from the Appalachian Mountains, or my models are too simplistic to model the observed

increase in sediment flux.

5.2 Cross-cutting Themes

Several themes arise that are common to the three research chapters of this dissertation, which I

further discuss in the sections below. First is the use of different methods to measure vertical motions,

where each has their own advantages and caveats. Second, although constraining histories of vertical

motion of the Earth’s surface through space and time is important for a number of reasons, I have
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used it as a means to understand the contributions of sub-plate processes to the growth of continental

topography. To do so, measurements of surface uplift were made on length-scales > 100 km, where

signals of mantle convection may be detected. Thirdly, I have explored existing databases, and re-

visited published data, to generate new constraints on sub-plate support. Finally, I focused on North

America as the main case-study for assessing the success of the three methods because of its vast

spatial extent, the presence of continental-scale marine sedimentary deposits, the presence of large

fluvial catchments draining most of the landmass, and the availability of big data inventories. The

size and diversity of geological terranes of the North American continent has resulted in a rich history

of publications, which has allowed the compilation of data covering a large geographical area. In other

parts of the world, as is exemplified in Chapter 2 by the Borborema Province, the available data is

more sparse.

5.2.1 Different methods for measuring vertical motions of the Earth’s surface

Paleobiological databases

The first methodology, described in Chapter 2, makes use of paleobiological information recorded in

an existing database to measure the net uplift of continents from the Late Cretaceous to Recent. This

method makes use of geological ‘big data’ to measure global surface uplift at scales pertinent to mantle

convection, and is useful because marine fossils have been extensively identified and mapped around

the globe. Mapping uplift using this methodology is only possible because of the recent effort of the

paleontological community, who have expended much time and effort to generate the Paleobiology

Database, and have made the data easily accessible. These point measurements of surface uplift could

have been significantly limited if not for the database.

Notwithstanding the global coverage and advantages of the method, there are instances where it cannot

be used to reliably measure net continental uplift. For example, the measurements cannot resolve

changes in surface uplift when the uncertainty outweighs the signal. For example, deep marine fossils

have an inherently large range in of paleo-water depth uncertainties. This uncertainty can be even

larger when required to correct for the compaction of very large thicknesses of underlying sediments.

My work underlines the need for recording precise estimates of paleo-water depths, particularly for the

PBDB. Many of the marine fossil assemblages in the PBDB are recorded generically as ‘marine’. In

these cases, additional work is required to independently constrain the paleo-water depth range of the

deposit, which makes using the database not so straightforward. I wish to stress the general problem
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that is attributing quantitative paleo-water depth estimates to descriptions of paleoenvironments, and

my work provides one way of tackling this issue.

Additionally, the precision of the methodology decreases when used to measure net uplift since periods

before the Cretaceous. In principle, one could measure uplift further back in time than the Cretaceous,

but there are two major drawbacks to doing so. First, the method is limited to where continents have

been inundated by marine waters, and the Mid to Late Cretaceous was the last time continental

interiors were flooded on a large scale. Secondly, the completeness of the sedimentary record is more

unknown the further back in time, thus increasing the methodological uncertainty to the point that

it does not provide any insightful information.

As was done for the North American continent in Chapter 3, compilations of marine to terrestrial

transitions recorded in outcropping sedimentary sequences, or markers of paleo-strandlines (e.g., Lil-

legraven and Ostresh Jr., 1990), could be compiled to compliment measurements from the PBDB.

The difficulty in increasing this database is that paleo-sea level or paleobathymetric markers are often

qualitatively, rather than quantitatively recorded in the geological literature. Additionally, it relies on

the existence of high-resolution geological maps, extensive sedimentological descriptions of the out-

cropping units and their lateral variability, and a well-established regional chronostratigraphy. All

these requirements were met by the sedimentary deposits of the western interior of North America,

but is not the case for all regions of the globe.

Fluvial inverse and forward modelling

The second method I used to investigate continental vertical motions is the inverse and forward

modelling of fluvial erosion. These methods make use of quantitative relationships between uplift,

erosion and the spatio-temporal evolution of rivers through the stream power law. Inversion of river

longitudinal profiles for uplift is not uncontroversial, and the major pitfalls of the methodology have

been outlined in Section 3.5. There is no general agreement on the value of erosional parameters or

their relative importance when modelling rivers at continental-scales. This issue is pertinent to both

forward and inverse models. Inverting river profiles for an uplift history, in the manner performed

in this study, requires the assumption that drainage patterns have remained fixed over time. This

assumption has been highly debated, especially in light of the recent publications that use the stream

power law equation to infer drainage divide instability (e.g., Willett et al., 2014). It also does not

account for the role of changes in climate or the effect of glacial erosion, both of which have been
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known to affect landscapes in quite dramatic ways (e.g., Wickert , 2016).

The primary advantage of inverting longitudinal river profiles for a best-fitting, smooth uplift rate

history is that it can be performed on any landscape that is drained by rivers. This generally cir-

cumvents the limitation of measuring uplift from paleobiological data, as it is not limited to regions

where marine sedimentary rock is preserved. Secondly, it is not limited to any spatial scale, as long

as the model resolution is appropriate to the length-scales of interest. For example, the shapes of

river profiles can be used to investigate the uplift history in smaller regions shaped by active slip

of individual faults, or larger areas where epeirogenic uplift driven by mantle convection has driven

surface uplift. Both forward and inverse modelling of rivers make testable predictions that can be

compared to geological data, as well as fill in the gaps between spot measurements of uplift, denuda-

tion or topographic change, as has been done in Chapter 3. Different datasets were used to assess the

resulting inverse and forward models, and a discussion of how the model-data fit could be improved

is warranted.

The rock uplift history from the inversion was compared to net uplift calculated from paleobiological

and stratigraphic data, which generated broadly a good fit between model and observations. Despite

the generally good fit of the data when errors are included, the model still show some discrepancies

with respect to some data points (i.e., not all points fall exactly on the 1:1 line). There are a few

reasons that could account for this discrepancy. First, the maximum uplift that can be modelled by

the inverse model is limited by the highest elevation of the river profiles, yet the actual rock uplift

a region has experienced must have been higher as the interfluve regions stand higher than the river

valleys. This is a model limitation and might explain why some data points are under-predicted by

the model.Secondly, the erodibility value used was calibrated using a single incision measurement from

the Colorado River, which is difficult to reconcile for a model that spans a whole continent. It is then

perhaps unsurprising that some data points are better fit by models that use a different erodibility

value (v). By varying the value of v by a factor of 2 reduces the global fit of the model to the data,

but better matches parts of the dataset that were previously showed a larger misfit. For simplicity,

the model assumes a temporally and spatially uniform erodibility value, and including a spatially

variable v might possibly reduce the misfit between model and data. Finally, the model resolution

and imposed smoothness might not capture smaller-scale processes, such as faulting, that might be

responsible for spatially abrupt increases in uplift. These smaller scale processes would be captured by

the stratigraphic offset of the data, but not the model. However, as previously discussed in Chapter
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3, the global best-fit to the data is achieved by a moderate smoothing parameter.

The predicted denudation history from the landscape evolution model was compared to denudation

estimates from low-temperature thermochronology data (AFTA, A-He), and sedimentary flux to sedi-

ment volumes from isopach maps of the Gulf of Mexico Basin. Although the model matched most data

points within error, all the data appears to be systematically under-predicted by the model, with the

data-model mismatch increasing for younger samples. Therefore the model does not predict sufficient

denudation of North America. The model also predicts an overall increasing sedimentary flux to the

Gulf of Mexico over the Cenozoic, matching the overall data trend, but fails to produce the large peak

in sediment accumulation associated with the deposition of the Wilcox Group in Paleocene-Eocene

times. Here I explore several reasons for the resulting data-model mismatch.

Firstly, the lack of a high initial topography in forward model will systematically under-predict both

the maximum denudation and early spikes in sedimentary flux. It is important to emphasise that

the uplift history modelled by the inversion inversion, which drives the landscape evolution model,

does not make predictions about the initial topography of North America and does not preclude the

existence of higher paleo-topography in Cretaceous times. Rather it only predicts small amounts of

uplift in Cretaceous times, which is likely an under-prediction due to the reduced coverage at these

time-steps. The result from the inversion is an uplift history, and the model makes no prediction about

the initial topography of North America. The forward landscape evolution models were run using an

initial topography with extremely low initial elevation and relief. Additionally, the forward model

was forced with negligible uplift from 82 to ∼ 65Ma. The combination of a small initial topography

and little initial uplift mean the model would not have sufficient erosive power to generate a larger

denudation and, consequently, a larger flux of sediments in the early time-steps. The importance

of initial topography to the predicted sedimentary flux from the Badlands model is highlighted in

Chapter 4, Section 4.4, where the predicted flux is shown to increase by multiple orders of magnitude

with the inclusion of an initial topography. Secondly, as discussed for the mismatch between the

observed and predicted uplift, the limit on maximum predicted uplift imposed by the elevation of the

head of river catchment will also systematically decrease the predicted denudation and sedimentary

flux, irrespective of the temporal model coverage. Finally, as reviewed in Chapter 3, the sensitivity of

AFTA and A-He data to short-wavelength processes and the smooth nature of the landscape evolution

model means there will be an inherent mismatch between the data and model.

In this dissertation, I have shown that this type of inverse modelling of river longitudinal profiles
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can generate uplift histories that are broadly in agreement with independent geological constraints.

These models can provide useful, first order estimates of the timing and spatial distribution of uplift

on continents. Combining these uplift histories with forward landscape evolution models, as well as

other datasets, provides a pragmatic way of exploring how the Earth’s surface evolves over time.

Subsidence analysis

Lastly, I used the well-known method of backstripping to look at the negative vertical motions of the

Earth’s surface, i.e. subsidence, along the eastern passive margin of North America. Models that

focus on the tectonic causes of subsidence have successfully described observed subsidence patterns

in many rift basins, and allowed for critical insight into the formation of these geological features

(e.g., McKenzie, 1978). The success of these kinematic models of basin evolution have allowed the

geoscientific community to explore possible causes for the departure of observed subsidence from these

models. For example, Kominz et al. (1998), Miller (2005), and others, have explained departures

from the expected model behaviour at the New Jersey margin as a consequence of eustatic sea-level

changes. In contrast, the geodynamic modelling community has emphasised the importance of sub-

plate processes in the evolution of passive margins, and that there is ‘no such thing as a stable

continental platform’ (e.g., Moucha et al., 2008). One solution to reconcile these two approaches

would be to correct eustatic sea-level curves using predictions from geodynamic models (e.g., Kominz

et al., 2016). However, geodynamic models are variable in their predictions of timing, amplitude and

polarity of vertical motions, making such corrections not straightforward (e.g., Müller et al., 2008;

Moucha et al., 2008; Spasojević et al., 2008; Flament et al., 2013; Steinberger et al., 2019).

For the Baltimore Canyon Trough, I explain departures from the expected post-rift thermal subsidence

as caused by sub-plate processes. The timing, magnitude and wavelength of the observed subsidence

patterns are better explained by an increased in subsidence caused by the presence of cooler than

average asthenospheric mantle, rather than changes in eustatic sea level. Despite the apparent success

of this methodology, also adopted by Czarnota et al. (2013) and Lodhia et al. (2018), it has significant

limitations, which I outline in turn. First, the observable patterns of subsidence are limited by the

temporal resolution. For example, some of the wells did not report any age constraints for the Cenozoic,

making it difficult to infer changes in subsidence or sedimentation. Secondly, the lack of adequate age

constraints on the timing of rifting, and it’s duration, limit the accuracy and precision of the model of

tectonic subsidence. This information is crucial for an adequate parameterisation of a rift model that

can predict the rate and amount of expected post-rift thermal cooling of a margin, which forms the
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basis for identifying anomalous subsidence events (McKenzie, 1978). This is the case for the BCT,

where no wells drilled have reached the basement, and is an issue pertinent to identifying both sub-

plate support and eustatic sea level changes from subsidence curves. Thirdly, similar to using marine

fossils to constrain uplift histories of continents (Chapter 2), uncertainty in paleo-water depth are the

major sources of error. Large ranges in paleo-water depth estimates make it difficult to confidently

pick out signals that are of the same magnitude as the uncertainty. This is particularly problematical

for deep-sea deposits, where the uncertainty is very large and often difficult to constrain (e.g., bathyal

environments). Finally, subsidence analysis provides no insight into periods of basin uplift. If such

periods of uplift have occurred, they can be recorded as unconformities, but the exact timing and

magnitude of events cannot be constrained. In some cases, subsidence analysis can be combined with

other in information contained in well data, such as porosity-depth relationships, to infer denudation

and large-scale epeirogenic uplift of passive margins (e.g., Walford and White, 2005).

5.2.2 What about tectonics?

Different geological processes can generate vertical motions of the Earth’s surface, and in this disser-

tation I have chosen to focus on the role of sub-plate support in generating topography, specifically

thermal anomalies in the shallow asthenospheric mantle. Despite not being explicitly addressed, I

recognise tectonic structures exert a first order control on the evolution of large tracts of continental

topography. For example, ‘Laramide’ thrust faults with kilometre-scale displacements, as picked out

by stratigraphic offsets, have played a principal role in the development of the Rocky Mountains and

the formation of intramontane flexural basins (e.g., Cross, 1986; DeCelles, 2004). Rifting of the

North Atlantic exerted a primary control on the development of the Baltimore Canyon Trough Basin,

where crustal thinning by normal fault displacement determined the timing and patterns of maximum

subsidence (Steckler and Watts, 1978; Grow et al., 1988). The methods I employed to quantify vertical

motions of the Earth’s surface can be, and have been, extensively used to understand rates of struc-

tural growth related to tectonic deformation (Sclater and Christie, 1980; Nicol et al., 1997; Woodward

et al., 1997; Whittaker et al., 2008; Boulton and Whittaker , 2009; Seeber et al., 2006). These methods

can also be used to look at regions where both tectonics and mantle dynamics exert principal controls

on the evolution of topography (e.g., Schildgen et al., 2012; Rodŕıguez Tribaldos et al., 2017).

A key challenge is to determine the spatial scale of interest, and what methods are appropriate to

the problem at hand. All of the methods I used to look at large-scale processes could also be used

to resolve at local changes in vertical motion. However the resolution required to tackle smaller-scale
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problems is significantly higher, which requires a more detailed approach. When trying to answer

geodynamic or macro-scale tectonic questions, it is important to generate enough observations that

span the spatial and temporal scales of interest. For example, within a single measurement of net uplift

using the PBDB, there is too much complexity in the processes governing the exact measurement such

that it cannot provide significant insight on lager scale geodynamic or tectonic problems. Conversely,

it is crucial to understand how local processes might scale up to affect measurements of vertical on a

larges scale. A key example of this dilemma is the role of lithology in controlling the shapes of rivers,

and how lithologically-controlled erosion rates might shape landscape evolution on an orogen scale

(e.g., Campforts et al., 2020). Determining rock strengths of individual lithologies, and how they

relate to the shapes of rivers, can only be achieved through fieldwork (i.e., small scale studies). But,

to meaningfully resolve how lithology scales up to continental length-scales requires large numbers of

small-scale studies that can be brought together to understand the big picture. These considerations

emphasise the importance of the work presented in this dissertation, which have made much use of

large data compilations over a range of temporal and spatial scales.

5.3 Future Work

In this section I will discuss three possible lines of future research arising from the results of this

dissertation.

First, the inventory of net uplift, presented in Chapter 2, may be used to constrain uplift histories

in other regions, and explore how these relate to the evolution of tectonic and sub-plate processes.

One particular area of interest is northern Africa, particularly the evolution of the Hoggar and Tibesti

domes. Mantle temperature estimates from geochemical inverse modelling of major elements in vol-

canic rocks from the Tibesti province suggest that sub-plate temperature is a primary control in the

generation of mafic volcanism in the region (Ball et al., 2019). The presence of thermally-induced

volcanism, combined with the occurrence of low shear-wave velocity anomalies beneath the region,

suggest that asthenospheric buoyancy anomalies might play a significant role in generating the ob-

served topographic swell (Schaeffer and Lebedev , 2013; Ball et al., 2019). The uplift history of this

regions has mostly been described in terms of ages of magmatic eruptions (e.g., Deniel et al., 2015).

From the distribution of Cretaceous marine deposits, Sahagian (1988) recognised that the Tibesti

region has been uplifted in post-Cenomanian times, but did not further constrain the magnitude or

timing of Cenozoic surface uplift. Using the database developed in Chapter 2, the net uplift measured
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using the PBDB hosts Late Cretaceous–Paleocene marine fossils that would provide novel constraints

on the timing of topographic growth of the region.

Secondly, following from the results of Chapter 4, it is possible that the subsidence histories at passive

margins around the world can be jointly used to investigate the time-dependent behaviour of man-

tle convection. Recent work by Austermann et al. (2017) and (Hoggard et al., 2016) highlight the

importance of global-scale datasets for investigating mantle behaviour. Generating a global dataset

of passive margin subsidence by backstripping published well reports, such as those from the Ocean

Drilling Project, and compiling published data (e.g., Czarnota et al., 2013; Lodhia et al., 2018), could

provide key constraints on the tempo and amplitude of global mantle convection as expressed at pas-

sive margins. Such a study could provide important constraints on the rate of mantle convection

on timescales longer than glacial-interglacial cycles. Following one of the general themes of this dis-

sertation, compiling the results from existing studies to generate an initial database would provide a

starting point. Additionally, publicly available well databases such as the International Ocean Drilling

Data Archive could help populate the dataset, as well as identify regional gaps.

Finally, building on the second part of Chapter 4, it is clear that Neogene uplift of the Appalachians,

and whether or not it is required to explain the increase in sediment flux to the Baltimore Canyon

Trough, is still an unresolved problem. A key challenge is to reconcile the histories of erosion from

modelling with those observed in the sedimentary record of passive margins. For the specific case

of the eastern margin of North America, there are two possible routes to follow. The first is to

obtain accurate sediment accumulation estimates from the Baltimore Canyon Trough. This requires

the re-interpretation of seismic data, depth conversion using an appropriate velocity model, and a

spatially variable porosity correction. Using modern software and techniques, and with the inclusion of

additional wells, it would be possible to improve the accuracy and precision of the original estimates of

Poag and Sevon (1989). Having well-constrained sediment thickness maps, and a formal analysis of the

data resolution, would also allow 3D backstripping, as well as reconstruction of basin-floor geometries

over time. A second route is to further explore the parameter space of the landscape evolution model.

In this dissertation, I looked at three possible model scenarios using a simple parameterisation of the

erosional model. Different uplift histories and initial conditions could be tested, as well as the inclusion

of different model features, such as the flexural response of the lithosphere to the redistribution of

surface loads. Additionally, the landscape evolution model can be used to predict the stratigraphic

evolution of the margin (e.g., Salles et al., 2018). These predictions can be directly compared to
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sediment thickness maps. Other methods of predicting sediment flux, such as the BQART model,

could be included in the analysis. In this light, I wish to highlight the importance of well constrained

geological observations for the assessment of landscape evolution models: the success of a model is

only as good as the data used to test it. Finally, sediment provenance studies of the Middle Miocene

deep-sea sedimentary deposits of the basin might shed light on the origin of these sediments, and

whether they can indeed be attributed to a pulse in erosion of the Appalachians or transported from

the south by the Gulf Stream.
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do Congresso Brasileiro de Paleontologia, Abstracts, 16, 18–19.

Arai, M., and Coimbra, J.C. (1990). Análise paleoecológica do registro das primeiras ingressões mar-
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Menke, W., Skryzalin, P., Levin, V., Harper, T., Darbyshire, F., and Dong T., (2016). The North-

ern Appalachian Anomaly: A modern asthenospheric upwelling, Geophysical Research Letters, 43,

10173–10179, doi:10.1002/ 2016GL070918.

Merewether, E.A., Cobban, W.A., and Obradovich, J.D. (2011). Biostratigraphic Data from Upper

Cretaceous Formations–eastern Wyoming, Central Colorado, and Northeastern New Mexico, U.S.

Geological Survey Scientific Investigations Map 3175, 2 sheets, pamphlet, 10 p.

Merewether, E.A., and McKinney, K.C. (2015). Composite biostratigraphic outcrop sections for Cre-

taceous Formations along a south-trending transect from northwestern Montana to northwestern

New Mexico, USGS, 1258, 20151, 087.

Merritts, D., Eby, R., Harris, R., Edwards, R.L., and Chang, H. (1999). Variable rates of Late Quater-

nary surface uplift along the Banda Arc-Australian plate collision zone, eastern Indonesia, Geological

Society, London, Special Publications, 146 (1), 213–224, doi:10.1144/GSL.SP.1999.146.01.12.

Meyer, B., Tapponnier, P., Bourjot, L., Metivier, F., Gaudemer, Y., Peltzer, G., Shunmin, G. and

Zhitai, C. (1998). Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique,

strike-slip controlled growth of the Tibet plateau, Geophysical Journal International, 135 (1), 1–47,

doi:10.1046/j.1365-246X.1998.00567.x.

Miller, K.G., Liu, C., and Feigenson, M.D. (1996). Oligocene to Middle Miocene Sr-Isotopic Stratigra-

phy of the New Jersey Continental Slope, Proceedings from the Ocean Drilling Program, Scientific

Results, 150, 97–114.

Miller, K.G., Mountain, G.S., Browning, J.V., Kominz, M., Sugarman, P.J., Christie-Blick, N., Katz,

M., and Wright, J. D. (1998). Cenozoic Global Sea Level, Sequences, and the New Jersey Transect:



BIBLIOGRAPHY 249

Results from Coastal Plain and Continental Slope Drilling, Reviews of Geophysics, 36 (4), 569–601,

doi:10.1029/98RG01624.

Miller, K.G., Sugarman, P.J., Browning, J.V., McLaughlin, P.P., Benson, R.N., Hernández, J.C.,

Ramsey, K.W., Baxter, S.J., Feigenson, M.D., Aubry, M.-P., Monteverde, D.H., Cramer, B.S.,

Katz, M.E., McKenna, T.E., Strohmeier, S.A., Pekar, S.F., Uptegrove, J., Cobbs, G., Cobbs III,

G., Curtin, S.E., (2003). Bethany Beach site, In Proceedings of the Ocean Drilling Program, Initial

Reports, Vol.174AX (Suppl.), 1–85.

Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E., Sugarman,

P.J., Cramer, B.S., Christie-Blick, N., and Pekar, S.F. (2005). The Phanerozoic Record of Global

Sea-Level Change, Science, 310 (5752), 1293–1298, doi:10.1126/science.1116412.

Miller, K.G., Mountain, G.S., Wright, J.D., and Browning, J.V. (2011). A 180-million-year record of

sea level and ice volume variations from continental margin and deep-sea isotopic records, Oceanog-

raphy, 24 (2), 40–53.

Miller, S.R., Sak, P.B., Kirby, E., and Bierman, P.R. (2013). Neogene rejuvenation of central Ap-

palachian topography: Evidence for differential rock uplift from stream profiles and erosion rates,

Earth and Planetary Science Letters, 369-370, 1–12, doi:10.1016/j.epsl.2013.04.007.

Miller, K.G., Browning, J.V., Sugarman, P.J., Monteverde, D.H., Andreasen, D.C., Lombardi, C.,

Thornburg, J., Fan, Y., and Kopp, R.E. (2017). Lower to Mid-Cretaceous Sequence Stratigraphy

and Characterization of CO2 Storage Potential in the Mid-Atlantic US Coastal Plain, Journal of

Sedimentary Research, 87 (6), 609-629, doi:10.2110/jsr.2017.33.

Miller, K.G., Lombardi, C.J., Browning, J.V., Schmelz, W.J., Gallegos, G., Mountain, G.S., and

Baldwin, K.E. (2018). Back to basics of sequence stratigraphy: early Miocene and mid-Cretaceous

examples from the New Jersey paleoshelf, Journal of Sedimentary Research, 88 (1), 148–176,

doi:10.2110/jsr.2017.73.

Milliken, K.T., M.D. Blum, J.W. Snedden, and W.E. Galloway (2018). Application of fluvial scaling

relationships to reconstruct drainage basin evolution and sediment routing for the Cretaceous and

Paleocene of the Gulf of Mexico, Geosphere, 14 (2), 749–767, doi:10.1130/GES01374.1.

Milliman, J.D., and Syvitski, J.P. (1992). Geomorphic/tectonic control of sediment discharge to the



250 BIBLIOGRAPHY

ocean: the importance of small mountainous rivers, The journal of Geology, 100 (5), 525–544,

doi:10.1086/629606.

Milliman, J., and Farnsworth, K. (2011). River Discharge to the Coastal Ocean: A Global Synthesis,

Cambridge University Press, Cambridge, U.K, doi:10.5670/oceanog.2011.108.

Missimer, T.M., and Maliva, R.G. (2017). Late Miocene fluvial sediment transport from the south-

ern Appalachian Mountains to southern Florida: An example of an old mountain belt sediment

production surge, Sedimentology, 64 (7), 1846–1870, doi:10.1111/sed.12377.

Mitchell, S.G., Matmon, A., Bierman, P.R., Enzel, Y., Caffee, M., and Rizzo, D. (2001). Displace-

ment history of a limestone normal fault scarp, northern Israel, from cosmogenic 36Cl, Journal of

Geophysical Research: Solid Earth, 106 (B3), 4247–4264, doi:10.1029/2000JB900373.

Mitrovica, J.X., Beaumont, C., and Jarvis, G.T. (1989). Tilting of continental interiors by the dynam-

ical effects of subduction, Tectonics, 8 (5), 1079–1094, doi:10.1029/TC008i005p01079.

Mitrovica, J.X., Milne, G.A. (2002). On the origin of late Holocene sea-level highstands within

equatorial ocean basins, Quaternary Science Reviews, 21 (20), 2179–2190, doi:10.1016/S0277-

3791(02)00080-X.

Mitrovica, J.X., Austermann, J., Coulson, S., Creveling, J.R., Hoggard, M.J., Jarvis, G.T., and

Richards, F.D. (2020). Dynamic Topography and Ice Age Paleoclimate, Annual Review of Earth

and Planetary Sciences, 48, 585–621, doi:10.1146/annurev-earth-082517-010225.

Mix, H.T., Mulch, A., Kent-Corson, M.L., and Chamberlain, C.P. (2011). Cenozoic migration of

topography in the North American Cordillera, Geology, 39 (1), 87–90, doi:10.1130/G31450.1.

Molnar, P., and England, P. (1990). Late Cenozoic uplift of mountain ranges and global climate

change: chicken or egg?, Nature, 346 (6279), 29–34, doi:10.1038/346029a0.

Molnar, P., (2004). Late Cenozoic increase in accumulation rates of terrestrial sediment: how might

climate change have affected erosion rates? Annual Review of Earth and Planetary Science 32,

67–89, doi:10.1146/annurev.earth.32.091003.143456.

Molnar, P., England, P.C., and Jones, C.H. (2015). Journal of Geophysical Research: Solid Earth,

Journal of Geophysical Research, 120, 1932–1957, doi:10.1002/2014JB011724.



BIBLIOGRAPHY 251

Moodie, A. J., Pazzaglia, F. J., and Berti, C. (2018). Exogenic forcing and autogenic processes on

continental divide location and mobility, Basin Research, 30 (2), 344–369, doi:10.1111/bre.12256.

Monteverde, D.H., Mountain, G.S., and Miller, K.G. (2008). Early Miocene sequence development

across the New Jersey margin, Basin Research, 20, 249–267, doi:10.1111/j.1365-2117.2008.00351.x.
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margem continental leste do Brasil, VII Simpósio Nacional de Estudos Tectônicos, Lençóis, Annals,
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