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Summary

Mantle convection is a fundamental process that governs the evolution of our planet. The buoy-
ancies associated with this process induce vertical deflections at the Earth’s surface (i.e., dy-
namic topography), and flow in the asthenosphere, which can result in changes in lateral plate
motion. Mapping independent geological data sets allows us to observe and track past man-
tle convection processes, thereby providing constraints on mantle circulation models and ex-
panding our knowledge of the Earth’s convective system over time. It is therefore important
to find and map these time-dependent observations. First, oceanic spreading rates can be ex-
tracted from magnetic anomalies on the sea floor, which gives a robust history of horizontal
plate motion changes. Second, dynamic topography imprints the stratigraphic record at inter-
regional scales. Subsided regions result in sedimentation, while dynamically uplifted continen-
tal regions create erosional/non-depositional environments, leading to gaps in the stratigraphic
record, known as sedimentary hiatus. Consequently, mapping the distribution of hiatus surfaces
over time can be utilised as an independent mantle flow indicator.

The present study utilises continental- and country-scale digital geological maps, with a
temporal resolution of geological series (ranging from ten to tens of millions of years), to
map the planform of convection through geological time. The resulting maps are the hiatus
maps, which show the distribution of “hiatus” and “no hiatus” surfaces for all continents (except
Antarctica) across eight geological series since the Upper Jurassic. They provide a proxy for the
inter-regional patterns of uplift and subsidence associated with dynamic topography. The maps
reveal that the distribution of hiatus surfaces significantly changes across and between conti-
nents at timescales of geological series. Their wavelengths are on the order of 103 km. Some
inter-regional hiatus surfaces can be linked to dynamic uplift generated by the rise of a mantle
plume, as they are frequently followed by flood basalt eruptions. Furthermore, these hiatus sur-
faces are usually followed in the next geological series by a nearby plate motion change. Other
hiatus surfaces can be linked to the transport of hot material in the asthenosphere. Moreover,
sea-level variations also affect the generation of hiatus surfaces on a global scale. These varia-
tions can be distinguished from regional changes induced by dynamic topography by comparing
the sediment distribution across continents.

The characteristics of the hiatus maps are consistent with the presence of a mantle viscos-
ity stratification with a weaker upper mantle and reinforce the importance of the viscosity in
shaping the convective platform. The time delay between the vertical and horizontal motion of
the lithosphere highlights the importance of an asthenospheric flow beneath the tectonic plates,
as thermal anomalies traverse this layer and shear the base of the lithosphere. Furthermore, a
change in base level of approximately 100 m, whether by a sea-level variation or a dynamic
topography change, affects the inter-regional sediment distribution either globally or regionally.
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viii Summary

The results of this thesis suggest that the occurrence of a hiatus surface, followed by a flood
basalt eruption and subsequent horizontal plate motion change can be seen as characteristic of
plume-induced dynamic uplift and asthenospheric flow. They imply that a key property of time-
dependent geodynamic Earth models must be a difference in timescale between mantle convec-
tion itself and the resulting dynamic topography. Moreover, they highlight the importance of
continental-scale compilations of geological data to map the temporal evolution of mantle flow
beneath the lithosphere, which can provide powerful constraints for global geodynamic models.

Keywords: dynamic topography, sedimentary hiatus, mantle plume, asthenospheric flow, man-
tle convection, viscosity stratification
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Chapter 1

Introduction

The Earth’s surface is affected by dynamic processes happening inside the Earth. Mantle con-
vection, one of these dynamic processes, plays a crucial role in the dynamics of plate tectonics,
the formation of mountain ranges and the development of sedimentary basins. Therefore it is
important to quantify and study its effects on the Earth’s surface. This section gives an overview
of the fundamental and key concepts of mantle convection, its surface expression, and some of
the methodologies used for observing and modelling these phenomena.

1.1 Mantle convection

Convection occurs in the Earth’s mantle at geological timescales. This process is a buoyancy-
driven movement of solid rock induced by the temperature difference between the heat em-
anating from the Earth’s core and the cold surface (Davies, 1999). It is the main driver of
plate tectonics and influences surface processes over geological timescales. It operates in two
primary modes: the plate and the plume mode (Davies, 1988b; Davies and Richards, 1992;
Davies, 1999). The plate mode is characterised by the movement of cold, dense surface mate-
rial that subducts into the mantle, whereas the plume mode involves hot, buoyant upwellings
originating at the core-mantle boundary (CMB). The interplay between these modes defines the
spatial and temporal variability of mantle convection and its surface expressions.
The Earth’s mantle behaves as a highly viscous fluid, that convects vigorously over geological
timescales due to its large viscosity. Early studies (e.g., Pekeris, 1935; Morgan, 1965; McKen-
zie, 1977; Richards and Hager, 1984) established that mass and gravity anomalies in the mantle
generate viscous stresses that deflect the surface of the Earth and the CMB. These surface de-
flections due to mantle convection can be calculated and observed through the geoid and the
dynamic topography. The geoid is defined as the shape that the ocean surface would take under
the influence of the gravity of Earth and the density anomalies in the mantle. The surface topog-
raphy, also termed dynamic topography by Hager et al. (1985), is defined as the vertical motion
of the plates generated due to the buoyancies within the mantle. The majority of the parameters
that govern mantle convection have been inferred from second-order observations, such as the
movement of the tectonic plates, seismic studies and seismic tomography, rock experiments or
measurements of surface heat flow (Fowler, 2004). However, there are some parameters that
still remain uncertain or unknown, for instance, the rheology of the mantle (i.e., the viscosity).
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2 Chapter 1: Introduction

The viscosity, more specifically the radial viscosity structure, is a key parameter that controls
the wavelength of mantle convection and affects its surface expression (Davies and Richards,
1992; Bunge et al., 1996).

1.2 Observations

Mantle convection cannot be directly observed or measured because of the long timescales at
which it flows, and because the mantle is not accessible. However, seismic tomographic mod-
els, measurements of heat flow or the geoid are a tool to infer the present-day state of the Earth’s
mantle. Tomographic models (e.g., Ritsema et al., 2011; French and Romanowicz, 2015; Koele-
meijer et al., 2016; Fichtner et al., 2018; Simmons et al., 2021; Cui et al., 2024) give a filtered
representation of the current mantle structure, while the geoid, measured from satellite data
(Pail et al., 2010), provides the distribution of the balance of those buoyancy anomalies. Yet,
these observations are limited to the present-day state of the mantle.
A time dependant observation of mantle convection is the movement of the tectonic plates. The
horizontal motion of the lithosphere is principally driven by the basal forces resulting from man-
tle convection patterns beneath the lithosphere. The movements of the plates can be extracted
from the magnetic anomalies recorded in the rocks of the ocean floor for the last 200 Myrs (Se-
ton et al., 2020) and from paleomagnetic data derived from continental rocks (Torsvik et al.,
2012) for older ages. Therefore, utilising this information, plate reconstruction models are cre-
ated (e.g., Gordon and Jurdy, 1986; DeMets et al., 2010; Seton et al., 2012; Müller et al., 2016;
Müller et al., 2022). They provide information of the position of the continents in the past,
which is crucial to create mantle circulation models. That means that this data set is imposed as
a surface boundary condition, to obtain an Earth-like model.
Another time-dependent observation of mantle convection is dynamic topography. Although it
is a concept that has been long known, observing it poses a significant challenge. Yet, it is a
crucial geodynamic observable. Dynamic topography is expressed through surface subsidence,
which is linked to mantle downwellings, and surface uplift, associated with mantle upwellings.
The uplifted areas are frequently linked to mantle plumes, which are often associated with flood
basalt and volcanic activity. Recent advances have determined it at present-day. Winterbourne
et al. (2009b) and Hoggard et al. (2016, 2017) extracted the oceanic residual depth, removing
the isostatic signal and crustal thickness anomalies from the current topography, and used it as a
proxy for present-day dynamic topography. The results from Hoggard et al. (2017) showed that
the present-day dynamic topography estimates for the oceans have amplitudes of approximately
±1 km and wavelengths around 1000 km. These values contrast to the predictive models that
propose amplitudes larger than ±2 km and wavelengths of 10000 km (e.g., Steinberger, 2007),
although recent geodynamic models predict smaller wavelengths for dynamic topography (e.g.,
Ghelichkhan et al., 2021). Holdt et al. (2022) extended residual dynamic topography estimates
to the continents, as well as, expanded the oceanic data set. They found that the power spectra
of the residual dynamic topography has a peak at spherical harmonic degree 2 but still there
are reasonable contributions at degree 30-40, which means contribution of wavelengths around
1000 km. The data set pertaining to the continents, was revised and updated in Stephenson et al.
(2024). They utilised a database comprising seismically determined crustal thickness estimates
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and laboratory-based velocity-density measurements for the continents. They calculated the
continental residual topography anomalies, finding that these anomalies vary between ±1 km to
2 km with wavelengths of 1000 km to 5000 km. It is important to note that extracting this signal
from oceanic lithosphere is a simpler process than for a continental setting, because the oceanic
depth decreases with the square root of the age (Fowler, 2004).

1.2.1 The geological record

Mapping of dynamic topography in a snapshot is challenging due to its similarity in length-
scales to other signals, such as isostasy, and its smaller amplitudes. But, the defining feature of
dynamic topography is that it changes over time, which is a motivation to turn to the geological
record. The transient nature of dynamic topography gets engraved in the geological record and
geological maps are a tool to map it. Negative surface deflections creates accommodation space
for sediment deposition, while positive surface deflections leads to erosion or non-deposition in
sedimentary environments. One of the earliest applications of geological data to infer dynamic
topography variations due to mantle downwellings was pioneered by Mitrovica et al. (1989)
and Burgess et al. (1997). They used the sedimentary record from the Western Interior Seaway
and the cratonic interior of North America to study the subsidence of the continent due to the
subduction of the Farallon slab. Shortly after, Gurnis (1998) showed that the downwelling un-
der Australia was responsible for the Cretaceous Eromanga Sea, which was later confirmed by
Harrington et al. (2019). Conversely, Bond (1978b, 1979) linked the continent-scale sediment
distribution to the uplift of continental platforms. Bond (1978a) stated that Africa experienced
a late Tertiary uplift relative to other continents, which agrees with the findings of Burke and
Whiteman (1973). Several studies (Cox, 1989; Şengör, 2001; Rainbird and Ernst, 2001; Saun-
ders et al., 2007b) concluded that hot mantle upwellings, also known as mantle plumes, create
a dome-shaped uplift of 1 km to 2 km over a radius of 1000 km to 2000 km inducing changes
in continental drainage patterns, followed by large-scale magmatism (i.e., flood basalts) after
the arrival of the plume beneath the lithosphere (Rainbird and Ernst, 2001; Campbell, 2007;
Saunders et al., 2007b).

Friedrich et al. (2018) and Friedrich (2019) proposed a new method to track and study the
inter-regional expression of mantle convection through its dynamic topography. This approach
starts by considering the principles of stratigraphy, also referred to as Steno’s principle (Steno,
1669), named after the Danish scientist Nicolas Steno. They state that the sediments are de-
posited from oldest to youngest (principle of superposition) creating horizontal layers parallel
to the Earth’s surface (principle of original horizontality). These layers of sediments are lat-
erally continuous (principle of lateral continuity) and if they are not continuous, that indicates
that a younger process has affected them (principle of cross-cutting relationships), for exam-
ple, erosion due to uplift. Therefore, variations from these principles in the sedimentary record
may be indicative of external processes, such as dynamic uplift, affecting the distribution of
the sediments. As previously mentioned, mantle convection deflects the Earth’s surface, and
this imprints the geological record. The non-depositional or erosional environments generated
by surface uplift due to the rise of a plume create in gaps in time in the sedimentary record
(Barrell, 1917). These gaps, also referred to as hiatus, populate the geological record in the
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form of unconformities (e.g., Miall, 2016). The approach from Friedrich et al. and Friedrich is
then based on the premise that the lack of information (i.e., sedimentary gaps) can be part of a
larger signal. In other words, this approach surpasses the limitations imposed by regional lack
of information, thereby providing a solution to this challenge by considering these stratigraphic
gaps to be part of the positive mantle dynamic signal at the inter-regional scale.

The real process of how mantle convection affects the Earth’s surface is very complicated,
but Fig. 1.1 presents a conceptual model of the surface expression of a rising plume. This
sketch, is a simplified version of Fig. 8 from Friedrich et al. (2018). It shows the rise of a
mantle plume, accompanied by the sedimentation record of two stratigraphic columns located
on top of the plume centre and in the far field. In Fig. 1.1a), the plume is located in the lower-
mid mantle, far from the surface resulting in no interaction between the surface and the plume,
and therefore there is uniform sedimentation in both columns. In Fig. 1.1b), the plume interacts
with the surface, generating an uplift. This uplift creates a non-depositional or an erosional
environment in the region of column A, while sedimentation persists in the far field, around
column B. The rocks of the following geological series are only deposited in the far field, as
shown in Fig. 1.1c). This results in a temporal gap in the stratigraphy of column A, i.e., a hiatus
of the green geological unit. Finally, when the plume material spreads out into the asthenosphere
(Fig. 1.1d), the surface subsides and sedimentation resumes everywhere. This process results in
column B with the expected sedimentation, while column A has a hiatus of the green unit. The
yellow sediments in the figure are a combination of volcanic and sedimentary rocks. After the

Figure 1.1: Simplified sketch representing the imprint of a rising mantle plume to the geological record.
In each subfigure there is a rising plume in different stages, two stratigraphic columns located on top
of the plume centre and in the far field. The two stratigraphic columns are amplified on the right. This
figure is a modified version of a figure in a manuscript in preparation, and it is a simplification of Fig. 8
from Friedrich et al. (2018).
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initial uplift, the plume arrives beneath the lithosphere, which is often followed by the formation
of large igneous provinces at the surface (Friedrich, 2019). These igneous provinces usually
persist for 1 Myrs to 2 Myrs (e.g., Saunders et al., 2007a). This process is accompanied by the
subsidence of the surface. This is because the plume material spreads in the asthenosphere and
the thermal anomaly no longer maintains the surface uplift. Therefore sedimentation resumes
everywhere, and the volcanic rocks can inbeded with sedimentary rocks.

1.2.2 Hiatus maps

Hiatus mapping is a method to infer past mantle activity by identifying gaps in the geologi-
cal record caused by erosion or non-deposition proposed by Friedrich et al. (2018); Friedrich
(2019). These hiatuses, often expressed as unconformities, serve as proxies for vertical surface
motions driven by mantle processes. At a continental scale, sedimentation of a geological time
unit (no hiatus) is used as a proxy for subsidence, while the absence of sedimentary rocks (hia-
tus) is used as a proxy for uplift. This thesis outlines the methodology developed to extract
hiatus maps from digital geological maps and regional studies, such as stratigraphic columns.
It also presents the steps that are required to create the hiatus map: the compilation of digital
geological maps and the digitisation of the stratigraphic columns. It follows by identifying ab-
sence or presence of a geological unit and the application of a spherical harmonic expansion.
The resulting maps provide a unique perspective on the interactions between the lithosphere
and mantle, and they offer insights into past mantle flow patterns.

Renaming of the hiatus maps

During my PhD, a number of papers were published that employed the hiatus mapping tech-
nique. Through these publications, the terminology associated with thee results of the mapping
technique changed to better represent the maps; that is to say, the maps were renamed. Ini-
tially, the maps were named “Base of” maps. “Base of” was followed by the geological series
at which the mapping was conducted. This nomenclature was chosen to align with the origi-
nal methodology and already published manuscripts (Friedrich et al., 2018; Vibe et al., 2018;
Carena et al., 2019). However, the mapping choice employed in Vibe et al. (2018) and the fol-
lowing manuscripts, part of this thesis, Hayek et al. (2020, 2021); Vilacı́s et al. (2022) differed
from the aforementioned studies (Friedrich et al., 2018; Carena et al., 2019). Nevertheless, the
nomenclature remained the same.
We now therefore distinguish between the two mapping approaches: the “Base of” mapping
and the “hiatus/no hiatus” mapping. The “Base of” mapping follows Friedrich et al. (2018) and
Carena et al. (2019), and maps the contact strictly and only at the base of a geological series.
The resulting maps show the information of the type of contact this geological series has: con-
formable or unconformable. That means that this mapping technique shows if the geological
series is in contact with the immediately preceding geological series or not (i.e., is in contact
with older units). Conversely, the ”hiatus/no hiatus” mapping choice used in Hayek et al. (2020,
2021); Stotz et al. (2021b); Vilacı́s et al. (2022); Stotz et al. (2023, 2024); Vilacı́s et al. (2024)
maps the presence and absence of a given geological series, i.e., the hiatus or no hiatus of a
geological series. These maps are obtained by adding in the “Base of” maps, the occurrence of
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immediately preceding geological series, regardless of the presence of that target series. The
resulting maps show “hiatus” or “no hiatus” of a given geological series and are a proxy for the
dynamic topography that occurred during that geological series.
The maps obtained from each mapping choice, transmit different information. For example,
the Base of Miocene map shows where Miocene is present and if Oligocene (the immediately
preceding series) is in contact with these Miocene rocks or not. Conversely, the Miocene hiatus
maps shows the absence or presence of Miocene rocks. Thus, after publishing the firsts papers
and participating in a few conferences, we refined the nomenclature to enhance clarity. A care-
ful explanation between both mapping options can be found in Chapter 5 (i.e., the published
manuscript Vilacı́s et al. (2024)) and in Vilacı́s et al. (In prep).

1.3 Geodynamic modelling

Geodynamic models are essential for understanding mantle convection and its surface expres-
sions. They solve the physical principles of fluid dynamics and thermodynamics, and simulate
the behaviour of the mantle over geological timescales (e.g., Bunge et al., 2002b; McNamara
and Zhong, 2005a; Zhong et al., 2008; Müller et al., 2018b). The governing equations of mantle
convection are the conservation of mass, momentum and energy. These equations are computa-
tionally challenging to solve particularly when utilising Earth-like parameters such as compress-
ibility and temperature-dependent viscosity, and a realistic geometry and spatial resolution. The
latter means that the modelling domain has to be a thick spherical shell with a surface resolution
between grid points of 1 km to 5 km. To address the complexities inherent in these equations
and parameters that govern mantle convection is often required the utilisation of considerable
computational resources such as large computational clusters or a supercomputer, in conjunc-
tion with optimised algorithms and solvers (Kohl and Rüde, 2022; Mohr et al., 2023). Although
these models are computationally expensive, they can be employed to refine the knowledge
about the parameters that drive mantle convection, by testing them against observations.

Simple analytical solutions and informed simplifications of the governing equations facili-
tate the exploration of key phenomena. The theory to extract dynamic topography or the geoid
for a given density structure and a viscosity profile involves solving the Stokes equation cou-
pled with the gravitational Poisson equation in a spherical shell (Hager, 1984; Richards and
Hager, 1984). The Stokes equations are the mass and momentum conservation equations for
a highly viscous fluid, such as the Earth’s mantle. That means that the inertial forces are not
relevant in the system and thus the momentum conservation equation can be approximated as an
instantaneous balance of forces. It is a balance between the body forces, the viscous forces and
the pressure gradients in the mantle. The body forces term is given by the gravitational force
generated by thermal buoyancies in the mantle. This force is determined using the gravitational
Poisson equation, which relates the gravitational potential and the density field. The solutions
of the Stokes and Poisson equations are usually represented through kernels. The kernels are
defined as quantities that relate the contribution of a mass anomaly of a specific wavelength
and depth, to key parameters, such as dynamic topography or the geoid. These kernels are
calculated in the spectral domain, and the resulting quantity field is derived from the radial
integration of the spherical harmonic component over the mantle depth (Richards and Hager,
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1984; Horbach, 2020). Therefore, given a density structure, for example the present-day density
structure derived from a tomographic model or the density structure from a geodynamic model,
it is possible to calculate the surface deflection and the geoid generated by the buoyances of
that given density structure. These kernels, and by extension mantle convection, are strongly
influenced by the radial viscosity profile.
A viscosity profile that has a constant value throughout the mantle (i.e., isoviscous) has a kernel
that shows significant contributions of the lower mantle anomalies in the surface topography.
Conversely, a stratified viscosity profile, with a lower viscosity in the upper mantle, leads to
minimal contributions to the surface topography from the anomalies located in lower mantle.
In other words, a lower viscosity in the upper mantle leads to the decoupling of viscous stresses
between the upper and lower mantle, resulting in contributions to the surface topography from
only the anomalies located in the upper mantle (Colli et al., 2016). This suggests that in an
isoviscous mantle, changes in dynamic topography are expected to be on the order of a transit
time, i.e., the time required for a mantle overturn (Iaffaldano and Bunge, 2015). For the Earth,
this time is estimated to be within 100 Myrs to 150 Myrs. In a stratified mantle, however, the
changes in the topography are expected to be much faster, with an estimated time span of tens
of millions of years. This is due to the fact that only the anomalies located in the upper mantle
contribute to the deflection of the Earth’s surface. It is important to understand the impacts of
the viscosity profile and the density structure that is created to comprehend the results of this
thesis and to infer links to mantle convection.

Another simple analytical solution to study the interaction between the lithosphere and as-
thenosphere is through the Couette/Poiseuille flows (Höink and Lenardic, 2008, 2010; Höink
et al., 2011; Höink et al., 2012; Stotz et al., 2018). The Poiseuille flow is a flow driven by lateral
pressure gradients such as plumes or slabs transiting through the asthenosphere. This flow can
actively push overlying plates. The Couette flow is flow driven by the movement of tectonic
plates, that generates shear stresses in the underlying mantle, i.e, in the asthenosphere. These
flows are solutions of the Stokes equations for a highly viscous fluid in a channel. Combined
and calculated in a spherical shell, these models, the Poiseuille-Couette models, are particularly
effective in providing a framework to link mantle convection, such as the transit of plumes and
slabs in the asthenosphere, to observable phenomena, such as dynamic topography and plate
motion changes, see Stotz et al. (2021b, 2024) and Chapters 3 and 4. This is because this
theoretical framework can explore changes in the basal forces through the Poiseuille flow, in-
troducing a plume source or a slab sink to assess diverse scenarios that explain the observations.
This approach is based on the premise that for a plate motion change to occur, it is required a
change in the plate boundary torques, the basal shear stresses or both. The utilisation of this
framework enables the separation of each component and facilitates the study of their individual
effects.

1.4 Thesis aims and outline

This thesis builds on the fundamental concepts of mantle dynamics and stratigraphy to explore
the links between mantle convection through its surface expression, i.e., the dynamic topogra-
phy, using the geological record. This work aims to map and study the spatial and temporal
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patterns of mantle-driven surface processes, provide time-dependent constraints on mantle vis-
cosity, and enhance our understanding on the influence of mantle dynamics in the evolution of
the lithosphere and the geological processes. Finally, it aims to provide insights into the plan-
form of convection and constrain governing parameters of mantle convection.
This thesis is structured in four main chapters, which present the digital hiatus mapping method-
ology, the resulting hiatus maps, and links to mantle convection as well as surface processes.
Chapter 2 introduces the digital processing of digital geological maps that result in continent-
scale hiatus maps for the Atlantic Realm and Australia. It links the inter-regional patterns of
unconformities to mantle flow-induced dynamic topography events. It also emphasises the im-
portance of considering varying convection timescales in geodynamic Earth models.
Chapter 3 expands upon the relationship between the horizontal and vertical motion of the litho-
sphere by correlating the hiatus maps with spreading rate changes to infer active upper mantle
flow in the Atlantic and Indo-Australian realms. The study reinforces the link between dynamic
topography and horizontal plate motions, offering evidence of vigorous upper mantle convec-
tion.
Chapter 4 investigates plume-driven plate motion changes in the South Atlantic, demonstrating
the importance of the Poiseuille flow in the asthenosphere in inducing plate motion shifts during
the Paleogene. This work identifies the Tristan and Sierra Leone plumes as key torque sources
driving these changes.
Chapter 5 explores the global distribution of hiatus surfaces since the Jurassic, revealing the
planform of mantle convection and its time and length scales. This work highlights that a man-
tle viscosity stratification plays an important role in shaping the dynamic topography patterns
and provides specific regional events to constrain geodynamic models. Furthermore, it sepa-
rates the effects of sea-level variation in the hiatus surfaces from the regional changes induced
by dynamic topography.



Chapter 2

Continent-scale Hiatus Maps for the
Atlantic Realm and Australia since the
Upper Jurassic and links to mantle flow
induced dynamic topography

Interregional geological maps hold important information for geodynamic mod-
els. Here we use such maps to visualize major conformable and unconforma-ble
contacts at interregional scales and at the level of geologic series from the Upper
Jurassic onward across North and South America, Europe, Africa and Australia.
We extract hiatus information from these paleogeological maps, which we plot
in a paleogeographical reference frame to link the maps to the plate and plume
modes of mantle convection. We assume that interregional patterns of hiatus sur-
faces are proxy records of continent-scale mantle-induced vertical motion of the
lithosphere. We find significant differences in the distribution of hiatus across and
between continents at the timescale of geologic series, that is ten to a few tens of
millions of years (Myrs). This is smaller than the mantle transit time, which, as
the timescale of convection, is about 100-200 Myrs. Our results imply that dif-
ferent timescales for convection and topography in convective support must be an
integral component of time-dependent geodynamic Earth models, consistent with
the presence of a weaker upper mantle relative to the lower mantle. Additional ge-
ological constraints together with interregional geological maps at the resolution
of stages (1-2 Myrs), are needed to assist in future geodynamic interpretations of
interregional geologic hiatus.

9



10 Chapter 2: Hayek et al. (2020, 2021)

Published on October 7th 2020 in the Proceedings Royal Society A.
doi:10.1098/rspa.2020.0390
Correction published on June 17th 2021 in the Proceedings Royal Society A.
doi:10.1098/rspa.2021.0437

Author list: Jorge N. Hayek, Berta Vilacı́s, Hans-Peter Bunge, Anke M. Friedrich, Sara Carena
and Yulia Vibe.

Ludwig-Maximilians-Universität München, Department of Earth and Environmental Sciences,
Theresienstraße 41 and Luisenstraße 37, 80333 Munich, Germany.

Note: In this chapter I present the original article and the correction together, which means that
Figs. 2.4 and 2.6 to 2.8 slightly differ from the published manuscript.

Disclaimer: This article has been previously comprised in the thesis of Jorge N. Hayek. How-
ever, it is part of my work, essential for my PhD and is the ground base for the articles I
published afterwards; thus, I also included also it as part of my thesis.

https://doi.org/10.1098/rspa.2020.0390
https://doi.org/10.1098/rspa.2021.0437


2.1 Introduction 11

2.1 Introduction

An early success in geodynamics was the quantitative description of mantle convection by a
boundary-layer model of high Rayleigh number and low Reynolds number flow (Turcotte and
Oxburgh, 1967). The model came into its own when mantle convection was explored explicitly
in terms of the plate and plume mode (e.g., Davies, 1988b; Davies and Richards, 1992; Davies,
1999). The former is associated with the cold upper thermal boundary layer, which is the
lithosphere, and the latter with the hot lower thermal boundary layer, which sources plumes.

The plate mode has since then been mapped by kinematic models of lithosphere motion for
the Cenozoic (Gordon and Jurdy, 1986) and Mesozoic (e.g., Müller et al., 2016). Its temporal
evolution has been linked to the generation of large-scale mantle heterogeneity through the his-
tory of subduction (Richards and Engebretson, 1992a; Lithgow-Bertelloni and Richards, 1998)
and assimilated into global mantle convection simulations (Bunge et al., 1998; McNamara and
Zhong, 2005b; Bower et al., 2013) to construct mantle circulation models, which from here
on we will call MCM. Recently, the plume mode has been imaged by seismic tomography as
localised upwellings that rise from the core-mantle boundary (CMB) to the base of the litho-
sphere (French and Romanowicz, 2015; Nelson and Grand, 2018; Rickers et al., 2013), and the
boundary-layer nature of mantle convection is now widely recognised.
Geodynamicists also understood early on that mantle convection deflects the Earth’s surface
away from its isostatically compensated state (Pekeris, 1935). Termed ”dynamic topography”
by Hager et al. (1985) the deflections are receiving renewed attention (e.g., Braun, 2010), par-
ticularly as an agent in passive margin environments (Bunge and Glasmacher, 2018), where the
proximity to a base-level allows one to gauge topographic changes better than at other places.
The boundary-layer interpretation of mantle flow makes it convenient to interpret the sedimen-
tary expression of dynamic topography explicitly in terms of the plate and plume modes. For
the plate mode, the approach was pioneered using the sedimentary record from the Cretaceous
Interior Seaway and the cratonic interior of North America (e.g., Mitrovica et al., 1989; Burgess
et al., 1997) because surface depressions induced by mantle downwellings in these regions left
accommodation space to preserve a sedimentary archive. Other regions, such as the Cretaceous
Eromanga Sea in Australia (Gurnis et al., 1998; Harrington et al., 2019) and a regional un-
conformity of Cretaceous-Eocene age in southeast Asia (Clements et al., 2011b) also record
plate-mode-related vertical motion. Recently, MCMs have modelled the evolution of plate-
mode-related dynamic topography since the Cretaceous (Müller et al., 2018).

It is more difficult to map the stratigraphic expression of the plume mode because the posi-
tive surface deflections create erosional/non-depositional environments, which leave time gaps
in the sedimentary record. Field observations of the surface expression of the plume mode doc-
ument changes in drainage patterns (e.g., Cox, 1989) and a dome-shaped uplift of 1-2 km (e.g.,
Şengör, 2001; Rainbird and Ernst, 2001; Saunders et al., 2007a) over a radius of 1000-2000
km. The resulting discontinuity surfaces in the sedimentary record are known as unconformi-
ties (e.g., Miall, 2016), although their wavelengths are so large and their amplitudes so little
that at large distances an unconformity may locally be recorded as a disconformity. They pre-
serve time missing (hiatus) from the geological record (Friedrich et al., 2018). To this end,
an approach of hiatus-area mapping was introduced (Friedrich et al., 2018; Friedrich, 2019)
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to highlight the long wavelength nature of sedimentation records as explored by Sloss (1963,
1972). It visualizes interregional-scale unconformities because, at continental scales, what is
normally perceived as a lack of data (material eroded or not deposited) becomes part of the dy-
namic topography signal. The method has been applied to map the temporal and spatial patterns
of conformable and unconformable geological contacts across Europe (Vibe et al., 2018) and
Africa (Carena et al., 2019).
Continent-scale geological maps, such as the 1:5 Million International Geological Map of Eu-
rope and Adjacent Areas (IGME 5000) (Asch, 2004), are crucial databases to reveal hiatus
area of geodynamic origin, that is falcogeny in the sense of Şengör (2003). They provide in-
ternally consistent compilations of geological observations, including chronostratigraphic age,
lithology, and geolocalization of the strata, at the scale of thousands of kilometres. This links
them naturally to continent-scale elevation changes induced by mantle flow. Here we explore
interregional-scale geological maps. We identify temporal and spatial patterns of geological
hiatus contacts across North and South America, Europe, Africa and Australia, under the as-
sumption that interregional-scale conformable and unconformable contacts are proxy records
of paleotopography and vertical motion. We organize our paper as follows: first, we explain
our hiatus mapping method. Then we present results starting from hiatus maps for the Upper
Jurassic. We find significant differences in the spatial extent of hiatus area across and between
continents at the timescale of geologic series, ten to a few tens of millions of years (Myrs),
which is considerably smaller than the mantle transit time (Iaffaldano and Bunge, 2015). We
note that this negates the concepts of Stille (1919, 1924b) and Sloss (1972), who argued for
global synchronicity cycles. Finally, we discuss our results, place them into a geodynamic
context, explore their implications for dynamic Earth models, and draw conclusions.

2.2 Data compilation, preparation, and uncertainties

We mapped conformable and unconformable contacts at the resolution of geological series be-
cause this is the most frequently adopted temporal resolution among interregional geologic
maps (Friedrich, 2019). We also opted to map hiatus from the Upper Jurassic onward, to remain
within a timescale comparable to the mantle transit time, which is about 100-200 Myrs (Iaffal-
dano and Bunge, 2015). To this end, we took the digital vector maps of Europe, Australia, and
North America, which describe the chronostratigraphic units within specific temporal and spa-
tial resolutions. For South America, we compiled individual country-scale information, since
only this was available at the temporal resolution of series.

Diverse Open-Access Databases summarised in Table 2.1 provide digital information from
geological maps as vector files. Some maps include information from the continental shelf
and other seafloor features. We did not use this information because it also includes magnetic
isochron data, which is not related to the sedimentation paleoenvironment. However, oceanic
pointwise information in the form of localised stratigraphic columns from the ocean drilling
program can record oceanic hiatus events. For this reason, we imported offshore data from
Ocean Drilling Program (ODP) (1985–2004) Legs 100-190 and Deep Sea Drilling Program
(DSDP) (1968–1983) Legs 1-95. Additionally, we used Carena et al. (2019) for the Cenozoic
series of Africa augmented by further information for the Upper and Lower Cretaceous.
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Table 2.1 summarises our compilation of geological information.

Region Temporal Spatial Referenceresolution resolution

Australia Series and Stages 1:1 Million Raymond et al. (2012)

Europe Series 1:5 Million Asch (2004)

North America Series and Stages 1:5 Million Garrity and Soller (2009)

South
America

Argentina Systems 1:2.5 Million SEGEMAR (2017)
Bolivia Series 1:1 Million Claure Zapata et al. (2012)
Brazil Series 1: 250 000 SGB (2010)
Chile Stages 1:1 Million SERNAGEOMIN (2003)
Colombia Stages 1:1 Million Jorge et al. (2015)
Ecuador Series 1:100 000 MAGAP (2005)
Peru Stages 1:100 000 INGEMMET (2016)
Uruguay Series 1:500 000 Loureiro et al. (2016)
Venezuela Series 1:500 000 Hackley et al. (2004)

Africa Series and Stages 1:5 Million∗ Carena et al. (2019)

Ocean Drilling Series - ODP (1985–2004)
Projects DSDP (1968–1983)

Table 2.1: Geological maps used in this work with their respective spatial and temporal resolution.
Compilations performed at the country level for South America (see text). * Africa hiatus information
taken from Carena et al. (2019) with hiatus information added for Upper and Lower Cretaceous. Offshore
data imported from ODP (1985–2004) Legs 100-190 and DSDP (1968–1983) Legs 1-95 as pointwise
signal.

The geological maps published at continent and country-scale vary both in spatial and tem-
poral resolution. Some maps are resolved at the series level. Others provide finer or coarser
geological time intervals, such as combinations of series, stages, or systems, as defined in the
chronostratigraphic chart (Cohen et al., 2013; updated.; Ogg et al., 2016). For instance, the map
may state Paleogene for the units shown. Thus time resolution falls within three categories:
series, series/stages/systems mix, and systems. The maps moreover use distinct naming con-
ventions for age descriptions, including different abbreviations, languages, and aggregations of
time units. To handle the diversity, we adopted a standardization procedure and harmonized the
time resolution among the maps. We saturated all subseries information to the series level and
brought the geological unit conventions to a standard reference. This translates languages, ab-
breviations, and combinations or ranges of geological units to the numerical value of geological
time. For instance, a polygon defined as Oligocene-Miocene or Chattian-Langhian time has the
same time range after the standardization and spans two series (∼30 Myrs). For polygons with
systems resolution we assigned the hiatus information to the base of the polygon’s age range.
For South America our procedure brought the country-specific maps to a unified continent-
scale format. An exception had to be made for Argentina, where the temporal resolution was
available only at the systems level.
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Figure 2.1: (Left): Schematic map (top) and perspec-
tive view (bottom) of geological units in conformable
contact (blue lines). (Right): Same scheme showing
an unconformable contact (red line), where the middle
unit is missing, representing a gap (hiatus) in the geo-
logic record.

Following Carena et al. (2019) we
define conformity if a target series sits
atop the one immediately preceding it in
the chronostratigraphic chart, regardless of
whether either series has missing stages.
We define unconformity as the comple-
mentary state to conformity. This holds for
any place where one or more series im-
mediately preceding the target series are
missing. The definitions apply regardless
of the physical contact type between both
rock units. Figures 2.1 and 2.2 provide a
schematic illustration of hiatus and the ex-
traction process for un/conformable con-
tacts (Friedrich, 2019). To delimit hiatus
for a given series we also include in the
maps any occurrence of the immediately
preceding series and categorise the signal
as conformable.

Since the temporal resolution is restricted to the series level, the un/conformity represents a
time span that varies for different series. For instance, unconformity at the base of the Miocene
datum is at least 11 Myrs, because this is the duration of the Oligocene series. Unconformity at
the base of the Paleocene datum lasts a minimum of 34 Myrs, which is the duration of the Upper
Cretaceous series. We note, however, that the hiatus duration could be longer for either case.
In the former, rocks of Lower and Middle Miocene and/or Upper and Middle Eocene could be
missing. In the latter, rocks of Lower and Middle Paleocene and/or Lower Cretaceous could be
absent.
The uncertainty of a hiatus transforms into a spatial uncertainty when plate motions are taken
into account. If we take the current global root mean square (RMS) plate velocity of 5 cm/yr

Figure 2.2: (Left): Schematic geological map for five consecutive chronostratigraphic units (T1 to
T5) with T1 youngest and T5 oldest. (Right): Schematic showing the extraction of un/conformable
contacts for a target unit. Conformable lines for the target unit are the contours of the preceding unit.
Unconformable contacts contour the contact of the unit with units older than the immediately preceding
one.
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DeMets et al. (2010) as a representative value, temporal uncertainty for a hiatus at the series
level (10-30 Myrs) translates into a minimum spatial uncertainty of 500-1500 km. Moreover,
by saturating temporal resolution to the series level, we underestimate the total amount of hiatus
because unconformities and hiatus at the resolution of stages may be masked at the stratigraphic
resolution of series. Figure 2.3 illustrates these uncertainties.

Figure 2.3: Schematic illustration of the temporal and spatial uncertainty of hiatus mapping Friedrich
et al. (2018); Friedrich (2019); Vibe et al. (2018); Carena et al. (2019). (A) and (B) show conformable
and unconformable contacts, respectively. (C) displays how temporal uncertainty translates into spatial
uncertainty for the paleogeographical reconstruction representing hiatus.

2.3 Results

2.3.1 Geological Hiatus Maps

Figure 2.4 shows hiatus mapped with our method for North and South America, Europe, Africa,
and Australia for eight geologic series. This yields a set of eight Geological Hiatus Maps
(GHMs), beginning with the Lower Cretaceous (i.e., hiatus here meaning that the Upper Juras-
sic is missing). We use pyGPlates (Müller et al., 2018a) to reconstruct each hiatus to its past
tectonic setting with a global Mesozoic-Cenozoic plate motion model (Müller et al., 2016) tied
to a reference frame of Indo-Atlantic hotspots (O’Neill et al., 2005; Burke and Torsvik, 2004)
and present the extracted signal in a plate tectonic configuration corresponding to the base of
each series. Red and blue colours depict un/conformable contacts, respectively. Blank regions
indicate the absence of the considered series and its immediately preceding unit.
In the following, we describe the results for each GHM. Base of Pleistocene datum, Fig. 2.4(A),

presents North and South America, Greenland, and Australia with predominantly unconformable
contacts. Conformable contacts exist in the High Plains of North America, parts of South Amer-
ica, and the Australian Nullarbor Plain. Europe is dominated by conformable contacts. Africa
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shows a mix of un/conformable contacts, with conformable contacts located in the northwest
and in the Kalahari and Congo Basins. Unconformable contacts extend through the East African
Highlands and the Sahara desert. Base of Pliocene datum, Fig. 2.4(B), exposes conformable
contacts in North and South America, around the Gulf of Mexico, the Basin and Range, the
Rocky Mountains front, the Brazilian Highlands and the western Amazon Basin. Australia

Figure 2.4: Geological Hiatus Maps (GHMs) at chronostratigraphic division of series Cohen et al. (2013;
updated.) from the Base of Pleistocene datum to the Base of Lower Cretaceous datum (A)-(H) recon-
structed paleogeographically with a global Mesozoic-Cenozoic plate motion model (Müller et al., 2016)
tied to a reference frame of Indo-Atlantic hotspots (O’Neill et al., 2005) and shown in a plate tectonic
configuration corresponding to the base of each series. Red/blue points represent un/conformable con-
tacts, respectively. Blank regions indicate absence of considered series and its immediately preceding
unit. See text for further information.
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shows sparse conformable contacts throughout the continent and isolated unconformable con-
tacts in the north and in the southeast. Conformable contacts cover eastern Europe and the
Iberian Peninsula, while unconformable contacts prevail in western/central Europe and in tec-
tonically active regions in the Mediterranean. Africa exhibits unconformable contacts in the
Congo Basin and the Canary-Atlas region, while conformable contacts occur in the Kalahari
Basin, the Afar region, and the northern edges of the continent. Base of Miocene datum,
Fig. 2.4(C), is dominated by unconformable contacts across the continents. Unconformable
contacts abound in the western part of North America, Brazil, and much of Europe, whereas
isolated hiatuses exist in Australia and Africa. Conformable contacts are exposed in Greenland,
western and easternmost Europe and the Kalahari Basin. Base of Oligocene datum, Fig. 2.4(D),
exposes conformable contacts in many regions, with a striking absence of signal across South
America. Unconformable contacts are mapped in the western parts of North America, the Afar
region and in Europe. Base of Eocene datum, Fig. 2.4(E), features a mix of signals. Un-
conformable contacts exist in eastern Africa, Europe, and the western parts of North America
adjacent to conformable contacts in the plains of Canada. South America lacks information ex-
cept for conformable contacts in the eastern Amazon. Africa reveals conformable contacts in its
northern parts and the Kalahari Basin, but signal is absent in the central and southern parts of the
continent. Scattered unconformable contacts are mapped across Australia. Base of Paleocene
datum, Fig. 2.4(F), reveals abundant conformable contacts across North and South America,
Europe, North Africa, and Australia. Unconformable contacts are located in the northwestern
part of North America and Greenland. South America exposes unconformable contacts along
the Andes and the east coast of Brazil. Africa shows clusters of unconformable contacts in the
Kalahari Basin, the northern Djoue Basin, and the Afar region. Unconformable contacts are
mapped in southern Australia near Tasmania. Base of Upper Cretaceous datum, Fig. 2.4(G),
is characterized by unconformable contacts, which prevail across Europe, and the western parts
of North America. Conformable contacts are mapped in Canada, Mexico, Africa, the Parana re-
gion of South America, and Australia. Finally, Base of Lower Cretaceous datum, Fig. 2.4(H),
exhibits a mix of un/conformable contacts. Most notable are unconformable contacts in Alaska
and Africa as well as a lack of signal throughout much of South America. We point out that
the absence of Mesozoic/Cenozoic strata across much of Scandinavia and the cratonic part of
North America precludes hiatus mapping for the Mesozoic/Cenozoic series in these regions.

2.3.2 Base Hiatus Surfaces

The GHMs allow us to perform a spherical harmonics expansion of the hiatus signal to create
Base Hiatus Surface (BHS). We adopted pyshtools (Wieczorek and Meschede, 2018) with fully
normalized spherical harmonic coefficients (Stacey and Davis, 2008), using a global equidistant
grid of 720/1440 points in latitude/longitude for a resolution of ≈ 30 km between grid nodes.
Numerical values of 1/-1 were assigned to un/conformable signal, respectively. Each grid node
was then initialized with the nearest hiatus value that falls within a radius of 1/2 of the grid node
distance. Otherwise, the grid node value was set to zero.
We performed the expansion up to spherical harmonic degree 100. However, our assumption of
a geodynamic origin for interregional-scale hiatus implies the choice of a spectral window that
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one should consider in the BHS representations. Longstanding arguments based on dynamic
models of the Geoid suggest a dominant contribution to dynamic topography of spherical har-
monic degree 2 (Richards and Hager, 1984). The dominance of the longest wavelength com-
ponents for convectively maintained topography was challenged recently by an observational
database of >2000 spot measurements of residual bathymetry in the oceanic realm (Hoggard
et al., 2017). The latter suggests that contributions up to and including degree 30 are required
to represent topography in convective support. Figure 2.5 illustrates the difference and reports
BHS for the Base of Miocene datum for four cut off degrees (2, 10, 15, and 30) and a tapered
Gaussian smoothing to the spectral coefficients. The taper width of 40 degrees allows the con-
tribution of spectral components beyond the cut off. For the long-wavelength cut off at degree 2
there remains a 30% contribution of the original signal at degree 27, while the degree 30 cut off
maintains 30% of the original signal up to degree 55. We report BHS starting with the Lower
Cretaceous and assuming an intermediate cut off at degree 15 in Fig. 2.6.

Figure 2.5: Base of Miocene Hiatus Surface (BHS) obtained by expanding the Miocene Geological
Hiatus Map (GHM) (Fig. 2.4 C) in fully normalised (Stacey and Davis, 2008) spherical harmonics (SH)
and convolving with a Gaussian taper at four different cut off values for degree 2 (A), 10 (B), 15 (C), and
30 (D), respectively. Red/blue areas represent un/conformable surfaces. Black dotted lines contour the
SH signal at the ±0.1 amplitude. Hiatus data from the input GHM shown as blue/red dots. Center plot:
four Gaussian tapers applied in the SH expansion, see text.

The BHS provides information on the temporal evolution in the ratio of the area of con-
formal surface relative to the total area of conformal and unconformal surface. The latter can
be plotted both aggregated over all continents and separate for each. The aggregated curve
(Fig. 2.7) achieves a maximum in the ratio of conformable surface relative to the total area of
conformable and unconformable surface at the Base of Paleocene and the Base of Upper Cre-
taceous (corresponding to topography of the Upper and Lower Cretaceous). There are also two
prominent maxima in the ratio of the area of unconformable surface relative to the total area of
conformable and unconformable surface at the Base of Miocene and the Base of Pleistocene,
respectively. The curves for individual continents (Fig. 2.8) are more variable. They reveal
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Figure 2.6: Base Hiatus Surface (BHS) obtained by expanding the Geological Hiatus Maps (GHMs)
(Fig. 2.4) in fully normalized (Stacey and Davis, 2008) spherical harmonics (SH) and convolving with a
Gaussian taper starting at degree 15 (compare Fig. 2.5). BHS shown at chronostratigraphic division of
series (Cohen et al., 2013; updated.) from the Base of Pleistocene to the Base of Lower Cretaceous (A)-
(H) reconstructed paleogeographically with a global Mesozoic-Cenozoic plate motion model (Müller
et al., 2016) tied to a reference frame of Indo-Atlantic hotspots (O’Neill et al., 2005) and placed into
a plate tectonic configuration corresponding to the base of each series. Blue/red colours represent no-
/hiatus surfaces, indicative of low/high topography in the preceding series, respectively. Black dotted
lines contour the SH signal at the ±0.1 amplitude. Hiatus data from the input GHMs shown as blue/red
dots. Black circles at Base of Miocene (C), Base of Eocene (E) and Base of Lower Cretaceous (G) maps
correspond to location of flood basalts associated with Afar, Iceland and Tristan hotspots (Courtillot
et al., 2003). Blank regions indicate absence of series and its immediately preceding unit, suggesting
long hiatus duration. See text for further information.
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Figure 2.7: Ratio of the area of un/conformal (solid red/blue lines) surface relative to the total area of
conformal and unconformal surface aggregated over North/South America, Europe, Africa and Australia
from the Base of Lower Cretaceous to the Base of Pleistocene, indicative of mean relative elevation
(blue=low, red=high) across the continents in the preceding series (see text). The spherical harmonics
(SH) area of conformal and unconformable surface is taken within the amplitude range (≥ 0.1) for a
tapered cut off at degree 15 (see Fig. 2.6). The // and \\ shaded envelopes represent the ratio variations
that correspond to tapered cut offs in the SH surface at degree 2 and 30, respectively (compare Fig. 2.5).
A maximum in the ratio of conformable surface at the Base of Paleocene and Base of Upper Cretaceous
(corresponding to mean topography in the Upper and Lower Cretaceous) relative to the total area of
conformal and unconformal surface agrees with global sea-level curves (e.g., Müller et al., 2008; Rowley,
2017). Two maxima in the ratio of unconformable surface relative to the total area of conformal and
unconformal surface at the Base of Miocene and the Base of Pleistocene coincide with the onset of
glaciation in Antarctica (Petersen and Schrag, 2015) and the Northern Hemisphere (Maslin et al., 1996),
respectively (see text). The total area (within the amplitude range (≥ 0.1) for a tapered cut off at degree
15) of conformal and unconformal surface relative to the total area of the considered continents is shown
by the grey curve. The grey hatched // and \\ shaded envelopes represent the ratio variations that
correspond to tapered cut offs in the SH area at degree 2 and 30, respectively.

considerable differences between continents and series.

2.4 Discussion

Geodynamicists have long recognised the essential role of dynamic topography in studies of
the Geoid because the mass anomalies associated with surface deflections yield gravity anoma-
lies of comparable amplitude to the flow-inducing mantle density variations. Geoid models
therefore account for dynamic topography as well as mantle density heterogeneity (e.g., Ricard
et al., 1984; Richards and Hager, 1984; Forte and Peltier, 1991). However, it is difficult to sep-
arate dynamic topography from topography in isostatic support (Fishwick and Bastow, 2011;
Ravenna et al., 2018; Jones et al., 2017) outside the oceanic realm (Hoggard et al., 2017). This
has led some to doubt the existence of dynamic topography (Molnar et al., 2015).
The transient nature of dynamic topography suggests to overcome this difficulty by turning
to geologic archives. Ahead of his time, Bond (1978b, 1979) analysed continent-scale sedi-
ment distributions to argue for substantial uplift of continental platforms. He concluded that
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Figure 2.8: Same as Fig. 2.7, but for individual continents. The curves are more variable and reveal
considerable differences between continents and series. See text for interpretation.
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Africa, for instance, experienced late Tertiary uplift relative to other continents (Bond, 1978a),
in agreement with Burke and Whiteman (1973). Our interregional hiatus maps also turn to sedi-
mentary archives, in the form of interregional unconformities. But we note that the existence of
such unconformities has long been known (e.g., Suess, 1883; Blackwelder, 1909; Stille, 1924b;
Levorsen, 1933; Wheeler, 1958b; Belousov and Maxwell, 1962; Sloss, 1963, 1992; Vail et al.,
1977; Şengör, 2003, 2016) and that some have pointed out the need of physical models for their
interpretation (e.g., Burgess et al., 1997; Şengör, 2016).

Our GHMs locate sedimentary rocks of any origin, including volcanic effusive and pyro-
clastic products that, for the purpose of mapping depositional sequences, behave like sediments.
Thus, to first order, the time slices in Fig. 2.4 show, where sediments were or were not deposited
(or deposited and then eroded before the deposition of the next series) in the series immediately
preceding the target series. Surfaces of unconformable contact (marked in red) in the BHS
(Fig. 2.6) define regions in the series immediately preceding the target series that undergo ero-
sion and/or non-deposition, whereas areas of conformable contact (marked in blue) identify
depositional regions. At the interregional scales invoked, this serves as a proxy for either ex-
humation and surface uplift, or burial and subsidence. Lack of signal in the BHS indicates the
absence of sediments in the target series and its immediately preceding series. This describes
regions that may have undergone intense and/or long-lasting erosion or non-deposition and sug-
gests intense and/or persistent exhumation and surface uplift (Friedrich et al., 2018; Friedrich,
2019; Vibe et al., 2018; Carena et al., 2019). Examples for un/conformable surfaces and for
lack of signal can be identified in the BHS.
South America reveals a continent-scale lack of signal at the Base of Eocene and the Base of
Oligocene (Fig. 2.6(D)/(E)), indicating early Tertiary uplift in the region. This coincides tem-
porally with the onset of rapid South Atlantic spreading rates (Colli et al., 2014) and an Eocene
subaerial exposure of the Rio Grande Rise at Drill Site 516 (Barker, 1983). There are also re-
ports from thermochronological data and landscape analysis for post-rift Eocene reactivation in
Brazil (Cogné et al., 2012; Japsen et al., 2012; Krob et al., 2019) and Argentina (Kollenz et al.,
2017), and there is a Paleogene hiatus documented in Andean Foreland Basins (Horton, 2018).
Expansion of the total unconformable area from one time slice to the next indicates the onset
of relative subsidence; it means that sediments now deposit in areas that previously underwent
erosion/non-deposition. A significant expansion of unconformable area in central and northern
Africa occurs at the Base of the Lower Cretaceous when compared to the Base of Upper Creta-
ceous (Fig. 2.6(G)/(H)) and suggests that the Lower Cretaceous was a period of subsidence in
Africa. An exception is the South African Plateau (SAP). It reveals a lack of signal suggestive of
net high elevation. While this agrees with reports by some authors (Baby et al., 2018; Gallagher
and Brown, 1999; Tinker et al., 2008) calling for a Cretaceous age of the SAP topography, others
suggest more recent Oligo-Miocene or younger uplift phases (Burke and Gunnell, 2008; Carena
et al., 2019). Another major expansion of unconformable area across Africa occurs at the Base
of Miocene when compared with the Base of Oligocene (Fig. 2.6(C)/(D)). It implies relative
subsidence in the Miocene and suggests that the Oligocene was a period of uplift in most of
the continent, as noted by several authors (Bond, 1978a; Şengör, 2001; Carena et al., 2019) and
reviewed very effectively by Burke and Gunnell (2008). A recent geologic/geodynamic anal-
ysis suggests that Africa may cover different dynamic topography domains owing to its large
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area. Carena et al. (2019) took the presence of Upper Cretaceous to Eocene exposed marine
sediments in the interior of northern Africa together with the absence of exposed Oligocene to
Pleistocene marine sediments there as evidence that this region uplifted significantly after the
end of the Eocene, remaining high since. Oligocene to recent sediments in northern Africa are
exclusively of continental origin. Far less marine sedimentation exists in the southern half of
Africa for the Cenozoic series, where it is limited to coastal regions. While none of the exposed
Cenozoic sediments in the interior of southern Africa are marine, there is a complete absence of
coastal marine sediments in the Oligocene and Pleistocene. From this, and from the observation
that some Miocene and Pliocene marine sediments along the southern coast are now at eleva-
tions significantly above 200 m, Carena et al. (2019) inferred that southernmost Africa reached
a high elevation in the Oligocene, subsided in the Miocene-Pliocene, and has been high again
since the Pleistocene.
Europe features a strong expansion of unconformable area at the Base of Eocene when com-
pared to the Base of Paleocene (Fig. 2.6(E)/(F)), indicative of relative subsidence in the Eocene.
We note that the above examples of expanding unconformable area follow each in the wake of
major plume events (i.e., Tristan, Lower Cretaceous; Afar, Oligocene; and Iceland, Paleocene,
see Fig. 2.6).
Conformable area expansion from one time slice to the next indicates continued subsidence
(Friedrich, 2019; Vibe et al., 2018; Carena et al., 2019). Prominent examples include Australia
at the Base of Upper Cretaceous when compared to the Base of Lower Cretaceous (Fig. 2.6(G)/(H)),
and western North America at the Base of Paleocene when compared to the Base of Upper Cre-
taceous (Fig. 2.6(F)/(G)). Continent-scale subsidence implied by growing conformable area in
these regions has been linked to subduction at the eastern margin of Gondwana (Matthews et al.,
2011; Heine et al., 2010) and to the descent of the Farallon Plate beneath western North America
(Mitrovica et al., 1989; Burgess et al., 1997; Spasojevic et al., 2009).

Figures 2.7 and 2.8 show the temporal evolution in the ratio of the area of un/conformal
surface relative to the total area of conformal and unconformal surface, both aggregated over all
continents and separate for each. The aggregated curve (Fig. 2.7) reveals a sea-level signal. It is
indicated by a maximum in the ratio of the area of conformable surface at the Base of Paleocene
and the Base of Upper Cretaceous (corresponding to the Upper and Lower Cretaceous, respec-
tively) relative to the total area of conformal and unconformal surface. The maximum agrees
with global sea-level curves even when the amplitude of the latter is not well constrained (e.g.,
Müller et al., 2008; Rowley, 2017). There are also two prominent maxima in the ratio of the
area of unconformable surface relative to the total area of conformal and unconformal surface
at the Base of Miocene and the Base of Pleistocene. These coincide with the onset of glaciation
in Antarctica (Petersen and Schrag, 2015) and the Northern Hemisphere (Maslin et al., 1996),
respectively.
The curves for individual continents (Fig. 2.8) provide additional information: a sharp decline
for North America in the ratio of conformable surface relative to the total area of conformal and
unconformal surface at the Base of Eocene marks the disappearance of the Interior Seaway in
the western part of the continent. South America displays a gradual growth with time in the ratio
of conformable surface relative to the total area of conformal and unconformal surface. The lack
of signal at the Base of Eocene and the Base of Oligocene, which we noticed before in the BHS
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(Fig. 2.6(D)/(E)), is evinced in Fig. 2.8 by the drop in the grey curve reporting the ratio of the
total conformal and unconformal surface relative to the total area of South America. Europe’s
ratio of conformable surface relative to the total area of conformal and unconformal surface
sinks dramatically at the Base Eocene, in agreement with the continent-scale growth of uncon-
formable surface and the implied Eocene subsidence that followed the arrival of the Iceland
Plume. Africa incurs two increases in the ratio of unconformable surface relative to the total
conformal and unconformal surface at the Base of Lower Cretaceous and the Base of Miocene,
presumably reflecting Lower Cretaceous and Miocene subsidence as discussed before. Notable
for Australia is the increase in the ratio of conformable surface to the total un/conformable
surface at the Base of Upper Cretaceous, attributed to Australia’s eastward passage over sub-
ducted oceanic lithosphere. These results are in broad agreement with the analyses of Bond
(1978b, 1979) and support the notion that there are no stable continental platforms (Moucha
et al., 2008b).

In our discussion we must point to the severe limitations of our method. First: GHMs
strongly depend on the spatio-temporal resolution and accuracy of data compiled on geological
maps. This means that the duration over which a particular hiatus area is defined depends on
the temporal resolution of the input geological map, as noted before (see Fig. 2.3). Our anal-
ysis is limited to the series level. But true hiatus is likely longer than indicated by the missing
series, because at any one location sedimentary successions represent only a small portion of a
series. This implies large temporal uncertainties in our analysis, even when only one series is
absent or when the adjacent series is not fully represented in the field. While our saturation of
the time intervals to the series level is dictated by the data (i.e., the geological convention), it
inevitably hides shorter duration lacunae and thereby avoids artifacts related to the Sadler effect
(Sadler, 1981). This is critical, because if shorter duration lacunae are hidden, shorter duration
events from lithospheric processes may be conflated with longer duration mantle-driven signals.
Essentially our method favors large time intervals and hides shorter time intervals. Krob et al.
(2020b) deduced an uplift duration signal of 50 Myrs for the Parana-Etendeka plume. So even at
the temporal resolution of series it may be difficult to detect plume related uplift events. A simi-
lar difficulty arises when continents move laterally over different dynamic topography domains
in relatively short geological time frames (Braun et al., 2014). Future stratigraphic work should
therefore respond to the geodynamic need for more precise dating of hiatus. Interregional geo-
logical maps at the resolution of stages (1-2 Myrs) are needed to reduce the uncertainties and to
assist in geodynamic interpretations of hiatus.
Second: GHMs on their own do not identify the lithospheric or sublithospheric causes for con-
tinental vertical motion. Models predicting continental rise under increased horizontal stress
(e.g., Ziegler et al., 1995), lithospheric folding Cloetingh et al. (2002) or delamination (e.g.,
Levander et al., 2011; Schott and Schmeling, 1998), which act as tectonic mechanisms within
the lithosphere, must be distinguished from deeper, mantle related effects, such as the influence
of rising plumes or pressure-driven asthenosphere flow. Detailed biostratigraphy and geomor-
phological methods of slope investigation or planation surfaces (Guillocheau et al., 2018) are
needed in the identification of broad scale (falcogenic) structures in the sense of Şengör (2003).
It is clear that viable dynamic models of lithosphere motion must provide for a coupling of
tectonic and mantle related forces (e.g., Stotz et al., 2017) to represent the behavior of the litho-



2.4 Discussion 25

sphere as the combination of lithospheric and sublithospheric effects.
Third: GHMs are well constrained in lateral extend but not in amplitude. The latter requires
independent calibration, for example, by using thermochronological data (Ehlers and Farley,
2003). A variety of inferences provide constraints on surface uplift of the lithosphere. They
include studies of river profiles (e.g., Roberts and White, 2010), sediment compaction (Japsen,
2018) and provenance (Meinhold, 2010; Şengör, 2001), landform analysis (Guillocheau et al.,
2018) based on planation surfaces (King, 1955), paleoaltimetry (Kohn, 2018), or the analysis
of sediment budgets at the scale of continental margins (Guillocheau et al., 2012; Said et al.,
2015a,b). Passive margins have been advocated as suitable locations for such studies (Bunge
and Glasmacher, 2018). MacGregor (2013) summarizes episodes of margin uplift for South
America and Africa, and similar inferences have been made for the Arctic (Dörr et al., 2012)
and the European passive margin of the North Atlantic, summarised in the Stratagem project
(Stoker and Shannon, 2005, and references therein). Inferences for an active post-rift evolution
of passive margins have been collected into propositions for geodynamic models (Green et al.,
2018b). Geological hiatus maps suggest to extend the studies to broader spatial scales beyond
passive margins.

2.4.1 Geodynamic implications

Geodynamicists explore mantle convection in terms of the plate and plume modes. Hiatus maps
reveal the plate mode as broad conformable surfaces at the Base of Upper Cretaceous in Aus-
tralia (Fig. 2.6(G)) and the Base of Paleocene in western North America (Fig. 2.6(F)), as noted
before. Unconformable surfaces and areas of lack of signal located away from active plate
margins are instead expressions of the plume mode. Seismic evidence suggests a strong plume
mode (French and Romanowicz, 2015; Nelson and Grand, 2018; Rickers et al., 2013), imaged
for the upper (Schaeffer and Lebedev, 2013b; van Herwaarden et al., 2020; Colli et al., 2013)
and the lower mantle as prominent regions of seismically slow velocities (e.g., Kennett et al.,
1998; Ritsema et al., 2011; Simmons et al., 2009b; Hosseini et al., 2020). The geodynamic
analysis of these anomalies remains under debate and permits interpretations of the lower man-
tle anomalies primarily by elevated temperature (Davies et al., 2012; Schuberth et al., 2009;
Simmons et al., 2009b) or combinations of thermal and compositional effects (Lu et al., 2020;
McNamara, 2019). The repeated appearance of continent-scale hiatus surfaces in our maps
provides additional constraints. It implies significant positive mantle buoyancies presumably
related to elevated temperature.
The distribution of un/conformable surface varies at the timescale of geologic series, (i.e., ten
to a few tens of Myrs). This is considerably faster than the mantle transit time which, as the
timescale for convection, is about 100-200 Myrs (Iaffaldano and Bunge, 2015; Butterworth
et al., 2014). The difference in the convective timescale and the timescale for topography in
convective support is illustrated by geodynamic kernels. They reflect the properties of dynamic
Earth models and depend strongly upon the assumed rheology (see Colli et al., 2016, for a
review). For internal loads (e.g., hot rising plumes or cold sinking slabs) passing through a
uniform-viscosity mantle, the kernels predict a continuous evolution of the induced surface de-
flections. In other words, a comparable timescale for convection and convectively-maintained
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topography is implied and borne out in laboratory models of isoviscous mantle flow (Griffiths
et al., 1989). The presence of a weaker upper mantle relative to the lower mantle, which is con-
sistent with inferences from geodynamics (Richards and Hager, 1984) and mineral physics mod-
elling (Reali et al., 2019), amplifies surface deflections for loads passing through the upper man-
tle. This property of dynamic Earth models makes rapid changes of convectively-maintained
topography geodynamically plausible.
Geological hiatus maps have implications for time-dependent geodynamic Earth models: progress
has been made in understanding how to retrodict past mantle states. Early backward advec-
tion schemes (e.g., Bunge and Richards, 1992; Steinberger and O’Connell, 1997) have given
way to a formal inverse problem based on adjoint equations that provide sensitivity informa-
tion in a geodynamic model relative to earlier system states. Adjoint equations have been de-
rived for incompressible (Bunge et al., 2003b; Ismail-Zadeh et al., 2004; Horbach et al., 2014),
compressible (Ghelichkhan and Bunge, 2016) and thermo-chemical (Ghelichkhan and Bunge,
2018) mantle flow, and the uniqueness property of the inverse problem has been related to the
tangential component of the surface velocity field of the convection model (Colli et al., 2015).
Knowledge of the latter is essential to ensure convergence (Vynnytska and Bunge, 2015; Colli
et al., 2020). While plate motions are a primary surface expression of mantle convection (e.g.,
Davies and Richards, 1992), one needs to assimilate the tangential component of the surface
velocity field (i.e., a past plate motion model) to solve the inverse problem. This makes past
plate motions the input of retrodictions rather than their output, and suggests linking viable tests
of retrodictions to inferences of past dynamic topography so that uncertain model parameters
and state estimates can be assessed (Colli et al., 2018). Put differently: the horizontal motion
of the lithosphere cannot be predicted from mantle flow restorations, because reconstructions
of past plate motion act as an input to the inverse problem, implying that it is not viable to
construct self-consistent models of plate tectonics that are testable against the geologic record.
However, mantle convection also induces vertical motion in the form of dynamic topography, as
noted before. These can be inferred from a mantle flow retrodiction, because they are an output
of the inverse problem. Geologic constraints on the history of convectively induced vertical
motion of the lithosphere (that is the evolution of past dynamic topography) therefore are cru-
cial observations to test the validity of the geodynamic modeling parameters assumed in mantle
flow retrodictions. Our results imply that changes in convectively-maintained topography at the
timescale of geologic series and over spatial scales of a few thousand kilometres must be an
integral component of time-dependent geodynamic Earth models.

2.5 Conclusion

The analysis of continent-scale geological maps yields powerful information for constraining
large-scale geodynamic processes and models. By providing consistent compilations of geo-
logic observations at the scale of thousands of kilometres, continent-scale geologic maps link
naturally to large-scale mantle flow induced elevation changes known as ”dynamic topogra-
phy” (Hager et al., 1985; Braun, 2010). While the latter is difficult to separate by geophysical
or geodetic means from the current isostatic topography of our planet outside the oceanic realm
(Hoggard et al., 2017), its transient nature leaves signals in sedimentary archives as conformable
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and unconformable (hiatus) time boundaries traceable over hundreds to thousands of kilometres.
We have applied a hiatus mapping method, introduced by Friedrich et al. (2018) and Friedrich
(2019), as a first-order technique that uses a single manipulation of existing geological maps to
construct hiatus surfaces at the temporal resolution of series across North and South America,
Europe, Africa and Australia starting from the Upper Jurassic. We find significant differences
in the spatial extent of hiatus surface across and between continents at the timescale of geo-
logic series, ten to a few tens of millions of years (Myrs). This is considerably smaller than
the mantle transit time (Iaffaldano and Bunge, 2015) and may reflect the effects of rapid lateral
motion of continents over different dynamic topography domains in relatively short geological
time-frames (Braun et al., 2014) as well as vigorous upper mantle flow in the asthenosphere
facilitated by a viscosity reduction from the lower to the upper mantle as implied by response
functions for dynamic Earth models (e.g., Richards and Hager, 1984). The recurrent appearance
of continent-scale hiatus surfaces is consistent with the existence of significant positive mantle
buoyancies, presumably induced by thermal effects and elevated temperature. This supports the
notion of a strong plume mode in the mantle convection system. In the future it is necessary to
compile interregional geological maps at the temporal resolution of stages, most of which span
1-2 Myrs in duration, to reduce uncertainty and to assist in improved geodynamic interpreta-
tions of hiatus through time-dependent geodynamic Earth models capable of retrodicting past
mantle flow states.
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Chapter 3

Evidence for active upper mantle flow in
the Atlantic and Indo-Australian realms
since the Upper Jurassic from hiatus maps
and spreading rate changes

Histories of large scale horizontal and vertical lithosphere motion hold impor-
tant information on mantle convection. Here we compare continent-scale hiatus
maps as a proxy for mantle flow induced dynamic topography and plate motion
variations in the Atlantic and Indo-Australian realms since the Upper Jurassic,
finding they frequently correlate, except when plate boundary forces may play a
significant role. This correlation agrees with descriptions of asthenosphere flow
beneath tectonic plates in terms of Poiseuille/Couette flow, as it explicitly relates
plate motion changes, induced by evolving basal shear forces, to nonisostatic ver-
tical motion of the lithosphere. Our analysis reveals a time scale, on the order of
a geological series, between the occurrence of continent-scale hiatus and plate
motion changes. This is consistent with the presence of a weak upper mantle. It
also shows a spatial scale for interregional hiatus, on the order of 2000-3000 km
in diameter, which can be linked by fluid dynamic analysis to active upper mantle
flow regions. Our results suggest to pursue future studies of large scale horizontal
and vertical lithosphere motion in combination, to track the expressions of past
mantle flow. Such studies would provide powerful constraints for adjoint based
geodynamic inverse models of past mantle convection.
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3.1 Introduction

An enduring theme in mantle flow studies is the existence of an asthenosphere (see Richards
and Lenardic, 2018, for a review). The presence of this layer was advocated by Barrell (1914) to
allow for isostatic movement, and by Chase (1979) to lubricate plate motion. Modern evidence
for a mechanically weak layer in the uppermost mantle beneath the lithosphere comes from a
variety of observations. They include studies of the geoid (e.g., Hager and Richards, 1989),
post glacial rebound (e.g., Mitrovica, 1996), lake loading (e.g., Bills and May, 1987), oceanic
intraplate seismicity (Wiens and Stein, 1985), ocean ridge bathymetry (Buck et al., 2009) and
seismic anisotropy (Debayle et al., 2005; Schaeffer et al., 2016). Fluid dynamic investigations
employing numerical and analytic modelling techniques (e.g., Bunge and Richards, 1996; Busse
et al., 2006; Tackley, 1996) agree that high material mobility in the asthenosphere is essential to
promote the long-wavelength character of mantle flow observed on Earth. 3-D spherical Earth
models that combine an asthenosphere and a plastic yield stress to allow localised weakening
of the cold upper thermal boundary layer result in a distinctly plate tectonic style of convection
(Richards et al., 2001).
Morgan and colleagues (Morgan and Smith, 1992b; Morgan et al., 1995b) linked the astheno-
sphere to mantle plumes, proposing an asthenosphere fed actively by hot upwellings. This and
their subsequent work (Yamamoto et al., 2007a,b) explored the resulting upper mantle flow in
terms of a simple model, where material flux is driven horizontally by lateral pressure variations,
in order to explain various observations related to ocean bathymetry, heat flow, and mantle geo-
chemistry. A series of papers by (Höink and Lenardic, 2008, 2010; Höink et al., 2011; Höink
et al., 2012) extended this approach. They formulated mantle convection models explicitly in
the context of so-called Poiseuille/Couette flow (see Fig. 3.1). An important finding is that
lateral pressure variations in the asthenosphere are not tied exclusively to the influx of plume
material, but occur also for convection heated purely from within. Poiseuille/Couette flow is
thus an intrinsic property of material flowing in a low viscosity asthenosphere channel beneath
mobile tectonic plates.

Asthenosphere flow driven by high- and low-pressure regions is a powerful concept, because
it connects mantle flow to geologic observations in a testable manner. In particular, it explicitly

Figure 3.1: Schematic representation of (a) Couette flow, described a linear profile of shear driven fluid
motion between two surfaces where one moves tangentially relative to the other, and seen as proxy for
passive asthenosphere flow driven by motion of the overlying plate, (b) Poiseuille flow, described by a
parabolic profile, driven by a lateral pressure gradient, and seen as proxy for active asthenosphere flow
capable of driving the overlying plate, and (c) superposition of both.
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relates temporal changes in horizontal plate motion, i.e. oceanic spreading rate variations driven
by evolving basal shear stresses, to nonisostatic vertical motion of the lithosphere. The latter is
a form of topography maintained dynamically by mantle convection. It was termed ’dynamic
topography’ by Hager et al. (1985) more than 30 years ago (e.g., Braun, 2010, for a review).
Current plate motions are well mapped (DeMets et al., 2010). But histories of plate motion
are becoming better known. Initially documented for the Cenozoic (Gordon and Jurdy, 1986),
global plate motion reconstructions are now available for times going back to the Mesozoic
(e.g., Müller et al., 2016, for a review). Progress is also underway in mapping the magneti-
zation of some ocean floor regions in great detail, permitting plate motion reconstructions at
temporal resolutions of ∼1 million years (Myrs) or less (e.g., Merkouriev and DeMets, 2014;
DeMets and Merkouriev, 2019) when mitigating for finite-rotation noise Iaffaldano et al. (2012).
These efforts reveal that it often takes but a few Myrs for plates to change their motions. The
variations may be due to changes in plate boundary forces (Iaffaldano and Bunge, 2009) and/or
basal shear stresses (Colli et al., 2014). They provide important observations for geodynamic
interpretations (e.g., Iaffaldano and Bunge, 2015, for a review).
Less is known about current dynamic topography, at least outside the oceanic realm (Hoggard
et al., 2017). Dynamic topography for continents is difficult to map, because one needs to
separate it from topography in isostatic support (Fishwick and Bastow, 2011; Ravenna et al.,
2018). But histories of dynamic topography in the continents are beginning to emerge, because
the transient nature of dynamic topography leaves geologic evidence in sedimentary archives
(Ernst and Buchan, 2001). This approach was pioneered for regions that underwent periods
of low dynamic topography, such as the Cretaceous Interior Seaway of North America (e.g.,
Mitrovica et al., 1989; Burgess et al., 1997), where the associated surface depressions created
accommodation space to preserve sediments.
It is more difficult to map the stratigraphic expression of dynamic topography highs. The asso-
ciated elevated topography creates erosional/non-depositional environments expressed as time
gaps in the geologic record. The resulting discontinuity surfaces in sedimentary archives are
known as non conformities and unconformities (see Miall, 2016, for a review). They preserve
time missing (hiatus) from the geological record (Friedrich et al., 2018). To this end, an ap-
proach of hiatus-area mapping was introduced Friedrich et al. (2018) and Friedrich (2019). It
visualises interregional-scale unconformities because, at continental scales, what is normally
perceived as a lack of data (material eroded or not deposited) becomes part of the dynamic
topography signal. The method has been applied to map the spatiotemporal patterns of con-
formable and unconformable geological contacts across Europe (Vibe et al., 2018), Africa
(Carena et al., 2019) and the Atlantic realm and Australia since the Upper Jurassic (Hayek
et al., 2020, 2021). An important finding is that significant differences exist in the spatial extent
of hiatus area across and between continents at the timescale of geologic series, that is ten to
a few tens of Myrs (see definition of series as a unit of chronostratigraphy in the chronostrati-
graphic chart (Cohen et al., 2013; updated.; Ogg et al., 2016)). This is considerably smaller than
the mantle transit time, which as the convective timescale, is about 100–200 Myrs (Iaffaldano
and Bunge, 2015) for Earth’s mantle. The difference between the convective timescale and the
timescale for topography in convective support suggests vigorous upper mantle flow, as illus-
trated by geodynamic kernels (see Colli et al., 2016, for a review)).
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Pressure driven asthenosphere flow explicitly relates plate motion changes, induced by
evolving basal shear forces, to nonisostatic vertical motion of the lithosphere, as noted before.
Such correlations were reported for the South (Colli et al., 2014) and North (Vibe et al., 2018)
Atlantic. Here we extend this observational geodynamic approach. We take the hiatus maps
of Hayek et al. (2020, 2021), with an updated dataset for Australia following the approach of
Carena et al. (2019), as proxy for mantle flow induced vertical lithosphere motion and compare
them systematically to horizontal plate motion variations deduced from a past plate motion
model based on the dataset of Müller et al. (2016). We organise our paper as follows: sections
2 and 3 provide brief summaries of plate motion variations and hiatus surfaces for the Atlantic
and Indo-Australian realm. We study these regions to account for ocean basins with and without
significant subduction activity, while our choice of the Upper Jurassic as the starting point of
our analysis is motivated by geodynamic considerations on the mantle transit time, to remain
within a timescale comparable to a mantle overturn (Iaffaldano and Bunge, 2015). We then
compare spreading rate variations and hiatus surfaces, finding they frequently correlate, except
when plate boundary forces may play a significant role. Section 5 places our results into the
context of geological studies. This is followed by a discussion on geodynamic implications,
where we employ Poiseuille/Couette models for scale analysis. Finally, we draw conclusions in
section 6.

3.2 Oceanic Spreading Rates

Figure 3.2 presents the spreading rates of the seafloor at the time of crustal creation as a data
grid from Seton et al. (2020) based on the GTS2012 (Ogg, 2012) timescale (see Clark, 2018)
for a discussion of the influence of the timescale choices for the uncertainty of reconstructed
spreading histories). We also superpose profiles of relative spreading rates throughout the At-
lantic, the Indian and the Southern Ocean south of Australia, extracted with pyGPlates (Müller
et al., 2018a) from the latest dataset of Müller et al. (2019), to bring out local spreading rate vari-
ations. Most of the inset spreading rate profiles are reported for the time from 80 Ma onward,
whereas profiles in the oldest ocean floor regions, such as the Central Atlantic and Madagascar,
are shown from earlier times onward. The Cretaceous Normal Superchron (CNS) restricts the
temporal resolution of Cretaceous spreading rates to mean values (Seton et al., 2012; Müller
et al., 2016), therefore we omit the report of spreading rates spanning this time period.
Overall, Fig. 3.2 reveals that rapid spreading rate variations (less than 10 Myrs) occurred
throughout the oceans, with spreading rates in the South Atlantic and the Antarctica-Australia
spreading centre (∼6 cm/yr) being faster compared to rates in the North Atlantic (∼2 cm/yr).
The inset profiles from north to south for the Atlantic show distinct temporal variations. The
North Atlantic rates have a noticeable peak of ∼4 cm/yr in the early Eocene from ∼55-45 Ma
that follows the onset of spreading in the region. They drop to ∼2 cm/yr in the last 45 Ma. The
South Atlantic is characterised by higher rates and larger variations. At 80 Ma, near the end
of the CNS, nominal rates are ∼6 cm/yr. In the Paleocene, from ∼65-55 Ma, they drop by a
factor of three to ∼2 cm/yr, followed by a renewed increase up to a peak of ∼6 cm/yr at ∼30
Ma. From ∼25 Ma onward, rates decrease to ∼4 cm/yr. The Central Atlantic is a superposition
of trends from the south, i.e. slow rates in the Paleocene (∼3 cm/yr) around 60 Ma, and from
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Figure 3.2: Grid of ocean floor spreading rates reproduced from Seton et al. (2020) based on GTS2012
(Ogg, 2012) timescale. Colours indicate spreading rates at time of crustal creation, revealing frequent
spreading rate changes throughout the oceans. Inset figures, where y-axis is spreading rate in cm/yr and
x-axis time in Ma, show rates at selected locations. Grey vertical lines in the inset plots for the Central
Atlantic correspond to the Cretaceous Normal Superchron (CNS), when spreading rates are known only
at mean rates across the CNS (see text). For the Indian ocean they represent omitted time. Profiles
extracted from (Müller et al., 2019) database using pyGPlates (Müller et al., 2018a).

the north, i.e. a peak in the early Eocene at ∼50 Ma (∼4 cm/yr). The spreading rate profile
between India and Africa in the Indian ocean shows two peaks of ∼3 cm/yr each. One lasts
from ∼40-35 Ma, the other from ∼20-10 Ma, separated by a minimum of ∼1.5 cm/yr from
∼35-20 Ma. Prior to 45 Ma, spreading velocities are significantly higher (∼14 cm/yr). The
Lord Howe Rise profile (east of Australia) shows high spreading rates (∼4 cm/yr) from ∼80-60
Ma decreasing to zero by ∼50 Ma. Conversely, spreading rates in the Southern Ocean south of
Australia are near zero (∼0.5 cm/yr) from 80-60 Ma, increasing from the Paleocene onwards to
spreading rates of ∼6 cm/yr.

3.3 Continental Base Hiatus Surfaces (BHS)

Figure 3.3 shows Base Hiatus Surfaces (BHS) taken from Hayek et al. (2020, 2021) for North
and South America, Europe, Africa and Australia for eight geologic series beginning with the
Lower Cretaceous. The resolution of geological series is chosen, because this is the most fre-
quently adopted temporal resolution for interregional geologic maps (Friedrich, 2019). The
choice of the Lower Cretaceous as the oldest stratigraphic unit represents the mantle transit
time (Iaffaldano and Bunge, 2015), as noted before. We use the terms un/conformable and
hiatus/no hiatus indistinguishably and follow Friedrich (2019), Carena et al. (2019) and Hayek
et al. (2020). They define hiatus/unconformable as the state when one or more geological series
in the chronostratigraphic chart Cohen et al. (2013; updated.); Ogg et al. (2016) immediately
preceding the target geological series are missing, regardless of whether either geological se-
ries has missing stages. No hiatus/conformable is defined as the complementary state. Hiatus
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is delimited for a given target geological series by any occurrence of the immediately preced-
ing geological series. From hiatus mapped this way, Hayek et al. (2020, 2021) construct BHS
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Figure 3.3: Base Hiatus Surfaces (BHS) from Hayek et al. (2020, 2021) for eight geological series from
Base of Lower Cretaceous to Base of Pleistocene (a)-(h) reconstructed paleogeographically with a global
Mesozoic-Cenozoic plate motion model (Müller et al., 2016) tied to a reference frame of global moving
hotspot and a True Polar Wander (TPW) corrected paleomagnetic reconstruction (Torsvik et al., 2008),
with the latter updated by Seton et al. (2012) (see text), and placed into a plate tectonic configuration
corresponding to the base of each geological series. Red/blue colours represent the hiatus/no hiatus
surfaces. Black dotted lines contour the spherical harmonics signal at the ±0.1 amplitude. Each map
serves as a proxy for paleotopography (red=high, blue=low) in the preceding series (see text). Black
dots are current locations of Yellowstone (Y), Canaries (C), Afar (A), Iceland (I), Tristan (T) hotspot
(Courtillot et al., 2003).



36 Chapter 3: Vilacı́s et al. (2022)

through a spherical harmonic representation (up to degree 15 and convolved with a Gaussian
filter), reconstructed to their past tectonic setting with a global Mesozoic-Cenozoic plate mo-
tion model (Müller et al., 2016) tied to a global moving hotspot reference frame (Torsvik et al.,
2008) from present-day to 100 Ma and a True Polar Wander (TPW) corrected paleomagnetic
reconstruction (Steinberger and Torsvik, 2008) for times older than 100 Ma. The latter includes
a longitudinal shift of 10◦ incorporated by Seton et al. (2012). The surfaces are presented in the
plate configuration that corresponds to the base of each geological series.
BHS serves as a proxy for paleotopography and vertical motion of the continents, as suggested
by Friedrich et al. (2018) and earlier authors (e.g., Levorsen, 1933). Red/blue colours depict
un/conformable (hiatus/no hiatus) contacts, respectively, indicative of high/low topography in
the preceding geological series. Blank regions reveal the absence of the target geological series
and its immediately preceding unit. Such regions may have undergone intense and/or long-
lasting erosion or non-deposition, indicative of intense and/or persistent exhumation and sur-
face uplift (Friedrich et al., 2018; Friedrich, 2019; Vibe et al., 2018; Carena et al., 2019; Hayek
et al., 2020, 2021). Black dots in each BHS figure mark the current location of the Yellowstone,
Canaries, Afar, Iceland and Tristan hotspots (Courtillot et al., 2003). A detailed presentation of
the data sources, the BHS construction, and the related uncertainties are given in Hayek et al.
(2020).
Overall Fig. 3.3 reveals significant differences in hiatus distribution across and between conti-
nents at the timescale of geologic series. Described in detail in Hayek et al. (2020, 2021), we
summarise the main BHS features and recall that BHS at each geological series serves as proxy
for topography in the preceding geological series. Base of Lower Cretaceous, Fig. 3.3(a),
shows hiatus surface (red) and blank regions, indicative of high topography in the Upper Juras-
sic, in much of North and South America, Africa and Australia. No hiatus (blue), indicative of
low Upper Jurassic topography, is prominent in northernmost Africa and Europe. Base of Up-
per Cretaceous, Fig. 3.3(b), shows hiatus and blank regions in parts of Europe, North and South
America. No hiatus is prominent throughout much of Africa, Australia, and South America in
the Paraná region. Base of Paleocene, Fig. 3.3(c), reveals isolated patches of hiatus surface and
blank regions along the east coast of Brazil, in Southern Africa (Karoo Basin) and Australia.
No hiatus regions dominate elsewhere throughout the continents. Base of Eocene, Fig. 3.3(d),
presents hiatus surface and blank regions prominently in two continents: Europe, and South
America except the Amazon Basin. No hiatus exists in the northernmost part of Africa, the
Karoo Basin, and eastern Australia. Base of Oligocene, Fig. 3.3(e), displays blank regions in
Africa. But the foremost occurrence is in South America, where it signals an almost complete
absence of Oligocene and Eocene strata throughout the continent. Limited hiatus surface exists
in the western part of North America and the Afar region. Europe, northernmost Africa, the
Karoo Basin and much of Australia show prominent no hiatus regions. In Base of Miocene,
Fig. 3.3(f), hiatus surfaces dominate across the continents. Prominent examples include North
and South America, parts of Europe, Australia and Africa. North America shows conformable
contacts surrounding the hiatus regions near the Yellowstone hotspot location. Alaska, Patago-
nia and Central Europe also show conformable contacts. Base of Pliocene, Fig. 3.3(g), reveals
minor hiatus surface and blank regions. Hiatus is located in central Africa and near the Ca-
naries. Blank regions occur in eastern North and South America. No hiatus signals dominate
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elsewhere. Base of Pleistocene, Fig. 3.3(h), shows North and South America and Africa with
a mix of hiatus and no hiatus surfaces. Extensive hiatus surface exists in Australia, except the
Nullarbor Plain, Alaska, the eastern margin of Greenland, and north-central Africa. No hiatus
surface prevails in Europe and the Congo Basin.

Figure 3.4 shows BHS with a view centred on North America, to illuminate a continent
moving towards a hotspot. Much of the eastern half of the continent reveals blank regions,
reflecting the absence of Lower Cretaceous to Pleistocene series. But, in the western half of the
continent, the hiatus surface changes at interregional scales while North America approaches
the current location of the Yellowstone hotspot. A prominent change occurs from the Base of
Paleocene to Base of Eocene, when an extensive no hiatus signal transforms to mostly blank
regions and hiatus, indicative of growing topography. From the Base of Eocene to Base of
Miocene hiatus signal surrounds the current location of Yellowstone, starting with hiatus to the
northeast of the current plume location and leading to hiatus located in the Columbia Plateau
regions and the Interior Plains, as noticed also by Friedrich et al. (2018) and Stotz et al. (2021b).
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Figure 3.4: Same as Fig. 3.3, but centred on North America. Each BHS map serves as a proxy for
paleotopography (red=high, blue=low) in the preceding geological series (see text). Black dot is current
Yellowstone (Y) hotspot location (Courtillot et al., 2003). From the Base of Eocene to Base of Miocene
hiatus signal surrounds the current location of Yellowstone.

3.4 Oceanic Spreading Rates & Continental Base Hiatus Sur-
faces

3.4.1 Atlantic Realm

Figure 3.5 (top row) shows BHS with a view focused on the North Atlantic/Europe. There are
two periods of widespread hiatus in Europe, in the Paleocene and the Oligocene, revealed by
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Figure 3.5: Top row shows BHS centred on the North Atlantic from Base of Pleistocene to Base of
Paleocene (see Fig. 3.3 caption), with black dots showing the current hotspot locations of Iceland (I) and
Canaries (C) (Courtillot et al., 2003). Middle row shows proxy elevation obtained by the sum of hiatus
surfaces and blank regions (see text) for a given geological series normalised by the total area under
consideration (Europe). Bottom row shows spreading rates for three transects as indicated in bottom
right globe. X-axis shows the time range from Pleistocene to Mid Upper Cretaceous. The BHS show
prominent hiatus surfaces at the Base of Eocene and Base of Miocene, reflected also as high proxy
elevation for the Paleocene and Oligocene. The two proxy elevation peaks are followed by two periods
of elevated spreading velocity in the early Eocene and early Miocene.

hiatus surface at the Base of Eocene and Base of Miocene, respectively. This is illustrated by a
curve (middle row) for proxy elevation, which we construct as the sum (for a given geological
series) of hiatus and blank regions, normalised by the total area (Europe) under considera-
tion. The bottom row plots oceanic spreading rates at three transects, north to south, between
Greenland and Europe from the beginning of the Upper Cretaceous onward. The spreading rate
magnitude increases, as expected, with decreasing latitude and further distance of the transects
from the Euler Pole. Importantly, the transects reveal two periods of higher spreading rates: a
10 Myrs peak in the early Eocene and a second increase in the early Miocene. The latter is more
pronounced in the two southern profiles. These observations were noted by Vibe et al. (2018).

Figure 3.6a (top row) displays BHS with a view focused on the South Atlantic. Two periods
of widespread hiatus exist for much of Africa and South America, in the Upper Jurassic and the
Oligocene, revealed by hiatus surface at the Base of Lower Cretaceous and Base of Miocene.
There are also two periods of prominent blank region (absence of the considered geological
series and its immediately preceding unit) for both continents at the Base of Eocene and Base
of Oligocene. That means the maps show neither Paleocene, nor Eocene and Oligocene strata
in much of Africa and South America. In the southern half of Africa blank regions also domi-
nate the Base of Paleocene. The proxy elevation curves for Africa and eastern South America,
Fig. 3.6a (top part of the two middle rows) normalised to the area of Africa and eastern South
America, respectively, bring this out. They show elevated Jurassic topography for both con-
tinents, followed by lower topography in the Cretaceous. The African curve increases in the
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Upper Cretaceous, due to growing proxy elevation in the southern part of the continent, fol-
lowed by a pronounced continent-scale Oligocene increase. The South American curve instead
increases markedly in the Paleocene, and reaches an Eocene peak value. Africa is a large con-

Figure 3.6: (a) Same as Fig. 3.5 with top row showing BHS with a view centred on the South Atlantic
from Base of Pleistocene to Base of Upper Cretaceous. Black dots represent current hotspot locations
of Canaries (C) and Tristan (T) (Courtillot et al., 2003). Middle rows show proxy elevation curves (see
text) for Africa and South America (top) and northern and southern Africa (bottom) from Pleistocene to
Lower Cretaceous (see text). Bottom row shows spreading rates for three transects as indicated in bottom
right globe. Elevated Jurassic proxy elevation for Africa and South America precedes the spreading
onset in the Lower Cretaceous. An increase in Upper Cretaceous African proxy elevation that owes to
growing elevation in the southern part of the continent (see southern Africa proxy elevation curve) goes
along with high Cretaceous spreading rates (see text). A Paleocene increase in South American proxy
elevation precedes elevated Eocene spreading rates (see text). (b) Same as (a) for the Central Atlantic.
Black dots in the BHS represent current hotspot locations of Iceland (I), Canaries (C) and Tristan (T)
(Courtillot et al., 2003). Middle row shows proxy elevation curves for Africa and its northwestern portion
(see text), while bottom row shows three spreading rate transects as indicated by bottom right globe. The
northern/southern spreading rate profiles resemble the history of the North/South Altantic respectively
(see text).
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tinent, and likely responds to different dynamic topography domains due to its size (see Hayek
et al., 2020, 2021; Carena et al., 2019, for a discussion). To this end, we bring out the different
topographic evolution of northern and southern Africa by two proxy elevation curves (lower
part of the two middle rows) that are constructed for the northern (plate IDs 714,715,503 from
the Matthews et al. (2016) dataset) and southern portions (plate IDs 701,709,712,713 (Matthews
et al., 2016)) of the continent, respectively. The curves show a noticeable increase of Upper Cre-
taceous proxy elevation for southern Africa. Figure 3.6a (bottom row) reports three spreading
rate transects for the South Atlantic. Spreading rates are elevated for much of the Cretaceous
and the Eocene to mid Miocene, separated by lower spreading rates in the Paleocene. These
observations were noted by Colli et al. (2014). Figure 3.6b (top row) depicts BHS with a view
centred on the Central Atlantic and northwest Africa. The maps show two hiatus periods, in the
Jurassic and the Oligocene, indicated by hiatus surface at the Base of Lower Cretaceous and
Base of Miocene. Two proxy elevation curves, constructed for all of Africa or only for its north-
western sub-region (plate ID 714 (Matthews et al., 2016)), are plotted in Fig. 3.6b (middle row).
Both curves are similar. But the lower value for proxy elevation in the Lower Cretaceous and the
peak in proxy elevation for the Oligocene is more pronounced in the northwestern sub-region.
Figure 3.6b (bottom row) displays spreading rates for three Central Atlantic transects. They
differ from each other in that the northernmost/southernmost transect resembles the spreading
rate history of the North/South Atlantic, respectively. For instance, a spreading rate increase in
the Lower Cretaceous relates to the South Atlantic transect, while a peak in the early Eocene
resembles the spreading rates of the North Atlantic.

3.4.2 Indo-Australian Realm

Figure 3.7 (top row) shows BHS with a view focused on Australia. Extensive conformable area
exists at the Base of Upper Cretaceous, indicative of low topography in the Lower Cretaceous.
Hiatus and blank regions, apart from the Eromanga basin, dominate the Base of Paleocene, in-
dicative of overall higher Upper Cretaceous topography. A distinct difference between western
and eastern Australia emerges at the Base of Eocene, when hiatus/no hiatus surface dominates
the western/eastern portion of the continent, respectively. The difference continues at the Base
of Oligocene, with blank surface in much of northwestern Australia and no hiatus elsewhere.
There is a near continent-wide hiatus surface at the Base of Miocene, followed by extensive
no hiatus at the Base of Pliocene. Proxy elevation curves, Fig. 3.7 (middle row), for the en-
tire continent or separated for eastern and western Australia (the separation corresponds to the
Western Australia state border, west of 129◦ present-day longitude) bring these observations
out. The continent as a whole experiences an overall proxy elevation increase from the Lower
to the Upper Cretaceous and an Oligocene peak value. But there is a marked difference for the
eastern and western Australia proxy elevation curves in the Paleocene. The former decreases,
the latter increases relative to the Upper Cretaceous. We plot spreading rate transects for the
Antarctic-Australia ridge and the Lord Howe Rise in the bottom row of Fig. 3.7. The Lord
Howe Rise was active to the Southeast of Australia from the middle of the Upper Cretaceous
onwards, with velocities of ∼4 cm/yr. It ceased spreading in the early Eocene, when motion ini-
tiated along the Antarctica-Australia ridge. From then on Antarctica-Australia spreading rates
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Figure 3.7: Same as Fig. 3.5 with view centred on Australia. Top row shows BHS (see text). Middle
row shows proxy elevation curve for the entire continent or separated for eastern and western Australia
(see text). Bottom row shows spreading rates for three transects as indicated in bottom right globe.
Blue vertical line in the Lower Cretaceous represents a time-lapse omission. Elevated Upper Cretaceous
proxy elevation goes along with spreading of Lord Howe Rise (dotted curve), whereas elevated western
Australia proxy elevation in the Paleocene precedes rapid Eocene spreading between Antarctica and
Australia (see text).

increased significantly, reaching ∼6 cm/yr by the Oligocene.
The top row of Fig. 3.8 displays BHS with a view centred on East Africa, from the Base of

Oligocene onward. This links to the rise of the Afar plume, for which domal uplift, indicated
as well in our maps, has been documented after the early Eocene (Şengör, 2001). Even though
the main hiatus surface occurs at the Base of Miocene, there is another hiatus at the Base of
Pleistocene. Proxy elevation curves, Fig. 3.8 (middle row), for all of Africa or its northeast sub-
region (plate IDs 709, 710, 712, 713, 715, 503 from the Matthews et al. (2016) dataset) bring
this out. The Pliocene increase is more pronounced in the regional proxy elevation curve of East
Africa compared to the curve for all of Africa. Figure 3.8 (bottom row) plots two spreading rate
transects for the Carlsberg Ridge since the Upper Cretaceous. They show minor spreading rate
variations from the mid-Eocene onwards.

3.5 Discussion

It is a geodynamic tenet that plates organise the flow and that they are an integral part of the
convective system (see Davies and Richards, 1992, for a review). Yet the precise nature of
how plate motions are caused by mantle convection remains incomplete, because the strength
of plates conceals the underlying flow. The description by Morgan et al. (1995b) and Höink and
Lenardic (2008, 2010); Höink et al. (2011); Höink et al. (2012) of asthenosphere flux in terms
of Poiseuille/Couette flow offers a way to overcome this difficulty by mapping upper mantle
flow through its topographic and viscous effects. This geodynamic perspective motivates us to
compare changes of oceanic spreading rates and continental hiatus surface, by building upon
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Figure 3.8: Same as Fig. 3.5 with view centred on Eastern Africa. Top row shows BHS (see text)
with black dot representing the current hotspot location of Afar (A) (Courtillot et al., 2003). Middle
row shows proxy elevation curve for the entire continent or its northeast subregion (see text). Bottom
row shows spreading rates for two transects as indicated in bottom right globe. Growing East Africa
proxy elevation in Paleocene-Oligocene and decreasing Carlsberg spreading rates, presumably reflect
plate boundary forces from India-Asia Collision (see text).

earlier work and exploiting growing observational constraints on both.
A link between spreading rate variations and dynamic topography is perhaps best evinced for
the North Atlantic (see Fig. 3.5), where two periods of expanding hiatus surface across Eu-
rope in the Paleocene and Oligocene precede the Eocene spreading onset and faster Miocene
spreading rates, as noted by Vibe et al. (2018). The region is well suited for an observational
geodynamic analysis. Its Cenozoic opening history has left well-preserved sea-floor magnetic
lineations (e.g., Pitman et al., 1971; Gaina et al., 2002) and hiatus surfaces. There are also
well-documented regional uplift episodes reported, for instance, for the British Isles, Green-
land, Scandinavia and Central Europe (e.g., Hillis et al., 2008; Japsen et al., 2005; Riis, 1996;
von Eynatten et al., 2021). Reviews of uplift and subsidence events across the region are given
by various authors (Japsen and Chalmers, 2000; Stoker and Shannon, 2005; Anell et al., 2009).
The region also contains prominent plume systems. They provide a geodynamically plausible
mechanism to drive active upper mantle flow, as suggested by scaling analysis (Höink et al.,
2011). Plume systems at the western edge of Europe include the Canaries, which experienced
Oligo/Miocene uplift at the local (Meco et al., 2007) and regional scale (Sehrt et al., 2018),
and the Iceland-Jan Mayen system. The broad extent of the latter was imaged seismically by
Rickers et al. (2013) and Celli et al. (2021). Importantly, studies of the Iceland-Jan Mayen
system reveal temporal mass flux (Poore et al., 2009) and thermal anomaly (Spice et al., 2016)
variations, with peaks in the early and late Cenozoic. Our results support these accounts of
temporal system variations and indicate their interregional scale, documenting early Paleogene
and Neogene changes in dynamic topography and spreading rates, induced presumably through
variations in pressure driven upper mantle flow.
The opening history of the South Atlantic realm, which hosts the Tristan hotspot, spans nearly
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three times that of the North Atlantic, reaching back into the Mesozoic. But links between
spreading rates and dynamic topography are more difficult to establish, because the early South
Atlantic opening falls largely within the CNS, restricting the interpretation of Cretaceous spread-
ing rates to mean values, and because the long duration of the Lower/Upper Cretaceous series
(∼40 Myrs each) limits the temporal resolution of our geological series-based hiatus mapping
during that time. The main observation is a bimodal spreading rate distribution, with Creta-
ceous and mid-Cenozoic peaks separated by a Paleocene low, as seen in our results and pointed
out by Colli et al. (2014). This goes along with high Upper Jurassic proxy elevation for Africa
and South America, and renewed proxy elevation for southern Africa in the Upper Cretaceous
and for South America starting in the Paleocene. But observations beyond this first order divi-
sion are beginning to emerge. For the phase preceding the South Atlantic opening, Krob et al.
(2020b) use geological archives (stratigraphic and thermochronological data) and stratigraphic
frameworks to document interregional-scale Upper Jurassic uplift in South America and Africa,
which they link to the Paraná-Etendeka plume rise well in advance of flood basalt eruptions and
the onset of seafloor spreading. For the CNS, and using a new identification of magnetic anoma-
lies located within that time period, Granot and Dyment (2015) report accelerating rather than
constant South Atlantic spreading rates, with a peak achieved in the early Campanian (∼80 Ma).
This goes along with increasing Upper Cretaceous proxy elevation in southern Africa (Fig. 3.6a)
and a growing consensus about the uplift history of the South African Plateau (SAP). Reports
on the latter assign Upper Cretaceous ages to peak sediment flux (e.g., Guillocheau et al., 2012;
Said et al., 2015b; Baby et al., 2020) around the SAP, increased kimberlite occurrence in south-
ern Africa (Jelsma et al., 2009), and basin inversion and margin tilting along the Namibian coast
(Paton et al., 2008; Dressel et al., 2016), consistent with a Late Cretaceous SAP uplift pulse in-
ferred from thermochronological studies (Stanley et al., 2015; Green et al., 2015). No major
coeval activity is indicated for the Tristan hotspot. But the ∼85 Ma eruption of the Marion
hotspot (Storey et al., 1995; Torsvik et al., 1998) occurs at a geodynamically relevant distance
(∼2000 km east of southern Africa) addressed in the next section. The Tertiary phase of the
South Atlantic opening has accelerated spreading rates starting in the Eocene, preceded by
growing South American proxy elevation (Fig. 3.6a) in the Paleocene. The interregional scale
of this event is evinced by a variety of studies. They document a Paleogene hiatus in Andean
Foreland Basins (Horton, 2018), regional uplift along the Argentine margin (Autin et al., 2013),
and an Eocene reactivation of the South American passive margin (e.g., Japsen et al., 2012;
Krob et al., 2019; Kollenz et al., 2017) deduced from landscape analysis and thermochrono-
logical data. Far field effects from plate boundary forces associated with the Andean margin
(Japsen et al., 2012) have been invoked to explain these events. But most studies agree that
prominent uplift of the Andes started in the mid Eocene, reaching a peak in the Oligocene, with
a second uplift period in Late Miocene (Sempere et al., 2008b). It is not obvious, how increased
topographic loads from the Andes would induce faster South Atlantic spreading. Instead, there
are reports for anomalously young (late-stage) volcanism (≈46 Ma) on the Rio Grande Rise
(RGR) and an Eocene subaerial exposure of the RGR at Drill Site 516 (Rohde et al., 2013;
Barker, 1983). They point to temporal flux variations of the Tristan hotspot, similar to what is
reported for Iceland. This should be considered in future geodynamic analyses of the basin. A
review of Cretaceous-Cenozoic sediment supply to the South Atlantic margins and the complex
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uplift and subsidence history of the region is given by MacGregor (2013).
Links between spreading rates and dynamic topography for Australia must acknowledge the
onset of subduction in the Cenozoic of the Indo-Australian plate beneath Southeast Asia (e.g.,
Hall, 2012), so that the geodynamic setting of this region differs fundamentally from the At-
lantic realm. Australia’s dynamic topography history from the Jurassic onward has been re-
viewed by Harrington et al. (2019) and involves several key observations. Long-wavelength
tilting since the late Cretaceous (e.g., Sandiford, 2007; DiCaprio et al., 2009) occurred when
the continent approached the subduction systems of Southeast Asia on its northward passage. It
is manifested by high Miocene subsidence rates on the Australian northwest shelf inferred from
the stratigraphic architecture of carbonate platforms (Rosleff-Soerensen et al., 2016). River
profile studies provide additional constraints. They report regional uplift for western and cen-
tral Australia starting in the Eocene (e.g., Barnett-Moore et al., 2014; Czarnota et al., 2014)
and a two-stage uplift history for the Eastern Highlands. A first stage, from 120 to 80 Ma,
coincided with rifting along the eastern margin, whereas a second stage, inferred broadly for
80–10 Ma, formed the Great Escarpment (Czarnota et al., 2014). A third and long-standing ob-
servation relates to Australia’s flooding record. Its maximum occurs in the Lower Cretaceous,
when the Eromanga and Sutra basins in the eastern half of the continent experienced marine
inundation. The discrepancy of Australia’s flooding record with global sea level curves (e.g.,
Müller et al., 2008) was noticed early on and prompted pioneering geodynamic studies that
attributed the inundation to Australia’s passage over a slab associated with Gondwana subduc-
tion (e.g., Russell and Gurnis, 1994; Gurnis, 1998). Our results agree with these findings and
document the interregional nature of Australia’s topographic changes. They show that spread-
ing onset of the Lord Howe Rise went along with a proxy elevation growth from the Lower
to the Upper Cretaceous, although a detailed analysis is limited by the long duration of the
Lower/Upper Cretaceous series. The interregional scale of this elevation change suggests the
involvement of active mantle flow. Several studies have attributed Lord Howe spreading to a
mantle upwelling (e.g., Storey, 1995; Spasojevic et al., 2010; Sutherland et al., 2010). Sup-
porting evidence comes from geochemical data tracing a deep mantle (HIMU) component in
Upper Cretaceous volcanics in Zealandia (Hoernle et al., 2020). Active plume-driven flow in
the Upper Cretaceous at Australia’s eastern edge would indeed provide a plausible link be-
tween the topographic and spreading signal at that time. In contrast, no plume activity has been
invoked, to our knowledge, for Western Australia’s proxy elevation growth in the Paleocene,
which preceded the Eocene onset of Antarctic/Australia separation (Fig. 3.7). However, Stotz
et al. (2021a) used coupled mantle circulation and tectonic models to suggest that Poiseuille
flow inherited from Mesozoic mantle circulation led to the Eocene separation of Australia and
Antarctica, eventually inducing subduction of the Indo-Australian plate beneath Southeast Asia
and high spreading rates along the Antarctica-Australia ridge.
Links between dynamic topography and plate motion variations are perhaps least evinced in
our maps for the Indian Ocean realm, because collisional forces associated with India-Eurasia
convergence arguably make this ocean basin the one currently most strongly influenced by
plate boundary forces. Several studies argue for significant edge forces in the region as a result
of topographic loads associated with the regions orogenic plateaus (Warners-Ruckstuhl et al.,
2010, 2012), amounting to ∼5-10 · 1012 N/m (Copley et al., 2010; Warners-Ruckstuhl et al.,
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2013), sufficient to reduce India’s plate motion (Copley et al., 2010). Additional complexity
seemingly arises from temporal flux variations of the Reunion plume (Iaffaldano et al., 2018;
Iaffaldano, 2021). Not surprisingly, our results reveal growing East Africa proxy elevation in
the Paleocene-Oligocene and simultaneous decreasing Carlsberg spreading rates, which pre-
sumably reflect expanding boundary forces from India-Asia collision, and minor spreading rate
variations in the late Paleogene and Neogene, at the time of the Afar plume arrival. Figure 3.9
summarises our findings and reveals the correlation between high proxy elevation and subse-
quent spreading rate changes with grey boxes for the studied regions from Upper Jurassic to
Pliocene.
Our discussion must acknowledge the influence of eustatic contributions to the proxy elevation
curves. For instance, there is an increase in the Oligocene proxy elevation curve for all regions
considered, see hatched area in Fig. 3.9. In Hayek et al. (2020, 2021) we bring out the sea-
level signal by plotting the temporal evolution of no-/hiatus surfaces in the BHS separately for
individual continents and combined for all continents considered. This reveals two prominent
continent-wide maxima in the BHS at the Base of Miocene and Base of Pleistocene correspond-
ing to high proxy elevation curves in the Oligocene and the Pliocene, respectively. The latter
coincide with the onset of glaciation in Antarctica and the Northern Hemisphere, respectively.
This suggests caution in the interpretation of Oligocene and Pliocene hiatus.
Our discussion of the comparison of hiatus surfaces and past plate motion changes must empha-
sise the severe limitations of the input data for our hiatus mapping method. Addressed in detail
by Hayek et al. (2020), we recall that the temporal resolution of interregional hiatus analysis
depends on the temporal resolution of the input geological maps. At continent scale, they are
currently limited to the geological series level. The limitation is aggravated because hiatus is
likely longer than indicated by the missing geological series (see figure 3 in Friedrich, 2019).
At any one location sedimentary successions may represent only a small portion of a geolog-
ical series. This implies large temporal uncertainties in our analysis, inevitably hiding shorter
duration lacunae and favouring large time intervals. The severe limitations of the input data
can be alleviated with additional geologic indicators, which are beginning to yield powerful
constraints on past dynamic topography. They include paleoaltimetry estimates (Kohn, 2007),
studies of river profiles (e.g., Roberts and White, 2010), landforms (Guillocheau et al., 2018)
and sediment provenance (Meinhold, 2010; Şengör, 2001), constraints from thermochronolog-
ical (Flowers et al., 2008; Reiners and Brandon, 2006; Hodges, 2003) or paleobiological and
paleoenvironmental data (Fernandes and Roberts, 2020), as well as quantifications of sediment
budgets at the scale of continental margins (Guillocheau et al., 2012; Said et al., 2015a,b; Baby
et al., 2020). Observational constraints on current and past dynamic topography are reviewed
very effectively by Hoggard et al. (2021). Efforts to better constrain past continental vertical
motion are matched by similar efforts to improve our knowledge of horizontal past plate motion.
Progress is underway to map past plate velocities from sea-floor magnetic lineations at temporal
resolutions of ∼1 Myrs or less (e.g., Merkouriev and DeMets, 2014; DeMets and Merkouriev,
2019) when mitigating for finite-rotation noise (Iaffaldano et al., 2012). In combination, these
efforts should help to further constrain the recent geologic history of large scale horizontal and
vertical lithosphere motion, greatly assisting in geodynamic interpretations of plate driving and
resisting forces.
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Figure 3.9: (Caption in the next page)
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Figure 3.9: Summary figure showing correlation between high proxy elevation (PE) and subsequent
spreading rate changes with grey boxes for studied regions from Upper Jurassic to Pliocene. PE curves
(dot marks the datum) are normalised to their minimum/maximum, spreading rates are averaged over
each geological series, and all series are represented with same length. a) North Atlantic: high Paleocene
PE followed by Eocene spreading onset. b) South Atlantic: high Upper Jurassic South African/South
American PE followed by Lower Cretaceous spreading onset. High Paleocene South American PE fol-
lowed by Eocene spreading rate increase. c) Australia: high Upper Cretaceous Eastern Australia PE
followed by peak Paleocene Lord Howe Rise spreading rates. High Western Australia Paleocene PE fol-
lowed by Eocene Antarctica-Australia spreading onset. d) Eastern Africa: growing Paleo/Oligocene PE
and simultaneous decreasing Carlsberg spreading rates presumably reflect boundary forces from India-
Asia collision. High Oligocene PE (hatched box) in part reflects eustatic signal from Antarctic glaciation
onset (Hayek et al., 2020, 2021). Long duration of Upper/Lower Cretaceous series combined with Cre-
taceous Normal Superchron mask relation between PE and spreading rate changes (e.g., high Upper
Cretaceous South African PE and South Atlantic spreading rates, see text).

3.5.1 Geodynamic implications

Geodynamicists have long understood the effects of an asthenosphere on mantle flow in mod-
ulating the amplitude of dynamic topography and the horizontal flow range (e.g., Hager and
Richards, 1989; Bunge and Richards, 1996). Our analysis extends these results to geologic
observations and suggests a time scale, on the order of a geological series, between the occur-
rence of continent-scale hiatus and plate motion changes. A similar time scale comes from fluid
dynamic studies reporting a delay between domal uplift and magmatism above starting plumes
(e.g., Campbell and Griffiths, 1990; Farnetani and Richards, 1994). These studies are reviewed
very effectively by Campbell (2007). The time scale is interpreted best through dynamic to-
pography response functions of dynamic Earth models, because a weak upper mantle delays
significant surface deflections into the final phase of material upwellings, when buoyant flow
enters from the lower into the upper mantle (see Colli et al., 2016, for a review). Our analysis
also suggests a spatial scale for interregional hiatus, on the order 2000-3000 km in diameter.
The latter again agrees with starting plume studies, where it is attributed to plume heads flatten-
ing by lateral upper mantle flow (Campbell, 2007).
Our maps offer the opportunity to compare hiatus size with predictions from fluid dynamic mod-
els of Poiseuille/Couette flow (see Fig. 3.1), following Stotz et al. (2018). Figure 3.10 shows
analytic upper mantle flow estimates, derived from the assumption of Couette flow, Poiseuille
flow and the superposition of both, at the time when the Yellowstone, Canary, Afar, Iceland and
Tristan plumes presumably arrived in the asthenosphere, as evinced by the onset of widespread
volcanism (Courtillot et al., 2003). Couette flow (first column Fig. 3.10), induced in the under-
lying asthenosphere by tectonic plate motion, is computed from the reconstructions of Müller
et al. (2016) tied to a global moving hotspot reference frame (Torsvik et al., 2008) from present-
day to 100 Ma and a TPW corrected paleomagnetic reconstruction (Steinberger and Torsvik,
2008) for times older than 100 Ma, with the latter including a longitudinal shift of 10◦ in-
corporated by Seton et al. (2012). This flow is half the surface velocity at mid-asthenosphere
depth. Poiseuille flow, induced by a plume-generated pressure gradient in the asthenosphere, is
obtained from the equation

VPoiseuille ≈
D2

8µ

∆p
∆x

(3.1)
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where D is the asthenosphere thickness, and µ is its viscosity. Both values are tied together by
inferences from post-glacial rebound (e.g., Paulson and Richards, 2009). We choose a thickness
of 110 km and a viscosity of 5 ·1019 Pa·s. ∆p

∆x is the flow inducing pressure gradient, which we
estimate from values for density contrast, gravity and dynamic topographic height in ∆p = ρgh,
respectively. We use a density contrast of 3300 kg/m3 and a height of 1400 m (e.g., Hoggard
et al., 2021). ∆x is the distance away from the plume centre. Poiseuille flow (second column
Fig. 3.10) is radially symmetric, as expected, decays away from the respective plume centres
with velocities >15 cm/yr, maintains velocities ∼5 cm/yr at a distance of ∼1000 km from the
plume, and decays further farther out. We note that our estimated Poiseuille flow velocities
agree with inferences from geologic observations and dynamic models (Hartley et al., 2011;
Weismüller et al., 2015). The combined flow (third column Fig. 3.10) is derived by adding
up the Couette and Poiseuille flow as in Stotz et al. (2018). It varies geographically due to
the Couette component, such that different locations experience different upper mantle flow
for any given Poiseuille source. We highlight, as a proxy for active mantle flow, those areas
where Poiseuille flow exceeds Couette flow by at least 0.5 cm/yr. These areas are larger under
slow moving plates, as expected, and have an extent of ∼0.4-0.9·107 km2, comparable to the
hiatus area inferred from our maps. Our results allow us to evaluate, to first order, the ability of
Poiseuille flow to initiate spreading rate changes, following Iaffaldano and Bunge (2015).

A f =
∆vp

∆v f
Ap (3.2)

Equation (3.2) relates the Poiseuille flow dominated area (A f ) to the area (Ap) affected by the
spreading rate change. The latter is the entire plate. This relation is modulated by the ratio of the
mean pressure-induced velocity change (∆v f ) to the plate velocity change, that is the spreading
rate variation (∆vp). It means that small Poiseuille flow dominated areas (A f ) can affect large
plates areas (Ap), provided the mean pressure-induced velocity change(∆v f ) exceeds the plate
velocity change (∆vp). We assume a mean value ∆v f ∼5 cm/yr over a radius of ∼1500 km
away from the plume centre, a Poiseuille flow dominated area A f ∼ 107 km2, and an average
plate area Ap ∼5· 107 km2 for our analysis, noting that the current size of the African plate
is ∼6.2· 107 km2, whereas the size of the South American plate at the end of the Cretaceous,
shortly before it resumed rapid spreading in the Eocene, was ∼2.5· 107 km2. Our analysis shows
that plume driven flow may induce spreading rate changes (∆vp) on the order of ∼1 cm/yr for
average-sized plates plates, comparable to the values reported in our study. Finally, we compute
the linear force density associated with Poiseuille flow, for which we estimate plate basal shear
stresses from the relationship

τ = µ
∆v f

d
(3.3)

where τ is the shear stress generated at the plate base, µ is the asthenosphere viscosity, ∆v f

is the velocity difference between plate and asthenosphere flow at mid depth, and d is half the
asthenosphere channel thickness. Taking an asthenosphere viscosity of 5 ·1019 Pa·s, a velocity
of 5 cm/yr, and a half-thickness of 55 km, as noted before, we obtain shear stresses of ∼ 1.5
MPa, in agreement with values reported from instantaneous and time-dependent geodynamic
models (Steinberger et al., 2001; Kendall and Lithgow-Bertelloni, 2016; Bird et al., 2008; Colli
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Figure 3.10: Upper mantle flow estimates based on Couette (black, first column) and Poiseuille (red,
second column) models (compare Fig. 3.1), and the superposition of both (blue, third column), for a
global Mesozoic-Cenozoic plate motion model (Müller et al., 2016) tied to a reference frame of global
moving hotspot and TPW corrected paleomagnetic reconstruction (Torsvik et al., 2008), with the latter
corrected by Seton et al. (2012) (see text), shown at mid-asthenospheric level for the time when the
Yellowstone, Canary, Afar, Iceland and Tristan plumes presumably arrived in the asthenosphere (see
text for details). Poiseuille dominated flow regions, as indicated by areas where Poiseuille flow exceeds
Couette flow by at least 0.5 cm/yr, are shown in colour in column four. These regions are larger under
slow-moving plates and comparable to the hiatus area inferred from our maps (compare Fig. 3.3, see text
for details). Note the small size for the Poiseuille flow dominated region of Tristan compared to the other
hotspots. Blue continuous line contours Poiseuille dominated area when the Poiseuille flow strength is
reduced to half the reference value (see text).
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et al., 2018; Ghelichkhan et al., 2021). The spatial coherence of Poiseuille flow evinced from
our maps allows us to integrate the shear stress along flow lines. We take a distance of ∼1500
km, the radius achieved by Poiseuille flow dominated areas (fourth column Fig. 3.10) and ob-
tain linear force densities of ∼2.25 · 1012 N/m, comparable to ridge push values, which are
estimated to ∼2 · 1012 N/m (Harper, 1975, and references therein). Our estimates agree with
earlier studies that have called for strong plume push forces (Westaway, 1993a), related, for
instance, to the Reunion hotspot (Iaffaldano et al., 2018; Van Hinsbergen et al., 2011; Cande
and Stegman, 2011). However, we point to the limitation of our analysis, having assumed for
the sake of simplicity a Newtonian upper mantle. Strong evidence exists for a Non-Newtonian
upper mantle rheology (Karato and Wu, 1993). This would induce more complex upper mantle
flow, as indicated by recent geodynamic models (Semple and Lenardic, 2018a).
We must also acknowledge that our analysis for the sake of simplicity ignores lateral variations
in asthenosphere thickness related to lithospheric thickness variations and the presence of Cra-
tonic keels. The latter would have important effects on the flow, particularly by reducing the
extent of Poiseuille flow dominated area beneath these Cratonic roots.
We close with some implications, starting with the Poiseuille flow dominated area A f com-
puted for the Tristan hotspot (fifth row, fourth column Fig. 3.10) at 133 Ma. The area is ∼3
times smaller than A f computed for the more recent Cenozoic plume events (fourth column
Fig. 3.10). Moreover, the small size contrasts with the large hiatus mapped at the Base of
Lower Cretaceous, Fig. 3.3a, for Africa and South America. This result is a consequence of the
large Couette flow inferred at that time for the upper mantle beneath Africa and South America
from the assumed plate motion model (Müller et al., 2016). The latter is tied to a global moving
hotspot reference frame (Torsvik et al., 2008) from present-day to 100 Ma and a TPW corrected
paleomagnetic reconstruction (Steinberger and Torsvik, 2008) for times older than 100 Ma,
which also includes a longitudinal shift of 10◦ incorporated by Seton et al. (2012). O’Neill et al.
(2005) drew attention to the effects of absolute reference frames in past plate motion models,
which may include TPW corrections and may assume fixed or moving hotspots or combinations
of both. For times <80 Ma the reference frame differences are not discernible. But they grow
further back in time. Moving hotspot reference frames have been computed from geodynamic
models through so-called backward advection (e.g., Steinberger and O’Connell, 1997), which
introduces uncertainties related to model parameters and starting conditions. It is possible that
backward advection may mispredict Cretaceous hotspot motion, with consequences for plate
motion reconstructions, and it is also possible that TPW corrections may overcompensate for
the reorientation of the lithosphere-mantle system. Studies exist on absolute reference frame
choices in geodynamic models (e.g., Shephard et al., 2012; Becker et al., 2015). But further in-
vestigations and the use of mantle flow retrodictions (e.g., Colli et al., 2018; Ghelichkhan et al.,
2021) seem advised for improved assessments of past hotspot motion. The influence of absolute
reference frame choices on the extent of Poiseuille dominated area is explored in Fig. 3.11.
Next we recall that Hayek et al. (2020, 2021) interpreted hiatus maps in terms of the plate and
plume mode of mantle convection (see Davies and Richards, 1992, for a review of these con-
vective modes). Broad conformable surfaces reveal the plate mode, while broad unconformable
surfaces and areas of lack of signal express the plume mode. From the repeated appearance
of continent-scale hiatus they deduced a significant role for the plume mode, which fits with
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Figure 3.11: Estimates of Poiseuille flow dominated areas computed for Tristan at 133 Ma using three
absolute plate motion models. (a) is the same as Fig. 3.10 and assumes a global Mesozoic-Cenozoic plate
motion model (Müller et al., 2016). (b) uses an Indo-Atlantic moving hotspot reference frame (O’Neill
et al., 2005) for the past 100 Myrs and a TPW corrected paleomagnetic model (Steinberger and Torsvik,
2008) for older times. (c) applies a reference frame of Indo-Atlantic moving hotspots (O’Neill et al.,
2005) for the last 100 Myrs and of fixed African hotspots (Müller et al., 1993) for prior times. (d) BHS
for Base of Lower Cretaceous (see Fig. 3.3). Note that the size of hiatus and blank areas throughout
Africa and South America in the Base of Lower Cretaceous map compares well to the extent of the
Poiseuille-dominated area in Reference Frame 3.

geodynamic studies placing the total plume heat transport into the range of 10 TW (e.g., Bunge,
2005; Simmons et al., 2009a), that is ∼20-30% of the global mantle heat budget (e.g., Davies
and Davies, 2010). Our results suggest that plate motion variations should be included in this
interpretation. Taking the current global RMS plate velocity of 5 cm/yr (DeMets et al., 2010)
as representative and recalling that rapid plate motion variations in the range of ∼1-2 cm/yr are
potentially linked to the plume mode from our analysis, we speculate that ∼20-30% of overall
plate velocities could be attributed to the plume mode.
Finally we turn to plate boundary forces. Several studies emphasised their role in the Indian
Ocean realm (Warners-Ruckstuhl et al., 2010, 2012; Copley et al., 2010; Warners-Ruckstuhl
et al., 2013) owing to the topographic load of Tibet, as noted before. Others linked plate mo-
tion changes to Tibet’s evolving topography (e.g., Gordon, 2009; Iaffaldano et al., 2011). This
interpretation remains under debate (Iaffaldano, 2021). But the significant contribution of to-
pography, which is partially controlled by external processes such climate and erosion, to plate
boundary forces may go some way in helping to explain why it remains difficult even with
advanced mantle convection models, capable of generating plate-like surface motions, to repro-
duce the recent history of plate motions (Coltice and Shephard, 2018), as this would have to
be parameterised in geodynamic simulations. Global coupled models of mantle and lithosphere
dynamics may offer a possibility to address these challenges (Stotz et al., 2021a).

3.6 Conclusion

We have used continent-scale hiatus maps as a proxy for mantle flow induced dynamic to-
pography and compared them with plate motion variations in the Atlantic and Indo-Australian
realms since the Jurassic, building upon earlier work and exploiting growing observational con-
straints on both. We find that oceanic spreading rate changes and hiatus surfaces frequently
correlate, except when plate boundary forces may play a significant role. Our work is geody-



52 Chapter 3: Vilacı́s et al. (2022)

namically motivated from the description of asthenosphere flow beneath tectonic plates in terms
of Poiseuille/Couette flow. This description explicitly relates plate motion changes, induced by
evolving basal shear forces (Poiseuille flow), to nonisostatic vertical motion of the lithosphere.
Our analysis reveals a time scale on the order of a geologic series between the occurrence of
continent-scale hiatus and plate motion changes. It is best interpreted through dynamic to-
pography response functions of dynamic Earth models, because a weak asthenosphere delays
significant surface deflections into the final phase of material upwellings, when buoyant flow
enters from the lower into the upper mantle. Our analysis suggests that the spatial scale of
interregional hiatus, which is on the order of 2000-3000 km in diameter, should be interpreted
through Poiseuille flow, where it corresponds to regions of active plume-driven upper mantle
flow. We use fluid dynamic arguments to show that such active upper mantle flow can induce
plate motion changes of ∼1-2 cm/yr, comparable to observations. Our results offer the moti-
vation to further improve the temporal resolution of interregional geological maps, to enhance
the constraints on past dynamic topography and associated paleogeography. This means such
maps should be compiled more directly in relation to the relevant geodynamic processes that are
revealed in the geological record. They also motivate one to pursue future studies of large scale
horizontal and vertical lithosphere motion in combination, as both of them track the expressions
of past mantle flow. Such studies would provide powerful constraints for geodynamic inverse
models of past mantle convection that are becoming feasible through the adjoint method.



Chapter 4

Plume driven plate motion changes:
New insights from the South Atlantic
realm

Plate motion changes are increasingly well documented in the geologic record.
Directional plate motion changes, in particular, provide powerful constrains on
plate tectonic torques, because they require a change in plate boundary torques,
basal shear stresses or both that can be spatially located. Over the past years a
pressure driven, so-called Poiseuille, flow model for upper mantle flux in the as-
thenosphere has gained increasing geodynamic attention – for a number of fluid
dynamic arguments. This conceptually simple model makes a powerful testable
prediction: Poiseuille flow induced plate motion changes should coincide with in-
ter regional scale mantle convection induced dynamic topography around the ori-
gin of the Poiseuille source. Here we focus on the South American plate, which
undergoes two distinct directional changes in motion in the Paleogene. During
this time period there is evidence for Paleocene and Eocene/Oligocene high dy-
namic topography in South America and Africa, which we infer by mapping ge-
ological hiatus (i.e., gaps in the stratigrafic record). This suggests a high-pressure
source in the upper mantle in the South Atlantic. We apply Poiseuille/Couette
flow models to show that the Sierra Leone and Tristan plumes are suitably lo-
cated to provide the torque to initiate these plate motion changes. Our modelling
results are entirely consistent with changes in proxy elevation in the African and
South American continents at those times. Moreover, they imply that it is pos-
sible to locate torques from sources of active upper mantle flow that can explain
directional plate motion changes, and identify them for the South American plate
with geological features such as the Sierra Leone and Tristan plumes.
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4.1 Introduction

The South Atlantic pronounced bathymetric asymmetry (e.g., Winterbourne et al., 2009a) and
the African anomalous topography, also know as the african superswell (e.g., Nyblade and
Robinson, 1994) are well established. Africa’s atypical high topography compared to other
continents (e.g., Bond, 1978a; Burke and Gunnell, 2008) is the result of successive periods of
burial and exhumation in late Tertiary rather than a prolonged exposure (Burke and Whiteman,
1973). It’s complex elevation history is stored in the sedimentary data, crustal landforms, river
incision histories and offshore sedimentation studies (e.g., Partridge and Maud, 1987; Roberts
and White, 2010; Guillocheau et al., 2012; Dressel et al., 2015; Carena et al., 2019). Altogether
these data suggest multiple regional uplift/exhumation and subsidence/burial episodes in the
Cenozoic. The repeated retreats and advances of its paleocoastlines in the Cretaceous/Cenozoic
are an evidence of the time changes in continental elevation (Fig. 4.1). For example, most of
northwestern Africa basins experienced marine inundations in the Cretaceous, while it remained
mostly above sea level in the Cenozoic. More unusual is the intra-continental evolution of
South America since the Cretaceous. For instance, its been argued that its topography owes to
moving out of a dynamic topography high beneath south Africa (e.g., Behn et al., 2004; Flament
et al., 2014). But recent studies on the principle of hiatus mapping shows that South America
has experienced several uplift and subsidence periods throughout the Cenozoic (i.e., Hayek
et al., 2020; Vilacı́s et al., 2022), which is also reflected in its paleocoastlines (Fig. 4.1B). For
example, the Eocene coastline in Patagonia extended several hundreds of kilometres off-shore
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Figure 4.1: Past and present-day geological features of the South Atlantic. A) Topographic map and
key geological features in South America, Africa and the South Atlantic ocean basin. Red stars show
present-day location of the Sierra Leone and Tristan plumes and the age of their activity (45, 70 Ma)
are marked on the map. Black lines are the present-day plate boundaries. B) Paleocoastlines of South
America and Africa after Heine et al. (2015, and references therein). Note the significant outward extend
of the Patagonian shoreline in the Oligocene.
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onto the Argentine basin. Additionally, northeast Brazil experienced several episodes of burial
and exhumation in the Cenozoic (Japsen et al., 2012). In fact, most passive continental margins
experienced repeated episodes of uplift and subsidence (see Bunge and Glasmacher, 2018, for
a review).

Histories of large-scale vertical motion of the continents (i.e., past dynamic topography) are
documented in geological archives, because its transient nature leaves an imprint in the sedi-
mentary records. The long wavelength nature of these deflections was recognized early on in
the sedimentary record through unconformities and missing sections (e.g., Stille, 1924a). For
instance, the Cretaceous Interior Seaway of North America owes to mantle convection induced
surface depression resulted in a large inland sea that extended from the Arctic Ocean to the
Gulf of Mexico (e.g., Mitrovica et al., 1989; Burgess et al., 1997). Friedrich et al. (2018) and
Friedrich (2019) developed a stratigraphic framework revealing continent-scale erosion/non-
deposition environments, which serves as a proxy for past dynamic topography. Their analysis
of interregional unconformities on geological maps could be used to trace the plume rises within
the mantle (e.g., Krob et al., 2020a). Plumes originate at the core mantle boundary and rise up
through the mantle towards the lithosphere base, generating a continuously evolving surface
response known as dynamic topography (e.g., Hager et al., 1985; Colli et al., 2016). The tem-
perature and buoyancy distribution at the core mantle boundary is most likely due to the mantle
circulation history (e.g., Bunge et al., 2002a). Hence, in their ascent, mantle plumes uplift
the lithosphere leaving a distinct mark in the sedimentary record and, in turn, this record can be
used to trace past movement of mantle plumes (e.g., Rainbird and Ernst, 2001; Vibe et al., 2018;
Friedrich et al., 2018; Carena et al., 2019; Hayek et al., 2020). Upon their arrival at the litho-
sphere base they trigger pressure driven upper mantle flow (Morgan and Smith, 1992a; Morgan
et al., 1995a), which generates horizontal shear stresses significant enough to drive plate motion
changes (e.g., Harper, 1990; van Hinsbergen et al., 2011; Cande and Stegman, 2011; Stotz et al.,
2021b).

The most prominent sources of buoyant material in the South Atlantic realm during the
Cenozoic are the Sierra Leone and Tristan hotspots (Fig. 4.1A). This is manifested by the
formation of the Ceara and Sierra Leone rises in the Paleocene (e.g., Hekinian et al., 1978;
Schilling et al., 1994, and ODP sites 354, 366, 367 and leg 108). Similarly, there are reports
of subareal exposure and increased magmatic activity in the Rio Grange Rise magmatic system
during the Eocene time (Drill Site 516 Barker, 1983). These events are indicative of two peri-
ods of vigorous active upper mantle flow underneath the South Atlantic basin in the Paleocene
and Eocene times. Often vertical plate motions are followed by a change in horizontal plate
motions (e.g., Vilacı́s et al., 2022). Nevertheless, South American plate motion history has been
commonly associated to the orogeny of the Andes (e.g., Iaffaldano et al., 2006). Observations
point out active tectonism along the Andes in the Paleocene times (i.e., K-T event) (e.g., Stein-
mann et al., 1929; Sempere et al., 1994; Orts and Ramos, 2006; Charrier et al., 2007), although
no definitive evidence supports a high elevated Andes. Most studies, however, agree on two
main phases of uplif in the Andes; starting by mid Eocene/ Oligocene (Incaic) and later in the
Neogene (Quechua) (Cornejo et al., 2003; Mpodozis et al., 2005; Horton, 2018). But it remains
ambiguous how the Andes could drive a velocity increase of the South American plate.

Horizontal and vertical lithosphere motion are often studied in isolation. However, Colli
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et al. (2014) did a simple torque balance calculation to analyse the mechanisms that can explain
the changes in velocity magnitude of the South American plate. They found that those changes
were coeval with vertical motions in the surrounding continents, indicative of temporal changes
of the pressure-driven flow in the asthenosphere. The latter is a mechanically-weak layer be-
neath the lithosphere (see Richards and Lenardic, 2018, for a review). The results of Stotz et al.
(2021a,b) are in line with a growing recognition that it is useful to describe asthenosphere flow
in the context of Poiseuille/Couette flow. The former is initiated by lateral pressure gradients,
while the latter is driven by movements of overlying tectonic plates, with the relative importance
of Couette to Poiseuille flow depending upon the degree to which plates locally inhibit or drive
underlying asthenosphere flow. In a series of papers by Höink and Lenardic (2008, 2010) and
Höink et al. (2011); Höink et al. (2012) explored Poiseuille/Couette flow in mantle convection
models. Notable findings of these and other studies are that Poiseuille flow within the as-
thenosphere increases lithosphere/asthenosphere coupling (Höink et al., 2012), results in depth
variations of asthenosphere shear (Natarov and Conrad, 2012), yields rapid horizontal astheno-
sphere flow velocities of ∼10 cm/yr in global geodynamic models (Weismüller et al., 2015), and
thus provides active driving shear beneath the lithosphere. Importantly Poiseuille/Couette flow
connects mantle flow to geologic observables in a testable manner, because it links temporal
changes of horizontal and vertical plate motions to upper mantle flow variations in a dynami-
cally viable way. It thus motivates us to explore horizontal and vertical plate motion changes
together.

Here we exploit the South Atlantic’s well-known spreading record, geologic history and dy-
namic topography evolution to explore plume effects from the Tristan and Sierra Leone hotspots
quantitatively. First, we estimate the motion of the South American plate w.r.t. the South At-
lantic hotspots. Next, we investigate these observations in the context of Poiseuille and Couette
flow. We find that the two most distinct plate motion changes experienced by the South America
plate are consistent with the plume activity in the region.

4.2 Paleogene South American plate kinematics relative to
hotspots

We estimated Paleogene South American absolute (i.e., w.r.t. hotspots ) plate motion based on
recently published finite rotations by Müller et al. (1999) and Maher et al. (2015). The latter
provides high temporal resolution and noise mitigated finite rotations via Redback open-source
software (see Iaffaldano et al., 2014, for further details). First, we combine finite rotations of
South America w.r.t. Africa (Müller et al., 1999) and with Africa w.r.t. the South Atlantic
hotspots based on the study by Maher et al. (2015). Next, we use such finite rotations to cal-
culate stage Euler vectors that describe the motion of the South American plate relative to the
hotspots from ∼70 Ma to ∼20 Ma (Fig. 4.2). The stage angular velocity displays an increase of
velocity from ∼70 Ma to ∼52 Ma, within the uncertainty level. The angular velocity, then, de-
creases and remains stable from ∼46 Ma to ∼19 Ma. The stage Euler pole (Fig. 4.2B) displays
an intriguing path of paleolocations of the pole of rotation. First, it migrates in the Paleocene
closer to the South American plate along the midocean ridge, but in the Eocene/Oligoce times
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Figure 4.2: Stage Euler vectors of the South American plate relative to hotspots. A) Magnitude of
the angular velocity of the South American plate (blue), where the lightblue color area shows the 68%
confidence range. Note the velocity increase between 70 and 50 Ma. B) Geographical position of the
Euler vector pole of the South American plate. Red arrows highlight two distinct periods of Euler pole
migration; first, it migrates in the Paleocene closer to the South American plate along the mid-ocean ridge
and, then it persistently moves away from South America and across Antarctica in the Eocene/Oligocene
times.

and beginning from ∼52 Ma it persistently moves away from South America and across Antarc-
tica – as described with red arrows in Fig. 4.2B.

Figure 4.3a-h shows time stages of surface velocity of South America w.r.t hotspots and with
solid-line the average direction of motion at the geometrical center of the plate at each stage.
The latter allows one to highlight the main direction of motion of the South American plate at
each time period. In the earliest stage between ∼70 Ma and ∼65 Ma (i.e., Maastrichtian) the
South American plate is slowly moving westward. Next, in the Paleocene (∼65 - ∼52 Ma) the
South American plate increases its velocity and experiences a counter-clockwise (ccw) rotation
and moves predominantly south-westward (Fig. 4.3a-d). Then, in the late Eocene/Oligocene
(∼46 - ∼19 Ma) the South American plate undergoes a clockwise (cw) rotation and changes its
direction from south- to north-westward (Fig. 4.3e-h).

4.3 South America and Africa’s stratigraphic record

We use a recently derived inventory of Base Hiatus Surfaces (BHS) collected by Hayek et al.
(2020) and Carena et al. (2019), where they mapped conformable and unconformable contacts at
the temporal resolution of geological series (Cohen et al., 2013; updated.) for the Atlantic realm
(i.e., North America, Europe, Africa and South America) and Australia. The BHS are provided
as spherical harmonic representation of no-/hiatus scattered contacts convolved in a Gaussian
filter with a cut off at degree 15. They serve as a proxy for paleotopography, as introduced by
Friedrich et al. (2018). Figure 4.4 (top row) shows the BHS for the South American and African
continents from Base of late Cretaceous to Base of Pliocene, representative of the time periods
from Paleocene to Miocene. Red/blue colours depict hiatus/no-hiatus contacts, respectively,
indicative of high/low topography in the preceding series. Blank regions reveal the absence
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Figure 4.3: Plate kinematic evolution of the South American plate relative to hotspots. Red stars show
the location of Sierra Leone and Tristan hotspots and solid line blue line highlights the average direction
of motion of South America. The paleocoastlines are in black, plate boundaries in gray and the outline of
the South American plate in black bold line. (a–d) Stage surface velocity showing a counter-clockwise
(ccw) rotation of South America plate motion in the Paleocene (e–h) Stage surface velocity showing a
clockwise (cw) rotation of South America plate motion in the Eocene/Oligocene.

of the target series and its preceding unit. Such regions may have undergone intense and/or
long-lasting erosion or non-deposition, suggestive of intense and/or persistent exhumation and
surface uplift. Recent examples of continent scale hiatus mapping for Europe, Africa and North
America are given in Vibe et al. (2018), Carena et al. (2019) and Stotz et al. (2021b).

Figure 4.4 (top row) Base of Paleocene displays hiatus areas in the northern coastal areas of
South America and in the West African and Kalahari cratons. At Base of Eocene and Base of
Oligocene blank areas are the most prominent feature in South America, while Africa is char-
acterized by no-hiatus surfaces to the north and blank regions to the south of the continent. This
means the maps show neither Paleocene, Eocene nor Oligocene strata in much of Africa and
South America. There is one period of widespread hiatus in Africa and South America at Base
of Miocene, indicative of high topography in Oligocene. Base of Pliocene displays mostly no-
hiatus surfaces in South America, while a mixture of hiatus/no-hiatus surfaces across Africa.
We computed proxy elevation curves for Africa and South America (Fig. 4.4, bottom row),
which we construct as the sum (for a given geological series) of hiatus and blank regions, nor-
malised by the continental area of Africa and South America, respectively. The proxy elevation
curves elevation curves display two distinct changes since the late Cretaceous. The oldest one is
recorded in the South American continent with a marked increase in elevation between late Cre-
taceous to Paleocene (i.e., Base of Paleocene). Then the African continent displays a younger
rise of proxy elevation between Eocene to Oligocene (i.e., Base of Oligocene).
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Figure 4.4: Top row shows BHS centred on the South Atlantic from Base of Paleocene to Base of
Pleistocene, with black stars showing the current hotspot locations of Sierra Leone (S) and Tristan (T).
Red/blue areas are indicative high/low elevation. Blank areas signal prolonged erosion and are also in-
dicative of high elevation. Bottom row shows proxy elevation obtained by the sum of hiatus and blank
surfaces for a given geological series normalised by the total area under consideration (i.e., South Amer-
ica and Africa, respectively). Two distinct increases in the proxy elevation stand out in the Paleocene
and Eocene/Oligocene in South American and African, respectively.

4.4 Plume push torque upon the South American plate

There are growing constraints on a time-dependent plume driven Poiseuille flow in the upper
mantle, as indicated by numerous studies that attempt to estimate plume strength histories. They
include records of magmatic flux variations (e.g., Spice et al., 2016; Parnell-Turner et al., 2014),
past denudation and uplift events derived from provenance analysis (e.g., Hartley et al., 2011;
Barker, 1983; Şengör, 2001; Saunders et al., 2007a), and recently compiled hiatus maps (Vibe
et al., 2018; Carena et al., 2019; Hayek et al., 2020, and this study).

Here we explore the role that the Sierra Leone and Tristan plumes have on the Paleogene
South America plate motion changes. To do so, we estimate the direction of motion of the South
American plate in the Paleocene and Eocene/Oligocene driven by upper mantle basal shear
torques generated by the Sierra Leone and Tristan plumes alone, or in combination with the
Couette flow. Figure 4.5 shows simple analytical estimates of upper mantle flow beneath South
America derived from the assumption of Couette, Poiseuille flows and the superposition of both.
To achieve this, first, we calculated the Couette flow at late Cretaceous (i.e., Maastrichtian) time
induced by the rigid motion of the South American plate in the underlying asthenosphere – the
latter is obtained from the kinematic reconstructions based on the finite rotations from Maher
et al. (2015) and Müller et al. (1999). We assume the Couette flow is half the surface velocity
at mid-asthenosphere depth and induced by the motion of the overlying South American plate
(Fig. 4.5a). In the next step, we estimate the Poiseuille flow generated by the arrival of the
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Sierra Leone and Tristan plumes in the asthenosphere following the equation,

Vplume =
D2

8µ

∆p
∆x

(4.1)

where, D is the asthenosphere thickness and µ its viscosity. The two values are tied together
by inferences from post-glacial rebound (e.g., Paulson and Richards, 2009). Thus we choose a
thickness of 110 km and a viscosity of 5 ·1019 Pa·s. The expression ∆p

∆x is the pressure gradient,
which we estimate from density contrast, gravity and topographic height in the following rela-
tionship ∆p = ρgh. We use a density contrast of 3300 kg/m3 and a topographic height of 1400
m. The latter is in agreement with observational estimates of dynamic topography (e.g., Hog-
gard et al., 2017) and theoretical considerations of geodynamic response functions (e.g., Hager
et al., 1985; Colli et al., 2016). ∆x is the distance away from the plume center. The Sierra Leone
plume driven Poiseuille flow (Fig. 4.5b) spreads away radially from the plume center, achieves
velocities of ∼20 cm/yr and extends throughout much of the upper mantle beneath the South
America and northwest Africa. The combined flow beneath the South American plate is ob-
tained by summing up the Couette and Poiseuille flow and is shown in Fig. 4.5c. In Fig. 4.5e-g
we repeat the same process for the Tristan plume.

Next we estimate the torque associated with the asthenosphere flows described in Fig. 4.5b/c,
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Figure 4.5: Computed asthenosphere flow beneath the South American plate at two time periods derived
from either Couette (a, e) or Poiseuille (b, f) flow, or a combination of both (c, g) – for a Poiseuille source
associated with the Sierra Leone (top row) or Tristan (bottom row) plumes, shown in a reference frame
relative to the hotspots (Müller et al., 1999; Maher et al., 2015). (a, e) also show the uncertainty of
the kinematic reconstruction with a purple area. The right most column (d, h) shows Euler poles of
the predicted motion of South America as a result of plume push only (red star), or a combination of
plume push and Couette flow (blue star) against the observed South American plate motion w.r.t hotspots
(green and lighth green areas). Note that the location of the Euler pole that describes the combined flow
(Couette and Poiseuille) is located close to observations (green areas).
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i.e., Poiseuille flow only or in combination with the Couette flow – in the case of the Sierra
Leone plume. To do so, we calculate the shear stress at the lithosphere base: τ = µ

D′ v⃗as where
D′ = D/2 and the asthenosphere flow velocity is composed of v⃗as = v⃗t−1

c (⃗r)+ v⃗t0
p (⃗r). The time

t0 represents the current time, while t−1 represents the time of the previous stage. In particu-
lar, the Couette flow (⃗vt−1

c ) arises from the motion of the South American plate in the previous
time stage, while the Poiseuille vt0

p comes from the flow generated by the Sierra Leone plume at
the present stage (i.e., predicted stage). We then integrate the cross product of the basal shear
stresses over the area of the South American plate with r⃗ (i.e., the position of each grid point to
the center of Earth) to obtain a basal shear torque MB, as stated in the following equation,

M⃗B =
∫

A
r⃗× µ

D′ v⃗as(⃗r)dA (4.2)

M⃗t0
B =

∫
A

r⃗× µ

D′ [⃗v
t−1
c (⃗r)+ v⃗t0

p (⃗r)]dA (4.3)

This formulation brings out the direction of the torque (i.e., Euler pole location). In Fig. 4.5d
we display with red and blue stars the direction of the South American plate if it was driven by
asthenosphere basal shear torque from a flow due to the Sierra Leone plume or combined with
Couette flow, respectively. We also display the position of the reconstructed Euler pole with
68% uncertainty level from the kinematic reconstruction of South America. Figure 4.5d shows
that the asthenospheric basal shear torque underneath South America predicts a south-westward
motion of the plate, well in agreement with the observations – see the proximity of the red and
blue stars to them in Fig. 4.5d. In other words, the Sierra Leone plume to the northeast of South
America is suitably located to provide a torque capable of driving the South American plate
north-westwards in the Paleocene – as summarized in Fig. 4.5a-d.

We perform the same analytical torque calculation for the Tristan plume in the Eocene/Oligocene
time (Fig. 4.5e-h). In Fig. 4.5h we display with red and blue stars the direction of the South
American plate if it was driven by asthenosphere basal shear torque from a flow due to the Tris-
tan plume or combined with Couette flow, respectively. The asthenospheric basal shear torque
underneath South America predicts a north-westward motion of the plate, in agreement with
the observations as shown by the location of the red and blue stars in Fig. 4.5h. The Tristan
plume Poiseuille flow alone and in combination with the Couette flow are capable of producing
a asthenosphere flow that would drive the South American plate motion change from south- to
north-westwards.

4.5 Discussion

Convection in the Earth’s mantle provides the necessary torques to drive plate motions (e.g.,
Davies and Richards, 1992). However, the precise nature of the interaction between tectonic
plates and mantle flow remains somewhat incomplete. This is because the strength of plates
conseals a presumably complex flow field – making it challenging to get a glance even on
the recent Cenozoic. However, the description by Morgan et al. (1995a), Höink and Lenardic
(2008, 2010), Höink et al. (2011); Höink et al. (2012) of mantle convection explicitly in terms
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of Poiseuille and Couette flow provides a chance to overcome this difficulty. It provides, essen-
tially, a simple theoretical framework that connects dynamic topography observations to plate
motion changes.

Previous studies by Colli et al. (2014), Vibe et al. (2018) and Vilacı́s et al. (2022) have re-
ported cases in which non-isostatic vertical motions of the lithosphere were followed by plate
motion changes. This is consistent with the notion that mantle plumes can generate signifi-
cant basal shear stresses to drive plate motion changes via plume push torque (e.g., Westaway,
1993b). In fact, recent work has shown that the Yellowstone plume provides a dynamically
viable mechanism to drive Neogene North America plate motions (Stotz et al., 2021b). Thus
making explicit the link between plume induced vertical plate motions and horizontal plate
motion changes.

The motion of South America w.r.t hotspots features two distinct directional changes in plate
motion in the Paleogene, which can be explored explicitly in terms of the torques required to
the explain them. First a Paleocene counter-clockwise rotation of motion which is consistent
with a torque acting to the northeast of the South America plate. The Sierra Leone plume is
suitably located to provide this torque and to drive the South America plate south-westwards
(Fig. 4.5a-d). The Sierra Leone plume was particularly active in the Paleocene times when
it formed the The Ceara and Sierra Leone rises (e.g., Basile et al., 2020). ODP and DSDP
sites 13, 354, 366, 661 and 667 report Paleocene unusual thermal exhumation and prolonged
periods of hiatus of the Sierra Leone Rise and Ceara Rise. In other words, they are presumably
supported by sublithospheric forces related to a strong Poiseuille flow regime from the Sierra
Leone hotspot. These events to the northeast of South America are consistent with the hiatus
occurrence along the north and east coasts of Brazil and in northwestern Africa in the Upper
Cretaceous (Fig. 4.4) and an increase in the proxy elevation of South America at the base of
Paleocene. Previous studies have argued for recent activity of the Sierra Leone hotspot in uplift
and exhumation along a transpressive transform fault at the mid-ocean ridge, rather to a change
in the so-call far-field stress regime (i.e., Maia et al., 2016).

The South America plate motion history w.r.t hotspots holds a second directional changes
in plate motion in the Eocene/Oligocene. A clockwise rotation of motion which is consistent
with a torque acting to the southeast of the South America plate. The Tristan plume is suitably
located to provide this torque and to drive the South America plate north-westwards (Fig. 4.5e-
h). The subaereal exposure and increased magmatic activity of the Rio Grange Rise magmatic
system happened during the Eocene time (i.e., 45 Ma) (Drill Site 516 Barker, 1983; Rohde
et al., 2013). This is indicative of a second pulse of the Tristan plume, which has been active
since at least the opening of the South Atlantic ∼133 Ma. Our hiatus maps also supports this
finding and is evidenced by the blank regions in South America at the base of Eocene (Fig. 4.4).
These observations are indicate of two periods of vigorous active upper mantle flow underneath
the South Atlantic basin in Paleocene and Eocene/Oligocene times. These observations are in
agreement with current understanding on plume flow, in that plume flux is not a continuous but
can vary significally over time (e.g., Spice et al., 2016; Parnell-Turner et al., 2014).

We draw attention to the shortcommings of our analysis. Hiatus maps are well constrained
in lateral extent but they lack the amplitude of paleo elevation. The latter requires independent
data of surface uplift – i.e., thermochronological data (e.g., Ehlers and Farley, 2003), analysis of
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river profiles (e.g., Roberts and White, 2010) or provenance and compaction studies (Meinhold,
2010; Japsen, 2018). Hiatus maps are currently restricted in temporal resolving power to the
geological series level of compiled continental scale geological maps (time scales to ten to a
few tens of Myrs). This contrasts with the finer temporal resolution of the spreading rates in the
South Atlantic on the order of a few Myrs. The extent of hiatus surface can also respond to other
potential mechanism, such as eustatic contributions. For instance the increase of hiatus at Base
of Miocene (Fig. 4.4) is coincidental with the onset of glaciation in Antarctica, and suggests
that the Base of Miocene hiatus surface in South America and Africa could be due in part to sea
level changes.
We also point out the shortcomings of our Poiseuille/Couette analytical flow models. The nature
of our upper mantle flow calculations (Poiseuille/Couette flow) is highly simplyfied, but has the
advantage that it involves a minimum number of input parameters aimed at understanding as-
thenosphere flow conceptually and isolating the effects of key model parameters. The latter are
often masked by the considerable computational complexities of modern geodynamic numeri-
cal models. For example, we chose a constant channel thickness that may ignore the dynamic
influence of continental roots (e.g., Sleep et al., 2002; Conrad and Lithgow-Bertelloni, 2006).
We also assume a Newtonian rheology. Strong evidence exists for a non-Newtonian upper man-
tle rheology (e.g., Karato and Wu, 1993; Karato, 2010), which would induce a more complex
upper mantle flow (i.e., Semple and Lenardic, 2018b). Hoewever, for instance, a reduction in
viscosity due to high temperature of plume material will strengthen our results by increasing
the plume flow velocity.

Traditionally, South America plate motion changes have been attributed to variations in plate
boundary torques (e.g., Iaffaldano et al., 2006) – that is the Andean orogeny. Most models of
the orogenic history of the Andes describe three main phases (Steinmann et al., 1929): Peru-
vian during Late Cretaceous, Incaic in middle Eocene (or Oligocene, according to (Sempere
et al., 1990)), and Quechua since late Miocene. In latest Cretaceous and early Paleocene, a
time also referred to as the K-T Orogeny (Charrier et al., 2007), tectonic activity has been doc-
umented in the Central Andes (Sempere et al., 1994; Cornejo et al., 2003; Mpodozis et al.,
2005; Orts and Ramos, 2006). The results of Colli et al. (2014), however, suggest that an ac-
tive asthenosphere flow is also required to explain the motion of the South American plate.
Our observationally-driven approach supports these findings based on two observations; (i) it
shows that the Paleocene and Eocene/Oligocene South American plate motion changes were
preceded by the occurrence of a high proxy elevation in African and South America, and (ii)
that the Sierra Leone and Tristan plumes were suitably located to account for the directional
plate motion change. Instead, an increase in Mountain building torque at the Central Andes in
the Paleocene would make the South American plate to rotate clockwise and reduce its angular
velocity. This is contrary to the kinematic reconstructions (Figs. 4.2 and 4.3). Thus the obser-
vations discard the K-T orogeny in the Andes as a plausible Paleocene plate tectonic driver. A
corollary is that the tectonic activity in the Andes at that time could have been driven/initiated
by the Sierra Leone plume. Similarly the second pulse of Tristan plume activity in the Eocene
could be responsible for the Incaic Andean orogeny – a well documented uplift phase in the
Central Andes that started in middle Eocene, reaching a peak in the Oligocene, with a second
uplift period by late Miocene (Sempere et al., 1990; Gillis et al., 2006; Sempere et al., 2008a).
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4.6 Conclusion

Plate motion changes are increasingly well documented in the geologic record and, the direc-
tional information of plate motion changes is one of the most powerful constrains of locating
the torques required to drive them. Several key geological and geophysical observations point
out that the two plate motion changes experienced by the South American plate in the Paleo-
gene were largely driven by plume push torques from the Sierra Leone and Tristan plumes. Our
observationally driven approach supports these findings based on two key observations; first,
it shows that the South American plate motion changes were proceeded by the occurrence of
high proxy elevation in the South American and African continents. Second, the Sierra Leona
and Tristan plumes are suitably located to provide the torques to initiate these directional plate
motion changes – as evindenced by the formation of the Ceara and Sierra Leone Rise in the
Paleocene and the subaereal exposure of the Rio Grande Rise in the Eocene.

Our analytical calculations demonstrate the link between these two independent observa-
tions. Notably, our analysis of asthenosphere flow in terms of Poiseuille and Couette models
explicitly relates horizontal plate motion changes induced by plume basal shear stresses to non-
isostatic vertical motion of the lithosphere in the context of a geodynamically plausible model.
Hence it provides a conceptual framework to map time variable asthenosphere flow from ge-
ological and geophysical observations. Our results also suggest to think out of the traditional
view of plate tectonics. A torque arising from the Andes would not be suitably located to ex-
plain the Paleogene South American plate motion changes. Hence, directional information in
plate motion changes are a powerfull constrain to better undertand the torques that drive plate
tectonics, in addition to just looking at velocity changes.
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Chapter 5

Dynamic topography and the planform of
mantle convection since the Jurassic
inferred from Global Continental Hiatus
Maps

The planform is a defining feature of mantle convection. It can be gleaned from
the stratigraphic record by mapping the continent-scale distribution of hiatus and
no hiatus surfaces serving as a proxy for high and low dynamic topography. We
carry this out for all continents apart from Antarctica for eight geological series
since the Upper Jurassic, showing that: (1) the planform as indicated by our maps
contains wavelengths on the order of 1000 km, smaller than the convective scales
implied by the geoid. (2) The planform changes on timescales of geological series
(10–20 Myrs), smaller than the mantle transit time. (3) Flood basalt eruptions are
frequently preceded by hiatus surfaces. (4) Some hiatus surfaces are not linked
to any known plume, potentially reflecting the lateral transport of material in the
asthenosphere. Our results reveal the importance of mantle viscosity stratification
in shaping the convective planform and the resulting dynamic topography. Geo-
dynamic Earth models should aim to reproduce the global characteristics of our
maps, as well as specific regional events identified in this work. Finally, we sepa-
rate the effects of sea-level variation from regional changes in base level induced
by dynamic topography by contrasting the stratigraphic evolution of different re-
gions.
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5.1 Introduction

The planform, i.e. the geometry in the horizontal plane of hot upwellings and cold down-
wellings, is a fundamental property of convecting fluids. Hence it attracted considerable at-
tention in early studies of mantle convection, which tried to understand the flow geometry of
Earth’s mantle through the use of laboratory experiments (Chen and Whitehead, 1968) and
their comparison to theoretical predictions (Busse and Whitehead, 1971). The subsequent ar-
rival of 3-D computer models made it possible to study mantle convection planforms with nu-
merical simulations, allowing one to explore effects of heating mode (Houseman, 1988; Travis
et al., 1990), temperature dependent viscosity (Weinstein and Christensen, 1991), and depth-
dependent rheology (Bunge and Richards, 1996). The latter in particular cannot be investigated
with laboratory experiments, and it revealed the profound influence of a low viscosity upper
mantle in promoting long-wavelength flow, which is a defining feature of mantle convection.
These theoretical studies shed important light on the development of mantle flow geometries.
Geodynamicists, however, also believed that the strength of plates conceals the underlying flow,
so that the geometry of plate tectonics would primarily reflect the mechanical properties of the
solid lithosphere rather than those of the fluid mantle beneath (e.g., Davies, 1988a).

Surface deflections of the lithosphere inferred from bathymetry and geoid variations offered
an early observational glimpse of the mantle convection planform beneath the lithosphere of the
Pacific Ocean (McKenzie et al., 1980). Such surface deflections were later understood to be a
fundamental expression of the convective stresses associated with mantle flow. They give rise to
a form of topography that is maintained dynamically by the mantle, which was termed “dynamic
topography” by Hager et al. (1985) more than 30 years ago. Histories of subduction offered a
further glimpse of the evolving mantle convection planform (e.g., Richards and Engebretson,
1992b), albeit limited to cold downwellings. Plate reconstruction models, derived from surface
(e.g., Müller et al., 2016) and more recently also from subsurface information (e.g., Wu et al.,
2016; Chen et al., 2019) now provide us with maps of past plate subduction for at least the past
200 million years, bringing the locations of mantle downwellings into focus. Locations of hot
mantle upwellings are by comparison more difficult to infer, except when they pierce through
the lithosphere and result in volcanic tracks and massive eruptions known as “Flood Basalts”
(e.g., Duncan and Richards, 1991).
While the strength of the lithosphere thus plays an important role in mantle planform studies, it
is becoming increasingly clear that dynamic topography variations induced by evolving mantle
flow offer a powerful way to track the mantle convection planform beneath plates, through
the associated response in sedimentary systems recorded in continent-scale stratigraphy. The
approach was pioneered for negative surface depressions induced by mantle downwellings using
the sedimentary record from the Western Interior Seaway and the cratonic interior of North
America (e.g., Mitrovica et al., 1989; Burgess et al., 1997). The Cretaceous Eromanga Sea
in Australia is another prominent example for negative surface depressions induced by mantle
downwellings (Gurnis, 1998; Harrington et al., 2019).

Hot mantle upwellings induce positive surface deflections. Their stratigraphic expression
is given by erosional/non-depositional environments that leave time gaps in the sedimentary
record. Field observations of the surface expression of mantle upwellings document changes



70 Chapter 5: Vilacı́s et al. (2024)

in drainage patterns (e.g., Cox, 1989) and a dome-shaped uplift of 1–2 km (e.g., Şengör, 2001;
Saunders et al., 2007b) over a radius of 1000–2000 km. The resulting discontinuity surfaces in
the sedimentary record are known as unconformities (e.g., Miall, 2016). To this end, we intro-
duced an approach of hiatus-area mapping (Friedrich et al., 2018; Friedrich, 2019) to highlight
the long-wavelength nature of sedimentation records as explored by Sloss (1963, 1972). This
mapping visualises inter-regional scale unconformities because, at continental scales, what is
normally perceived as a lack of data (material eroded or not deposited) becomes part of the
dynamic topography signal. We have used this method to map the temporal and spatial pat-
terns of conformable and unconformable geological contacts across Europe (Vibe et al., 2018),
Africa (Carena et al., 2019), the Atlantic realm, and Australia (Hayek et al., 2020, 2021; Vilacı́s
et al., 2022). Here we extend this effort to include Asia, subsurface information in the form of
stratigraphic columns, and data from the continental shelf regions.

We organise our paper as follows: Section 5.2 describes the data set and the mapping
method, Section 5.3 describes the hiatus/no hiatus surfaces, summarises the main events for
the Indo-Atlantic realm and extends the description for Asia. We then introduce the concept
of geological uncertainty and give a proxy for vertical motion globally and for each studied
region together with their geological uncertainty. Section 5.4 gives a spectral analysis of the
surfaces, involving both power spectra and the two-time correlation functions to identify spatial
and temporal scales. In Section 5.5 we discuss the main geodynamic implications of the hia-
tus surfaces, summarise key hiatus/no hiatus surfaces and give an overview of limitations and
uncertainty including the effects of sea level. We draw conclusions in Section 5.6.

5.2 Dataset and mapping

In our earlier studies, Hayek et al. (2020, 2021) and Vilacı́s et al. (2022), we have made use
of the available continental-scale digital geological maps for North America, Europe, and Aus-
tralia; and country-scale maps for South America. The maps were collected at the temporal
resolution of a geological series, as this is the most frequently adopted temporal resolution
for inter-regional geological maps (Friedrich, 2019). For Africa, continent-scale digital geo-
logical maps at the resolution of geological series are not available. Therefore, Carena et al.
(2019) compiled and manually mapped a dataset for the continent using regional geological
maps, stratigraphic studies, and online databases with surface and subsurface information. In
this study we extend the data set to include Asia and Oceania. Digital geological maps of these
regions at the relevant temporal and spatial resolution are not available either, and so we follow
the approach of Carena et al. (2019) when mapping Asia and Oceania. We additionally include
new data pertaining to the regions covered in our previous studies. These include the shelf
regions of digital geological maps and subsurface information such as stratigraphic columns
and drill cores for North and South America, the North Atlantic, and Europe. We use different
approaches to map the spatial extent of subsurface information depending on the information
available. Drill cores are represented as a point on the map using the coordinates provided
by the corresponding report. Stratigraphic columns that summarise a political region are rep-
resented as a point located centrally in the area that they represent. Finally, for columns that
summarise the chronostratigraphy of a sedimentary basin, we fill the area covered by the basin
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(CGG-Robertson, 2022) with points using the Golden Spiral method (i.e. the Fibonacci spiral)
with a distance of ≈50 km between each point. Table A.1 provides an extensive list of the data
sources used in this study.

In Fig. 5.1 we summarise the basic geodynamic concepts related to dynamic topography and
the mapping technique utilised to extract its imprint on the stratigraphic record. Figure 5.1a)
shows a sketch of the up-/downwards deflection of the Earth’s surface due to hot and cold
anomalies transiting through the mantle. Dynamic uplift induces erosional and non-depositional
environments, while dynamic subsidence provides new accommodation space for deposition.
Figure 5.1b) shows a simplified mantle viscosity profile with a viscosity contrast between the
upper and lower mantle of two orders of magnitude, together with the so-called surface topog-
raphy kernel (Colli et al., 2016). The kernel shows the surface dynamic topography induced
by a unit density anomaly as a function of depth and spherical harmonic degree (wavelength).
From the kernel, it is evident that the contribution of a unit anomaly with spherical harmonic
degree 5 or larger (wavelengths smaller than ∼6000 km) is limited to the upper mantle. This is
due to the viscosity contrast between the lower and upper mantle, which reduces their coupling
and damps the transmission of lower mantle stresses to the surface (Richards and Hager, 1984).
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Figure 5.1: a) Sketch showing up-/downwards deflection of the Earth’s surface induced by hot/cold
anomalies transiting through the mantle. b) Layered viscosity profile and its surface topography kernel
as a function of depth and spherical harmonic degree (Colli et al., 2016). Note that contributions of
anomalies with spherical harmonic degree 5 or larger (wavelengths smaller than ∼6000 km) are limited
to the upper mantle. c) Map and perspective view of a schematic geological setting containing five
sedimentary units S1–S5 with S1 being the oldest and S5 the youngest. In the left corner of the schematic
we include the location of a stratigraphic column, with the column shown in a standard format on the left
(note the absence of S3). d) and e) depict the mapping technique used for extracting un/conformable and
hiatus/no hiatus from the digital geological maps and the stratigraphic column in map view (see text).



72 Chapter 5: Vilacı́s et al. (2024)

This differs from the case of an isoviscous mantle, in which anomalies in the lower mantle have
a higher contribution (see Colli et al., 2016).
In Fig. 5.1c) we present the map and perspective view of a generic schematic geological setting
containing five sedimentary units S1 to S5, with S1 representing the oldest time unit and S5 the
youngest. The perspective view (bottom row) shows the topography of the site and the distri-
bution of layers in the subsurface. The map view (top row) shows how this geological setting
would be represented in a map. In the left corner, a stratigraphic column that crosses the layers
S5, S4, S2, and S1 is sketched, showing an absence of layer S3. The column is enlarged in a
standard format on the right of the sketch. This figure is an idealised representation of a geolog-
ical setting. It illustrates theoretically how different stages of a domal uplift and a later erosive
episode (e.g., river incision) might be reflected in geological maps and stratigraphic columns.
The hypothetical geological history of the region starts with the deposition of layer S1. During
the geological series S2, the region was uplifted, creating the exposure of S1 in the centre and
sedimentation of S2 around it. The uplift peaked during S3, resulting in sedimentation of this
layer only in the corner on the right of the sketch. During and after the collapse of the central
dome, the layers S4 and S5 were presumably deposited everywhere. Finally, a later erosion
event due to a tilt of the region or a surface process such as a river incision exposed the layers
S3, S2 and S1 on the right side, creating the final topography that we observe. Overall this
illustrates how large-scale topographic changes may be imprinted on the geological record, and
affect subsequently the location of hiatus/no hiatus surfaces.
Figure 5.1d) shows the mapping of un/conformable contacts at the Base of series S5 and S4.
Following the methodology introduced by Friedrich (2019) and further used by Carena et al.
(2019), we define unconformable as the state when a geological series in the chronostratigraphic
chart (Cohen et al., 2013; updated.; Ogg et al., 2016) is not underlain by the preceding geolog-
ical series, but rather overlies a gap in the stratigraphic record. Conformable is defined as the
complementary state, in which a geological series is in contact with the immediately preceding
geological series. Applying this approach to the Base of S5 in Fig. 5.1d), we map the con-
formable contact between S5 and S4 in blue and unconformable contacts between S5 and both
S1 and S2 in red. The stratigraphic column is mapped as a blue point, showing the conformable
contact between the two consecutive layers S5 and S4. Below this, at the Base of S4, uncon-
formable contacts are extracted from the geological map between S4 and both S1 and S2, while
an unconformable contact between S4 and S2 is mapped from the stratigraphic column. This
indicates the absence of S3 beneath S4, reflecting the peak of uplift during S3. In Fig. 5.1e)
we extend the mapping technique from Fig. 5.1d) to map hiatus and no hiatus areas. We do
so by adding the available information about the distribution of a given geological series. This
delimits the extent of hiatus during a geological series and allows us to obtain a more complete
picture of the uplift/subsidence history during the time span considered. We define a no hiatus
as the presence of a given geological unit, as introduced by Hayek et al. (2020), and a hiatus
as an unconformable contact. This mapping technique is shown in Fig. 5.1e) for layers S4 and
S3. The S4 hiatus map shows the same un/conformable contacts as the Base of S5 in Fig. 5.1d),
with the additional constraint of the contour of layer S4, which delimits the spatial extent of
where S4 is absent. This map gives us an indication of where the layer S4 is present in blue,
and where it is absent in red. We stress that the mapping was carried out regardless of the rock
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type. For instance, volcanic and sedimentary rocks are mapped equivalently, which leads to
volcanic rocks being part of the no hiatus signal. This choice was made in order to standardise
the input data, as not all of the compiled sources provide a lithological description of the rock
units. Further details are discussed by Hayek et al. (2020).

Figure 5.2 shows the full data set of un/conformable points for eight geological series from
the Base of Lower Cretaceous until the Base of Pleistocene, using the mapping technique shown
in Fig. 5.1d). This time span was chosen as it corresponds approximately to a single mantle
transit time (Iaffaldano and Bunge, 2015), the time span over which one would expect large-
scale changes in the buoyancy field and therefore mantle-flow-induced changes in topography.

5.3 Global Continental Hiatus Surfaces

Figure 5.3 shows the hiatus/no hiatus surfaces for all continents except Antarctica. As we have
done in our previous work, and shown in Fig. 5.1e), we add the occurrence of the previous layer
as a no hiatus to the un/conformable points in Fig. 5.2 , in order to delimit the hiatus surface
of a given series. We then fit a spherical harmonic expansion to these points in order to create
smooth surfaces through the data. The binary nature of our data set means that it contains sharp
edges. As such, fitting a finite spherical harmonic expansion to it leads to edge artefacts (Gibbs
phenomenon). We counteract this by introducing a Gaussian taper, that has a cutoff at degree
15, and gradually decreases the spectral contribution from degrees 15–60, after which it reaches
zero. This results in the global Continental Hiatus Surfaces. Further details of the construc-
tion, limitations and uncertainties of the hiatus maps can be found in Hayek et al. (2020). The
surfaces are reconstructed to their appropriate paleolocations using a global Phanerozoic plate
motion model derived from a paleomagnetic reference frame (Merdith et al., 2021) that is opti-
mised to constrain mantle flow models using a set of ”tectonic rules”, as stated in Müller et al.
(2022). They are mapped at the plate configuration that corresponds to the younger boundary
of a given geological series. The current location of the Ascension, Juan Fernandez, Caro-
line, Samoa, Yellowstone, Canaries, Afar, Balleny, Iceland, Réunion, Sierra Leone, Marion,
Galapagos, Louisville, Tristan, Kerguellen, and Cape Verde hotspots (Courtillot et al., 2003)
are included as stars in Fig. 5.3. We emphasise that the hiatus/no hiatus surfaces within each
geological series serve as a proxy for the topography and vertical motion of the continents, as
suggested by Friedrich et al. (2018) and earlier authors (e.g., Levorsen, 1933). Red/blue colours
indicate hiatus/no hiatus surfaces respectively, and serve as a proxy for high/low dynamic to-
pography during a given geological series. Following our mapping technique (Fig. 5.1e), blank
regions reveal the absence of a series and the series which immediately follows. This can reveal
regions with long-standing sedimentary hiatuses, particularly if maps show consistent blank
regions in consecutive time windows. Note that the amplitude of the coloured areas only repre-
sents the distribution of the raw points, and is not related to the amplitude of topography.
Here we briefly summarise the main features for America, Africa, Europe, and Australia, while
a more extensive description is provided in Hayek et al. (2020). Overall, we observe signifi-
cant differences in hiatus distribution across and between continents at the timescale of at least
geological series. The Upper Jurassic hiatus map (Fig. 5.3a) shows an inter-regional hiatus
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Figure 5.2: Un/conformable points at the chronostratigraphic division of geological series (Cohen et al.,
2013; updated.) from the Base of Lower Cretaceous datum (a) to the Base of Pleistocene datum (h).
Points are reconstructed paleogeographically using a global Phanerozoic plate motion model with a pa-
leomagnetic reference frame optimised for mantle flow models (Müller et al., 2022) in a plate tectonic
configuration corresponding to the base of each series. Red/blue points represent un/conformable con-
tacts. See text for further information.

in western Gondwana, indicating high topography of the region during this time. In contrast,
the Lower Cretaceous map (Fig. 5.3b) shows sedimentation of this series almost globally. In
North America this coincides with the development of the Western Interior Seaway (Mitrovica
et al., 1989; Burgess et al., 1997). During the Upper Cretaceous (Fig. 5.3c), while sedimenta-
tion continued in most of the continents, significant sedimentary hiatuses are present in eastern
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Figure 5.3: Hiatus maps extended from Hayek et al. (2020, 2021) for eight geological series span-
ning from the Upper Jurassic to the Pliocene. The maps are reconstructed back in time using a global
Phanerozoic plate motion model based on a paleomagnetic reference frame optimised for mantle flow
models (Müller et al., 2022). They are displayed at the plate configuration corresponding to the younger
boundary of the given series. Red/blue colours represent the hiatus/no hiatus surfaces. Black dotted lines
contour the spherical harmonic signal at ±0.075 amplitude. Each map serves as a proxy for dynamic
topography (red=high, blue=low) during a given series (see text). Yellow stars mark the current loca-
tions of the Ascension (As), Juan Fernandez (JF), Caroline (Ca), Samoa (S), Yellowstone (Y), Canaries
(C), Afar (A), Balleny (B), Iceland (I), Reunion (R), Sierra Leone (SL), Marion (M), Galapagos (G),
Louisville (L), Tristan (T), Kerguellen (K) and Cape Verde (CV) hotspots (Courtillot et al., 2003).
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Australia (surrounding the Eromanga basin), Northwestern Africa, and South Africa. The Pale-
ocene hiatus map (Fig. 5.3d) shows a region of high elevation in Europe and Western Australia.
In Europe, we have added chronostratigraphic columns located on the continental shelf in the
North Atlantic. Note that they show no hiatus surfaces compared to the hiatus surface in the
continent. However, in the Paleocene, most of the stratigraphic columns have volcanic rocks
(see Fig. 7.7 from Hopper et al. (2014a)), which are inter-bedded with hiatus or sedimentation.
Furthermore, the lithostratigraphy of the columns shows a shift in the Upper Cretaceous to the
Paleocene/Eocene from limestone/chalk to mudstone, or mudstone to sandstone. This change
indicates a change in the sedimentary environment from deep/shallow marine sediments to shal-
lower marine or terrestrial sediments, consistent with the suggested inter-regional uplift during
this time. The Eocene hiatus map (Fig. 5.3e) shows mainly sedimentation in Europe, central
Asia, northernmost Africa, the Karoo Basin, and Australia. Hiatus surfaces are localised in
western North America and the Afar region. The latter hiatus surface has been extensively stud-
ied and linked to the arrival of the Afar plume by Şengör (2001). In the Oligocene hiatus map
(Fig. 5.3f), most continents show an absence of Oligocene rocks over large regions. Focussing
first on the European-North African region, the map indicates high topography in Iberia and
northern Africa while Iceland and northern Europe show lower elevation. The lower elevation
in northern Europe coincides with the lowest flux of the Iceland plume (Poore et al., 2009) and
the high elevation in south-west Europe coincides with a regional uplift in the Oligo/Miocene
(Meco et al., 2007) which precedes the formation of the Canary archipelago (Troll and Car-
racedo, 2016). South America also shows a widespread hiatus during the Oligocene. Note that
this region shows blank surfaces in the preceding two maps, indicating a widespread absence of
Paleocene, Eocene, and Oligocene rocks. Others have noted this long-standing hiatus (Wong,
1994; Horton, 2018). In particular, the on-shore basins of the southern Brazilian margin regis-
tered a hiatus of the Maastrichtian (youngest stage of the Upper Cretaceous) and the Paleocene
(Contreras et al., 2010). Gerster et al. (2011) reports that the Colorado Basin, on the north-
ern shore of Argentina, has a stratigraphic gap from the mid-Paleocene until the mid-Eocene.
Furthermore, the Austral-Magallanes basin in southern Argentina preserves a Paleocene hiatus
that extends into the Eocene towards the northern part of the basin (Cuitiña et al., 2019; Gal-
lardo Jara et al., 2021). In some basins, the hiatus lasts for ∼20 Myrs, however, it is not resolved
in our maps because of the temporal resolution of geological series that we use. The Miocene
hiatus map (Fig. 5.3g) shows most of the continents covered with rocks of this age. In Africa,
hiatuses are present in the eastern Congo Basin and the northwest of the continent. The latter
hiatus can be linked to the long-term uplift of the Canaries during the Miocene–Pliocene (Sehrt
et al., 2018) and the late Miocene uplift of the Atlas mountains (Babault et al., 2008; Lanari
et al., 2023). Finally, during the Pliocene (Fig. 5.3h) there are scattered surfaces of hiatus and
no hiatus throughout America, Africa, and Australia. Europe has widespread low elevation.

5.3.1 Asia

Here we describe the newly added hiatus/no hiatus surfaces for Asia. Figure 5.4 shows the
hiatus maps with a view centred on the continent. The Upper Jurassic (Fig. 5.4a) shows a con-
tinuous no hiatus signal in Southeast Asia that extends into the Lower Cretaceous, which one
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Figure 5.4: Same as Fig. 5.3 with the Hiatus Maps centred in Asia. Note the absence of sedimentation
during the Upper Cretaceous and Paleocene in Southeast Asia, as noted previously by Clements et al.
(2011a), and the hiatus surface in the Oligocene in East Asia previously linked to the motion of hot-
asthenospheric flow from the Pacific to the Asian domain Brown et al. (2022) (see text).

would expect due to its proximity to the subducting Meso- and Neo-Tethys slabs during this time
(e.g., Müller et al., 2016). In contrast, during the Upper Cretaceous, sediments are completely
absent from Southeast Asia, as indicated by the large blank area during this series (Fig. 5.4c).
The next map shows a hiatus during the Paleocene. This means that the uplift event could
have spanned back into the Upper Cretaceous, or occurred during the Paleocene and removed
the entire preceding series. This inter-regional hiatus event spans an area of ∼5.6× 106 km2

(Clements et al., 2011a), which has previously garnered attention in the literature due to its
likely link to mantle dynamics (Clements et al., 2011a). Following this, Southeast Asia entered
a phase of widespread subsidence and extensional basin development during the Eocene–early
Miocene (Pubellier and Morley, 2014). While not highlighted when mapping is carried out at
the temporal resolution of geological series, as we have done, the onset of sedimentation shows
a gradual northward progression over a distance of ∼3500 km at the resolution of geological
stages during the Eocene–Oligocene. The earliest onset of sedimentation occurs during the
early Eocene in East Java (coincident with the cessation of spreading of the now-extinct Whar-
ton Ridge) and the latest onset of sedimentation in the Gulf of Malaysia and the onshore basins
of Thailand during the early Oligocene (Pubellier and Morley, 2014). Southeast Asia shows
evidence of continued inter-regional subsidence during the Neogene, with a general transition
from terrestrial, lacustrine, and fluvial sedimentation during the Oligocene and Eocene to pre-
dominantly marine sedimentation during the Miocene and Pliocene (Clements et al., 2011a).

In the east Asian region (defined here to include eastern China, the Korean Peninsula and
Japan, see Fig. 5.6 b), inter-regional Cretaceous sedimentation (e.g., Xi et al., 2019) coincides
with the final stages of subduction of the Izanagi plate along the east Asian margin (e.g., Müller
et al., 2016). This period of low topography could therefore be linked to dynamic subsidence
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induced by the subducting Izanagi slab. Following this, during the Paleocene (Fig. 5.4d), the
subduction of the Izanagi plate ends with the subduction of the Izanagi-Pacific ridge from ∼65–
55 Ma. The Paleocene and following Eocene (Fig. 5.4d–e) are characterised by widespread ex-
tension on the east Asian margin, highlighted by the development of extensional basins such
as the East China Sea Shelf Basin (Wang et al., 2019) and the Bohai Bay Basin (Qi and Yang,
2010). Thus the no hiatus signals observed in East Asia during this time are dominated by
syn-rift sedimentation in such basins, which likely masks any underlying dynamic topography
signal. During the Oligocene (Fig. 5.4 f) a widespread hiatus is observed in eastern China.
This has been previously linked to an influx of hot asthenospheric material through the Izanagi-
Pacific slab window during the early Cenozoic (Brown et al., 2022). Finally, during the Miocene
and Pliocene (Fig. 5.4g–h), a large-scale transition to sedimentation occurred in East Asia, with
typically thick (∼1–4 km) sedimentary successions (e.g., Wang et al., 2019; Qi and Yang, 2010).
This transition from inter-regional hiatus to sedimentation during the Miocene, without addi-
tional rifting to generate this new accommodation space, is indicative of dynamic subsidence.
This may potentially be due to the influence of the Pacific slab during the late Cenozoic.

5.3.2 Geological uncertainty

The hiatus maps contain blank continental regions during each time window. This can occur
when an area is covered by recent sediments, meaning that underlying units are not exposed in
a geological map. Subsurface information (e.g. borehole data) could be used to augment the
lack of surface data in such regions. In other cases, blank regions are mapped when neither a
series nor the following series are present, such that a contact to be mapped at the boundary of
these series does not exist. This may be the case when much older rocks (i.e. Early Mesozoic,
Precambrian, etc.) are exposed at the surface (e.g. eastern North America), or for hiatuses of
extended duration which are bounded by later sedimentation (e.g. eastern South America from
the Paleocene–Oligocene). These hiatuses of significant duration (i.e. ≳20 Ma) may represent
periods of long-lasting and/or intense non-deposition or erosion, indicative of intense and/or
persistent surface uplift and exhumation (Friedrich et al., 2018; Friedrich, 2019). It is also
possible that they underwent repeated deposition and subsequent erosion, leading to a single
long-standing hiatus (e.g., Green et al., 2018a, 2022; Lovell, 2023). Here we follow Carena
et al. (2019) and quantify maximum bounds of uncertainty by assigning two end-member cases
to the blank areas: the sedimentary rocks were never deposited during their geological series
(hiatus) or they were deposited (no hiatus) and eroded later on. The latter case is also known
as lacuna, as defined by Wheeler (1958a, 1964). In other words, we fill the blank areas of the
continents and continental shelf with either one of these end-member scenarios (hiatus or no
hiatus). Figure 5.5 presents an example of the resulting end-member uncertainty maps when
considering blank areas with a hiatus/no hiatus signal for the Miocene hiatus map.

5.3.3 Global and regional hiatus curves

In Fig. 5.6, we present hiatus ratio curves both globally and regionally. This ratio is calculated
as the hiatus area relative to the combined hiatus and no hiatus areas of the target region, as
previously carried out by Hayek et al. (2020). We observe that the ratios are typically lower
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Figure 5.5: Two end-member scenarios of the Miocene hiatus map. Right: blank surfaces are hiatus,
e.g. Miocene was never deposited. Left: blank surfaces are no hiatus, e.g. Miocene was deposited and
later eroded (see text).

than 60% due to the prevalence of no hiatus areas in most of the maps (see Fig. 5.3). We also
include (in shaded grey) the uncertainty range on the hiatus ratio curves, which are obtained
when considering the blank surfaces as either hiatus or no hiatus, as explained above. Note
that the uncertainty below the curve is smaller than the uncertainty above it, for instance in the
global curve (Fig. 5.6a). This is because the no hiatus surfaces usually dominate most of the
maps, and so filling the blank regions with the same signal has a smaller effect on the overall
hiatus ratio. The ratio of hiatus to no hiatus exhibits significant changes in both time and space,
even within the extreme uncertainty bounds defined before.
In the Global curve (Fig. 5.6a) the Oligocene and Pliocene show an anomalously high distri-
bution of hiatus, with close to 40 % of the mapped area covered by hiatus surfaces. We note
that these two geological series coincide with well-known sea-level drops due to the glaciation
of the southern (De Lira Mota et al., 2023) and northern (Haug and Tiedemann, 1998) hemi-
spheres, as previously discussed by Hayek et al. (2020), and suggest a eustatic component in the
signal. In addition to the influence of glaciations, we can also observe very low hiatus ratios in
the Upper and Lower Cretaceous. This widespread distribution of no hiatus surfaces coincides
with the maximum peak of various sea-level curves (Müller et al., 2008; Rowley, 2017), even
though their amplitude are not well constrained. The Upper Jurassic also has an anomalously
high hiatus ratio, which is likely due to the inter-regional uplift in western Gondwana that has
been related to the rise of the Tristan plume (Renne et al., 1992; Krob et al., 2020b; Vilacı́s
et al., 2022).
To separate the effects of sea level from the dynamic topography, we also plot the continen-
tal regions individually. Figure 5.6b) shows a division of the continents mainly using the re-
gionalisation of plate IDs defined in the static polygons provided by Matthews et al. (2016).
Additionally we separate Oceania into two regions, Western Australia and East Oceania, and
Asia into Central, East, and Southeast Asia. Figure 5.6c)–m) show the hiatus ratio for each
study region, together with the associated uncertainty. Note that each curve reflects a unique
regional dynamic evolution. In North America (Fig. 5.6c) we observe a pattern attributed to
the development and disappearance of the Western Interior Seaway during the Cretaceous (low
hiatus ratio) and its disappearance in the Paleocene (increase in hiatus ratio). Note that the
North American curve has significant uncertainties during all geological series due to the large
extent of blank regions. These include eastern North America, where rocks which predate the
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study period are exposed at the surface due to glacial erosion events during the Phanerozoic,
and Greenland, which only contains data in the coastal regions. Europe (Fig. 5.6d) shows a
high hiatus ratio during the Paleocene, which precedes the arrival of the Iceland plume, and is
followed by a drop in elevation during the Eocene. South America (Fig. 5.6e) shows subsi-

Figure 5.6: Global (a) and regional (c–n) hiatus ratios. The red line marks the hiatus ratio throughout
the series considered, while red dots mark the datum. Shaded grey areas show the uncertainties of the
hiatus ratio when considering blank areas as hiatus or no hiatus. A graphical example of the two possible
end-member maps is shown in Fig. 5.5. The Pliocene and the Oligocene are hatched, indicating the
glaciation of the northern and southern hemispheres respectively. Panel b) shows the division of the
study regions by colour following the Plate ID and the static polygons from (Matthews et al., 2016) and
their interaction with plume domains (see text).
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dence during the Upper Cretaceous, following a topographic high in the Upper Jurassic. In the
early Cenozoic, its elevation increases again, culminating with a peak in the Oligocene. Note
that during the Paleocene and Eocene, the uncertainties cover more than 60 % of the area of the
plot, reflecting the large coverage of blank areas. South Africa (Fig. 5.6f) shows high hiatus
ratio in the Upper Cretaceous. In the Paleocene and the Eocene, the hiatus ratios are small, but
similarly to South America, the uncertainty is substantially large due to the presence of blank
regions and could indicate that the continent had a higher elevation, consistent with numerous
studies that have suggested high Upper Cretaceous elevation in this region (Said et al., 2015b;
Baby et al., 2020). NW-Africa (Fig. 5.6g) shows a high hiatus ratio in the Upper Cretaceous
with a small uncertainty range, and in the Oligocene shows the highest hiatus ratio of all the re-
gions with an uncertainty expanding to ∼50 % of the range. In contrast, NE-Africa (Fig. 5.6h)
has only small variations in the hiatus ratio and its uncertainty through the studied time span,
with a notably high hiatus ratio during the Oligocene. Central Asia (Fig. 5.6i) shows a low
hiatus ratio during the Cretaceous and Cenozoic. In the Paleogene, the region shows an in-
crease of hiatus ratio, which coincides with reports of uplift during the Oligocene in the West
Siberian Basin (Vibe et al., 2018a). This region includes the Siberian Craton, where Precam-
brian rocks are exposed at the surface. As discussed previously, this leads to a blank region in
the maps, resulting in large uncertainties. East Asia (Fig. 5.6j) primarily shows deposition dur-
ing the study period, except during the Paleocene and Oligocene, when a higher hiatus ratio is
recorded. Southeast Asia (Fig. 5.6k) has two series that stand out: the Paleocene and the Upper
Cretaceous. The Upper Cretaceous maps is largely blank, which together with the hiatus sur-
face in the following Paleocene indicates an absence of both Paleocene and Upper Cretaceous
sediments. We note that this is opposite to the trend in the global sea-level curve during the
Upper Cretaceous. India (Fig. 5.6l) shows a decrease in hiatus ratio from a topographic high
in the Upper Jurassic to a minimum in the Upper Cretaceous. It does not change significantly
during the Cenozoic. We note that the Upper Cretaceous rocks mapped in India are primarily
volcanic and are therefore mapped as no hiatus during this series, as explained in the methods
section. Western Australia (Fig. 5.6m) shows a pronounced increase in hiatus ratio during the
Paleocene (Stotz et al., 2024). East Oceania (Fig. 5.6n) shows an increase in hiatus ratio from
the Lower to the Upper Cretaceous, reflecting the retreat of the Eromanga Sea, which has been
previously discussed in the literature (Gurnis, 1998; Harrington et al., 2019). As with most of
the study regions, the Oligocene shows a high hiatus ratio.

5.4 Spectral analysis

Our spherical harmonic representation of the hiatus surfaces allows us to perform a spectral
analysis. This enables us to quantitatively study the wavelengths and temporal changes of the
structures present in our maps. The power spectrum (S(l)) is a measure of the strength of each
spherical harmonic degree, and is expressed as

S(l) =
l

∑
m=−l

| f m
l |2, (5.1)



82 Chapter 5: Vilacı́s et al. (2024)

where l and m represent the spherical harmonic degree and order respectively, and f m
f are the

fully normalised spherical harmonic coefficients (Stacey and Davis, 2008).
Figure 5.7 shows the power spectrum of each hiatus map (black curves) and the uncertainty as
given by the two end-member cases (see example in Fig. 5.5). Shaded red/blue regions represent
the power spectrum of the expansion when blank surfaces are considered as hiatus/no hiatus.
Recall that at degree 15, we apply a Gaussian filter that reduces the contributions of degrees
≥ 15, and it is therefore expected that the amplitudes in the power spectrum decrease above
this point. For this reason, we mainly focus our analysis on degrees ≤ 15. Overall we see that
each curve has distinct features and that longer wavelengths (degrees 1-8) tend to have higher
contributions than shorter wavelengths. We note that the power spectra for geological series
with higher hiatus ratios (Upper Jurassic, Paleocene, Oligocene, Pliocene) have distinct charac-
teristics. The spectrum is flatter between degrees 1 and 15, with minor amplitude variations of
∼ 0.02, and with a peak usually located between degrees 6–8. In contrast, the geological series
dominated by sedimentation have higher contributions from the lowest spherical harmonics de-
grees. Their maximum peak is at degree 1 for the Upper/Lower Cretaceous and the Eocene, and
at degree 2 for the Miocene. Furthermore, the contribution of higher degrees (5–15) reduces
overall by a factor of ∼ 5, except for the Lower Cretaceous. The blue and red curves show
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Figure 5.7: Power spectra for each geological series, obtained from the spherical harmonic expansion
that generates each hiatus map. Shaded red/blue curves are the uncertainty curves generated when con-
sidering blank surfaces as hiatus/no hiatus signals. The vertical line at degree 15 indicates the start cutoff
of the Gaussian filter. We identify a first group (Lower/Upper Cretaceous, Eocene and Miocene) with
higher contributions from degrees 1 or 2 and a reduction for higher degrees. We distinguish these from
the others (Upper Jurassic, Paleocene, Oligocene, and Pliocene) which have a flatter spectrum and minor
amplitude variations (see text).
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that the coverage of the blank regions with a hiatus/no hiatus largely affects the lower spherical
harmonic degrees (l ≤ 10). If we treat blank areas as no hiatus, the contribution from degrees
1–5 tends to increase. If treated as hiatus, we generally see a decrease in the contribution from
degrees 1–4, with the exception of the Upper Jurassic. The red curve (blank areas treated as
hiatus) in the Upper Jurassic shows a higher contribution from degrees 1–5 compared to the
blue curve, placing the peak of the spectrum at degree 2. Of the geological series considered,
the Upper Jurassic has the largest coherent hiatus surface. We interpret this as the latest stages
of the rise of the Tristan plume, which were sampled by a large continental landmass (western
Gondwana), as observed in Fig. 5.3a).

In addition to considering the spectrum of each map individually, we compare the changes
between the maps over time using the two-time correlation function. This correlation compares
two time steps in the spectral domain and is defined as the coefficient covariance divided by the
product of the respective variances. It is therefore calculated as

R(t1, t2) =
∑
m,l

f m
t1,l

f m
t2,l√

∑
m,l

| f m
t1,l

|2 ∑
m,l

| f m
t2,l

|2
, (5.2)

where l and m represent the spherical harmonic degree and order, t1 and t2 the two geological se-
ries, ft1,l and ft2,l the fully normalised spherical harmonic coefficients (Stacey and Davis, 2008)
at times t1 and t2 respectively, and ∑m,l = ∑

lmax
l=0 ∑

l
m=−l with lmax being the maximum harmonic

degree of the expansion. The value of the two-time correlation is normalised to between +1 and
−1. A value of +1 corresponds to a perfect fit between the fields, 0 indicates no correlation,
and −1 indicates a perfect anti-correlation. This correlation only measures similarities in shape
and is not sensitive to amplitudes.
Figure 5.8 shows the two-time correlation between the different hiatus maps. These are cal-
culated both at the present-day location of the continents (Fig. 5.8a) and with the continents
reconstructed to their past configuration (Fig. 5.8b). The former is a representation of temporal
changes within the continents. The latter is a representation of the dynamic topography changes,
and thus the planform changes in the underlying mantle, as sampled by the continents over time.
Both plots show values of +1 along the diagonal as this represents the correlation of a map with
itself. The correlation decreases strongly away from the diagonal, with a maximum value of
only ∼0.65, highlighting the change of the maps on the timescale of geological series. Panel a)
displays darker colours compared to Panel b) showing a higher correlation between the signals
when the continents are assumed fixed than when they are moving. This is expected. Our field
is only mapped in the continents, and when they are moving there is an intrinsic decorrelation.

5.5 Discussion

Over the past several years, we have published a series of papers that make use of stratigraphic
data sets in order to extract and infer past changes in dynamic topography, a key surface expres-
sion of mantle convection. Following the methodology introduced by Friedrich et al. (2018);
Friedrich (2019), we began by mapping hiatus surfaces at the continental scale in Europe (Vibe
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Figure 5.8: Two-time correlation function compares the spectral changes of two time series. +1 cor-
responds to a perfect fit between the fields, 0 no correlation and −1 a perfect anti-correlation. The
correlation is a measure of similarities in shape and wavelength and is not sensitive to amplitudes. Panel
a) shows the correlation calculated when the continents remain static at present-day location, whereas
Panel b) shows the calculation when the continents are reconstructed to their paleolocations (see text).
Note that the maximum value (away from the diagonal, where maps are correlated with themselves) is
∼0.65 and worsens when the continents are moving.

et al., 2018) and Africa (Carena et al., 2019). We then applied the method to the Atlantic Realm
and Australia (Hayek et al., 2020, 2021; Vilacı́s et al., 2022; Stotz et al., 2024). Finally, in
this work, we have included Asia, data from the continental shelf, and additional subsurface
information. As in our previous studies, we have chosen to consider eight geological series
spanning back to the Upper Jurassic, because this time span corresponds approximately to one
transit time of the Earth’s mantle (Iaffaldano and Bunge, 2015). This, in turn, corresponds to
the timescale one would expect for mantle-flow-induced changes in topography. Extracting the
hiatus/no hiatus surfaces at inter-regional scales provides us with a proxy for dynamic topogra-
phy during a given geological series. Mapping this topography over time therefore allows us to
track the temporal changes in the dynamic topography field. Hiatus maps therefore provide us
with a powerful tool with which to observe the planform of mantle convection and investigate
its spatial and temporal evolution within the Earth.

We observe that each map in Fig. 5.3 has a different hiatus/no hiatus distribution, indicat-
ing that the temporal evolution of dynamic topography is at least on the timescale of geolog-
ical series. This is highlighted in Fig. 5.8, in which we find that the maps decorrelate over
the timescale of a single series, whether or not lateral continental motion is considered. This
timescale is much smaller than the mantle transit time (Iaffaldano and Bunge, 2015). This can
be understood geodynamically through the so-called dynamic topography kernels (see Fig. 5.1b
and Colli et al. (2016)). The kernels show that in the presence of a viscosity increase with depth,
density anomalies produce significant surface deformations only in the upper mantle. Our maps
therefore indicate that radial viscosity stratification exerts a strong control not only on the plan-
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form of mantle convection (Bunge et al., 1996), but also on the temporal changes as viewed
through our maps. This means, for instance, that the geological imprint of rising plumes may
not be recorded until the latest stages of their transit through the mantle. It also means that
detailed geological studies on the uplift history induced by mantle plumes allow for further
constraints on the mantle viscosity structure (Şengör, 2001; Krob et al., 2020b).
We also observe that the maps have significant power at spherical harmonic degrees ≥2, ex-
pressed by the power spectrum curves (Fig. 5.7), meaning that the spectrum is flatter than one
would expect from studies of the geoid. We recall that the geoid is sensitive to density anomalies
as well as dynamic topography, which was understood early on by geodynamicists (Richards
and Hager, 1984). Geoid undulations have the maximum contribution at degree 2 and a power
loss between degrees 2–30 of four orders of magnitude (Pail et al., 2010). The flatter spectra of
the hiatus maps is consistent with the present-day residual topography studies of Hoggard et al.
(2016, 2017) and Holdt et al. (2022). These studies find that dynamic topography has significant
contributions from spherical harmonic degrees up to l ≃ 30, which is equivalent to wavelengths
of ∼1500 km. Furthermore, recent seismic tomographic models also find increasingly shorter
wavelength anomalies in the upper mantle (e.g., Schaeffer and Lebedev, 2013a; Fichtner et al.,
2018). The simultaneous presence of short-wavelength features in residual topography maps,
hiatus maps, and upper mantle tomographic models is consistent with a surface dynamic to-
pography field which is strongly influenced by asthenospheric temperature anomalies Hoggard
et al. (2017).
We note that residual topography studies analyse the present-day state of the Earth, while the
hiatus maps are indicative of dynamic topography at earlier times. However, if we assume that
the temporal variation of dynamic topography since the Pliocene is small (Austermann et al.,
2017), we can compare the Pliocene hiatus map, our most recent map, to the present-day resid-
ual topography map compiled by Holdt et al. (2022). Both maps are shown in Fig. 5.9 with the
oceans removed from the map of Holdt et al. for a more direct comparison. Generally speak-
ing, the polarity of the signals coincide. That is, regions of hiatus/no hiatus match to high/lower
residual topography. A comparison of the power spectra (Fig. 5.9c) also shows similarities in
their shape, with significant power up to degree 30. This is encouraging given that both maps
are obtained from entirely different data sets.

Several well-known plumes can be linked to hiatus surfaces in our maps. This is perhaps
most apparent in the Upper Jurassic, when we observe a hiatus surface in western Gondwana
that precedes the arrival of the Tristan plume, and is followed by the eruption of the Paraná-
Endeka flood basalts during the Lower Cretaceous (Renne et al., 1992). During the Cenozoic,
we find a widespread absence of Paleocene rocks in Europe preceding the arrival of the Ice-
land plume (Saunders et al., 2007b; Parnell-Turner et al., 2014). In eastern Africa, an absence
of Eocene rocks preceding the arrival of the Afar plume (Şengör, 2001). Finally, we observe
hiatus surfaces and blank regions in Iberia and North Africa during the Oligocene preceding
the formation of the Canaries archipelago (Meco et al., 2007; Troll and Carracedo, 2016; Sehrt
et al., 2018). The absence of sedimentation prior to flood basalt eruptions can be seen as a
characteristic expression of the latest stages of a plume rise (Şengör, 2001). In our maps, we
observe that the hiatus lasts for at least a geological series, translating into a high hiatus ra-
tio (see Fig. 5.6) and potentially allowing one to derive geological constraints on the mantle
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b) Residual Topography - Holdt et al. (2022)
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Figure 5.9: a) Pliocene hiatus map at present-day configuration with red/blue indicating hiatus/no hiatus
of the Pliocene. b) Present-day residual topography from Holdt et al. (2022) without the oceans; red/blue
indicates the amplitude of residual topography. c) Power spectrum of the Pliocene hiatus map and the
global and (filtered) continental residual topography from Holdt et al.. Grey band in the power spectrum
symbolises the maximum power spherical harmonic degree of the geoid. Note the flatter spectra of the
hiatus map consistent with the recent residual topography study at present-day.

viscosity structure, as noted before. In addition to the planform of convection associated with
rising plumes, we observe the long-lasting and long-wavelength features of subduction zones
and their associated no hiatus signals. Clear examples include the subduction zone in South
America during the Cretaceous and the Cenozoic, and the subduction zone on the East Asian
margin throughout the Cretaceous and much of the Cenozoic.
We also observe some inter-regional sedimentary hiatuses which are not associated with any
known plume or flood basalt eruption. For example, the maps show a hiatus surface in West-
ern Africa during the Upper Cretaceous. This uplift was not followed by an eruption of flood
basalts, but we speculate that this could still indicate the presence of a mantle plume that did not
rupture the lithosphere. This would have fed the asthenosphere with hot material and induced
minor volcanism in the surrounding regions. A similar mechanism was proposed by Oyarzun
et al. (1997) for the Cape Verde-Canary plume system. Our maps show several other hiatus sur-
faces which occur far from plume arrival locations: the hiatus in Southeast Asia during the Up-
per Cretaceous–Paleocene (Clements et al., 2011a), the hiatus in East Asia during the Oligocene
(Brown et al., 2022), and the hiatus in South America from the Paleocene–Oligocene (Wong,
1994; Horton, 2018). We posit that these events could be explained by the lateral transport
of plume-sourced thermal anomalies in the asthenosphere, as implied by a Couette/Poiseuille
model of asthenospheric flow (Höink and Lenardic, 2008, 2010; Höink et al., 2011; Höink et al.,
2012). Geological (White and Lovell, 1997; Hartley et al., 2011; Colli et al., 2014; Parnell-
Turner et al., 2014; Chen et al., 2021) and theoretical (Weismüller et al., 2015) estimates suggest
asthenospheric flow velocities of 15–20 cmyear−1. This could allow for the transfer of buoyant,
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plume-derived asthenospheric material over thousands of kilometres during the time span of a
geological series. It is therefore plausible that the Paleocene–Oligocene hiatus in South Amer-
ica was caused by lateral flow from the Tristan plume (Colli et al., 2013; Vilacı́s et al., 2022;
Stotz et al., 2023). In East and Southeast Asia, ridge subduction and the associated opening of
slab windows allows for the lateral transfer of asthenospheric material from adjacent upwelling-
dominated regions (e.g. the Tethys and Pacific domains). The Oligocene hiatus in East Asia has
been linked explicitly to asthenospheric flow through the Izanagi-Pacific slab window (Brown
et al., 2022), and a similar mechanism could be responsible for the hiatus in Southeast Asia
during the Upper Cretaceous–Paleocene.
In summary, our maps highlight the influence of radial viscosity stratification on the planform
of mantle convection in a number of different ways (Davies and Richards, 1992; Bunge and
Richards, 1996; Lenardic et al., 2020; Hayek et al., 2020). Plume signals are largely damped
until they reach the upper mantle (Colli et al., 2016, and Fig. 5.1b)). As a result, the charac-
teristic plume stratigraphic signature of inter-regional hiatus followed by flood basalt eruption
(Friedrich et al., 2018) presents itself on far shorter timescales than the mantle transit time,
as reflected in our maps for several well-known plumes. A weak upper mantle relative to the
lower mantle also plays a crucial role in generating sheet-like downwellings (slabs) (Bunge
and Richards, 1996; Bunge et al., 1997; Richards et al., 2001; Richards and Lenardic, 2018;
Cathles et al., 2023), which are reflected in our maps as continuous, long-wavelength no hia-
tus signals. Moreover, channelised flow within the asthenosphere allows for the long-distance
transport of plume-sourced thermal anomalies, inducing inter-regional hiatus surfaces far from
plumes (Oyarzun et al., 1997; Clements et al., 2011a; Vilacı́s et al., 2022; Brown et al., 2022),
and flattening the spectra of both the hiatus (Fig. 5.7) and residual topography maps (Hoggard
et al., 2016, 2017; Holdt et al., 2022, and Fig. 5.9). All in all, the maps therefore provide a win-
dow into the planform of mantle convection, and a powerful new constraint on models which
seek to reconstruct past mantle dynamics.

5.5.1 The influence of sea-level variations

Any discussion of hiatus surfaces must also consider the effect of sea-level changes, which, at
least on regional scales, are indistinguishable from dynamic topographic changes (i.e. varia-
tions in base level). In the global hiatus ratio curve (Fig. 5.6a) the Oligocene and Pliocene show
an anomalously high distribution of hiatus. This high ratio occurs also in every regional curve
except Southeast Asia and India in the Oligocene, and Europe and India in the Pliocene. The
global curve also shows low hiatus ratios in the Upper and Lower Cretaceous. A reduction in
hiatus ratio is present in all regional curves during the Lower Cretaceous. This also occurs in
all curves during the Upper Cretaceous except for South Africa, Northwest Africa, Southeast
Asia, and East Oceania. As noted before (Hayek et al., 2020), the two peaks in hiatus ratio dur-
ing the Oligocene and Pliocene coincide with well-known sea-level drops due to the glaciation
of the southern (De Lira Mota et al., 2023) and northern (Haug and Tiedemann, 1998) hemi-
spheres, while the Cretaceous low hiatus ratio coincides with the maximum peak of various
sea-level curves (Müller et al., 2008; Rowley, 2017). This highlights the importance of adopt-
ing a global perspective, in which sediment distribution is compared across continents when
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inferring sea-level changes. Studies of individual regions (e.g., the North American flooding
record (Tasistro-Hart and Macdonald, 2023)) instead could be affected by dynamic topography,
because there is no such thing as a stable platform (Moucha et al., 2008a). We note that a global
eustatic signal can be superimposed on regional dynamic topography changes. For instance, the
Cretaceous subsidence of North America due to the subduction of the Farallon plate is well-
known (Mitrovica et al., 1989; Burgess et al., 1997), and a link between the Oligocene hiatus in
East Asia and mantle dynamics has recently been proposed (Brown et al., 2022), providing ex-
amples where the eustatic and the dynamic topography signal reinforce each other. Our regional
curves also provide examples for sea-level variations and dynamic topography changes with op-
posing effects. For instance, the increase in hiatus ratio during the Upper Cretaceous in South
Africa and Southeast Asia reflects uplift events for these regions that have been noted before
(Baby et al., 2020; Clements et al., 2011a). Finally, our maps indicate that the late Eocene–early
Oligocene sea-level drop of ∼80 m (Miller et al., 2020; De Lira Mota et al., 2023) resulted in
extended global hiatus surfaces. This is interesting because it suggests that a change in base
level on the order of ∼100 m induced either by eustasy or dynamic topography can produce a
continent scale sedimentation signal.

5.5.2 Key hiatus/no hiatus surfaces

We assembled the hiatus/no hiatus data set with a geodynamic purpose. Mantle circulation
models (MCMs) are now widely used in global geodynamics (e.g., Bunge et al., 2002b; Mc-
Namara and Zhong, 2005a; Zhong et al., 2008; Müller et al., 2018b). These models assimilate
plate motion histories (e.g., Müller et al., 2016) to simulate the evolution of past mantle flow,
meaning that the horizontal component of the surface velocity is used as an input. At the same
time, MCMs make predictions of past dynamic topography, meaning that the latter is an output
of the models. Global hiatus maps therefore lend themselves as an observational tool to test the
specific parameter assumptions adopted in any given MCM.
From the hiatus maps, we identify several key events which MCMs should aim to reproduce.
Listed in chronological order they are:

(1) The extensive hiatus surface in western Gondwana during the Upper Jurassic, linked to
the arrival of the Tristan plume. Previous studies (Krob et al., 2020b) have already related
this uplift to the latest stages of the rise of this plume.

(2) The development of the Western Interior Seaway in North America during the Cretaceous,
linked to the lithosphere’s response to the subducting the Farallon slab (Mitrovica et al.,
1989; Burgess et al., 1997).

(3) The hiatus surface in South Africa during the Upper Cretaceous, which coincides with
increased sedimentation rate along the continental margin (Said et al., 2015b; Baby et al.,
2020). We have speculated earlier (Vilacı́s et al., 2022) that this uplift could be induced
by the arrival of the Marion plume (Storey et al., 1995).

(4) The absence of Upper Cretaceous and Paleocene sediments in Southeast Asia. This event
has been linked by Clements et al. (2011a) to dynamic rebound. It could also be related to
the transport of hot asthenospheric material (Brown et al., 2022) from an adjacent domain,
either from the Tethys side due to the subduction of the Wharton Ridge (Whittaker et al.,
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2007), or from the Pacific side due to gaps in subduction which could have existed during
the late Mesozoic (Lin et al., 2022).

(5) The high proxy elevation in Europe during the Paleocene, likely related to the arrival of
the Iceland plume at the Paleocene-Eocene boundary (Saunders et al., 2007b; Parnell-
Turner et al., 2014; Vibe et al., 2018).

(6) The near-continental scale absence of sediments in South America from the Paleocene–
Oligocene. Multiple studies have noted this long-standing hiatus (Wong, 1994; Gerster
et al., 2011; Horton, 2018; Cuitiña et al., 2019), which also coincides with anomalous
volcanism in the Rio Grande Rise (RGR) and the early Eocene subaerial exposure of the
RGR at Drill Site 516 (Barker, 1983).

(7) The lack of Oligocene sediments throughout much of Africa (Burke and Gunnell, 2008).
Carena et al. (2019) showed that this cannot simply be a result of the concurrent Oligocene
sea-level drop.

(8) The extensive hiatus in East Asia during the late Eocene–Oligocene. This event has been
linked to hot asthenospheric flow between the Pacific and Asian domains during the sub-
duction of the Izanagi-Pacific ridge (Brown et al., 2022). However, the high degree of
uncertainty of tectonic reconstructions in this region (e.g., Wu et al., 2016) means that the
precise combination of subduction and asthenospheric flow remains poorly known.

Geodynamicists have already attempted to reproduce some of these events. For instance, Con-
rad and Gurnis (2003) used a backward mantle flow model to reconstruct the uplift history of
Africa during the Cenozoic and late Mesozoic. Colli et al. (2018) employed the adjoint method
(Bunge et al., 2003a) to model the dynamic topography history in the Atlantic Realm. Ghe-
lichkhan et al. (2021) have attempted to reproduce a variety of different uplift and subsidence
events during the Cenozoic, also using global adjoint simulations. We note that Liu et al. (2008),
using a regional adjoint model, had previously tried to model the uplift history of western North
America. However, their use of a “stress guide”, an artificial viscosity barrier in the upper man-
tle that affects the form of the surface topography kernel and largely decouples the modelled
uplift history from the modelled flow history, makes their results difficult to interpret.

5.5.3 Limitations and uncertainties

Our hiatus mapping approach entails a number of uncertainties which we have extensively
discussed in Hayek et al. (2020). The maps have limited data coverage and include non-
standardised geological maps (e.g. different languages and age/naming conventions). In this
work, we tried to alleviate the lack of data coverage by including subsurface (e.g. drill cores
and stratigraphic columns) and shelf information. This expanded the observational data set
and reduced the extent of blank surfaces, especially when younger sediments cover an area
and thus the older rocks are not mapped at the surface. For example, in North America, the
COSUNA dataset (Childs, 1985, a compilation of stratigraphic studies that covers the geology
of the United States) helped to constrain the blank areas along the east coast and the west of
the country. We also extended our mapping to include data in the continental shelf extracted
from geological maps, IODP cores, and chronostratigraphic columns. In the North Atlantic, for
instance, we have included a combination of data contained in the geological map of Europe
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(Asch, 2004) and the stratigraphic columns compiled by (Hopper et al., 2014b). We note that
this introduces an inherent bias towards sedimentation: the interpretation of sedimentation in
the continents and the continental shelf differ due to their differing elevation. Even in the case
of an uplift, the continental shelf might remain covered by sediments. On the other hand, when
a hiatus is recorded on the shelf, it indicates a significant uplift event, and is therefore relevant
to map. Future work could consider additional information such as paleoaltimetry estimates
(Kohn, 2007), studies of river profiles (e.g., Roberts and White, 2010), landforms (Guillocheau
et al., 2018) and sediment provenance (Şengör, 2001; Meinhold, 2010), constraints from ther-
mochronology (Ehlers and Farley, 2003; Flowers et al., 2008; Reiners and Brandon, 2006;
Hodges, 2003), paleobiological and paleoenvironmental data (Fernandes and Roberts, 2020),
and quantifications of sediment budgets at the scale of continental margins (Guillocheau et al.,
2012; Said et al., 2015a,b). Studies of deep-sea carbonate (Dutkiewicz et al., 2018), carbonate
compensation depths (Dutkiewicz and Müller, 2021), and deep-sea hiatuses (Dutkiewicz and
Müller, 2022) can provide constraints on the distribution of seafloor sediments through time
and the processes that have driven them.
In this work, we had to resort to a mixture of digital and manual data extraction. For ex-
ample, data was mapped manually for Africa or Asia, because there are no digital geological
maps available at the temporal resolution of geological series. Hence we relied on standard
map reading and the use of additional resources wherever available (see Table 1 in the supple-
mentary material). It is crucial that future geological maps are made available in digital form
at continental-scale and temporal resolution of geological stages, as advocated by Friedrich
(2019).
In our previous work, we quantified uncertainties by varying the cut-off degree of the spherical
harmonic expansion. Here we followed the approach from Carena et al. (2019) and introduced
a hiatus/no hiatus signal in the blank regions (see Fig. 5.5), as explained in Section 5.3.2. This
choice represents two end-member cases, and provides us with maximum bounds on the uncer-
tainty. This is particularly evident for South America from the Paleocene–Oligocene, where it
could be argued that a late uplift in the Oligocene eroded the previous geological series (Eocene
and Paleocene), or that the paleotopography was high from the Paleocene onwards.
We reconstructed the hiatus surfaces to their paleolocations using the plate tectonic model from
Müller et al. (2022). This is a Phanerozoic plate motion model based on a paleomagnetic refer-
ence frame optimised to constrain mantle flow models with a set of “tectonic rules” (see Müller
et al., 2022, for further information). However, the choice of reference frame is an open ques-
tion. Other choices include the Indo-Atlantic (O’Neill et al., 2005) and global moving hotspot
(Steinberger and Torsvik, 2008) reference frames, or a combination of global moving hotspots
and True Polar Wander (Torsvik et al., 2008). Merdith et al. (2021) provides a summary of the
reference frames used by each plate tectonic model from the EarthByte group in the last decade.
MCMs yield different flow histories based on the choice of reference frame (Shephard et al.,
2012), and thus a comparison between the hiatus maps and MCM outputs should eventually
account for this.
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5.6 Conclusions

Planforms are a defining feature of convecting fluids. Here we show that the planform of mantle
convection can be tracked through the dynamic topography that it induces. The dynamic topog-
raphy in turn is revealed through its effect on the evolution of continent-scale stratigraphy, which
can be extracted by mapping inter-regional hiatus and no hiatus surfaces over geological time.
In this work, we have carried out this mapping for all continents apart from Antarctica since the
Upper Jurassic. We chose this timescale due to geodynamic considerations, as this corresponds
to a single mantle transit time. The hiatus surfaces are reflective of dynamic uplift events, while
no hiatus surfaces reflect dynamic subsidence. We have found that the hiatus surfaces change on
the timescales of geological series, meaning that the underlying dynamic topography and there-
fore the planform of convection changes at least on timescales of 10–20 Myrs. Future mapping
on the timescale of geological stages may reveal changes at a finer temporal resolution. The
spatial scale of these events (wavelengths on the order of 103 km) is significantly smaller than
the lengthscales of dynamic topography implied by the geoid. We also find that known flood
basalt eruptions are frequently preceded by hiatus surfaces, as expected. Some hiatus surfaces,
however, are not linked to any known plume. These may reflect lateral transport in the astheno-
sphere. Several characteristics of our maps (e.g. rapid time variations and small spatial scales,
as noted above) reflect the dominant influence of radial viscosity stratification on the planform
of convection. We propose that MCMs and adjoint geodynamic models should aim to reproduce
these global characteristics, as well as specific regional events. To this end, we have identified
a set of eight prominent events which should eventually be reproduced in global geodynamic
models. By covering all continents apart from Antarctica, we have been able to disentangle the
effect of sea-level variations from regional changes in base level induced by dynamic topogra-
phy. Sea-level effects can be extracted from our maps as global increases/decreases in hiatus
ratio. They are seen most prominently during the Cretaceous and the Oligocene, reflecting a
sea-level high-stand in the former and the onset of Antarctic glaciation in the latter. This means
that geodynamicists should take additional care when interpreting dynamic topographic events
during these times.
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Chapter 6

Conclusions and Outlook

The main objective of this thesis is to utilise the geological record to infer the spatial and tem-
poral patterns of dynamic topography. This work further develops the hiatus mapping method-
ology and applies it to all the continents with a combination of digital and manual processing.
The outcome of this research is eight hiatus maps that cover all continents and the continental
shelves (except Antarctica), separated temporally in geological series since the Upper Jurassic.
Each hiatus map represents the accumulation of processes that occur during a given geological
series and can be considered as a proxy for the vertical motion that the area has undergone (i.e.,
dynamic topography). Thus, the convective system is mapped over time. The resulting maps
facilitate the observation of mantle convection patterns and the inference of links between spe-
cific hiatus surfaces, mantle convection processes, and changes in the horizontal motion of the
lithosphere.

The main observation is that each hiatus maps systematically differs, showing changes in
the hiatus surface patterns at timescales of geological series (approximately between 10 Myrs to
20 Myrs in the Cenozoic). The timescale of these dynamic topography changes is significantly
shorter than the mantle transit time, which would be the first-order expectation for the timing
of mantle flow-induced changes in topography. This rapid change indicates and corroborates
the findings that the mantle is not isoviscous (i.e., constant radial viscosity), but has a radial
viscous stratification, with the upper mantle being weaker (less viscous) than the lower man-
tle. Consequently, the geological imprint of rising mantle plumes may not be recorded until
the final stages of their transit through the mantle. Furthermore, the maps show that the hia-
tus surfaces have wavelengths between 2000 km to 3000 km in diameter. These wavelengths
are significantly shorter than those inferred from the geoid and coincide with the wavelengths
inferred from present-day residual topography studies.

The hiatus maps regularly show a widespread absence of sedimentary rocks at the conti-
nental scale before the arrival of a mantle plume beneath the lithosphere. This hiatus surface
appears a geological series before the flood basalt eruption associated with a mantle plume.
There are several hiatus surfaces within the maps, which can be associated with well-known
plumes. The most prominent instance is observed in western Gondwana, with a hiatus surface
in the Upper Jurassic, indicating an uplift of the region, that precedes the arrival of the Tristan
plume. This uplift is followed by the eruption of the Paraná-Endeka flood basalts during the
Lower Cretaceous. Another example is the widespread hiatus of Paleocene rocks in Europe,
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which precedes the arrival of the Iceland plume and subsequent flood basalt eruptions during
the Paleocene-Eocene transition. For further examples, see Chapters 2 and 5. The hiatus maps
show that these hiatus surfaces persist across a geological series prior to the onset of extensive
volcanism. It may be possible that this temporal span could be reduced by creating hiatus maps
at the resolution of geological stages, thereby providing additional constraints on the radial
viscosity structure of the Earth’s mantle.

In addition, the present study demonstrates that the vertical and horizontal motion of the
lithosphere are related, showing a frequent correlation between the appearance of a hiatus sur-
faces and a subsequent plate motion change. However, we find that this is not the case in
locations where plate boundary forces might play a significant role, e.g., in the Indian Realm.
This work utilises the theoretical framework of Couette/Poiseuille flow in the asthenosphere to
relate these two observations. We observe that there is a time delay on the order of a geological
series between the occurrence of a continent-scale hiatus and a plate motion change. This time
delay can be explained because the uplift induced by the rising plume, occurs only during the
latest stages of the ascent, when the plume is in the upper mantle, but not yet in the astheno-
sphere. Conversely, the basal shear stresses inducing plate motion changes are only generated
when the plume material reaches the asthenosphere. In summary, the uplift occurs before the
plume material shears the base of the lithosphere, resulting in a time delay between these ob-
servations. For example, the hiatus surface during the Upper Jurassic in Western Gondwana,
associated with the uplift of the Tristan plume, is followed by the initiation of seafloor spread-
ing in the South Atlantic. Similarly, the hiatus during the Paleocene in Europe is followed by
an increase in spreading rates in the North Atlantic during the early Eocene. Furthermore, in
the case study of the South Atlantic realm (Chapter 4), we show that the South American plate
experiences two plate motion changes in the Paleogene (comprising the Paleocene, Eocene and
Oligocene). These changes can be attributed to the Sierra Leone plume and one of the pulses
of the Tristan plume. These tectonic events are preceded by a general absence of Paleocene,
Eocene and Oligocene sediments in South America and Southern Africa. They also coincide
with the early Eocene subaereal exposure of the Rio Grande Rise.

The asthenosphere plays another important role in influencing the hiatus maps. There are
inter-regional hiatuses that are not associated with subsequent flood basalt eruptions and occur
far from plume arrival locations. These hiatuses can be created by plume material spreading
laterally in the asthenosphere for 1000s of kilometres. For example, there is a hiatus surface
in Western Africa during the Upper Cretaceous, a hiatus in South America from the Paleocene
to the Oligocene or an Oligocene hiatus in East Asia. None of these hiatus occurrences were
followed by a flood basalt eruption. In consequence, they could either indicate the presence of
a mantle plume that didn’t break the lithosphere, or the lateral transport of hot material within
the asthenosphere, as implied by a Couette/Poiseuille model of asthenospheric flow.

Global sea-level changes also need to be considered for the interpretation of the hiatus maps,
as their imprint on the geological record is indistinguishable from dynamic topography changes
(i.e. variations in base level) on the regional scale. Accordingly, the hiatus maps always showed
an anomalously high distribution of hiatus in the the Oligocene and Pliocene, which coincide
with well-known global sea-level drops to the glaciation of the southern and northern hemi-
spheres, respectively. Contrarily, we also observed globally low amounts of hiatus in the Upper
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and Lower Cretaceous, in agreement with the maximum peak of various sea-level curves. This
shows the importance of adopting a global perspective, in which sediment distribution is com-
pared across continents when inferring sea-level changes. Moreover, individual regions can be
affected at the same time by dynamic topography and global eustatic changes. These can be
superimposed or have opposing effects. For instance, while global sea-level changes strongly
influence hiatus formation in the Oligocene and Pliocene, the hiatus patterns observed in the
Oligocene in East Asia are more consistent with dynamic topography effects. Furthermore, the
sea-level drop in the Oligocene, which was on the order of ∼100 m, shows that a change in base
level of this magnitude, either by eustacy or dynamic topography, can produce a continental
scale sedimentation signal. This effect has to be considered when comparing the hiatus maps to
other data sets or models that do not have sea-level variations included.

The results of this dissertation provide new insights into the wavelengths of dynamic topog-
raphy and the timescales at which it changes. They highlight the importance of the viscosity
stratification in shaping mantle convection and its planform. They also emphasise the necessity
of a weak asthenosphere to facilitate transportation of hot plume material over long distances
and induce plate motion changes while shearing the base of the lithosphere. Detailed geological
studies of specific mantle plumes, and the uplift history they induce, would provide additional
constraints on the structure of mantle viscosity. These results also suggest that the characteristic
expression of the rise of a mantle plume can be seen as the absence of sediments at continental
scale within 10 Myrs to 20 Myrs before the flood basalt eruption followed by a plate motion
change.
The hiatus maps provide, for the first time, a proxy for observing time-dependent dynamic to-
pography patterns at the geological series time resolution. They can be employed to test and
further constrain mantle circulation models and the model parameters of the Earth that remain
unclear. These maps can be used in conjunction with other observations such as the geoid or
the present-day dynamic topography. Furthermore, it is important to consider the influence of
sea-level variations when studying observations that are sensitive to this effect. Finally, it is rec-
ommended that future geodynamic Earth models aim to replicate first the global characteristics
of the hiatus maps and then specific regional events that can be inferred from them, as a way to
further develop our understanding of the Earth’s convective system.
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Appendix A

Data sources

The following are the extended data references used in Vilacı́s et al. (2024) to cover Asia and
Oceania with the hiatus mapping, and to expand the coverage of previously mapped regions.

Region Type Source

North America Correlation charts COSUNA (Childs, 1985)
Alberta Geological Survey (2019)
McAlpine (1990)
Core Labs (2014)
Saskatchewan (2022)
Nicolas (2020)

South Andean Basins Journal article Horton (2018)
America Falkland Plateau Journal article Stanca et al. (2022)

Colorado Basin Journal article Gerster et al. (2011)
Brazil Basins Journal articles Milani et al. (2007)

Batezelli and Ladeira (2016)
Austral-Magallanes Journal article Cuitiña et al. (2019)
Tierra del Fuego Journal article Gallardo Jara et al. (2019)

North Atlantic Correlation chart Hopper et al. (2014a,b)
Journal article Gregersen et al. (2019)

Europe United Kingdom Correlation charts Waters et al. (2007a,b)
Germany Correlation chart Menning and Hendrich (2016)
Poland Journal article Wagner (2008)
France Journal articles Sissingh (2006)

Callec et al. (2006)
Iberian Peninsula Journal articles De Vicente et al. (2011)

Do Couto et al. (2016)

Asia and Europe Geological map Tingdong (1997)

Asia Eastern Russia Online resources The Geotraverse Project (2001–2016)
Journal articles Lindquist (2000)
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Region Type Source

West Siberian Basin Journal article Vibe et al. (2018a)
SE Russia and Journal article Kirillova (2003); Cao et al. (2013)
NE China Petit and Déverchère (2006)
Pakistan Geological map Bahr et al. (1964)

Journal article Asghar et al. (2021)
India Geological map Geological Survey of India (1993)

Journal articles Hansen et al. (2005)
Prasad and Pundir (2019)
Asim et al. (2014)

Book chapters Bastia and Radhakrishna (2012)
Valdiya (2016)

Online database Government of India (2021)
Central Asia Geological map Hwang et al. (2008)

Journal articles Abdullayev et al. (2017)
Smith-Rouch (2006)
Ulmishek (2004, 2001a,b,c)
Abreu and Nummedal (2007)
Shi et al. (2016)
Sepehr and Cosgrove (2004)
Rahimpour-Bonab et al. (2007)
Aubekerov et al. (2010)
Rabbani (2008)
Jaireth et al. (2008)

Book chapter Lucas et al. (2000)
China offshore Book chapter Wang et al. (2014)
basins Journal article Chang et al. (2018)
China onshore Journal articles An et al. (2018)
basins Xi et al. (2019); Cao (2018)

Zhu et al. (2020a,b)
Cheng et al. (2018)
Graham et al. (2005)
Li et al. (2016)
Suo et al. (2020)
Zheng (2015)
Song et al. (2018)
Jiaodong et al. (2012)
Meng et al. (2003)
Yan et al. (2007)

Taiwan and Journal articles Deng et al. (2020)
South China Sea Savva et al. (2014)

Fang et al. (2017)
Lin et al. (2003, 2021)
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Region Type Source

Teng et al. (1991)
Ho (1986); Huang et al. (2020)

East China Sea Journal articles Wang et al. (2019)
Yang et al. (2016)

South, East and Geologic map Ghose et al. (1990)
Southeast Asia Journal articles Wang et al. (2020)

Zhou et al. (2019)
Yang et al. (2020)
Panggabean and Heryanto (2009)
Doust and Noble (2008)
Clements et al. (2011a)
Cottam et al. (2011)
De Smet and Barber (2005)
Rigg and Hall (2011)

Online resources CCOP (2002)
Japan Geological map GS Japan (1982)

Journal article Taira et al. (1982)
Book chapters Takano (2017)

Takashima et al. (2017)
Sea of Japan Drilling log Ingle (1992)

Journal article Kano et al. (2007)
Malaysia Geological map GGS Malaysia (1996)

Tate et al. (2008)
Thailand Geological map GSD Thailand (1999)

Journal article Charusiri and Pum-Im (2021)

Papua New Guinea Journal articles Marlow et al. (1988)
Carman (1992)

Australia Compilation of data Stotz et al. (2024)

New Zealand Journal articles Rotzien et al. (2014)
Strogen et al. (2017)
Bland et al. (2015)
Haque et al. (2016)
Uruski et al. (2003)

Thesis Samuel (2010)
Geological map New Zealand GS (1972)

Arctic Geological map Harrison et al. (2011)

World - Sedimentary Basins Online resource CGG-Robertson (2022)

Table A.1: List of data sources used to extend the data set, where GS stands for Geological Survey. The
column Type refers to the source used, as in Carena et al. Carena et al. (2019).
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