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Abstract

The search for economically viable copper deposits is becoming increasingly urgent
in the context of a global transition toward net-zero carbon emissions. Although
traditional mineral exploration methods have proven to be effective, they are no
longer sufficient to meet the growing demand. Conventional techniques fall short in
reconstructing the long-term surface dynamics of ore bodies, often neglecting their
histories of preservation, exposure, and remobilization. To identify frontier deposits,
we need innovative approaches. This thesis presents novel frameworks by applying a
Landscape Evolution Model (LEM), goSPL, to address these limitations. Designed
for deep-time, large-scale simulations, goSPL integrates paleo-elevation, paleocli-
mate, tectonics, and sea-level change to model and quantify sediment transport
from source to sink. This research contributes to bridging the gap between climate
dynamics and ore body evolution, offering new insights into sediment remobilization
and exhumation histories.

The objectives of this thesis are to: (1) develop and apply a method for quantitative
provenance analysis using well-constrained landscape evolution models and work-
flows that extract provenance-relevant data; and (2) investigate the role of climate
in the exhumation, remobilization, and preservation of ore bodies by comparing
landscape evolution models subjected to different forcing conditions (elevation and
climate) against present-day data.

In this thesis, three case studies illustrate the applicability of goSPL to mineral ex-
ploration. These progress from a relatively recent and well-constrained region (the
Miocene Gulf of Mexico), to a deep-time interpretative model (the Southern Per-
mian Basin), and finally to a long-term global model (the Cenozoic). The first case
presents regional-scale models of the mid-Miocene Gulf of Mexico, assessing how
different initial conditions influence sediment routing and volumetric provenance.
The results are compared with present-day observations and geological records for
validation. The post-processed quantitative provenance analysis matches well with
traditional provenance tools. The second case examines volumetric sediment accu-
mulation in the red beds of the intracontinental European Southern Permian Basin,
focusing not only on sediment origin, but also on evaluating their copper poten-
tial based on paleolithological reconstructions. This addresses whether the red beds
(from the Upper Rotliegend stage) could be the sedimentary source rock for copper in
overlying layers (the Kupferschiefer shale). The third case builds on a global land-
scape evolution model covering the Cenozoic to the present, evaluating porphyry
copper preservation by linking tectonic exhumation rates to known emplacement
depths.

Together, these chapters demonstrate that landscape evolution modeling offers a
quantitative, scalable, and reproducible framework for mineral systems analysis.
By integrating goSPL with provenance analysis and mineral systems thinking, this
thesis represents one of the first applications of LEMs to directly inform copper
exploration. It underscores the relevance of Earth surface processes over geological
time and positions LEMs as a powerful tool to support mineral prospectivity in
frontier terrains.
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1 | Introduction

As global temperatures rise, the demand for critical metals like copper grows, driven
by the push for sustainable energy solutions. In response, the Australian Govern-
ment has revised its National Science and Research Priorities, emphasizing research
that supports the transition to a net zero future and builds a secure and resilient
economy. Meeting the material demands of this energy transition will require nearly
doubling the global copper production over the next 25 years (International Energy
Agency 2025; Guj and Schodde 2025). Meanwhile, conventional copper exploration
methods are reaching their limits. As a result, there is a growing interest in predic-
tive modeling frameworks that move beyond traditional geophysical and geochemical
methods, incorporating deep learning and big data analytics (Xiao et al. 2024).

Despite these advances, many approaches overlook a critical dimension: the dy-
namic evolution of Earth’s surface under the influence of climate and tectonics. This
thesis argues that integrating landscape evolution modeling (LEM) into mineral ex-
ploration fills a crucial gap in understanding ore deposit formation, preservation,
and redistribution over geological time. A key challenge to testing this gap is the
lack of tools capable of quantitatively simulate surface dynamics across geologic
timescales while linking them to mineral systems in a replicable way. To address
this gap, I apply the landscape evolution model goSPL (Salles et al. 2020), which
integrates tectonic and climatic variations to simulate surface processes from recent
to deep time, and across spatial scales from local to global. By resolving the in-
terplay between climate and tectonic, goSPL provides a quantitative framework to
address limitations in traditional regional database geological approaches, including
their frequent neglect of climate’s role in ore deposit exhumation, preservation and
remobilization.

Building on this foundation, this Thesis leverages landscape evolution modeling to
address long-standing questions about source-to-sink dynamics and mineral system
processes, such as: What is the total volume of sediment transported from a given
source over time? (Chapter 2); To what extent do tectonic changes influence sed-
iment provenance? (Chapter 2); How likely is it that copper in sediment-hosted
provinces originates from underlying red-bed layers, which are commonly associated
with such systems? (Chapter 3); If the provenance and composition of sediments
are known, can we estimate the copper potential of the basin where they accu-
mulate? (Chapter 3); What role does climate play in the exhumation history of
porphyry bodies, and can such exhumation completely remove the mineralized sys-
tem? (Chapters 3 and 4); and Is it possible to estimate the copper content within
the remobilized sediments? (Chapters 3 and 4).
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Landscape evolution modeling and quantitative provenance analysis across scales and time for
mineral exploration

The remainder of this chapter begins with a review of traditional mineral exploration
methods (Section 1.1), followed by a discussion of how surface processes influence ore
systems and why these dynamics are often overlooked (Section 1.2). I then outline
the rationale for applying LEMs in this context, with a focus on goSPL (section 1.3).
This is followed by the introduction of a revised method for quantifying sediment
provenance based on LEM output, and demonstrate its relevance to copper mineral
systems. Finally, I define the scope and structure of this Thesis (section 1.4).

This Thesis advances landscape evolution modeling by developing new post-processing
routines, including a volumetric provenance analysis method that extracts detailed
sediment sourcing and accumulation histories directly from goSPL outputs. These
methodological innovations extend the role of LEMs beyond traditional surface pro-
cess simulation, positioning them as powerful tools within mineral systems science
to better understand ore deposit preservation and redistribution over geological
timescales. By integrating goSPL into mineral exploration workflows, I aim to
demonstrate how landscape evolution modeling could provide crucial insights for
the discovery of future copper resources.

1.1 Traditional methods in mineral exploration

The emergence of Geographic Information Systems (GIS), combined with the abun-
dance of data generated during mineral exploration, has transformed the way we
understand mineral deposits. The field has shifted from qualitative reasoning about
geological processes to the quantitative, three-dimensional prediction of ore deposit
models (Xiao et al. 2024). This shift has enabled a focus on deeper, more concealed,
and technically challenging deposits beyond the shallow and surface-accessible ones.

Three-dimensional models integrate data such as topography, geological mapping,
borehole logs, cross-sections, geophysical surveys, and geochemical analyses to infer
the structure and distribution of ore bodies (Xiao et al. 2024). Traditional geostatis-
tical methods, such as kriging, help fill gaps in these datasets, which are then used
to construct digital deposit models using software platforms such as Lynz, Suka,
GOCAD, EarthVision, RockWare, GeoModeller, and Leapfrog. Yet, despite increas-
ing sophistication with extensive datasets, these methods remain largely site-specific
and static, offering limited insight into Earth’s evolving surface.

More recently, with increasing computational power, the growing availability of land-
scape evolution datasets (e.g. paleoclimatic and paleotopographic reconstructions),
and advances in artificial intelligence have enabled the application of big data tech-
niques to mineral prospectivity (e.g. Alfonso et al. 2024. Machine learning and
deep learning algorithms are now used to build predictive models, employing meth-
ods such as random forests, support vector machines, artificial neural networks, and
convolutional neural networks (Sun et al. 2020; Prado et al. 2020; Rodriguez-Galiano
et al. 2015; Diaz-Rodriguez et al. 2021). These data-driven approaches have revo-
lutionized mineral exploration by facilitating intelligent prospectivity models that
can identify and prioritize mining exploration targets (Xiao et al. 2024).

While interpreting mineral deposits using subsurface and geochemical data has
proven effective, such predictive models induce important extrapolation and of-
ten neglect the direct influence of climate and surface processes in ore formation,

CHAPTER 1. INTRODUCTION 3
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preservation and concentration. In the next sections, I argue for the importance of
integrating climate and tectonics into mineral deposit models, presenting both the
rationale for this broader perspective and recent advancements in LEMs that allow
us to quantify the role of these external forcing mechanisms.

These traditional approaches, while powerful, remain blind to the landscape scale
processes that redistribute, weather and erode ore bodies over millions of years. The
lack of integration between surficial processes and ore system modeling represents a
critical gap, one that LEMs are uniquely positioned to address.

1.2 The role of climate and tectonics in mineral deposit his-
tory

Climate, in conjunction with tectonics, is among the most influential factors shaping
the history of mineral deposits (Wang et al. 2024; Yanites and Kesler 2015). These
forces drive landscape evolution through cycles of erosion, transport, and deposition.
Although most mineral systems initiate due to geodynamic and tectonic processes,
surface processes (often influenced by climate) are frequently critical to the final
accumulation, redistribution, or preservation of ore (Fig. 1).

For example, well-known diamond-rich kimberlite orthomagmatic systems typically
date from 50 - 250 million years ago (Mather et al. 2023; Arndt et al. 2017), while
the diamonds themselves may be much older. These diamonds often concentrate
as re-worked clasts in paleo-fluvial (paleo-placer) deposits and may date back to
the Paleoproterozoic (=~ 2.5 Ga) (Carvalho et al. 2016). In some cases, the primary
kimberlite source has not yet been identified, as it may have been completely eroded
(Chaves et al. 1998).

Similarly, porphyry Cu-Au-Mo deposits, associated with arc-related magmatism and
generally placed between 2 and 5 km depth (Singer 1995; Sillitoe 2010), are typi-
cally not economically viable until they have been exhumed to, or near, the surface
over geological time. However, older porphyry deposits with prolonged exhuma-
tion histories may be entirely eroded. The sediments produced through erosion can
be redeposited and reburied, forming primary or enriching diagenetic red beds de-
posits, which may later act as source for sediment-hosted stratiform deposits. These
deposits can then be further enriched by meteoric waters, resulting in supergene
mineralization (Zientek et al. 2014; Hitzman et al. 2010).

Although three-dimensional ore deposit models are becoming increasingly sophis-
ticated, interpretations of the surface processes shaping their post-formational his-
tory remain underdeveloped. For instance, identifying catchment reorganizations
resulting from basin inversions could offer valuable insights into the transport and
re-deposition of metal enriched sediments, particularly relevant in the context of
paleo-placer and stratiform deposits.

Significant progress has also been made in the reconstruction of regional paleo-
elevation maps, one of the main inputs for starting a LEM, constrained by ther-
mochronological data such as denudation rates from cosmogenic °Be (Ruetenik et
al. 2023), or apatite fission track analysis. Additionally, the growing availability of
global paleoclimate models, built from diverse datasets including fossil record and
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stable isotopes, offers new opportunities to quantify the co-evolution of climate,
topography and ore system preservation over geological time.

These examples highlight that the processes responsible for ore preservation and
enrichment often occur long after primary formation and are strongly modulated
by surface dynamics. Understanding such a long-term evolution requires innovative
tools capable of linking tectonic, climatic, and geomorphic processes across geological
timescales, such as the LEM goSPL applied in this Thesis.
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Figure 1: Ore deposits within their plate tectonic settings (adapted from (Arndt
et al. 2017)). Note that most deposit types, regardless of their tectonic setting, are
emplaced at depth and need to be exhumed to the surface to become economically
viable.
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1.3 Landscape evolution modeling

The origins of landscape evolution theory can be traced back to the late 19th century,
notably to Gilbert’s (1877) pioneering work on the geology of the Henry Mountains.
In addition to describing the region’s geological structures, Gilbert provided early
hypothesis on the mechanics of weathering, erosion and sediment transport, offer-
ing a conceptual framework for understanding landscape forming processes (Gilbert
1877; Tucker and Hancock 2010). These early ideas remained largely qualitative
until the 1960s, when researchers began formalizing them through mathematical
equations and quantitative testing (Pazzaglia 2003). These developments laid the
foundation for modern landscape evolution modeling (LEM).

Landscape evolution models are defined by mathematical equations that describe
how geomorphic processes interact with and drive topographic change over time
(Tucker and Hancock 2010; Pazzaglia 2003; Willgoose 2018). At the core of LEMs
is the continuity of mass equation, expressed through geomorphic transport laws
(stream power law) that describe and simulate hillslope processes dynamics, runoff
generation, and erosion and sediment transport by water (Tucker and Hancock 2010;
Pazzaglia 2003).

LEM frameworks vary in how they formulate and implement these governing equa-
tions. The specific continuity of mass equation determines which geomorphic pro-
cesses and environmental conditions the model can realistically represent (Tucker
and Hancock 2010; Willgoose 2018; Pazzaglia 2003) (Fig. 2). For example, models
such as SIBERIA (Hancock et al. 2000) and Landlab (Hobley et al. 2017) focus
on relatively small spatial scales over short time-frames. Others, such as LECODE
(Salles and Duclaux 2012), CAESAR (Coulthard et al. 2002) and FastScape (Braun
and Willett 2013), simulate longer-term evolution at similar spatial scale. Mean-
while, models like BadLands (Salles 2016; Salles et al. 2018a) are designed to handle
large-scale, deep-time landscape dynamics. Only a few models, including eSCAPFE
(Salles 2019), and goSPL (Salles et al. 2020), are capable of simulating global-scale
landscape evolution over geological timescales.

Despite their widespread application in geomorphology, LEMs remain underutilized
in the field of mineral exploration. Some studies have applied LEMs to simulate
post-mining landscape evolution (e.g. Hancock et al. 2000; Moliere et al. 2002;
Hancock et al. 2008; Hancock et al. 2016; Hancock et al. 2017; Hancock et al.
2025), but to date, no recorded applications have used LEMs explicitly to support
mineral prospectivity. This thesis represents a first step toward integrating LEMs
(specifically goSPL) into mineral exploration research.

As with any modeling framework, LEMs involve trade-offs. These include simplifi-
cations of geomorphic processes, computational limitations, and challenges in vali-
dating model output with empirical data (Tucker and Hancock 2010; Dietrich et al.
2003). However, each model includes design choices to address specific challenges,
often at the expense of others. The strength of goSPL lies in its ability to handle
large, complex datasets while simulating surface processes across vast temporal and
spatial scales, making it particularly well-suited for the mineral systems approach
explored in this research.

This thesis is among the first efforts to demonstrate the potential of a global-scale
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Figure 2: Schematic illustration of the mass continuity equation underpinning the
goSPL landscape evolution model, highlighting two contrasting case studies from
this thesis: the rift setting of the Gulf of Mexico and the passive margin setting
of the Polish Trough. Despite differing tectonic regimes, both systems are shaped
by comparable surface processes, including hillslope diffusion, fluvial erosion and
deposition, and dynamic uplift and subsidence. In the equation, z represents the
surface elevation (m) changing over time ¢ (yr), U is the tectonics (vertical land
motion) in m/yr. The hillslope processes are simulated with a diffusion equation,
were k is the diffusion coefficient for soil creep (Salles et al. 2018b). Fluvial processes
are based on the stream power law (SPL) by quantifying the rate of incision from
local slope and amount of water passing through a cell, where m and n represent
dimensionless empirically constants, the erodibility coefficient (€) is scalable with
local mean annual precipitation rate (P;), which is a positive exponent (d) obtained
from field-based relationships, the flow discharge (Q;) accounts for the upstream
total area (A;) and local precipitation (P;) that combines to form the water flux
(P;A;) with added upstream flow discharge (Q;).

LEM (goSPL) to inform mineral prospectivity, by reconstructing and tracking the
long-term surface dynamics that govern ore body exposure, burial, and remobiliza-
tion (Fig. 2).

1.3.1 The goSPL model and why it is appropriate

goSPL simulates upstream erosion linked to downstream fluvial deposition in de-
pressions, endorheic basins and marine environments using a multiple flow algorithm
that routes both sediment and water flux. Unlike many landscape evolution models,
goSPL is uniquely designed for large-scale, deep-time simulations. Its capability to
model landscape dynamics across vast spatial and temporal domains offers valuable
insights into long-term geomorphic processes, making it particularly relevant to the
challenges of mineral exploration. In contrast to models such as eSCAPE (Salles
2019), goSPL incorporates plate motion advection, multi-lithology stratigraphic lay-
ering, and sediment compaction, enabling the reconstruction of landscape and sed-
imentary evolution through deep time within a consistent tectonic and climatic
framework.

A key advantage of goSPL lies in its increased model stability and runtime scalability
across hundreds of CPUs (Central processing unit). These capabilities are achieved
through the use of implicit, parallel equation solvers implemented via Portable,

CHAPTER 1. INTRODUCTION 7
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Extensible Toolkit for Scientific computing (PETSc) libraries (Smith et al. 2012),
which efficiently handle both linear and non-linear constitutive equations.

What differentiates goSPL from other LEMs is not only its scalability and com-
putational stability, but also its ability to assimilate paleoenvironmental data into
predictive, global-scale models of surface evolution. This makes goSPL best suited
to assess where and how copper deposits may have been exhumed, buried, or re-
worked over geological time, offering a novel layer of information to guide mineral
exploration strategies, particularly in the context of a net-zero transition.

Like many other LEMs, goSPL currently simplifies sediment dynamics using a sin-
gle grain-size class. It also does not account for the influence of biota, mass move-
ments processes (e.g. debris flow, scarp retreat), or the complex physical, chemical,
and biological controls on process rate coefficients. Moreover, goSPL is sensitive
to uncertainties in paleoelevation and paleoclimatic reconstructions, meaning that
inconsistencies in these inputs can propagate through the simulation.

Nonetheless, goSPL stands out for its demonstrated ability to generate robust,
global-scale datasets, like the studies presented by Salles et al. (2023b) and Salles
et al. (2023a) for the Phanerozoic. By assimilating spatially and temporally variable
paleoelevation and paleoclimate histories, it enables a comprehensive quantification
of source-to-sink sediment fluxes at the global scale (Fig. 2). This makes goSPL
uniquely capable of capturing the influence of surface processes on long-term land-
scape dynamics.

1.3.2 LEM and provenance analysis

Traditional sediment provenance studies aim to identify sediment source areas, re-
construct transport pathways from source to sink, and assess the compositional
influences on sedimentary rocks (Haughton et al. 1991). These analyses are also
critical for constraining paleogeographic reconstructions, detecting lateral displace-
ments in orogens, testing tectonic models, monitoring crustal evolution and assessing
hydrocarbon reservoirs quality (Haughton et al. 1991). Early approaches, relying
on paleo-current data and petrographic analysis, have since been complemented by
geochemical and isotopic techniques, enabling more precise source reconstructions
and inter-basin correlations. However, despite these advances over the past three
decades, such methods are often constrained by spatial and temporal sampling lim-
itations, leading to biased interpretations.

To address these limitations, this Thesis integrates goSPL simulations to reconstruct
sediment provenance over geological timescales, as presented in Chapter 2. This
chapter focuses on a specific regional case study (the Miocene Gulf of Mexico), but
it is conceptually central to the thesis because it develops and tests the quantitative
provenance method later applied to other basins. By simulating erosion, transport,
and deposition within a physically-based, quantitative framework, goSPL enables
extraction of provenance histories directly from model outputs. This approach not
only overcomes key sampling biases and, but also and more importantly, introduces a
novel quantitative post-processing routine tool for mineral exploration, particularly
within sediment-hosted systems (Lovell-Kennedy et al. 2023).

By tracking flow paths, erosion rates, and basin fill histories, this method enhances
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the resolution and scope of provenance analysis beyond what is typically possi-
ble with field-based datasets alone. The result is a more holistic understanding of
sediment sourcing and accumulation processes, validated by traditional provenance
analysis datasets (e.g. detrital zircon) and directly tied to the broader geodynamic
and climatic controls modelled by goSPL.

1.3.3 LEM and copper deposits

Currently, global copper production originates from two main deposit types: sediment-
hosted stratiform deposits and intrusive porphyry systems (Fig. 1, and 2). These
two deposit types are vastly governed by different post-formation processes, yet the
accumulation of ore in both is shaped by Earth’s surface dynamics over deep time
(Fig. 2).

For porphyry copper systems, most of the easily accessible deposits have been mined.
The lack of new world-class porphyry discoveries since the early 2000s (Wood and
As 2024) underscores the growing challenge in identifying frontier economically vi-
able resources. While in intrusive porphyry systems copper is typically sourced
from magmatic-hydrothermal fluids leaching metals from surrounding host rocks,
in sediment-hosted stratiform copper ore systems, the origin of copper transported
into the enriched stratiform layers remains a subject of ongoing debate (Hitzman
et al. 2005; Sillitoe 2010). Some studies suggest that underlying red beds, which
commonly occur beneath copper-bearing strata, may serve as the primary source of
copper in theses systems (Hitzman et al. 2010). However, this hypothesis remains
difficult to conclusively demonstrate.

In Chapter 3, I introduce a novel quantitative provenance analysis approach that
reconstructs sediment accumulation histories in sediment-hosted stratiform copper
provinces. In Chapter 4, I demonstrate how exhumation rates driven by climate and
tectonics, when combined with emplacement depth data, can support the targeting
of new porphyry copper systems. These methods enable estimation of copper mass
contained in underlying red beds and the likely preservation state of porphyry copper
deposits, providing new insights into their potential as copper sources.

1.4 Thesis Overview

In this Thesis, I apply the numerical code goSPL to simulate landscape evolution
over deep geological time. I investigate the interplay between paleoelevation, cli-
mate, lithology and sea level to model sediment transport from source to sink,
developing new post-processing methods to quantify sediment provenance and ac-
cumulation in a volumetric framework. The results of these models are evaluated
against traditional datasets (e.g. cosmogenic nuclide analysis, detrital zircon stud-
ies). These methodological advances allow for a more rigorous integration of land-
scape evolution modeling into mineral systems science, enabling new insights into
ore deposit exposure, burial, and remobilization that go beyond traditional surface
process modeling.

In Chapter 2, I present nine well constrained landscape evolution models of the
Gulf of Mexico for the mid-Miocene, with a spatial resolution of approximately
2.5 km. This chapter explores how variations in initial boundary conditions of a
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well constrained paleo-environment and goSPL parameters affect sediment delivery
and provenance from source regions to the Gulf of Mexico (the sink). With post-
processing workflows developed for this project, I quantify water and sediment fluxes
over time for major contributing rivers. Model outputs are compared to modern
day river fluxes and marine depositional patterns, and they show to agree with
present-day observations. While discrepancies emerge in provenance predictions
when compared with traditional techniques, the chapter introduces a volumetric
provenance method in a well constrained system and evaluates how different input
scenarios influence these results.

Chapter 3 builds on this framework by presenting, for the first time, LEM simula-
tions of the sag phase of the Southern Permian Basin system, focusing on the Polish
Trough. There, I reconstruct the basin’s sedimentation history under two tectonic
subsidence scenarios and calculate corresponding erosion/deposition rates. Major
contributing catchments to the Polish Trough are identified, revealing new poten-
tial provenance areas that have not yet been described by traditional provenance
analysis methods. A parallel workflow incorporated a paleolithology map developed
in this thesis to target potential copper enrichment sources, such as surrounding
mafic rocks, enabling a novel estimate of the copper content within the sediments
deposited in the Polish Trough.

In Chapter 4, I broaden the scope to a global scale, using the landscape evolution
dataset of (Salles et al. 2023b) spanning the Cenozoic to the present day. This chap-
ter presents modelled exhumation rates across the Earth’s surface, with a particular
focus on subduction zones known to host porphyry copper deposits. By integrating
a global porphyry deposit database with emplacement depth estimates, I propose a
new tool to assess the preservation state and potential exhumation levels of porphyry
systems worldwide.

Appendices A and B include peer-reviewed publications I co-authored, which illus-
trate additional applications of LEMs to Phanerozoic sediment transport modeling.
Appendix A introduces a 100-million-year global model that resolves a conundrum
in sedimentology: why periods of apparent marine sediment starvation occur? The
model outputs suggest that sediments were entrapped in evolving endorheic basins
(such as the Andean retroarc foreland basin, and the Himalayan foreland basin).
Appendix B presents a global correlation between sediment flux to the oceans and
how diversification rates in both marine fauna and terrestrial vegetation is enhanced
by the larger aport of sediments.

The Discussion and Conclusion chapters synthesize the main findings and contri-
butions of this thesis. It highlights the potential of LEMs not only as tools for
reconstructing basin scale provenance and sediment histories, but also for revealing
exhumation patterns on a global scale, offering a valuable new framework for future
mineral exploration strategies.

References

Alfonso, C. P., R. D. Miiller, B. Mather, and M. Anthony (2024). “Spatio-temporal
copper prospectivity in the American Cordillera predicted by positive-unlabeled

10 CHAPTER 1. INTRODUCTION



Landscape evolution modeling and quantitative provenance analysis across scales and time for
mineral exploration

machine learning”. In: GSA Bulletin 137.1-2, pp. 702-711. DOI: 10.1130/B37614.
1.

Arndt, N., L. Fontboté, J. Hedenquist, S. Kesler, J. Thompson, and D. Wood (2017).
Future global mineral resources, Geochem. Perspect., 6, 1-171. DOI: 10.7185/
geochempersp.6.1.

Braun, J. and S. D. Willett (2013). “A very efficient O(n), implicit and parallel
method to solve the stream power equation governing fluvial incision and land-
scape evolution” In: Geomorphology 180-181, pp. 170-179. por: 10.1016/7 .
geomorph.2012.10.008.

Carvalho, L. D. V. d., J. Schnellrath, S. R. de Medeiros, and F. F. Vieira (2016).
“Aspectos mineralégicos dos diamantes de Andarai, Chapada Diamantina — BA”.
In: IV Simpésio de Minerais Industriais do Nordeste. Apresentado no IV Simpdsio
de Minerais Industriais do Nordeste, 10 a 13 de abril de 2016. Joao Pessoa, PB,
Brasil.

Chaves, M. L. d. S. C., J. Karfunkel, and D. P. Svisero (1998). “Sobre a polémica
da origem do diamante na Serra do Espinhaco (Minas Gerais): um enfoque min-
eralogico”. In: Revista Brasileira de Geociéncias 28.3, pp. 285—294.

Coulthard, T., M. Macklin, and M. J. Kirkby (2002). “A cellular model of Holocene
upland river basin and alluvial fan evolution” In: Farth Surface Processes and
Landforms 27.3, pp. 269-288. DOI: 10.1002/esp.318.

Diaz-Rodriguez, J., R. D. Miiller, and R. Chandra (2021). “Predicting the emplace-
ment of Cordilleran porphyry copper systems using a spatio-temporal machine
learning model”. In: Ore Geology Reviews 137, p. 104300. por: 10.1016/j .
oregeorev.2021.104300.

Dietrich, W. E., D. G. Bellugi, L. S. Sklar, J. D. Stock, A. M. Heimsath, and
J. J. Roering (2003). “Geomorphic Transport Laws for Predicting Landscape form
and Dynamics”. In: Prediction in Geomorphology. American Geophysical Union
(AGU), pp. 103-132. DOI: https://doi.org/10.1029/135GM09.

Gilbert, G. K. (1877). Report on the geology of the Henry Mountains. English.
Report. Washington, D.C., p. 212. DO1: 10.3133/70039916.

Guj, P. and R. Schodde (2025). “Will future copper resources and supply be adequate
to meet the net zero emission goal?” In: Geosystems and Geoenvironment 4.1,
p. 100320. DOT: 10.1016/j . geogeo . 2024 . 100320.

Hancock, G. R., K. G. Evans, G. R. Willgoose, D. R. Moliere, M. J. Saynor, and
R. J. Loch (2000). “Medium-term erosion simulation of an abandoned mine site
using the SIBERIA landscape evolution model”. en. In: Soil Research 38.2, p. 249.
DOI: 10.1071/SR99035.

Hancock, G. R., J. B. C. Lowry, D. R. Moliere, and K. G. Evans (2008). “An eval-
uation of an enhanced soil erosion and landscape evolution model: a case study
assessment of the former Nabarlek uranium mine, Northern Territory, Australia”.
en. In: Farth Surface Processes and Landforms 33.13. _eprint: https://onlineli-
brary.wiley.com/doi/pdf/10.1002/esp.1653, pp. 2045-2063. DOI: 10.1002/esp.
1653.

Hancock, G. R., J. B. C. Lowry, and M. J. Saynor (2016). “Early landscape evolution
— A field and modelling assessment for a post-mining landform”. In: CATENA
147, pp. 699-708. DOT: 10.1016/j.catena.2016.08.015.

Hancock, G. R., D. Verdon-Kidd, and J. B. C. Lowry (2017). “Soil erosion predictions
from a landscape evolution model — An assessment of a post-mining landform

CHAPTER 1. INTRODUCTION 11


https://doi.org/10.1130/B37614.1
https://doi.org/10.1130/B37614.1
https://doi.org/10.7185/geochempersp.6.1
https://doi.org/10.7185/geochempersp.6.1
https://doi.org/10.1016/j.geomorph.2012.10.008
https://doi.org/10.1016/j.geomorph.2012.10.008
https://doi.org/10.1002/esp.318
https://doi.org/10.1016/j.oregeorev.2021.104300
https://doi.org/10.1016/j.oregeorev.2021.104300
https://doi.org/https://doi.org/10.1029/135GM09
https://doi.org/10.3133/70039916
https://doi.org/10.1016/j.geogeo.2024.100320
https://doi.org/10.1071/SR99035
https://doi.org/10.1002/esp.1653
https://doi.org/10.1002/esp.1653
https://doi.org/10.1016/j.catena.2016.08.015

Landscape evolution modeling and quantitative provenance analysis across scales and time for
mineral exploration

using spatial climate change analogues”. In: Science of The Total Environment
601-602, pp. 109-121. DOI: 10.1016/j.scitotenv.2017.04.038.

Hancock, G., L. Nicolson, J. Purtill, and J. Dunlop (2025). “Applying erosion and
Landscape Evolution Models to assess post-mining landform stability: Technical
Paper”. In: Brisbane, Office of the Queensland Mine Rehabilitation Commissioner,
Queensland Government. DOI: 10.13140/RG.2.2.34671.34729.

Haughton, P. D. W.; S. P. Todd, and A. C. Morton (1991). “Sedimentary provenance
studies”. en. In: Geological Society, London, Special Publications 57.1, pp. 1-11.
DOI: 10.1144/GSL.SP.1991.057.01.01.

Hitzman, Kirkham, Broughton, Thorson, and Selley (2005). “The Sediment-Hosted
Stratiform Copper Ore System”. In: One Hundredth Anniversary Volume. Society
of Economic Geologists. DOT: 10.5382/AV100.19.

Hitzman, M. W., D. Selley, and S. Bull (2010). “Formation of Sedimentary Rock-
Hosted Stratiform Copper Deposits through Earth History”. en. In: Economic
Geology 105.3, pp. 627-639. DOI: 10.2113/gsecongeo.105.3.627.

Hobley, D. E., J. M. Adams, S. S. Nudurupati, E. W. Hutton, N. M. Gasparini, E.
Istanbulluoglu, and G. E. Tucker (2017). “Creative computing with Landlab: an
open-source toolkit for building, coupling, and exploring two-dimensional numer-
ical models of Earth-surface dynamics”. In: Farth Surface Dynamics 5.1, pp. 21—
46. DOI: 10.5194/esurf-5-21-2017.

International Energy Agency (2025). Copper. Licence: CC BY 4.0. Paris.

Lovell-Kennedy, J., E. Roquette, S. Schréder, and J. Redfern (2023). “‘I hate sand
.. it gets everywhere’—Phanerozoic sedimentary recycling from NW Africa”. en.
In: Basin Research 35.1, pp. 187-213. DOI: 10.1111/bre.12709.

Mather, B. R., R. D. Miiller, C. P. Alfonso, M. Seton, and N. M. Wright (2023).
“Kimberlite eruptions driven by slab flux and subduction angle”. eng. In: Scientific
Reports 13.1, p. 9216. DOT: 10.1038/541598-023-36250-w.

Moliere, D., K. Evans, and G. Willgoose (2002). “Temporal trends in erosion and
hydrology for a post-mining landform at Ranger Mine”. In: Research Institute 31.

Pazzaglia, F. J. (2003). “Landscape evolution models”. In: Developments in Qua-
ternary Sciences. Vol. 1. The Quaternary Period in the United States. Elsevier,
pp. 247-274. DOTL: 10.1016/81571-0866 (03)01012-1.

Prado, E. M. G., C. R. De Souza Filho, E. J. M. Carranza, and J. G. Motta
(2020). “Modeling of Cu-Au prospectivity in the Carajas mineral province (Brazil)
through machine learning: Dealing with imbalanced training data” en. In: Ore
Geology Reviews 124, p. 103611. DOI: 10.1016/j.oregeorev.2020.103611.

Rodriguez-Galiano, V., M. Sanchez-Castillo, M. Chica-Olmo, and M. Chica-Rivas
(2015). “Machine learning predictive models for mineral prospectivity: An evalu-
ation of neural networks, random forest, regression trees and support vector ma-
chines”. en. In: Ore Geology Reviews 71, pp. 804-818. DOI: 10.1016/j.oregeorev.
2015.01.001.

Ruetenik, G. A., J. D. Jansen, P. Val, and L. Yld-Mella (2023). “Optimising global
landscape evolution models with'® Be”. en. In: Farth Surface Dynamics 11.5,
pp- 865-880. DOI: 10.5194/esurf-11-865-2023.

Salles, T. (2016). “Badlands: A parallel basin and landscape dynamics model”. en.
In: SoftwareX 5, pp. 195-202. DOI: 10.1016/j.s0ftx.2016.08.005.

12 CHAPTER 1. INTRODUCTION


https://doi.org/10.1016/j.scitotenv.2017.04.038
https://doi.org/10.13140/RG.2.2.34671.34729
https://doi.org/10.1144/GSL.SP.1991.057.01.01
https://doi.org/10.5382/AV100.19
https://doi.org/10.2113/gsecongeo.105.3.627
https://doi.org/10.5194/esurf-5-21-2017
https://doi.org/10.1111/bre.12709
https://doi.org/10.1038/s41598-023-36250-w
https://doi.org/10.1016/S1571-0866(03)01012-1
https://doi.org/10.1016/j.oregeorev.2020.103611
https://doi.org/10.1016/j.oregeorev.2015.01.001
https://doi.org/10.1016/j.oregeorev.2015.01.001
https://doi.org/10.5194/esurf-11-865-2023
https://doi.org/10.1016/j.softx.2016.08.005

Landscape evolution modeling and quantitative provenance analysis across scales and time for
mineral exploration

Salles, T. and G. Duclaux (5, 2012). “3D Stratigraphic and geomorphic modelling
from source to sink”. In: Proceedings of the 34th International Geological Congress.
Invited presentation. Brisbane, Australia.

Salles, T. (2019). “eSCAPE: Regional to Global Scale Landscape Evolution Model
v2.0”. en. In: Geoscientific Model Development 12.9, pp. 4165-4184. poI: 10.
5194/gmd-12-4165-2019.

Salles, T., X. Ding, and G. Brocard (2018a). “pyBadlands: A framework to simulate
sediment transport, landscape dynamics and basin stratigraphic evolution through
space and time”. en. In: PLOS ONFE 13.4. Ed. by Borazjani, 1., e0195557. DOI:
10.1371/journal .pone.0195557.

— (2018b). “pyBadlands: A framework to simulate sediment transport, landscape
dynamics and basin stratigraphic evolution through space and time”. In: PLoS
ONE 13, e0195557. DOI: 10.1371/journal.pone.0195557.

Salles, T., L. Husson, M. Lorcery, and B. Hadler Boggiani (2023a). “Landscape dy-
namics and the Phanerozoic diversification of the biosphere”. In: Nature 624.7990,
pp. 115-121. por: 10.1038/s41586-023-06777-z.

Salles, T., L. Husson, P. Rey, C. Mallard, S. Zahirovic, B. H. Boggiani, N. Coltice,
and M. Arnould (2023b). “Hundred million years of landscape dynamics from
catchment to global scale”. en. In: Science 379.6635, pp. 918-923. DOI: 10.1126/
science.add2541.

Salles, T., C. Mallard, and S. Zahirovic (2020). “gospl: Global Scalable Paleo Land-
scape Evolution”. In: Journal of Open Source Software 5.56, p. 2804. DOI: 10.
21105/ joss.02804.

Sillitoe, R. H. (2010). “Porphyry copper systems”. In: Economic geology 105.1, pp. 3—
41. DOI: 10.2113/gsecongeo.105.1.3.

Singer, D. (1995). “World Class Base and Precious Metal Deposits—A Quantitative
Analysis”™. In: Fconomic Geology 90, pp. 88-104. DOI: 10.2113/gsecongeo.90.
1.88.

Smith, B., L. C. Mclnnes, E. Constantinescu, M. Adams, S. Balay, J. Brown, M.
Knepley, and H. Zhang (2012). “PETSc’s software strategy for the design space of
composable extreme-scale solvers”. In: Preprint ANL/MCS-P2059-0312, Argonne
National Laboratory, pp. 16-18.

Sun, T., H. Li, K. Wu, F. Chen, Z. Zhu, and Z. Hu (2020). “Data-Driven Predictive
Modelling of Mineral Prospectivity Using Machine Learning and Deep Learning
Methods: A Case Study from Southern Jiangxi Province, China”. en. In: Minerals
10.2, p. 102. poI: 10.3390/min10020102.

Tucker, G. and G. Hancock (2010). “Modeling landscape evolution”. In: Earth Sur-
face Processes and Landforms 35, pp. 28-50. DOI: 10.1002/esp.1952.

Wang, Y., Z. He, K. Bian, C. Zhao, L. Chen, R. Dong, J. Zhang, Z. Zhu, and G. Liu
(2024). “Tectonic controls on ore deposit exhumation and preservation: A case
study of the Handan-Xingtai iron-skarn district”. In: Geoscience Frontiers 15.6,
p. 101924. por: 10.1016/j.gsf.2024.101924.

Willgoose, G. (2018). Principles of soilscape and landscape evolution. Cambridge
University Press.

Wood, D. and A. van As (2024). “Discovery and Underground Mining of Large
Deposits: Essential Training to Ensure Copper Supply”. In: SEG Discovery 139,
pp. 11-23. por: 10.5382/Geo-and-Mining-25.

CHAPTER 1. INTRODUCTION 13


https://doi.org/10.5194/gmd-12-4165-2019
https://doi.org/10.5194/gmd-12-4165-2019
https://doi.org/10.1371/journal.pone.0195557
https://doi.org/10.1371/journal.pone.0195557
https://doi.org/10.1038/s41586-023-06777-z
https://doi.org/10.1126/science.add2541
https://doi.org/10.1126/science.add2541
https://doi.org/10.21105/joss.02804
https://doi.org/10.21105/joss.02804
https://doi.org/10.2113/gsecongeo.105.1.3
https://doi.org/10.2113/gsecongeo.90.1.88
https://doi.org/10.2113/gsecongeo.90.1.88
https://doi.org/10.3390/min10020102
https://doi.org/10.1002/esp.1952
https://doi.org/10.1016/j.gsf.2024.101924
https://doi.org/10.5382/Geo-and-Mining-25

Landscape evolution modeling and quantitative provenance analysis across scales and time for
mineral exploration

Xiao, K., C. Li, M. Fan, L. Sun, R. Tang, N. Li, and X. Song (2024). “Quantitative
prediction methods and applications of digital ore deposit models”. In: Ore Geology
Reviews 168, p. 106049. DOI: 10.1016/j.oregeorev.2024.106049.

Yanites, B. J. and S. E. Kesler (2015). “A climate signal in exhumation patterns
revealed by porphyry copper deposits”. en. In: Nature Geoscience 8.6, pp. 462—
465. DOIL: 10.1038/nge02429.

Zientek, M. L., J. D. Bliss, D. W. Broughton, M. Christie, P. Denning, T. S. Hayes,
M. W. Hitzman, J. D. Horton, S. Frost-Killian, D. J. Jack, et al. (2014). Sediment-
hosted stratabound copper assessment of the Neoproterozoic Roan Group, central
African copperbelt, Katanga Basin, Democratic Republic of the Congo and Zambia.
Tech. rep. US Geological Survey. DOT: 10.3133/sir20105090T.

14 CHAPTER 1. INTRODUCTION


https://doi.org/10.1016/j.oregeorev.2024.106049
https://doi.org/10.1038/ngeo2429
https://doi.org/10.3133/sir20105090T

2| ARTICLE 1

Quantitative provenance analysis for
the Miocene Gulf of Mexico using
high-resolution Landscape Evolution

Modeling

Beatriz Hadler Boggiani!, Claire Mallard?, Tristan Salles!, Nicholas Atwood?,
Michael L. Sweet?, John Snedden*

1School of Geosciences, The University of Sydney, Sydney, Australia
2BHP Metal Global Endowment Team, BHP, Adelaide, SA, Australia
3BHP Metal Global Endowment Team, BHP, Tucson, Arizona, USA
41Jackson School of Geosciences, Institute for Geophysics, University of Texas at Austin, USA

o Using LEM, we reproduce the sedimentary architecture of the Gulf of Mexico;

e Our method enables provenance analysis under realistic geological scenarios
simulated with LEMs;

o Climate was the primary driver of sediment transport into the Paleo-Mississippi
catchment during the Mid-Miocene.
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Abstract

Understanding source-to-sink dynamics is critical for reconstructing sediment trans-
port pathways and the evolution of sedimentary basins. Here, we apply the land-
scape evolution model goSPL to simulate and quantify source-to-sink system dy-
namics in the well-documented Mid-Miocene of the Gulf of Mexico (GoM) basin.
We produce landscape evolution models at a 2.5 km resolution to assess sediment
transport over a 3-million-year period using paleo-elevation and paleo-climate mod-
els. We perform a series of sensitivity tests to highlight how climate and tectonic
changes impact sediment provenance and deposition. The modelled sedimentation
is compared against offshore sedimentation with regional stratigraphic records and
provenance data, including detrital zircon and heavy mineral analysis. We track and
quantify the volumes of sediment eroded from potential sources and compare it to
the volume of sediment deposited in the GoM. Our results show that the provenance
of sediments deposited in the Gulf of Mexico during the Middle Miocene remains
largely stable despite variations in precipitation and tectonic uplift, and that high-
elevation provenance regions are more sensitive to these changes due to changes in
the slope/erodibility ratio. Our provenance studies show that traditional methods
of provenance analysis tend to underestimate the contribution of older sources (e.g.
Yavapai-Mazatzal) while overestimating the contribution of younger sources (e.g.
Western Cordillera). Finally, we propose a novel and robust approach to quantify
provenance analysis, minimizing reliance on traditional detrital mineral analyses.

Plain Language Summary

Sediment moves from its source, where it erodes, to its final destination, where it
is deposited. Understanding this process, known as a source-to-sink, is essential for
studying how landscapes evolve and how sediment accumulates over time. In this
study we produce and evaluate landscape evolution models, using goSPL, to simulate
and quantify the source-to-sink systems of the Mid-Miocene Gulf of Mexico (GoM),
such as the paleo-Mississippi river. We analyzed how the landscape and sediment
transport changed over a 3-million-year period in response to precipitation and tec-
tonic uplift variations. To test the accuracy of our model, we compared its results
with geological records and sediment depositional histories, incorporating data like
detrital zircon and apatite fission track analyses. Our findings indicate that climate
plays the most significant role in sediment transport, with high-elevation areas be-
ing more sensitive to climate changes. Additionally, we developed a new method
to track and quantify sediment sources, reducing dependence on traditional detrital
mineral (zircon) analyses that can be biased by sampling techniques. Our study
provides new insights into sediment movement and offers an improved approach for
analyzing past landscapes and sedimentary deposits.
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1 Introduction

The Middle Miocene Gulf of Mexico (GoM) source-to-sink system is a well-known
region for oil and gas exploration (Gutiérrez Paredes et al. 2018). The gulf is char-
acterized by relatively young sedimentary systems and a well-documented sediment
sink, supported by published literature, well data, and seismic interpretations (Sned-
den and Galloway 2019; Towoju and Gani 2024; Villagémez et al. 2022). We use the
landscape evolution model goSPL (Salles et al. 2020) to evaluate the relationships
between the various components of this continental-scale source-to-sink system. The
abundance of available data in the region allows for a quantitative calibration of
model accuracy and for potential frontier studies in mineral exploration.

We quantify the relationships between the Middle Miocene Gulf of Mexico sedi-
mentary basin formation and the evolution of North America hinterland drainage
network informing the provenance of our sediments. Our numerical approach is val-
idated using this well-documented system, with focus on the processes that explain
present-day accumulation, to support future global-scale modeling applications, in-
cluding the possibility of assessing the GoM metallogenic potential (e.g. Lithium).

1.1 Geological settings

The Gulf of Mexico Basin initiated during the Triassic to Jurassic rifting phase
which occurred between the Yucatan microplate and the North American plate, fol-
lowed by seafloor spreading until the Early Cretaceous (Marton and Buffler 1994;
Pindell and Kennan 2009; Filina and Hartford 2021; Curry et al. 2024). Throughout
the Mesozoic, this basin evolved from non-marine deposits, to shallow marine car-
bonates, to a deep-marine sedimentary system. During the Paleogene, large rivers
drained much of the North American continent and delivered sediments into the
basin (Blum and Pecha 2014).

The variability of depositional environment found in the basin is mostly attributed
to regional tectonics and climatic evolution, both of which modify sediment routing
system and erosional intensity in the upstream regions (Galloway 2008). Fourteen
depositional episodes have been defined for the Cenozoic gulf filling history, with at
least five different tectono-climatic events (Galloway et al. 2011). As an example,
drainage reorganization and enhanced sediment discharge during the Paleocene were
contemporary to the growth of the Laramide orogenic front and increased precipi-
tation conditions (Blum and Pecha 2014). During the Oligocene, the combination
of small catchments shaped due to local tectonics and a more arid climate in the
Western Interior resulted in a significant decrease in marine sediment accumulation
in the deepest part of the basin despite a global sea-level fall.

During the Miocene, the Gulf of Mexico catchment entered an arid extensional era
characterised by North-South regional extensions including the Basin and Range
and the Rio Grande rift (Galloway et al. 2011). The associated depositional episode
formed a single genetic sequence modulated by the interplay of sea-level changes,
sediment supply, and salt-controlled subsidence (Liro et al. 2000; Hall 2002). Sedi-
ment supply increased concomitantly to the expansion of the Tennessee catchment
and more humid condition in eastern North America (Snedden et al. 2018a). It then
shifted from West to East as the result of (1) the subsidence of the Rockies, (2) drier
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conditions extending across the western gulf margin and throughout the western in-
terior and (3) the unroofing of the Appalachian uplands triggered by epeirogenic
uplift and/or wet climatic conditions both of which enhancing sediment delivery
to the gulf (Bentley et al. 2015). These tectonic and climatic forcing favoured the
development of large and thick submarine fans as well as the resurgence of slope
and deep-water deposition (Ferrari et al. 2005; Ferrari et al. 2012; Fernandes et al.
2019), (Fig. 1A & B).

A

‘Middle Miocene‘f
|\ |
(Eam “

Figure 1: A. Catchment areas of the longest rivers (dark blue lines) directly drain-
ing into the Gulf of Mexico during the Mid-Miocene (Snedden et al. 2018b). B.
Corresponding paleogeographic reconstruction highlighting the central plains tribu-
taries and surrounding high-relief uplands, from the Greenville area in the east to
the Western Cordillera in the west(Galloway et al. 2011).

Upstream paleo-catchment reconstruction for the Miocene indicates the contribution
of at least five main rivers (i.e., Mississippi, Tennessee, Rio Bravo, Guadalupe, Rio
Grande - Fig. 1A & B) that supplied large volumes of sediment into the basin (up to
100x10* km?/Myr, Galloway et al. (2011)), and which individual importance into
the total sedimentary budget varied significantly from Upper to Lower Miocene. For
example, provenance analysis shows an increase in sediment influx from an emerging
Tennessee drainage system which expanded and fully developed over the Middle and
Late Miocene (Xu et al. 2022), reflecting both in wetter climate in eastern North
America and tectonic rejuvenation of the Appalachians.

2 Methods

2.1 Simulated processes and model overview

Forward modeling of landscapes and sedimentary systems has proven to be a valu-
able avenue to integrate source-to-sink concepts into a process-based framework
that considers sedimentation, eustatic sea level, climatic and geodynamic forcing
(Granjeon and Joseph 1999; Syvitski and Hutton 2001; Adams et al. 2017; Salles et
al. 2018b; Yuan et al. 2019; Salles et al. 2023a; Salles et al. 2023b; Hadler Boggiani
et al. 2025).

Here, we use goSPL (Salles et al. 2020) an open-source scalable parallel numeri-
cal model available on GitHub (https://github.com/Geodels/gospl, last access
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08/10/2025) that simulates landscapes and sedimentary basins reconstruction from
regional to global scale over unstructured grids. It is based on a simplified mathe-
matical representation of several physical processes: river incision, hillslope processes
in both marine and terrestrial domains computed by stream power and creep laws,
and marine deposition, sediment compaction, stratigraphic layering and porosity
change. Finally, it can be forced with spatially and temporally varying tectonics
(horizontal and vertical displacements), climatic conditions (precipitation) and sea-
level fluctuations.

goSPL simulates sediment supply and routing from source to sink in a self-consistent
process-based manner. In other words, the erosion occurring in upstream catchments
is linked to basin sedimentation through sediment routing resulting from a combi-
nation of channeling and hillslope processes (Fig. 2). The routing implementation
for both water and sediment fluxes depends on a multiple flow direction algorithm,
which prevents erosion pathways from becoming locked along a single direction and
enable fluxes to be routed across flat regions into multiple branches (Tucker and
Hancock 2010). The model’s main equation, the continuity of mass, is expressed by:

% = U; + kV?2 + ePIQ"V 2] (3.1)

where the flow discharge @); in cell 7 is given by:
Qi = PA; + Z Qj (3.2)

Jj€up

where z represents the change in surface elevation (m) over time ¢ (yr), U is the
tectonics (vertical land motion) in m/yr and & the diffusion coefficient for soil creep
(Salles et al. 2018a). The last term in the right-hand side of Eq. 3.1 represents
fluvial processes based on a stream power law with € describing the precipitation-
independent component of erodibility, m and n representing dimensionless empiri-
cally constants set to 0.5 and 1. The proposed stream power law incorporates the
effect of local mean annual precipitation rate and d is a positive exponent that has
been estimated from field-based relationships to 0.42 (Murphy et al. 2016). In the
flow discharge equation (Eq. 3.2, Q;), the upstream total area (A;) and local precip-
itation (P;) are combined to form the water flux (P;A;) with added upstream flow
discharge (@Q;, in Equation 3.2).

In goSPL, the flow discharge (P;4;) in m®/yr and the net precipitation rate P
are computed on unstructured grids using a parallel implicit drainage area method
(Salles 2019; Richardson 1911). The number of flow directions has been assigned
to its maximum value (6) for this study. In this study, we neglect transport-limited
behavior and instead account only for detachment-limited behavior using a stream
power law to simulate the erosion rate function of river discharge, precipitation and
slope (Howard et al. 1994).

Our landscape evolution models include source to sink transfers, inland and marine
sedimentation as well as erosion in complex catchments dynamics, so we have to
account for draining and filling of inland depressions. The depression filling approach
used in goSPL is based on the implementation of the priority-flood algorithm (Barnes
et al. 2014) which removes flat surfaces and creates gradient allowing flow in multiple
directions as well as calculation of each depression volume through time.
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Figure 2: Source-to-sink perspective of Gulf of Mexico Mid Miocene evolution from
drainage catchments to offshore basin sedimentation. The cumulative, from 15.6 to
12 Ma, erosion-deposition map highlight regions dominated by erosion in blue and
deposition in red. The black lines represent drainage basin divides and the deep
blue ones show the major river systems.

Sediment fills depressions based on availability: if erosion products are lower than the
available depression volume, all material is deposited, raising the depression floor;
the volume of incoming sediment is higher than the depression volume available,
depressions fill, elevation increases, and overflow continues downstream at the pour
point overflowing into the next catchment. This process repeats until all sediment
is deposited inland or in marine areas. The final depression-filled elevation is used
to compute the flow accumulation.

A more detailed description of the physical processes and algorithmic approaches is
available in (Salles 2019) and from the following link https://gospl.readthedocs.
io (last access 08/10/2025). The main advantages of the model lie in its design of
implicit and parallel solutions for the constitutive linear and non-linear equations,
making it possible (1) to increase the model stability even with large time steps,
and (2) to scale the simulation runtime over hundreds of CPUs when grids of several
millions of vertices are considered (Salles et al. 2020).

2.2 Additional simulation parameters

We built our simulation mesh at an average 2.5 km resolution (representing about
1.6x10°¢ vertices and 3x10° triangular cells) covering an area of about 4000 km
(W-E) by 4500 km (N-S). The simulations are run from 15.6 Ma to 12 Ma with a
time step of 5 kyr (used to solved the implicit formulation of Eq. 3.1). Stratigraphic
architecture is recorded every 25 kyr and outputs generated every 200 kyr.

We tested different erodibility coefficients (¢) during the calibration phase (Fig. S3
and Tab. S1). Based on total sediment accumulation within the basin, we decide for
an erodibility coefficient € set to 2.1 x 1077 /yr. The diffusion coefficient # is given
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Structure Parameters Values
Domain flowdir 6
start -15.6 Myr
end -12.0 Myr
. outputs timestep 200 kyr
Time tectonic timestep 5 kyr
stratigraphy timestep 25 kyr
€ 21x 1077 /yr
SPL - Stream Power Law q 0.42
Kaq 0.02 m?/yr
Km, 0.02 m?/yr
clinSlp 5.0 x 107°
Diffusion smthS 1.0 x 1073 m?/yr
smthD 1.0 x 105 m?/yr
offset 10
oFill -2.5x 10°
Sea curve Figure 4C, (Haq et al. 1987)
Tectonic maps Figure 4A
Climate map Figure 4B

Table 1: goSPL parameters used to simulate mid-Miocene Gulf of Mexico source-
to-sink system.

a value of 0.02 m?/yr, and d, m, and n exponents in Eq. 3.1 are set to 0.42, 0.5,
and 1 respectively, other parameters are available in Tab. 1. The nine simulations
are then run on a super-computer using 128 CPUs with a run-time of up to 4 hours
for each simulation.

Figure 3 shows the results for one of these simulations and illustrates the basic out-
puts produced by goSPL: (1) landscape temporal evolution, (2) associated catch-
ments and rivers network, and (3) spatial distribution of cumulative erosion/de-
position patterns. We then analyze these outputs in detail using post-processing
notebooks discussed previously and evaluate the controls of our different forcing
on the Gulf of Mexico source-to-sink system focusing initially on the continental
domain (evaluating water and sediment flux), and then on the marine region (ana-
lyzing predicted sediment accumulations, provenance data and stratigraphy within
the offshore basins).

2.3 Designing initial conditions and temporal forcing

In order to simulate the source-to-sink system for the Middle Miocene, we build
an initial topography at 2.5 km resolution deemed representative of the Upper to
Middle Miocene transition. To do so, we rely on present-day topography that is
then adjusted with available information provided by the Gulf Basins Depositional
System (GBDS) industrial associates program datasets (Fig. S4A). We chose this
option instead of using a paleo-elevation reconstruction models (e.g. the ones from
Scotese and Wright (2018) at 0.1°, 0.2° and 1°, from Frigola et al. (2018) at 0.2°
and 0.5° and from Straume et al. (2020) at 0.2° and 0.5°) after observing unrealistic
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Figure 3: Simulation outputs when considering maximum uplift and rainfall con-
ditions. Left views show predicted elevation over time for every 1 Myr with major
rivers positions. Right views present the associated cumulative erosion deposition
distribution across the landscape, with incision along the mountain ranges and sedi-
ment accumulation across the Gulf of Mexico continental shelf and offshore regions.
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landscape and associated tectonic interpretation, resulting in improbable drainage
pattern and main depocenter locations. These poor results are also linked with the
inherent coarse resolution of available reconstructed paleo-elevations (above 0.1°).
We observed that resolutions of at least 0.05° are needed to reasonably model earth-
like regional drainage geometries and depositional systems. Nevertheless, the long-
wavelength of the paleo-elevations from Scotese and Wright (2018) at 20, 15, and
10 Ma have been sporadically compared with the elevational range produced in our
simulations.

In terms of GBDS dataset, we mostly rely on maximum flooding surface boundary,
paleo-shorelines, continental shelf limits, regional catchments extent, and paleo-river
positions to adjust our initial surface (Fig. S4A). In addition, we also account for
rates of vertical land motions (both isostatic and dynamic - Sup. Fig. S1 & S5)
inferred from our current understanding of the regional geological context, especially
using geomorphological indicators, stratigraphic, and seismic data (Paredes et al.
2017; Hentz and Zeng 2003).

The first backward step, integrating Middle Miocene paleo-rivers drainage, shore-
lines and tectonic rates yields a series of paleo-elevation maps that are subsequently
modified and refined to fit observations. As an example, the Mississippi paleo-
drainage from Fig. 1A & B defines a North-South trending paleo-Mississippi river
cutting through the Ozark Plateau, which seems at odds with existing observations
for the region. Instead, we modified the paleo-drainage to force a North-East connec-
tion with the paleo-Missouri River that resembles present-day conditions (Fildani et
al. 2018) while keeping the proposed paleo-Arkansas River route between Ouachitas
Mountains and the Ozark Plateau.

We compared obtained elevations with previous studies (Galloway 2008; Galloway
et al. 2011; Snedden et al. 2018a) and did several readjustments to the initial sur-
face based on catchments extension, shore-face slopes and upstream elevations. We
did not test uncertainties associated with the initial simulated paleo-drainage net-
work morphology as we used rich GBDS and detrital zircon/apatite studies reducing
uncertainty on the initial drainage network.

Instead, we assume that tectonic subsidence/uplift and precipitation represent the
two largest uncertainties in the model and global understanding of the regional
dynamic. To mitigate the inherent uncertainties in the temporal forcing, we select
deterministic low, mid and high case scenarios to evaluate three uplift (Fig. 4A,
Fig. S5) and three precipitation (Fig. 4B) cases convolving these together to get
the nine scenarios. Additional tests were performed to constrain the erodibility and
marine diffusion parameters and are presented in Fig. S3.

Each pair of scenarii is then ran one after another (totalizing nine simulations) not
only to estimate the likelihood of a specific combination of climate and tectonic
regime to reproduce sediment flux and basin stratigraphy, but more importantly to
understand their role, contribution, and impact on the regional evolution of the Gulf
of Mexico during the simulated period.
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2.3.1 Precipitation and sea-level

For the climate, we initially rely on the paleo-precipitations reconstruction from
Valdes et al. (2021) and then perform a series of adjustments to account for oro-
graphic effects and regional variabilities based on previous work (Retallack 2007;
Blakey and Ranney 2017). The corresponding rainfall maps (Fig. 4B) allow to test
three distributions: (1) a dry-climate with low precipitation over the Sierra Nevada,
Great Basin, and Coastal Plains region and moderate rainfall for the Appalachian
Mountains (up to 1.1 m/yr); (2) a case with the same dryer conditions in the Sierra
Nevada but globally higher rainfall on the northern part of the Gulf of Mexico
catchment in particular for The Rocky Mountains, the Great Plains area and the
Appalachians. This induces average rainfall of 1.7 m/yr in the Appalachians, as well
as an increased orographic effect on the eastern side of the Sierra Madres; and (3)
an overall increased in Miocene rainfall regime over the entire region with up to 2.5
m/yr over the Appalachians, 1.5 m/yr in the Chiapanecan orogeny and >1 m/yr
for the Colorado Plateau.

In addition to rainfall, we also force the model with a long-wavelength sea-level curve
(Fig. 4C). As eustatic variations directly influence the volume of sediments stored
in the coastal plain and shelf, we tested different curves (Fig. S2A) to evaluate their
impacts on stratigraphic evolution and sediment accumulation.

We set on the curve from Haq et al. (1987) which takes into account the influence
of glacio-eustasy in the gulf (Galloway et al. 2000) and seems the more accurate
in terms of sediment volume, maximum transgression timing and long-term sea-
level fall in the region. This curve shows an initial lowering (down 75 m from
its relative position) followed by a rise back to its initial position over the first
300 kyr. These sea-level variations preserve the shoreline in the most reasonable
positions, avoiding an overly flooded continent, in accordance with GBDS dataset
and previous studies (Galloway et al. 2000). The subsequent Middle Miocene sea-
level evolution can then be described as a long-term decrease in relative position
due to the expansion of the west Antarctic ice sheet (Abreu and Anderson 1998).
This induced an overall regressive cycle and sea-level fall after a major flooding
event in lower Middle Miocene. Here, we define three distinct stages each lasting
approximately 1 Myr and corresponding to successive ~50 m fall. On top of this
large frequency signal, we add small wavelength variations of up to 50 m amplitude
based on Miller et al. (1998) high-frequency curve (Fig. S2A).

2.3.2 Tectonic conditions

For the tectonic regime, we evaluate the importance of Middle Miocene tectonic
regimes (Miall and Blakey 2019) on sedimentation by forcing the model with different
conditions for The Rocky Mountains, southern Sierra Madres, and Appalachians
regions as well as for the Central Plains.

We first modulate the amplitude of the greater Colorado Plateau region to provide
different conditions for erosion, drainage reorganization, and landscape evolution.
Lacustrine deposits (Lake Mead - western Colorado Plateau) record several major
pulses of mid-Miocene extensions between 24 and 16 Ma, as well as a post-Miocene
uplift (11 to 6 Ma) (Huntington et al. 2010). The spatial and temporal extension
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Figure 4: Lower to Mid Miocene forcing conditions. A. Evaluated tectonic
scenarios with rates up to 200 m/Myr (Fig. SS5): The first panel (left panel) corre-
sponds to the low tectonic uplift scenario with small uplift along the Appalachians.
Medium scenario (central panel) has an increase in uplift rate along the Rockies
and Appalachians. Right panel represents high tectonic uplift scenario with accrued
uplift for all mountain ranges, the Great Plains and Mississippi River catchment.
B. Precipitation maps based on paleo-climate reconstructions (Valdes et al. 2021),
adjusted for local variability beyond the spatial resolution of the general circulation
model. From left to right, the maps show an increase on precipitation referred to as
low (mean value: 0.5 m/yr), mid (mean value: 0.73 m/yr), and high (mean value:
1.1 m/yr) precipitation, respectively. C. Relative eustatic curve (black line) after
Haq et al. (1987). With the initial elevations of our simulation defined relative to the
position of the coastline at 15.6 Ma, the sea-level curve is set to 0.0 m at that time.
Higher frequencies in the sea-level signal were simulated with a 50 m amplitude
fluctuation centered on the low frequency curve (red line). D. Extracted sediment
volume from the GBDS dataset for the simulated period (15.6 to 12 Ma) is used to
define an offshore subsidence rate that is added to the uplift rate (A) to build the
tectonic forcing in the simulation.
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of these pulses is still debated, and we define values ranging from 60 m/Myr (low
case) to 100 m/Myr (mid case) (Roberts et al. 2012; Miall and Blakey 2019) to 170
m/Myr (high case) which falls within the calculated rock uplift rates between 25 and
10 Ma (150 to 200 m/Myr) based on longitudinal river profile analysis (Stephenson
et al. 2014) (Fig. 4A).

As mentioned previously, evidence for a Miocene rejuvenation of the Appalachian
Mountains has been described from provenance analysis of marine sediments col-
lected on the northeastern part of the gulf (Pazzaglia et al. 2000; Liu 2014). Con-
vergent measurements of erosion rates determined from cosmogenic *Be (Miller et
al. 2013) point to an ongoing wave of 100-150 m of incision that has been propa-
gating upstream since at least 3.5 Ma, and possibly since 15 Ma, suggesting relief
growth over the region. These values correspond to an average uplift rate of 20 to
50 m/Myr and have been used to build the Middle Miocene tectonic forcing for the
Appalachians in our simulation (Fig. 4A: low case - <25 m/Myr, high case - 70 to
100 m/Myr, Fig. S5).

In the South, uplift in eastern Mexico is associated with the Middle Miocene Chi-
apanecan orogeny. From low-temperature thermochronological data of the Chiapas
Massif, uplift rates of up to 700 m/Myr were estimated in this region (Villagomez
and Pindell 2021; Gray et al. 2021). Age-elevation profiles from zircon (U-Th)/He
ages across the Caribbean-North America plate boundary document more conserva-
tive values of up to 170 m/Myr assuming a steady vertical rock uplift (Simon-Labric
et al. 2013). Based on these studies, the Sierra Madres Oriental and Sierra Madres
de Chiapas mountain ranges have been defined with the highest tectonic uplift rates
in our scenarii (Fig. 4A) with values ranging from 120 m/Myr (low case) up to 300
m/Myr (high case).

Finally, we impose a subsidence rate in the offshore region (Fig. 4D) based on
reconstructed sediment thickness for the Middle Miocene interval compiled by the
GBDS (Fig. S4). These datasets have been edited to eliminate mini-basins created
by salt tectonics after discussion with BHP and GBDS experts.

3 Sediment fluxes through space and time

We first focus on the continental domain and quantify sediment transfer by major
rivers across the landscape. This analysis is a pre-requisite before one can start
evaluating the simulated marine sedimentation.

3.1 Predicted continental water and sediment fluxes

To do so, we extract the top fifty largest sediment fluxes and monitor predicted
water discharges for the Middle Miocene period (Fig. 5A & B). The distribution
of the water discharge depends on the size of the river catchments and on the
amount of rainfall they receive. We find that a few major catchments dominate the
regional water distribution to the gulf (main ones being the Mississippi, Tennessee,
and Rio Grande drainage basins). Overall, the extension of these catchments fits
with previous studies (Galloway et al. 2011; Xu et al. 2022). At regional scale, we
notice that except for a large drainage capture of the southern headwaters of the
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Figure 5: Analyzing water and sediment flux. A. Distribution of top 10 largest
catchment areas from 15 to 12 Ma and their drainage divides are shown in light gray.
Position of the 50 largest simulated river water (left) and sediment (right) fluxes
based on surface morphologies resulting from tectonics, imposed paleo-climates, and
riverine processes. B. Temporal distribution of sediment and water fluxes for the
three major contributors of sediment within the Gulf of Mexico (i.e. Mississippi,
Rio Grande and Tennessee rivers) under (1) high uplift and precipitation forcing,
and (2) low uplift and precipitation forcing. C. Summary of correlations between
water and sediment fluxes for the 3 rivers showing correlation coefficients with uplift
and climatic forcing based on Table 2. D. Log-log plot of modelled water discharge
against basin drainage area for 2 forcing scenarios (red and blue circles) at 12 Ma.
White circles correspond to present-day river values only considering rivers whose
discharge is more than 2000 m?/s (~63 km?®/yr). Black star represents Mississippi
River values.
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paleo-Mississippi river by the paleo-Guadalupe basin (Fig. 5A - between 15 and
14 Ma), most of these drainage basins remain remarkably stable throughout the
Miocene. We also found a plethora of smaller size watersheds draining waters from
the surrounding mountain ranges (the Rockies Appalachians, and Sierra Madres).

Generally the highest sediment flux corresponds to the largest river water discharges
(Fig. 5A). However, this relationship does not always hold because the physiogra-
phy of the watershed plays a crucial role in modulating sediment flux. For example,
small catchments adjacent to high mountain ranges, such as the ones on both sides
of the Sierra Madres, have low water discharges but deliver significant volumes of
sediments to the Gulf of Mexico or the Pacific Ocean. Conversely, large water flux
do not necessarily convey larger sediment flux. As an example for the high uplift
and precipitation scenario, there is a two-fold increase in water fluxes between the
Tennessee and Rio Grande rivers but their respective sediment fluxes are of a simi-
lar order (Fig. 5B). This is attributed to high-precipitation rates over the relatively
flat landscape of the downstream paleo-Tennessee basin and to the erosional un-
roofing and the storage of Appalachians-sourced sediments in upstream depocenters
(Pazzaglia et al. 2000).

Extracted drainage networks from the modelled landscapes and the corresponding
water discharge for each catchment (Fig. 5D) show an expected increase of the
water discharge with drainage area and indicate a nearly linear relationship (log-log
scaling). We also see a clear dependency of water discharge with rainfall regime (red
vs blue circles in Fig. 5D) and a comparison with modern river values shows that the
simulated range fits well with observations both for the low and high precipitation
scenario.

In our simulation, the continental-scale Mississippi River system resembles the mod-
ern one, integrating drainages from the Appalachian Mountains in its eastern side to
the northern and central Rocky Mountains on the west. When compared to present-
day Mississippi basin drainage area and discharge (star in Fig. 5D), the Miocene
Mississippi basin drainage area is of the same order but delivers more water.

Simulated major river positions and their associated catchment areas conform with
interpreted representation for that time (Snedden et al. (2018a); Fig. 5A). Looking
at the distribution of sediment fluxes draining from North America (i.e. The Rocky
Mountains, Central Plains, and the Appalachians), the ancestral Mississippi River
is the dominant sediment contributor throughout the Middle Miocene (e.g., 52% by
12 Ma in Fig. 5B) and its delta is the principal extra basinal fluvial/delta axis in
the Louisiana coastal plain with a sediment load of up to 100x10? km/yr which is
in accordance with estimates from previous studies (Ricardo 2003; Galloway et al.
2011). The contributions of the Tennessee and Rio Grande rivers are substantial
and relatively similar (equivalent sediment volume corresponding to around 24% of
the total North America sediment budget delivered to the gulf). These results are
of the same order as the ones derived from detrital zircon geochronology analysis
(Bentley et al. 2015; Xu et al. 2022).

CHAPTER 2. QUANTITATIVE PROVENANCE ANALYSIS FOR THE MIOCENE GULF 28
OF MEXICO



submitted to the Journal of Geophysical Research: FEarth Surface

Rio Grande Rio Grande Mississippi  Mississippi ~ Tennessee Tennessee
Precipitation Uplift  water flux  sediment flux water flux sediment flux water flux sediment flux

(km?/yr)  (10° T/yr)  (km®/yr)  (10° T/yr)  (km®/yr)  (10° T/yr)

high high 712 135 2347 246 1285 118
high mid 829 138 2325 237 1299 113
high low 836 134 2374 245 1253 97
mid high 457 83 1612 155 926 76
mid mid 462 81 1586 148 910 68
mid low 480 80 1561 143 851 57
low high 378 51 1003 80 633 45
low mid 366 55 1016 81 680 44
low low 354 55 1027 81 648 39

Table 2: Estimates of average sediment and water fluxes for the Rio Grande, Mis-
sissippi, and Tennessee rivers for the period ranging from 15 to 12 Ma obtained for
each of tested uplift and precipitation scenarios. Highest and lowest values have
been underlined.

3.2 Correlations and statistical analysis

Independent evaluation of the influences of tectonic uplift and precipitation on the
geomorphology and continental fluxes evolution can be performed statistically from
systematic extraction of the results presented above for each scenario (i.e. combined
pair of forcing - Tab. 2). From this, correlation matrices can be derived and are
summarized using correlation coefficient values (Fig. 5C). First, these correlation
values show that Middle Miocene precipitation, more than tectonic uplift (based on
the chosen forcing), drives sediment transport and delivery to the Gulf of Mexico,
with correlation values above 0.9 in all cases. This is not surprising as we expect
precipitation to control water discharge (more precipitation would increase river
discharge). However, over geological time scale and when combined to tectonics,
it could also trigger drainage reversal or reorganization that might actually change
the overall geometry of a basin and result in a decrease in water flux induced by
shrinking and splitting of specific catchments. Here, this is not the case for the
Mississippi, Tennessee, and Rio Grande as shown in Fig. 5A where all these basins
remain stable from 15 to 12 Ma.

For the tectonic uplift forcing conditions, we find no significant relationship except
for the Tennessee River where the uplift of the Appalachian Mountains statistically
increases the sediment supply into the gulf (highest value in the correlation matrix
for sediment flux: 0.22 and lowest value for the precipitation: 0.95 - Fig. 5C). Those
results do not imply that increased uplift across the different regions has no effect
on the capacity of these rivers to erode and transport sediment into the gulf (as
shown in Tab. 2). Rather, they show that, within the range of input conditions
tested, tectonic uplift forcing plays a secondary role compared to precipitation, and
has a lesser influence than precipitation over the Middle Miocene sediment dynamics
in the region. This conclusion is regionally-dependent and can be induced by the
low tectonic uplift rates in the gulf catchment as areas experiencing higher tectonic
uplift rates may have more relation of tectonic rates to sediment fluxes.
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4 Assessing sedimentation and regional stratigraphic
history

T~

Forced progradation

Erosion Deposition (km)
o

Figure 6: Predicted evolution of Gulf of Mexico marine deposition during the Mid
Miocene for the high precipitation and uplift scenario. The main feeders across the
northern shelf (Rio Grande, Mississippi, and Tennessee rivers) form large deltaic sys-
tems that prograde on the continental shelf following (Snedden et al. 2018a). Addi-
tional feeders are activated later on during the simulation, first from the Guadalupe
River around 14 Ma, then from the Sierra Madres mountain range directly to the
castern Mexican Shelf (across the Bejuco Canyon). Fast sedimentation rate over
the shelf, for this specific scenario, quickly fills the accommodation. As a result, it
forces sediment progradation on the continental slopes and creates large delta-fed
and basin floor aprons. By 12 Ma, sediments transferred from the Rio Grande, Mis-
sissippi and Tennessee rivers accumulate in the deepest part of the Gulf of Mexico
forming large deep sea fans.

4.1 History of marine sediment accumulation

We first start by analyzing the general trends in depositional patterns over the entire
region (Fig. 6). We see that the coastal and deep-water sediment accumulation over
the Middle Miocene creates an extensive central Gulf of Mexico composite delta
system fed largely by the Mississippi River and the Tennessee River (Fig. 5A & B).
The large influx of sediment combined with relative sea-level fall from 15 to 12 Ma
(Fig. 4C) is not counterbalanced by the imposed offshore subsidence rate (Fig. 4D)
and the available space gets filled rapidly. Similar trends happen on the western side
of the gulf where the Rio Grande feeder quickly builds a prograding delta during
the first 1 Myr. This is in accordance with well datasets (Cristelaria I MFS datum,
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Ricardo (2003)) that show the formation of an early depocenter on the western
side of the gulf over this time period. Reduced accommodation and continuous
sediment influx forces the development of slope aprons across the entire region with
more notable ones on the southeast and southwest of the Mississippi-Tennessee large
coastal delta and on the slope facing the Rio Grande catchment (Fig. 6). The central
depocenter is filled with off-lapping delta lobes over the ancestral Mississippi delta
and Tennessee delta front (Fig. 6). It is in accordance with the sedimentation
record showing a central fluvial-dominated delta that prograded rapidly on the shelf
margin. However, it is worth noting that delta fed aprons on the eastern side of the
gulf are wave-dominated with along-strike reworked sediments delivered parallel to
the continental platform (Galloway et al. 2000; Galloway 2008). This mechanism is
not accounted for in our simulation.

By 14 Ma, several smaller drainage basins, such as the Guadalupe River, also accu-
mulate significant deposits with the formation of noticeable deltas (Galloway et al.
2011). It suggests that several major terrestrial-to-marine delivery conduits existed
simultaneously throughout the Middle Miocene and is in accordance with previ-
ously described incised channels cutting into prodelta/muddy shelf facies in the
region (Hentz and Zeng 2003; Combellas-Bigott and Galloway 2006).

These provided the foundation for later shelf-edge progradation around 13 Ma (Fig.
6), and large basinal accumulation in the central and western Gulf of Mexico. The
central depocenter is partially influenced by both the ancestral Mississippi and Ten-
nessee deltas and a relatively thin basin floor apron fed by the Rio Grande system.

By 12 Ma, major deep-water depocenters have been created with the development
of basin floor aprons and deep sea fans on the eastern and central regions and to
a lesser extent on the western side of the basin (i.e. the thick McAVLU submarine
plain fan, Snedden et al. (2018a); Fig. 7A). This is in accordance with previous
studies defining a renewed and increased influence of the ancestral Tennessee delta
in the central and eastern depocenters at the end of Mid Miocene. The maximal
deposited sediment thickness reaches 1.8 km in the central depocenter facing the
Mississippi River. It corresponds to an averaged deposition rate of 500 m/Myr in
this area (Fig. 7 and 8). Overall the history of sediment accumulation and marine
depositional features reproduced by the different simulations matches observations
(Snedden et al. 2018a) (Tab. S2).

4.2 The roles of forcing conditions on offshore sedimentation

To evaluate the impact of our forcing conditions, we first extract the cumulative
deposition in the offshore region for the nine scenarii (pairs of precipitation and
tectonic uplift forcing conditions - each left panels in Fig. 7A & C and Fig. 8).
Then we compare predicted accumulation with observations derived from seismic
surveys and wells dataset (shown in Fig. 7TA and S4).

We already noted that the predicted locations of the main feeders match to the first-
order ones defined in the GBDS dataset (Galloway 2008; Snedden et al. 2018a) (Fig.
1B and S4). We now focus on the three main depocenters in the southern part of
the Louisiana coastal plain (western, central and eastern - Fig. 7A) (Galloway 2008;
Combellas-Bigott and Galloway 2006). The western depocenter initiated during the
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Figure 7: Evaluation of predicted sediment accumulation within the Gulf
of Mexico for the different forcing scenarios. A. Estimated sediment accumu-
lation for the Mid Miocene period from the GBDS dataset. B. Stratigraphic view
of the thicker depocenters across the northern continental shelf coloured by water
depth at time of deposition. Main transgressive and erosional surfaces are displayed
with white lines. C. For each specific forcing conditions, distribution of simulated
marine sediments are presented on the left panel and corresponding thickness differ-
ences with the GBDS dataset are mapped on the right panels. White dashed lines
on each left panels are sediment thickness contours at 200 m intervals. Black dashed
lines correspond to bathymetric contours at 1, 2, and 3 km depth.
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Mid precipitation - mid uplift Mid precipitation - high uplift

Figure 8: Evaluation of predicted sediment accumulation within the Gulf
of Mexico for the remaining forcing scenarios. Similar description as Fig.
70).

Sed. acc. Sed. acc. Sed. acc. Ratio Ratio Ratio Ratio Ave. diff.
Precipitation  Uplift shelf slope <3 km  shelf sed. slope sed. deep sed. total sed. sed. acc.
(km3/yr)  (km?3/yr) (km?/yr) acc. acc. acc. acc. (m)
high high 8673 2931 5256 1.64 1.73 1.25 1.52 123.7
high mid 8715 2752 4905 1.63 1.67 1.14 1.48 110.4
high low 8877 2931 4460 1.64 1.73 1.07 1.46 108.2
mid high 6502 1808 2949 1.33 1.22 0.56 1.02 5.9
mid mid 6462 1848 2827 1.31 1.20 0.53 1.01 3.5
mid low 6088 1579 2847 1.27 1.15 0.49 0.95 -11.56
low high 3800 1301 1108 0.98 0.67 0.18 0.60 -94.2
low mid 3848 1192 1097 0.98 0.63 0.17 0.58 -97.4
low low 3821 1160 1120 0.97 0.63 0.17 0.58 -98.9

Table 3: Offshore marine sedimentation for all tested tectonic uplift and precipita-
tion scenarios. Sediment accumulation in km?/yr for the continental shelf (<1 km
depth), the continental slope (<2.5 km depth), and the ocean floor (>2.5 km) are
provided. Ratios for each region (shelf, slope, deep ocean, and total) are calculated
using the corresponding estimates from the GBDS dataset, with values >1.0 showing
a surplus of sediment in the simulation and values <1.0 a deficit. Last column shows
the average difference per cell area (2.5 km size) over the entire Gulf of Mexico for
the 3 Myr in sediment accumulation (metres) when compared to the GBDS dataset
(here, positive values represent surplus of sediment and negative values a deficit).
Underlined values represent closer match with observations.
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early Miocene, its predicted geometry is radial and it progrades on the shelves with
a final thickness that varies from 1.7 to 1.9 km. The central depocenter is the most
prominent and reaches up to 1.8 km thick in 3.5 million-years (Fig. 8). These
two regions are impacted by salt tectonic deformations either via a series of East-
West salt related roller faults (North Cameron detachment province) or induced by
the Roho salt system. FEven though salt mini-basins are not simulated here and
their local subsidence histories not accounted for, we observe similar locations and
extensions for both depocenters when compared to GBDS dataset (Fig. S4). Yet,
the elongated shape of the eastern deposit is not reproduced in our simulations
potentially because salt tectonics (salt-withdrawal mini-basins) might have a bigger
control on its local evolution when compared to the two other depocenters.

We note several differences between each scenario both in terms of thicknesses of
cumulative deposits and positions of the main sedimentary locus (Fig. 7 and 8). We
also see, when comparing the difference maps, that rainfall is the main upstream
forcing impacting on the offshore deposition. Based on our statistical analysis of
continental sediment flux (Fig. 5C), this result is not surprising.

Overall, we notice that all scenarii tend to overestimate the accumulation on the
western side of the shelf (facing the Rio Grande feeder) and to underestimate eastern
deep sea deposits (with the exception of the high rainfall forcing conditions) and fail
to reproduce the geometry of the eastern submarine plain fans (the McAVLU Fan -
Fig. 7A). In all cases, the simulations under predict the relationship between river
length and submarine fan dimension compared to published values for the region
(Snedden et al. 2018a), which generally show run out lengths of 0.1 to 0.5 times
the river length (Semme et al. 2009). However, these empirical scaling relationships
represent first order predictions, so discrepancies are unsurprising when applying
more physically robust modeling, such as the one presented in this study. We also
find a surplus of sediments for the Mississippi Delta and a deficit on the western
side directly adjacent to the coast. This, however, changes when applying different
climatic scenarii. It suggests that a shift in preferential supply towards the west
is likely induced by precipitation variations (Hessler et al. 2018) rather than by
tectonic uplift forcing.

Those mismatches between predicted and observed sediment accumulations are first
related to limitations in goSPL ability to simulate mass wasting and gravity domi-
nated flows (therefore not able to fully reproduce deep sea sediment transfer known
to be important in the region, Combellas-Bigott and Galloway (2006)). In addition,
goSPL does not account for secondary transport processes induced by alongshore
currents and waves, both of which are known to actively redistribute sediments in
the nearshore environment (Mullins et al. 1987; Welsh and Inoue 2000; Syvitski and
Hutton 2001; Xu et al. 2022). A last limitation is associated with the architecture of
the entire Cenozoic fan system, including shelf storage, which is subject to local fail-
ure events (margin collapse). Indeed, structural displacements, especially induced
by salt tectonic, affect the depositional continuity and sediment dispersal across the
margin (Snedden et al. 2018a). These complex interactions between salt deforma-
tion and sediment load shaped different structural provinces that have not been
included in our forcing conditions. As our sediment fluxes for the Mississippi River
are in accordance with previous work (Galloway et al. 2011; Bentley et al. 2015),
improvements would consist in refining both the subsidence regime and the sea-level
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curve in order to force the accommodation to follow the incoming sedimentary flux,
and also implement sediment redistribution by waves along shore.

To better quantify those results and evaluate goSPL performance, we compile in
Table 3 a summary of predicted and observed offshore sedimentation rates (km?/yr)
for three regions across the Gulf of Mexico: the continental shelf, the continental
slope and the deep sea floor. To discuss those results, we focus on the ratio (predicted
vs. observed) rather than the raw accumulation values. We find that low climatic
conditions are the ones successfully reproducing estimated accumulations on the
shelf (with a remarkable ratio of 0.98). Shelf deposits are the more difficult to
match and are better represented with the mid climatic scenario with sedimentation
rate exceeded by an average of 17% over the entire region (from Fig. 7C and Fig.
8, we note that the excess is mostly distributed on the western side of the central
slope). Finally, deep sea sedimentation rates are better reproduced by the highest
climatic conditions for which we find an averaged excess of around 14%, yet with
a particular simulation (i.e. high precipitation and low tectonic uplift conditions)
much closer to observations (~7%). The role of tectonics, while secondary, allows
to modulate these values and better fits are obtained when considering the lower
tectonic uplift scenario and evaluating the shelf and deep sea predicted sediments
accumulation.

When interpreting those ratios for the entire Gulf of Mexico, we find that the sim-
ulation with mid precipitation and mid tectonic uplift conditions has the best ratio
between predicted and observed of 1.01. It corresponds to an average difference
between the model and the data of 3.5 m per cell (each cell being 2.5 km in length).
Based on the resolution of our model and the underlying assumptions in regards
to the physics and processes that are simulated, this result is exceptionally good.
One might be tempted to conclude that this specific simulation is the preferred one,
however our analysis shows that even though it nicely reproduces the overall depo-
sitional trend in the gulf, it scores lower than many of the other forcing pairs when
assessing the fit against more specific parts of the gulf. More than being capable
to match with observations, the power of these simulations lies in their ability to
quantify how the main drivers that shaped the landscapes over geological time-scales
have influenced the observed marine depositional patterns.

4.3 Provenance analysis

The relatively stable topography of the North American hinterland during the Mid-
dle Miocene sustained long-lived drainage networks flowing into the Gulf of Mexico.
These drainage patterns remain largely unchanged over the simulation time, as dis-
cussed in section 3.1. Using model outputs, we extract the maximum volume of
sediment eroded from the continent that ultimately reached the GoM and analyze
their crustal provenance. While this approach offers valuable insights into sediment
routing across the continent, provenance classification is based on interpretative
paleo-geotectonic maps (Xu et al. 2017; Fildani et al. 2016). Although these maps
provide a robust regional framework, they are subject to inherent spatial and tempo-
ral uncertainties. We defined our source provinces using crustal terrains and orogenic
belt boundaries adapted by Xu et al. (2017) and Fildani et al. (2016) (Fig.9). Addi-
tional uncertainty stems from the exclusion of sediment reworking and redistribution

35 CHAPTER 2. QUANTITATIVE PROVENANCE ANALYSIS FOR THE MIOCENE GULF
OF MEXICO



submitted to the Journal of Geophysical Research: Earth Surface

in the marine environment, which falls outside the scope of this analysis.

Our simulations identify the Western Cordillera, the youngest tectonic province in
the source region (< 280 Ma), and the much older Grenville province (0.95-1.3
Ga) as the two largest sediment contributors to the Gulf of Mexico, each supplying
approximately 20% of the total volume. Previous provenance estimates by Xu et al.
(2022) and Morton et al. (2024) used detrital zircon and heavy mineral analyses to
estimate source contributions. Compared to our results, we find that these methods
tend to overestimate contributions of provinces of younger ages. For instance, the
contribution of the Western Cordillera is overestimated by 11% in Xu et al. (2022),
while the Grenville province contributions are overestimated by 6% in Xu et al.
(2022) and by 20% in Morton et al. (2024). Similarly, both studies overestimate
the contributions from the Appalachian-Oucahita and Mid-Continent provinces. In
contrast, older and more distal provinces such as the Yavapai-Mazatzal, Superior-
Wyoming, and Amarillo-Wichita, are consistently underestimated or entirely absent
in detrital zircon datasets, as seen in the case of the Amarillo-Wichita (Fig. 9).

Our results show that detrital zircon and heavy mineral analyses often underestimate
or omit contributions from older provinces, likely due to limited sample availabil-
ity, while overestimating input from younger, more proximal sources. Although
detrital zircon and heavy minerals remain powerful tools for identifying sediment
provenance, given their reliance on sampling, using these methods alone to estimate
proportions of sediment contributions remains questionable (Lovell-Kennedy et al.
2023). The workflow designed in this study has proven efficient in overcoming the
key limitations of conventional sediment provenance analysis, which include limited
sampling coverage and availability, and lengthy and costly analysis times. By pro-
viding a quantitative assessment of provenance in the Gulf of Mexico, we establish
a framework that can be applied for investigating metallogenic potential of these
sediments over time based on their protolith.

4.4 How forcing conditions affect sediment provenance

We perform a series of sensitivity tests to evaluate how the imposed changes in
precipitation and tectonic uplift influence sediment volumes across provenance ar-
eas. This approach is essential for testing alternative simulation scenarios aimed
at replicating observed patterns and improving model calibration. We focus on the
paleo-Mississippi catchment, which alone delivers ~52% of the sediments to the Gulf
of Mexico. Using the catchment boundaries defined by Xu et al. (2022), we com-
pare sediment volumes under three scenarios: high uplift and precipitation forcing
(HUP), mid (MUP), and low (LUP) (Figs. 9 and 10).

The paleo-Mississippi catchment spreads over nine geologic provinces, defined by
Xu et al. (2017) and Fildani et al. (2016). These provinces reflect the final elevation
and, concurrently, the climate across the paleo-Mississippi catchment (Fig. 9). We
analyze the contribution of each province to the total sediment accumulation in the
Gulf of Mexico, accounting for how changes in elevation and climate across scenarios
affect their sediment supply.

The Yavapai-Mazatzal province is the largest contributor of sediments to the paleo-
Mississippi river (51%), and reaches elevations characteristic from a mountain base
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Figure 9: Provenance analysis of sediments in the Gulf of Mexico. On
the left hand side we have the North American crustal terrains and orogenic belts
(provenance provinces) adapted from Xu et al. (2017) and Fildani et al. (2016). The
table shows the percentages of sediment provenance derived from our simulation
(LEM), the values from Xu et al. (2022) which are based on robust detrital zircon
analysis (n > 100), and the Miocene average values from Morton et al. (2024), which
are based on heavy mineral and detrital zircon data (with n commonly below 100).
The reference provinces are considered as similar among all authors.

to a mountaintop. The Appalachian-Ouachita has the lowest mean elevations,
although geologically young in age and ~4% sediment contribution. The Mid-
Continent is geologically the oldest province, but still sustains intermediate mean
elevations and contributes ~24% of the sediment volume.

Elevation differences of up to 600 m between scenarios are observed due to variations
in forcing conditions, with the more pronounced changes occurring in the northwest-
ern portion of the Yavapai-Mazatzal province. This localized amplification is likely
a response to the non-uniform tectonic uplift forcing applied to areas of pre-existing
topographic highs (Fig. 10B and D). By uplifting elevated mountaintops (Yavapai-
Mazatzal), the relationship of hillslope and soil creep processes is more affected than
in the mountain base (Appalachian-Ouachita). The non-uniform distribution of up-
liftt and precipitation helps to steepen the slopes and enhance erosion, though at
the cost of reducing depositional surfaces, and enlarging sediment run-off (Fig. 10C
and E). This effect is particularly noticeable in the Yavapai-Mazatzal region, where
absolute volume variations of up to 30.6 km?® are observed relative to the regional
average (Fig. 10A).

Despite the large variance in volumes and the more pronounced changes in tec-
tonic uplift forcing for the Yavapai-Mazatzal province compared to Mid-Continent
and Appalachian-Ouachita regions, the percentage variation around the mean for
the sediment provenance from this area remains relatively stable across scenarii.
This stability is due to its small fluctuations around a large average percentage
contribution, with a maximum deviation of 1.4% from the mean. In contrast, the
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Appalachian-Ouachita province has a much smaller volume variation around the
average contribution, which is almost ten times lower than that of the Yavapai-
Mazatzal. Hence, even small variations in volume result in larger percentage devia-
tions, reaching up to 2.7%, with larger deviations from the norm appearing for the
Mid-Continent province, up to 4.9% (Fig. 10A). Nonetheless, percentual distribution
show that the final sediments contribution per province remain largely unaffected
by changes in uplift or precipitation, although their absolute volume vary, and is
strongly linked to the initial elevation.

We found that forcing conditions will impact more strongly the elevated regions
(mountaintops), while lowlands are less affected. Although tectonic uplift forc-
ing amplifies the final erosion, precipitation forcing remains the dominant factor
influencing the final volume delivery, with a similar pattern observed for the Paleo-
Tennesse river (see Fig. S6).

CHAPTER 2. QUANTITATIVE PROVENANCE ANALYSIS FOR THE MIOCENE GULF 38
OF MEXICO



submitted to the Journal of Geophysical Research: Farth Surface

MUP - LUP

HUP - MUP

HTC = High Uplift & Precipitation B HUP - LUP

Paleo-Mississippi catchment: i
MTC = Mid Uplift & Precipitation

3
é
g Wi
8

Deviation from mean (kma) Deviation from mean (%)

Yavapai-Mazatzal

x: 57.3 km®

S—-o

Mid-Continent

X: 26.5 km®
Appalachian-Ouachita
P p
Pl
’,
14
]
1
o ]
]
N CoN ]
A ]
v y v y v
7 h 7 h ] h
e g =
X: 4.6 km X:4.2% “.«*~ ) N ) L H
~ /] \‘ /] \| ]
M.C.V.F - Mid-Cenozoic volcanic fields ,‘ (] ) ! !
s -’ -
-600 -400 -200 0 200 400 600

A.W. - Amarillo Wichita
S.W. - Superior Wyoming
Difference in Erosion/Deposition (m)

Figure 10: Differences in forcing conditions across modeled scenarios. A
Sensibility tests for volume (in km?®) and percentage deviation for each of the
provinces that belong to the paleo-Mississippi catchment in comparison to the mean
(z) . Difference in B. elevation, C. precipitation, D. tectonic uplift and E. erosion
and deposition. Comparisons are made between scenarios (i) high uplift and high
precipitation (HUP) vs. low uplift and low precipitation (LUP), (ii) high uplift and
high precipitation (HUP) vs. mid uplift and mid precipitation (MUP) and (iii) mid
uplift and mid precipitation (MUP) vs. low uplift and low precipitation (LUP).
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5 Conclusion

We conducted a series of experiments to simulate the offshore sediment accumula-
tion of the Gulf of Mexico using available datasets (GBDS) and regional geological
observations for validation. Our focus was on evaluating the roles the two primary
forcings known to be the main drivers controlling sediment delivery into the gulf
during that period: (1) the climate (through precipitation regimes) and (2) the
tectonics (through the uplift of the Rocky, Appalachian, Sierra Madres and Great
Plains). We characterized sediment dynamics from upstream to downstream across
the North American hinterlands into the gulf basin, and quantified contributions
from the main feeders (Mississippi, Tennessee and Rio Grande rivers). Analyzes of
metric variations between modelled scenarios indicate that Middle Miocene climate
was likely the main driver of upstream sediment flux changes, with tectonics playing
a secondary role. We further quantified sediment accumulation across basin compo-
nents (shelf, slope, deep sea regions) assessing their provenance. Our predicted delta
fed apron broadly aligns with previous studies (Galloway et al. 2000; Galloway 2008;
Galloway et al. 2011), and total sediment volumes in the gulf correspond well with
observations (Ricardo 2003; Snedden et al. 2018a; Snedden and Galloway 2019).
Different scenarios influenced the position of the three main depocenters and sedi-
ment distribution from the shelf to the deep sea basins. It is important to note that
our simulation do not account for localized subsidence triggered by sediment loading
and salt deformation in the marine environment. Comparisons with detrital zircon
and heavy mineral provenance analysis from Xu et al. (2022) and Morton et al.
(2024) reveal that these methods tend to overestimate contributions from younger
sources (e.g. Western Cordillera and Grenville), while underestimating those from
older, more distal sources (e.g. Yavapai-Mazatzal and Superior-Wyoming). Ad-
ditionally, we quantified how forcing conditions (precipitation and uplift) impact
sediment accumulation per source area, finding that regions at higher-elevation are
more sensitive to changing forcing conditions than areas with moderate to low ele-
vation, whereas tectonic forcing remaining as a secondary influence. Overall, these
simulations demonstrate the ability of the goSPL model to test and quantify the
complex interactions between sediment fluxes (driven by precipitation and tectonic
uplift), shelf and slope physiographies (constrained by marine subsidence rates), and
accommodation space (controlled by sea-level fluctuations balanced against sediment
supply and tectonics). Furthermore, we highlight the relevance of the framework
developed here as a complementary tool to traditional provenance analysis methods,
offering quantitative estimates of sediment volumes and overcoming common limi-
tations of traditional methods, and providing a foundation for future metallogenic
characterization of Gulf sediments, based on their protolith composition.
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SUP. 1: Extracted dynamic topography.
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Dynamic topography (m/Myr)
o

Figure S1: Extracted dynamic topography rates in m/Myr from model M1
(Miiller et al. 2017). This small amplitude, long wavelength signal is added to
the tectonic forcing defined in Fig. 4A and D.

41 CHAPTER 2. QUANTITATIVE PROVENANCE ANALYSIS FOR THE MIOCENE GULF
OF MEXICO



submitted to the Journal of Geophysical Research: Earth Surface

SUP. 2: Evaluation of input conditions on marine
sedimentation along specific cross-sections.
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Figure S2: Example of additional tests performed during the calibration
process. A. Relative eustatic sea-level curves after Haq et al. (1987) (red), and 2
curves from Miller et al. (gray Miller et al. (2005) and black Miller et al. (2020)).
With the initial elevations of our simulation defined relative to the position of the
coastline at 15.6 Ma. To account for higher frequencies in the sea-level signal,
a 50 m amplitude fluctuation centered on the low frequency curve is added. B.
Stratigraphic sections of the thicker depocenter under different forcing conditions
(sea-level, vertical displacements and climate) for the simulated period (15.6 to 12

Ma). Bottom right panel: positions of the 2 cross-sections are shown (Y-Y’ and
7-7).
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SUP. 3: Impact of goSPL parameters on marine

sedimentation.
Value Margin Shelf Basin Comment
clinSlp 1x107%  + + + This parameter mostly influences the volume of
clinSlp 1x 106 - _ _ deposited material.
ffset 50 - -
onse t Low values push deposits away from the
offset 200 + + - coastline; higher values allow more proximal
offset 500 . o _ accumulation.
smthD 50 + + o
smthD 5« 10° n 4t o Low srr.loothing forms angular. shapes; high
values induce smoother deposits.
smthD 5x 10° - - ++
smthS 1x10% + + +
smthS 1x 107 . ) i H1ghe.r values smooth .st.lrface roughness,
reducing overall deposition.
smthS 1x 107 — - —
oFill -50 - - o
Fill 100 B Lower values concentrate sediment near coast;
ot ) ) ) higher values push sediment distally.
oFill -500 + ++ +
-7
€ 3x 10 + + B Higher erodibility increases sediment volume;
€ 6x1077 44+ 4+ + thickness remains similar.

Table S1: Tested goSPL parameters for marine deposition and erosion with their im-
pact of the accumulated sediments on the margin, the shelf and the deep basin areas
(+ indicates important deposition, - for reduced deposition and o for no deposition).
A list of goSPL parameters and their definitions is provided in the readthedocs web-
site https://gospl.readthedocs.io/en/latest/user_guide/inputfile.html.
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Figure S3: Sensitivity tests performed to evaluate marine sedimentation showing
simulated erosion deposition distribution for different goSPL parameters.

SUP. 4: Main datasets for the marine environment.

Environment Total Grain | Sand Grain | Shale Grain
Volume (km?®) | Volume (km?®) | Volume (km?)
Deepwater 2.48 x 10° 2.634 x 10* 2.217 x 10°
Shallow /non-marine | 9.76 x 10% 4.8 x 104 4.956 x 10*
Total 3.456 x 10° 7.44 x 10% 2.71 x 10°

Table S2: Total sediment volumes and sand/shale distribution for deep and shallow
environments.
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Figure S4: GBDS datasets. A. Contour map showing the Middle Miocene de-
posits (in feet). The thickness contours are in red, the areas where thickness is
>6000 feet are in light brown. The blue line shows the shelf margin at maximum
progradation and the dot line shows the relict shelf margin. B. Volume of sediment

accumulated on the northern part of the Gulf of Mexico, location of the major de-
pocenters and reservoirs.
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SUP. 5: Miocene tectonic forcing conditions used
for the region.

30°N 1

<>

20°N
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Figure S5: Map showing the different tectonic provinces used to add vertical dis-
placement in the simulations. Corresponding tectonic conditions for each scenario
are provided in Tab. S3.
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High Mid Low References

100 75 50 Aslan et al. (2010), Chapin (2008), Colgan et al. (2010), and
Morgan (2003)

100 50 30 Aslan et al. (2010), Chapin (2008), Gregory and Chase (1994),
McMillan et al. (2006), Molnar and England (1990), Rosenberg
et al. (2014), and Wolfe et al. (1998)

150 100 90 Aslan et al. (2010), Crow et al. (2019), McMillan et al. (2006),
Morgan (2003), and Rosenberg et al. (2014)

15 10 5 Bentley et al. (2015), Chapin (2008), Galloway et al. (2000),
Galloway et al. (2011), McMillan et al. (2006), Morgan (2003),
and Xu et al. (2022)

3 0 0 Snedden and Galloway (2019)

30 20 10 Chapin (2008) and Snedden and Galloway (2019)

0 0 0 Snedden and Galloway (2019)

100 60 25 Boettcher and Milliken (1994), Gallen et al. (2013), Pazzaglia
et al. (2006), and Xu et al. (2022)

0 0 0 Snedden and Galloway (2019)

350 200 200 Villagémez and Pindell (2020)

Table S3: Values and references used to define the High, Mid and Low tectonic uplift
scenario for the Cordillera region (1), the Rockies/Eastern Cordillera (2), Colorado
Plateau (3), Rio Grande catchment (4), Mexican highlands (5), Great Plains and
Interior lowlands (6), Ozark Dome (7), the Appalachians (8), the Coastal plains (9),
and the Chiapas Massif (10). These values are in m/Myr and have been defined
after discussion with the BHP and GBDS teams.
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SUP. 6: Effects of forcing conditions in the Paleo-

Tennessee region.

Paleo-Tennessee catchment: HTC = High Uplift & Precipitation
MTC = Mid Uplift & Precipitation
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Figure S6: Differences in forcing conditions across modelled scenarios.
A. Sensibility tests for volume (in km?3) and percentage deviation for each of the
provinces that belong to the paleo-Tennessee catchment in comparison to the mean
(z) . Difference in B. elevation, C. precipitation, D. tectonic uplift and E. erosion
and deposition. Comparisons are made between scenarios (i) high uplift and high

precipitation (HUP) vs. low uplift and low precipitation (LUP), (ii) high uplift and

high precipitation (HUP) vs. mid uplift and mid precipitation (MUP) and (iii) mid

uplift and mid precipitation (MUP) vs. low uplift and low precipitation (LUP).
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Open Research Section

Code Data Availability: The scientific software used in this study, goSPL (Salles
et al. 2020), is available from https://github.com/Geodels/gospl and the soft-
ware documentation can be found at https://gospl.readthedocs.io. We also
provide a series of Jupyter notebooks used for processing the data sets and model
outputs that can be followed to reproduce some of the figures presented in the pa-
per and can be accessed https://github.com/Geodels/paleoPhysiography and
https://github.com/biahadler/Provenance_analysis.
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o Using goSPL, we reconstruct for the first time a Landscape Evolution Model
for the Permian source-to-sink system of the Polish Trough;

o We suggest that the Fenno-Scandian Shield and the Carpathian Massifs con-
tribute with more sediments into the basin than previously described;

o We quantify sediment volume per provenance area to estimate copper mass in
Upper Rotliegend red beds, highlighting their source potential.
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Abstract

The Southern Permian Basin (SPB) has been extensively explored for ore deposits.
However, a comprehensive evaluation of the remaining copper potential, specifically
for sediment-hosted stratiform copper system, remains lacking. This study applies
goSPL, an open-source landscape and stratigraphic evolution model, to reconstruct
the Permian rift-phase sedimentary evolution of the Polish Trough, in the southeast-
ern SPB. We integrate open-source datasets with key tectonic events that shaped
the paleogeography, sediment provenance and accumulation of the region. We recon-
struct the basin sediment deposits from 285-256 Ma, and evaluate (1) six tectonic
regimes under different tectonic and climate forcing, (2) their impact on the Up-
per Rotliegend red beds provenance and (3) the copper potential of these red beds.
Two models best align with the literature, showing distinct subsidence regimes that
produced similar sediment volumes (~19,000 km?). One model, featuring variable
subsidence, better captures the ~ 15 million year hiatus, sedimentation rates (=
200 m/Myr), and depositional depth, particularly when the basin subsided below
sea level. The primary sources infilling the Polish Basin (Bohemian and Carpathian
Massifs) remain stable across models. Alongside known sources (East European
Craton, Matopolska Massif, and Bohemian Massif), our findings suggest that the
Fenno-Scandian Shield and Carphatian Massifs contributed ~50% of the Permian
sediments entering the Polish Basin. We estimate that around 1,000 km? of red-bed
sediments contained significant copper mass, between 50 -155 MT, suggesting the
Upper Rotliegend red beds are a significant, if not the primary copper source to the
overlaying Kupferschiefer shale, although further investigation into the contribution
from interlayered volcanic rocks is needed.

Plain Language Summary

The Southern Permian Basin (SPB) is known for its sediment-hosted copper de-
posits, but how these formed over time is not fully understood yet. This study uses
a numerical model called goSPL to explore the Permian source-to-sink evolution of
the Polish Trough, part of the southeastern SPB. We looked at existing open-source
data and key tectonic events to understand sediment provenance, deposition, and
their potential to be the source of copper for the mineral system. Out of six tec-
tonic scenarios tested, two showed similar sediment volumes (about 19,000 km?).
The model with changing subsidence rates better matched real-world sedimentation
patterns, including a 15 million year gap in sedimentation and realistic deposition
rates. This model indicates that the main sources of sediment were the Bohemian
and Carpathian Massifs, with smaller contributions from nearby regions like the
East European Craton and Fenno-Scandian Shield. We estimate that the Upper
Rotliegend red beds may contain 1,000 km? of copper-bearing sediment containing
between 50 and 155 MT of copper. This makes them an important source of copper
for the famous overlying Kupferschiefer ore shale.
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1 Introduction

The Polish Rotliegend Basin (or Polish Trough), located in the eastern part of the
greater Southern Permian Basin (SPB), began forming in the Late Carboniferous
(Karnkowski 1999). The SPB extends west-to-east through northern Europe, from
the North Sea, across northern Germany, to Poland (Fig. 1). The Polish Trough
shares many similarities with the central and western parts of the SPB, particularly
in sedimentation style, which is influenced by syn-sedimentary block faulting and a

shift to an arid to semi-arid climate in the Mid-Permian (Kiersnowski and Buniak
2006).

The Permian Upper Rotliegend red beds, together with the overlaying Kupferschiefer
shale, form a sediment-hosted stratiform copper mineral system of significant eco-
nomic value. While it is generally believed that sediment-hosted stratiform copper
systems form in restricted sedimentary basins, the nature and origin of the source
of copper to the host reductants remain debated. Theories suggest that copper may
originate from very low-grade oxidized mafic siliciclastic sediments found in the early
rift strata, such as the Upper Rotliegend red beds (Vaughan et al. 1989; Hitzman
et al. 2005; Hitzman et al. 2010). Alternatively, acidic volcanics and other igneous
rocks associated with rifting systems or subduction zones are often identified as the
primary copper source for these deposits (Sillitoe 2010). Other hypotheses suggest
that the copper source might originate from wall rock leaching by the dehydrating
brines from the serpentinized lower crust (Keith et al. 2018).

Although numerous studies have been conducted over the last century for the South-
ern Permian Basin, due to its importance in oil, gas and copper exploration, to our
knowledge there has been no published numerical modeling focusing on the land-
scape evolution of the basin and its associated stratigraphy. In this study, we use
the landscape evolution model goSPL (Salles et al. 2020), which can be applied
to sedimentary basin reconstructions at both regional and global scales, to develop
the first landscape evolution model of the Southern Permian Basin. We begin by
reassessing the initial paleo-topography to (1) better constrain the active tectonic
events during the evolution of the Southern Permian Basin, such as the collapse of
the Variscan Orogeny, and (2) to calibrate the paleoprecipitation conditions. Six
different simulations are proposed, from model 1 to model 6, with varying tectonic
scenarios, paleoprecipitation and sea level. Most models produced a sediment bud-
get that accurately reproduces the thicknesses of the Permian Upper Rotliegend red
beds between 285 and 256 Ma, and we identify and quantify the volume of sediment
from each of the main sources that fed the Polish basin. In addition to determining
sediment sources, we aim to use landscape evolution modeling to test how much
of these sediments originated from red-bed sediments with likely copper-source po-
tential. To achieve this, we created a paleo-lithology map to account for regional
sediment sources and quantitatively estimate the copper potential of the basin.
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2 (eological background

2.1 General settings

The Southern Permian Basin is bordered in the north by the vast uplands of the
Fennoscandian Plateau and the lowlands of the East European Craton (Baltica),
and the Ringkgbing-Fyn High (Fig. 1). To the west, it is bordered by the Mid-
North Sea High and the London Brabant Massif (Kiersnowski et al. 1995). In the
southwest and southeast, the Variscan and Caledonian orogenies have exposed rocks
from the Rhenish and Bohemian Massif. To the east, the Southern Permian Basin is
flanked by the Teisseyre Terrane Assemblage, which includes the Malopolska Massif
(Karnkowski 1999; Pharaoh et al. 2010) (Fig. 1).

The eastern portion of the SPB, the Polish Trough, is framed within the narrow
Teisseyre-Tornquist structural zone (TTSZ), while the remaining southern basins,
North German and Danish Basins, developed within the Elbe Fault System (Scheck-
Wenderoth and Lamarche 2005). The TTSZ marks the northeastern boundary of
the Trans-European Suture Zone (TESZ), the later is oriented NW-SE, and divides
the Palaeozoic lithosphere of western Europe from the Precambrian East European
Craton. The basement of the Polish Trough to the north is along the boundary
between the Gondwana-derived East Avalonia Terrane Assemblage at the North
German/North Polish Caledonides highlands and the Precambrian Baltica crust of
Denmark.

The Rhenish and Bohemian Massifs, marked by a succession of parallel horsts and
grabens that generate basement highs and graben basins, define the southern portion
of the Polish Basin. The TESZ, thickened in Poland during the Caledonian (= 500
- 400 Ma) and Variscan (=~ 300 Ma) orogenies, comprises a system of Gondwana-
derived continental terranes (Ziegler 1990; Pozaryski 1990; Pharaoh et al. 2006), and
some Baltica-derived blocks (Nawrocki and Poprawa 2006). Both massifs expose the
Variscan orogenic belt.

2.2 Tectonic history

The crust underlying the SPB reflects a long tectonic history, with Gondwana-
derived terranes amalgamated to Baltica during the Caledonian and Variscan oro-
genies, culminating in the formation of Laurussia in the Late Carboniferous. These
events, involving the closure of oceanic basins, collisions, crustal shortening, and
post-orogenic collapse, created the foreland setting in which the SPB later devel-
oped (Pharaoh et al. 2010).

By the late Early Permian, thermal subsidence and post-orogenic collapse of the
Variscan Orogeny triggered wrench faulting and alkaline volcanism. Rifting associ-
ated with Pangea’s breakup led to the formation of the Viking Graben (Pharaoh et
al. 2010), while the Polish Trough, atop the Teisseyre-Tornquist Zone, recorded both
compressional and extensional tectonic activity (Bayer et al. 2002; Kutek 2001).

This study focuses on the Permian Period, when the Polish Basin experienced bi-
modal intrusive and extrusive magmatic activity associated with extensional rift
faulting as a result of the thermal destabilization of the Variscan Orogeny (Ziegler
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1990; Rey et al. 2001; Wilson et al. 2004; Heeremans et al. 2004; Krawczyk et al.
2008; Kroner et al. 2008; Borg et al. 2012) . During the mid-to-late Early Permian,
lithospheric thermal subsidence began as asthenospheric temperatures normalized
(Ziegler et al. 2004). Concurrently, wrench-faulting, deep crustal fracturing, mag-
matic activity, and erosion occurred north of the Variscan Mountains (Ziegler et al.
2004). By the Mid-Permian (Altmark tectonics), volcanism and wrench tectonics
had ceased, leading to thermal contraction and basin subsidence (Ziegler 1990; Bach-
mann and Hoffmann 1995; Wees et al. 2000). As thermal anomalies decayed, the
Polish and North German basins subsided significantly, coinciding with the deposi-
tion of aeolian and fluvial sandstones of the Upper Rotliegend stage (Gast (1988)
and Bachmann and Hoffmann (1995)).

The Late Permian was characterized by continued thermal subsidence, driven by
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Figure 1: Main tectonic blocks and suture zones marking the basement
of the Southern Permian Basin. a. The map shows the Polish Trough/Basin
highlighted in green, with the main regional tectonic structures and geological units.
The Southern Permian Basin contour is equivalent to the extension of the Zechstein
Basin during the Upper Permian. b. Cross-sections summarizing the crustal struc-
ture of the region, based on seismic-refraction/wide-angle reflection data (adapted
from Pharaoh et al. 2010). Seismic line locations and their endpoints are indicated
by the red lines and corresponding numbers in a. This map represents the modeled
domain in present-day coordinates.
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thermal decay and rifting, which contributed to the formation of the Viking and
Central grabens (Stampfli and Borel 2002). Marine transgressions, such as the
Zechstein/Barents transgression, resulted from the flooding of depressions by the
Boreal Sea (Glennie and Buller 1983; Bachmann et al. 2008a). Zechstein Sequence
sediments were deposited over Upper Rotliegend red beds amid ongoing thermal
subsidence and cyclical eustatic sea level fluctuations, resulting in the deposition of
evaporite cyclothems and the Kupferschiefer shale - a 0.5 m thick black, bituminous,
carbonaceous marine shale or marl, deposited in anoxic, euxinic bottom waters
during a quiet tectonic phase (Ziegler 1990).

2.3 Climate and paleo-environments

For much of the Paleozoic, the Southern Permian Basin terranes were dominated by
marine shelf to deep-water clastic sediments deposition. Humid conditions prevailed
during the Late Carboniferous and Early Permian, transitioning to arid climates by
the Late Permian (Kiersnowski et al. 1995).

The first deposition of sediments in the SPB occurred during the Devonian. The
deepest part of the SPB, the North German basin, was characterized by shallow-
marine sediments with occasional volcanic deposits. Coarse-grained eolian and flu-
vial clastic sediments filled other regions (Pharaoh et al. (2010), and references
therein). During the early Carboniferous, most of the basin was covered by open
marine shelf sediments, with occasional fluvio-lacustrine sediments interfingering.
The deepest part of the basin retained a fully marine environment until the Late
Carboniferous. The regression of the North Sea shifted the environment to pro-
delta and fluvio-lacustrine deposits in the North German basin, while red beds were
deposited in the more marginal portions of the Southern Permian Basin (Pharaoh
et al. 2010).

The Permian sedimentary sequences that makes up the Rotliegend Group began with
increased explosive volcanic activity (between =~ 300 and 285 Ma) forming a thick
layer of volcanic rocks (evolving from rhyolites to basalts - of the Lower Rotliegend
stage Benek et al. (1996)). This was followed by a 20 million year hiatus, known as
the Saalian Unconformity (McCann 1998a) or the Pangea Gap (Menning et al. 2022),
during which proximal alluvial sediments were deposited in the North German Basin
and Polish Trough (Miiritz Subgroup and Koérnik Formation, respectively; Pharaoh
et al. (2010)). In the early Late Permian (Upper Rotliegend stage), a larger area
of the basin was covered by a thick layer of sediments deposited under arid and
semi-arid, oxidizing climate conditions, in environments as alluvial fans, ephemeral
rivers and aeolian dunes (Kiersnowski et al. 2010).

2.4 Basin lithology evolution and its main stratigraphic units

The Southern Permian Basin constitutes an intracontinental basin that extends
NW-SE for over 2000 km and is up to 100 km in the N-S direction. The entire
sedimentary sequence deposited in the basin from the Devonian until the Permian
varies in thickness from 7 to 9 km. The Permian red beds, part of the Upper
Rotliegend stage, reach depths of up to 2500 m in North Germany, and 1300 m
in the Polish portion of the SPB (Pharaoh et al. 2010). The lateral correlation
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between stratigraphic units has been explored by various authors (Menning 1995;
Wees et al. 2000; Kiersnowski and Buniak 2006; Kiersnowski et al. 2010; Pharaoh
et al. 2010) . Here, we adopt the lithostratigraphic framework of Pharaoh et al.
(2010), which identifies the main units for the Upper Rotliegend stage from lower
to upper Permian are Altmark, Miiritz, Havel and Elbe Subgroups in the North
German basin. The correlative units in the Polish basin include the Dolsk/Swiniec,
Wiellkopolska, Kérnik, Drawa Subgroups and Upper/Lower Notec Formations (Fig.
2). We assume later in this manuscript that lithostratigraphic units broadly correlate
to chronostratigraphic units for a temporal correlation.

The pre-Permian basement (before 298 Ma) consisted of schist, greywacke, hornfels,
granodiorite, and gneiss, reflecting complex geological events from the Proterozoic
to the Late Paleozoic, along with Devonian argillaceous limestone and black shale
deposits (Ktapcinski and Sachanbiriski 1975; Tomaszewski 1978). Early Carbonif-
erous volcanic activity and granite porphyry intrusions thermally contributed to
Late Carboniferous coal formation, as part of a magmatic arc linked to subduction
during Variscan Orogeny. During the Late Carboniferous, intense volcanic activity
spanned the region from the Oslo Graben to the Variscan Mountains, marked by
significant andesite and ignimbrite deposits (Neumann et al. 2002; Heeremans and
Faleide 2004; Wilson et al. 2004; Awdankiewicz et al. 2025).

Conspicuous vertical lithofacies changes and /or erosional boundaries mark the depo-
sitional cycles, with the Upper Rotliegend stages I and II distinguished by the onset
of the Altmark tectonic events (Kiersnowski et al. 1995; Kiersnowski and Buniak
2006). Upper Rotliegend I sediments were confined to rift basins and grabens, lo-
cally governed by cyclic fluctuations between arid and less-arid conditions (Fig. 2,
Kiersnowski et al. (1995)). In contrast, the Upper Rotliegend II stage comprises
nine successive depositional cycles, involving alluvial fan, fluvial, lacustrine, playa-
lake and aeolian deposits (Fig. 2). Recent research highlights the importance of
the equatorial Variscan mountain chain as a significant topographic barrier during
Carboniferous and Permian times (Kiersnowski 2013).

Basal Clastic and Volcanic Rocks of the Lower Rotliegend Stage (298 -
290 Ma): The Lower Rotliegend stage represents the initial phase of basal clastic
rocks deposition, which comprised two sequences of reddish-brown conglomerate-
sandstone-mudstone, with thicknesses reaching up to 150 meters. Concurrently,
intense bi-modal volcanic activity occurred, evidenced by the deposition of volcanic

rocks varying from a few meters to over 1500 meters in thickness were deposited
(Kucha and Piestrzynski 1995; Pharaoh et al. 2010; Maliszewska et al. 2016).

Upper Rotliegend Stage Red-Bed Clastic Rocks (290 - 258 Ma): The depo-
sition of Upper Rotliegend clastic rocks marked a pivotal development, originating
from isolated, fault-controlled basins that evolved into a series of northwest-trending,
partially interconnected horsts and grabens. These basins predominantly hosted
clastic facies, including red oxidized sandstones and conglomerates, deposited across
various environments such as alluvial fans, braided rivers, meandering streams, aeo-
lian dunes, and saline lake (Blundell et al. 2003). This stratigraphic sequence differs
from the underlying Lower Rotliegend stage by an unconformity. While the Lower
Rotliegend stage is distinguished by its coarser composition, higher conglomerate
content and large volcanic content, the Upper Rotliegend stage, typically over 1000
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meters thick but extending up to 2500 meters in places, features a finer-grained
sedimentary rock, predominantly composed of sandstones, with minor interfingered
volcanic rocks (Kiersnowski et al. 1995; Karnkowski 1999; Pharaoh et al. 2010).

Weissliegend and Grauliegend Formations (Terminal Phases - 258 - 257
Ma): The Weissliegend Formation, typically between 1 and 50 m thickness, primar-
ily composed of aeolian, fluvial, and locally marine sandstones, exhibits a lack of
oxidation and diagenetic hematitic reddening, retaining a white to grey coloration
before being capped by the Kupferschiefer shale (Glennie and Buller 1983). The
Grauliegend Formation conglomerates, in contrast, underwent terrestrial oxidation
and hematitic reddening, followed by chemical reduction due to interactions with
overlying euxinic conditions and reducing fluids, producing a light grey to grey-pink
coloration.

Zechstein Sequence (257- 252 Ma): This sequence records a rapid transgression
correlating with increased regional subsidence. This event resulted in the Kupfer-
schiefer Sea due to rift-induced subsidence and glacio-eustatic sea level rise, flood-
ing the basin and cyclically depositing evaporites with occasional shale interbedded.
This sequence is usually between 1500 to 2000 m thickness (Peryt 1978; Oszczepalski
1986; Kiersnowski 2013; Pharaoh et al. 2010).

2.5 Provenance history

The provenance of the 2500 m thick Upper Rotliegend stage red beds in the German
Basin and the equivalent 1300 m sequence in the Polish Trough has been investi-
gates by a range of authors (e.g. McCann 1998b; Kiersnowski and Buniak 2006;
Doornenbal and Stevenson 2010; Mazur et al. 2010). McCann (1998b) correlates
the quartz-rich sediments of the Upper Rotliegend II stage to cratonic or recycled
sedimentary sources, while compositionally immature sediments are attributed to
volcanic and sedimentary rock fragments. Zircon and trace element analyses by
Zieger et al. (2023) further suggest that the Upper Rotliegend II stage comprise a
mix of repeatedly recycled material and bedrock-derived sediments.

For the Polish Basin, Kiersnowski et al. (2010) interpreted the sediment routing of
the Upper Rotliegend II stage using 3D seismic data. Weak water supply and poor
drainage characterized the southwestern highlands (Variscides, near the Bohemian
Massif), while prevailing winds transported aeolian sediments from the lowlands
of Baltica (East European Craton) and the Malopolska Massif (Kiersnowski et al.
2010). A later study by Kiersnowski (2013) identified six aeolian lithostratigraphic
units (ERU, ERBU 1, EBYU, ERBU 2, ECU 1 and ECU 2) and one fluvial unit
(FIU) in the Polish Upper Rotliegend Basin. The Lower Drawa Formation (ERU)
received sediment from Cambrian and Carboniferous sandstones, with winds from
the S-SE. Subsequent aeolian units (ERBU1, EBYU, ERBU 2) were influenced by
winds from the east, south, north and northwest, with sources along the basin margin
and the Malopolska Upland (Kiersnowski 2013).

The fluvial Notec Formation (FIU) sourced its sediments from the East European
Craton. The final aeolian units, (ECU 1 and ECU 2) also included fluvial input, with
sediments contributions from the Precambrian Platform and from the Malopolska
Massif/Upland (Kiersnowski 2013). Paul et al. (2008) suggested that the sandy
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deposits from the southeastern margin of the Zechstein Sequence likely originated
from the Bohemian Massif.

2.6 Sedimentation rates and volumes

Several maps constraining the paleothickness of the Southern Permian Basin have
been inferred from seismic data and boreholes (e.g. Pharaoh et al. 2010; Kiersnowski
2013; Krzywiec et al. 2019). While sediment volume can be derived from these
maps, few studies have attempted to quantify the total volume for the Southern
Permian Basin or its smaller units, such as the Polish basin. Scheck and Bayer (1999)
estimated a sediment volume of 340,000 km? for the Northeast German Basin on
its subsidence history, excluding erosion processes. Approximately one-third of this
volume was deposited during the initial thermal subsidence phase, corresponding to
Upper Rotliegend stage Mirrow Formation and Elbe subgroup, with a deposition
rate of 1,700 km?®/Myr (Scheck and Bayer (1999), Fig. 1).

Scheck and Bayer (1999) outlined five main phases of subsidence throughout the

basin’s evolution, from the Late Carboniferous to the Cenozoic. The initial ther-
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Figure 2: Chronostratigraphy of the Southern Permian Basin. Left: The
chart illustrates the major tectonic events that shaped the landscape of the Southern
Permian Basin from Devonian to Triassic. Right: key events during the Permian
are shown, with the shaded grey area representing the time of our simulations. The
stratigraphy is based on Pharaoh et al. (2010), tectonic subsidence rates are from
Scheck and Bayer (1999) and Gast and Gundlach (2006), the erosion/deposition
record is from Bachmann et al. (2008b), depositional cycles are from Pharaoh et al.
(2010) and climate data is from Geifller et al. (2008). NGB refers to the North
German Basin, ER and SR denote erosion and sedimentation rates, respectively.
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mal subsidence phase, driven by rifting, occurred from the Late Carboniferous to
the Early Permian. However, most of the subsidence resulted from thermal relax-
ation, possibly linked to slab break-up from the Variscan Orogeny. This subsidence
was oriented NW-SE during the Early Permian (Rotliegend sediments) and Middle
Triassic (Scheck and Bayer 1999).

For the Middle Permian Upper Rotliegend II stage (Mirow Formation and Elbe
Subgroup) in the North German Basin, subsidence rates of 30 m/Myr were sustained
over 12 million year (Scheck and Bayer 1999). Additional estimates provided by
Wees et al. (2000), presenting subsidence rates for the Northeast German Basin
during the Upper Rotliegend stage (264 to 258 Ma), ranging from 130 to 50 m/Myr.
In the Polish Trough, subsidence rates were generally lower, varying between 130 to
15 m/Myr, with higher rates observed in the basin center compared to the margins
(Wees et al. 2000).

3 Methodology

3.1 Landscape evolution model (LEM)

In this study, we aim to estimate the volume of sediments deposited in the Polish
Trough during its Permian evolution (285 to 256 Ma) by understanding how the in-
terplay between precipitation and tectonics influences sediment transport, driven by
surface processes and landscape dynamics. To achieve this, we used the landscape
evolution model goSPL (Salles et al. 2020), which simulates upstream erosion, sedi-
ment transport, and basin deposition driven by riverine processes based on multiple
flow direction algorithm.

The equation governing landscape evolution over time is as follow:

0z e
E =U, + thvzzi + fEPZUl(PZAZ + Z Qj) V,Zi (31)

JjEup

where the changes in elevation (z in meters) over time (¢ in years) are influenced
by the three terms on the right-hand side of the equation : the tectonic forcing U
(m/yr); a linear diffusion law (soil creep) for hillslope transport (Salles 2016; Salles
et al. 2018); and the stream power law (SPL), respectively. In this simplified formu-
lation, continental deposition occurs in depressions and endorheic basins. In term
(2), kpy is the diffusion coefficient, defined separately for marine and land environ-
ments. In this study, it is set to 0.8 m?/yr for marine environments and 0.4 m?/yr
for land environments. In term (3), m and n are dimensionless empirical constants
in which default formulation values were assumed, set to 0.5 and 1, respectively
(Salles et al. 2018; Salles et al. 2023). The precipitation-independent component
of erodibility (€) was initially set as a spatially uniform value of 7.0 x 107 m/yr
and 8.0 x 107 m/yr, changing from model to model. This component remains con-
stant throughout the simulation time. The erodibility coefficient is scaled with the
local mean annual precipitation rate (P), using a positive exponent (d) set to 0.42
(Murphy et al. 2016). The upstream total area (A) and local precipitation (P) are
combined to form the water flux (PA) (Salles et al. 2018).
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3.2 Model setup

3.2.1 Initial conditions

We developed regional models with 2.5 km average cell resolution, which corresponds
to approximately 1.5 x 10° triangular cells. The simulated domain spans approx-
imately 3,000 km east-west, from the London-Brabant Massif to the Carpathian
Massifs, and 2,000 km north-south, from the Variscan Mountains in the south to
the Fennoscandian Shield in the north (Fig. 1). This coverage encompasses all
major sediment sources that could influence deposition in the Polish Trough. The
simulations were run from 285 Ma to 256 Ma, with time steps (dt) of 10,000 years,
and outputs every 1 million year. The time span covers the end of the major volcan-
ism in the Southern Permian Basin (SPB) up to the Zechstein marine transgression,
ensuring in this way that the sedimentation prior to the final marine transgression is
captured. The stratigraphic architecture (strata), when activated, is recorded every
100,000 years.

For our initial paleogeography, we used the PALEOMAP paleo-elevation maps
(Scotese and Wright 2018), which provide global grids at 0.1°. The climatic forc-
ings (precipitation) were extracted from paleo-climate simulations outputs run on
the paleogeographies, from the HadCM3BL-M2.1aD29 model (Valdes et al. 2020),
with a resolution of 3.75°x2.5°. Since both datasets (paleo-elevation and paleo-
precipitation) are global, we adjusted the initial conditions as shown in Fig. 3,
and Figures S1 and S2 in the Appendix. We acknowledge that limitations to our
model are tied to inaccuracies in interpreted paleo-elevation and modeled paleo-
precipitation datasets.

During the calibration phase, we ran approximately 30 simulations on 128 cores, with
each simulation taking up to 10 hours to complete. The analysis performed in this
manuscript consists of six models. The main points of calibration and validation for
the six presented scenarios can be found in Figures S4 and S5. Figure S3 shows the
results for the best fitting model (model 2), with the corresponding tectonic forcings
outlined in Fig. S1. Figure S3 illustrates the basic outputs produced by goSPL,
including landscape evolution, associated river networks, and spatial distribution of
cumulative erosion and deposition patterns. To access to the full evolution of all
six models, refer to the figures available in the Zenodo repository (Hadler Boggiani
2024).

3.2.2 Refining forcing conditions

Each model is constrained by a specific combination of tectonic changes, precipita-
tion, sea level curves and a uniformly distributed erodibility (Fig. 3a).

Models 1 to 5 account for the tectonic evolution of the Variscan Orogeny, which de-
veloped from initial convergence to post-convergence collapse between the Devonian
and Late Carboniferous/Early Permian (Rey et al. 1997; Vacek and 74k 2019). This
post-convergence collapse results from the break-off of the subducting slab beneath
Laurussia. However, due to limited available data, and to identify which model bet-
ter replicate these conditions, we tested different subsidence rates in the Variscides,
ranging from 0 and 7 m/Myr, applied at different periods during the simulation
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(Fig. Sla, VM).

The final evolution of the Variscan Orogeny in the early Permian marks the end
of the collisional stage between the Laurussia and Gondwana supercontinents and
corresponding to beginning the disintegration of Pangea (Glennie 1995). From the
Late Carboniferous to the Jurassic, the post-tectonic E-W extension of the Proto-
Atlantic Ocean propagated southward, initiating the rifting observed in the Viking
Graben (Glennie 1995). To simulate this effect, we applied a subsidence rate of 3
to 4 m/Myr over in the Viking Graben area, while assuming an uplift of 2 to 8
m/Myr along the rift shoulders, based on literature values (Pharaoh et al. 2010).
This forcing was applied during the first 15 million years of the simulation (Fig.
Sla, VG and RS) where it modulated the sea level changes.

Model 6 does not incorporate tectonic changes in the Variscan Mountains nor the
Viking Graben and its initial paleo-elevation at 285 Ma is similar to the original
paleo-elevation map from Scotese and Wright (2018) (Fig. 3d, Sla).

The Southern Permian Basin subsidence evolution was simulated using data from
paleo-thickness maps (Karnkowski 1999; Scheck-Wenderoth and Lamarche 2005;
Kiersnowski and Buniak 2006; Karnkowski 2007; Pharaoh et al. 2010; Krzywiec
et al. 2019) . Two subsidence rates were applied in the basin. The first, used in
models 1, 3, 4, 5 and 6, assumes a linear subsidence rate through the entire modeling
period, with uniform deposition of the Upper Rotliegend 11 stage (Geifiler et al. 2008;
Doornenbal and Stevenson 2010) (Fig. 3a). For these models, we assumed that over
29 million years, the maximum preserved sediment thickness in the Polish Trough
is 1300 m (=~ 45 m/Myr), and is set to 2200 m (75 m/Myr) for the German Basin
(Fig. Sla). These thicknesses align with those proposed by Wees et al. (2000).

The second subsidence rate, tested in model 2 (Fig. 3a), is a non-linear rate ac-
counting for the deposition of the five main stratigraphic subgroups of the Polish
Basin (Wielkopolska/Altmark, Kérnik/Muritz, Drawa/Havel, Lower Notec/Deth-
lingen Formations, Upper Notec/Lower Hannover Formation). In this case, we used
the maximum sediment thickness predicted for each of these units (based on Hug
and Gaupp (2006), Doornenbal and Stevenson (2010), and Kiersnowski et al. (2010))
and considered the deposition timescales based on Pharaoh et al. (2010). This cor-
responds to five distinct subsidence steps, consistent with literature data from Wees
et al. (2000) and Bachmann et al. (2008b) (Fig 3b).

For the paleoprecipitation, we adjust for orographic effects by adjusting precipita-
tion rates based on elevation and regional variability, reflecting how precipitation
patterns are influenced by topography (Fig. S2). Additionally, we imposed a pro-
gressively drier climate across all models, as suggested by Kiresnowski (1997) and
Kiersnowski et al. (2010), with model 5 representing the driest scenario (Fig. S2).
Model 6 considers the paleoprecipitation without adjustments.

3.3 Deriving data from LEM outputs

We generated netCDF grids from the goSPL outputs (every million years) contain-
ing the following information: latitude and longitude, elevation (m), cumulative
erosion/deposition (m), catchment ID, water flux discharge accounting for lakes
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(m3/yr), water flux in rivers excluding lakes (m?3/yr), sediment flux in rivers (m?/yr)
and rainfall (m/yr).

Using this series of grids, we first estimate the sediment volume deposited in the Pol-
ish Trough over time, specifically for the Upper Rotliegend II stage red beds. Then
we identified the main catchments feeding into the basin. To calculate the sediment
volume from upstream regions, we extracted data from the 500 major catchments
whose outlets (major discharge point) were located in or near the subsiding basin.

To track the provenance of sediments deposited in the Polish Trough, we divided
the region in eight key polygons of interest. These were delineated based on paleo-
elevation, regional tectonic and structural domains, as well as the age and the main
lithology of the topographically elevated regions (Fig. 4). The polygons were named
after main geological formations in the area they represent: (1) Anglo-London Bra-
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" i in the surroundings | in the surroundings . P yes, highest none, considers
Eﬁ;%%eeéevatlon as Model 2, but with | as Model 1, but with K/?Osd:‘"z'lar to Kf;a:l'g"la' 10| Subsidence onthe | initial paleo-
constant varying subsidence Variscan Mountains | geographhy
subsidence rate in rates in the SPB
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Elevation

Figure 3: Main changes in forcing conditions between models, with equiv-
alent erodibility value (¢). a. Table summarizing the main changes between
models. Note that in model 6 no changes to the initial paleo-elevation or paleo-
climate were imposed (for rates of changes in tectonic and precipitation conditions
per model, please refer to Figures S1 and S2 in the appendix). b. A plot showing
the changes in subsidence rate that distinguish model 2 (in salmon) from the other
models (in black). c. Erosion/deposition recorded in the basin after the simulation,
with models 2 and 5 reaching elevations below sea level at times, as indicated by
the shaded area under the erosion/deposition curve. A marine incursion is observed
in model 5. d. Initial paleo-elevation of the modeled domain prior to any forcing
conditions.
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bant Massif, (2) Variscides Rhenish Massif, (3) Variscides Bohemian Massif, (4)
Carpathian Massifs, (5) Holly Cross Mountains/Matopolska Massif, (6) Precam-
brian Platform/East European Mid to Lowlands, (7) Fenno-Scandian Shield/high
lands and (8) the German and Danish basins (highlighted in Fig. 5).

4 Basin forcing and sedimentary response

4.1 Influence of temporal forcing and sea level on basin’s
evolution

From the six models discussed above, model 1 and 2 provide a good fit in terms of
final sediment volume and basin architecture, with identifiable horsts and grabens
(Fig. 8). Models 1 and 2 yield similar sediment volumes of 19,594 km® and 19,807
km?, respectively (Fig. 6). Although model 1 and 2 consider similar forcing condi-
tions, the key difference lies in the subsidence regimes imposed within the Southern
Permian Basin, which strongly influence the sedimentation history in the Polish
Trough. Model 2, however, better captures periods of hiatuses in sedimentation,
when the basin subsided below sea level, followed by renewed sediment accumula-
tion. The resulting sediment volumes and erosion/deposition rates are consistent
with published estimates (for correlation see the appendix Fig. S5), leading us to
consider model 2 as the best fit scenario.

In model 6, we tested an initial uniform erodibility value e = 7.0 x 1078 m/yr over
the entire modeled area, and obtained sediment accumulation of about 20,000 km?.
This model exhibits a significant erosion in the Variscan Mountains, with peaks of
elevation of around 2 km only observed on the deformation front of the Variscan
Orogeny (Figures 3a, 3c, 7, and Figure Sla in the Appendix, supplementary videos
are available from the Zenodo repository (Hadler Boggiani 2024)).

Upon testing model 6, we identified the absence of marine incursion from the Viking
Graben. Model 5 addresses this with imposed sea level variation based on previous
studies (Smith 1979; Legler and Schneider 2008), forcing subsidence in both the
Viking Graben and the Variscan Mountains (Fig. 3b and Fig. Sla). This resulted
in an under-filled basin, that accumulated less than 10,000 km? of sediments over
the simulation period (Fig. 7), with fully marine conditions established around 265
Ma, persisting until the end of the simulation (Fig. 3c). In this model, the final
elevation of the Variscan Mountains did not exceed 1 km, which makes this model
unrealistic based on the known evolution of the region (Hillenbrand and Williams
2022). Nevertheless, model 5 is still valuable for constraining the tectonic evolution
of the area.

For the next calibration, we simulated marine incursion by imposing subsidence in
the Viking Graben to account for active rifting, while also uplifting the shoulders
of this system to calibrate isostatic changes in potential source areas (Fig. Sla).
Small adjustments to the subsidence rate and different durations for the orogenic
collapse were applied to the Variscan Mountains (Rey et al. 1997; Pharaoh et al.
2010; Vacek and Zak 2019) in models 3 and 4, compared to model 1. We shortened
the subsidence time for the Variscan Mountains in order to maintain more realistic
elevations at the end of the simulation, and increased the precipitation in these
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Figure 4: Example of water and sediment flux from the 100 major catch-
ments draining to the Polish Trough at 256 Ma, comparing outputs from
the two best-fit models (1 and 2). Each circle represent the major outlet for
sediment and water, and their size indicate the volumes of water or sediment flux,
the larger circles represent the largest volumes and vice-versa. The pale green to
light brown color represent each individual catchment that drained to the Polish
Trough at 256 Ma. The differences, despite subtle, are observed between water
fluxes, particularly in the northwest (NW) and southwest (SW) corners of the Pol-
ish Trough. These variations highlight the influence of different tectonic, climatic,
and erosional conditions on the water and sediment fluxes distribution across the
basin. For a representation of all the six models, please refer to the Zenodo reposi-
tory (Hadler Boggiani 2024)
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models (Fig. S1b). Models 3 and 4 resulted in a better approximation of the final
cumulative sediment volume in the Polish Basin, both overfilled with final sediment
volumes of approximately 20,000 and 19,000 km?, respectively (Fig. 6).

Area of - Deposition (m)

provenance: 1 2 38 4 5 6 7 8 O N i
0 500 1000 1500 2000 2500

Figure 5: 3D view of the modeled region at 256 Ma. The colored polygons
delineate the provenance areas used to track sediment origin. Red shading represents
the thickness of the sediment package deposited in the Polish Trough. Blue lines
indicate the main drainage systems in the region during this period. The grey boxes
display the percentage of sediments provided by each source to the Polish Basin,
based on the results from model 2

4.2 Influence of subsidence on basin evolution

Following the description in section 3.2.2, we tested two subsidence rates in the
Southern Permian Basin (Fig. 3). Results from both simulations are presented to
contrast how these two subsidence rates affect the basin’s infilling history.

Despite the similar final cumulative volumes, the differing subsidence rates lead to
distinct sediment accumulation patterns over time (Fig. 6, first column). In model
1, accumulation is initially slow but continuous at a gradual rate until 277 Ma,
followed by a 4-million-year period of no deposition. After this, the rate of sediment
accumulation steadily increases until the end of the simulation (Figs. 3d, and 6
middle column). For the first two million years, less than 220 km? of sediment were
deposited. Between 284 and 276 Ma, sediment deposition fluctuates, peaking at 390
km? before dropping to zero over a 3-million-year period of no deposition. After 273
Ma, sediment deposition increases sharply and becomes more evenly distributed.
The maximum net sediment volume deposited per time step in model 1 is &~ 1,400
km? (after 263 Ma, Fig. 6).

In contrast, model 2 shows a small initial sediment accumulation at 285 Ma (= 5.8
km?), followed by a depositional hiatus until 268 Ma (Fig. 6, first column). After
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this period, three main net sediment accumulation phases occur, each with rates
higher than those simulated in model 1 (Figs. 3d, and 6, middle column). In model
2, after a brief phase of initial deposition, no sediment accumulation occurs until 268
Ma. Then, 750 km? of sediment is deposited at 264 Ma, followed by large sediment
volumes (between 3,500 and 4,000 km?) deposited over the next 3 million years.
From 262 Ma to the end of the simulation, ~ 1, 700 km? of sediment is deposited per
million years in this model (Fig. 6, first column). The deposited sediment volume
is of similar order of magnitude as those presented for the North German Basin
(Scheck and Bayer 1999).
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Figure 6: Characterization of the volume of sediment deposited in the
Polish Basin based on each source polygon for all models. First column:
Volume of sediment deposited at each time step. Notable periods of no deposition
(hiatus) are observed in models 1 to 4. Middle column: Cumulative sediment volume
per time-step for each source. Right column: Percentual distribution of sediments
contribution from each to the basin, highlighting changes in the dominant source
polygons over time. The source regions include : 1 - London Barbant Massif, 2 -
Rhenish Massif, 3 - Bohemian Massif, 4 - Carpathian Massifs, 5 - Matopolska Massif,
6 - East European Craton, 7 - Fenno-Scandian Shield, 8 - German and Danish basins.
Note that sources 1, 2 and 8 do not contribute sediment to the Polish Basin.
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Figure 7: Continued from Fig. 6.
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4.3 Provenance analysis

4.3.1 Predicted water and sediment flux

Here we extract the sediment provenance areas infilling the Polish Trough for all
models. The water and sediment flux provided per catchment to the Polish basin
(Fig. 4) are the ones used to calculate the provenance volumes per source region
(Figs. 6 and 7). We observe that for models 1, 2, 3, 4 and 6 these catchments are
generally constant, with smaller variations to model 5. We estimate for the largest
catchment on the north side of the basin (Fig. 4), which partially contains the
Fenno-Scandian Shield source area, an area of approximately 580,000 km?, and a
sediment flux of 7.3 MT /year. These values are comparable to fluxes observed in the
modern Upper Mekong river basin, which share similar precipitation and elevation
records (Sok et al. 2020).

We observe that the source areas 1 (London Barbant Massif), 2 (Rhenish Massif)
and 8 (German and Danish basins) do not contribute sediments to the Polish Basin
in any of the presented models despite their close spatial proximity. Source areas 1,
2 and 8, are not overlapped by catchments that feed to the Polish Trough (Fig. 4),
explaining their absent contribution. Source 8, though in contact with the Polish
Trough, functions as an even deeper depocenter (the German and Danish basins),
where sediments are more likely to be transported to, rather than from. Source
area b (Matopolska Massif) sediment proportion increases for all modeled scenarios,
although its contribution is usually smaller than 2%.

Models 1, 2, 3, 4 and 6, which do not account for sea level variations, show a
general dominance of sediment provenance from source 3 (Bohemian Massif), with
a decrease of up to 15% in contribution over time (Figs. 6 and 7). For most of the
models, the primary sources of sediment flux are the southern margins of the basin,
primarily from the Bohemian Massif (source 3) and Carpathian Massifs (source
4). There are notable contributions from the Fennoscandia highs (source 7) and
the East European Craton (source 6) in all models. As the simulation progresses,
the contributions from these two latter areas increase, and by around 270 Ma, the
sediment input from the southern sources becomes more balanced with contributions
from the Fennoscandian highs and the East European Craton (Figs. 6, 7 and 4).

Only model 5 shows a clear dominance of sediments sourced from the Carpathian
Massifs (source 4), with the Bohemian Massif (source 3) and the Fennoscandian
highs (source 7) contributing secondary amounts. Between 270 and 265 Ma, the
Fennoscandian Shield surpass the Bohemian Massif as the dominant source. In this
model, much of the sediment derived from the Bohemian Massif is trapped behind
the Wolsztyn High in the Fore-Sudetic basin, which isolated the Polish Basin from
this source. The more pronounced elevation of the Wolsztyn High in this second
group effectively reduces sediment contribution from the Bohemian Massif, altering
the sediment provenance pattern (Figs. 5, 6, 7, and videos for elevation and sediment
flux, available from the Zenodo repository Hadler Boggiani (2024)).
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4.3.2 Sediment accumulation

goSPL also records the architecture and depth of sedimentary layers at time of
deposition, along with stratigraphic layer thickness (Fig. 8). Since this increases
considerably the simulation time, we activated the stratigraphic layer recording only
for the two best models that best fit the constraining data available (models 1 and
2).

The evolution of sediment thickness differs between the two models (Fig. 8a). In
model 1, steady deposition rates are observed, starting at 1 - 4 m per 100,000 yrs
for the first 10 million years, and increasing to 3 - 4 m for the remaining 19 million
years (Fig. 8a). If we account for deposition in Myrs, we estimate that for the first
10 million years, between 200 and 400 m of sediments were deposited (between 20
and 40 m/Myr). The remaining 900 - 1100 m of sediments deposited in the last 19
million years (= 52 m/Myr).

In contrast, model 2 starts with no sediment deposition for the first 17 million years,
then increases to 5 m per 100,000 years (50 m/Myr), spiking to 40 m at 19 million
years (400 m/Myr). The deposition rates stabilizes between 10 to 25 m for the
next 3 million years (100 to 250 m/Myr), before slowing to 5 m during the final 7
million years as subsidence declines (350 m/Myr). The initial 1 million-year sediment
accumulated in this model, characterized by varying layer thickness between 2 to 40
m, totals nearly 300 m of sediments deposited around 267 Ma. Until 260 Ma, four
sediment packages of about 200 m each are deposited per million years. The final 5
million years contribute an additional 250 m of sediment (Fig. 8a).

Figure 10 shows cross-sections coloured by stratigraphic units. In model 1, a thick
layer of Kérnik Formation is present, while in model 2, it is barely visible. The
thickness of the Drawa Formation differs significantly, reaching 300 m in model 1
and up to 700 m in model 2. The Lower and Upper Notec Formations have similar
thickness in both cases, approximately 500 m (Fig. 10). We also note that horsts and
grabens are observed in our models, closely resembling the interpreted stratigraphy
from Pharaoh et al. (2010) (Fig. 10). The cross-sections provided in Figures 8 and
10 also show smaller structures, such as Piaski, Golce and Roktenica Highs, as well
as the Czaplinek sub-basins as observed in Fig. 8c.

5 Basin dynamics and resource implications

5.1 Comparison between initial temporal forcing conditions

The final accumulated sediment volume and the changes in provenance observed
across the different models highlight how variations in surrounding topography,
erodibility, and climate influence sedimentation patterns. Model 5, which incor-
porates sea level fluctuations and the lowest precipitation rates, reveals that basin
deposition does not exceed erosion, resulting in an under-filled basin by the end of
the simulation. In contrast, for models 1, 3, 4 and 6 erosion exceeds deposition
until a maximum of 13 million years into the simulation, however some time steps
(varying between models) still present a positive net accumulation. For model 2,
erosion exceeds deposition until 17 million years into the simulation (Fig. 6 and 7).
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Figure 8: Cross sections of the Polish Basin with black lines marking a
1 Ma time step. The map above shows the location of the three representative
cross-sections A-A’, B-B” and C-C’. In red shades, the figure indicates the simulated
thickness of sediments deposited in the Polish Trough along with the North German
Basin (not studied in this manuscript). a. In this panel, the varying colors illustrate
the thickness of sediments deposited over each 100,000-year time step. Yellow shades
represent sediment thickness not exceeding 10 m, while the green to purple tones
represent thickness greater than 10 m. The sedimentation over a 1 million year can
be calculated by adding the thickness between two contour lines.
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In model 5, the under-filled basin recorded the largest sediment volumes derived
from the East European Craton. This model indicates the Carpathian Massifs as
the most significant source of sediment in the basin. We suggest that this outcome
relates to the pronounced elevations of the Wolsztyn High in this model (Fig. 5),
effectively separating the Fore-Sudeic basin from the Polish Basin. The Fore-Sudeic
basins then acts as a sediment trap for material coming from the Bohemian Massif.
Furthermore, one could suggest as well that such outcome is a response of the initial
paleotopography (in combination with model 5 parameters), which lacks smaller
scale details (small wave-length topography), reflecting on how the catchments are
distributed with time, with an effect on the sediment provenance.

Model 5 features higher erodibility, and larger subsidence rates applied to the
Variscan Mountains. As a result, the final landscape in model 5 seldom reaches
elevations above 1 km, and remains fully marine since around 270 Ma, which is in-
congruent, considering Dusséaux et al. (2021) simulations, as well as what has been
observed in regards to the depositional environment evolution (GeiBler et al. 2008).

5.2 Comparison between subsidence scenarios

The two best fitting models, models 1 and 2, yield similar final sediment volumes
and remain similar in their setup parameters with the only exception being the
subsidence rate through time. To compare the subsidence regimes, we extract the
architecture of the sediment deposits in the basin. We acknowledge the limitations
of correlating lithostratigraphic units interpreted from sequence stratigraphy data
for the Polish Trough (Pharaoh et al. 2010; Kiersnowski 2013) with its chronos-
tratigraphic units generated from the LEM, such as heterogeneity of sedimentary
facies, diachronism of lithological boundaries and the discontinuity of continental
deposition. The lithostratigraphic units may be diachronous and thus not perfectly
equivalent to chronostratigraphic unis of constant time.

When compared to interpreted sequence stratigraphy/lithostratigraphy, (Wees et
al. 2000; Bachmann et al. 2008b; Kiersnowski 2013), we find that model 2 better
captures the evolution of the sedimentary layers of the Polish Basin (Figs. 7 and
8). Specifically, it reproduces the proposed hiatus observed in the basin architec-
ture, between 284 - 263 Ma (Hug and Gaupp 2006; Kiersnowski and Buniak 2006;
Pharaoh et al. 2010). This hiatus is an important feature of the sedimentary record
interpreted in other studies (Pharaoh et al. 2010; Kiersnowski 2013). Additionally,
the volume of sediment deposited per time step in model 2 is consistent with rates
observed in the North East German Basin, which are generally around to 1,600
km®/Myr (see section 2.6, Scheck and Bayer 1999).

Likewise, vertical accumulation rates also vary significantly between the two best
fitting models 1 and 2 (Fig. 8). For instance, the Kérnik Formation (Miiritz Sub-
group), which spans from 290 to 266 Ma, shows distinct patters. In model 1, it
reaches 600 m in thickness, followed by 100 m of Lower Drawa Formation and 200-
300 m of Upper Drawa Formation. In model 2, however, the Kérnik Formation
is barely represented, with only 10 meters of thickness. Model 2 exhibits a more
balanced deposition: 300 m for Lower Drawa Formation, 400 m of Upper Drawa
Formation, followed by 400 m and 150 m of Lower and Upper Notec Formations,
respectively (Figs. 3 and 10).
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While neither models perfectly match the sediment thickness distributions described
by Pharaoh et al. (2010), model 2, accounting for a more constrained regional tec-
tonic evolution, provides a better fit. It effectively captures the low subsidence
rates and deposition hiatus of the Kérnik Formation. The sediment thickness for
the subsequent units, although not exact, are more consistent with published data
(Pharaoh et al. 2010, Fig. 9).

The vertical distribution of sediments in the basin (as shown in cross-section, Figs.
8 and 10) is strongly impacted by the different subsidence rates. While model 1 has
deposition rates between 20 to 52 m/Myr, model 2 shows variable sedimentation
rates, reaching up to 300 m/Myr. When compared to sedimentation rate values
from (Bachmann et al. 2008b, Fig. 1), we note that model 2 shares similar orders
of magnitude for those rates. These sedimentation rates are evident in the cross-
sections shown in Fig. 8, which better correlate with the chronostratigraphy of the
basin. In model 2, the thickness of the Lower Drawa Formation is slightly thinner
than that interpreted from seismic data (Fig. 10), while the Upper Drawa Formation
is thicker than predicted. However, the thicknesses of the Lower and Upper Notec
Formations in model 2 are consistent with those reported in the literature.
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Figure 9: Thickness of the Upper Rotliegend clastics. On the left is the
sediment thickness map from Pharaoh et al. (2010), which guided the subsidence
conditions of the basin in our model. On the right is the final thickness map from
Model 2 for the same Upper Rotliegend clastics. Overall, the maps display similar
large-scale thickness patterns, demonstrating good agreement with the literature
dataset. Both figures share the same color bar but are projected in different datum.
The figure from Model 2 is rotated to match the plate configuration at the time
of simulation, and the map from Pharaoh et al. 2010 represents the paleothickness
using present day coordinates.

5.3 Basin Evolution

5.3.1 Deposition history

At the beginning of the simulation (285 Ma), the basin is nearly flat, with an ele-
vation of around 500 m. By 280 Ma, model 1 shows the formation of a depocenter
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in the Polish Trough, with elevations dropping to 0 - 100 m, a product of the con-
stant subsidence rates. In model 2, elevations remain around 400 - 500 m, reflecting
low initial subsidence rates. Both models show similar drainage patterns supplying
sediments to the basin, however in model 1 subsidence begins to confine sediment
deposition into the basin, whereas in model 2, sediments take longer to start accu-
mulating in the Polish Trough (Supplementary figure S3 and additional figures in
the Zenodo repository, Hadler Boggiani (2024)).

At 275 Ma, the Polish Trough in model 1 has subsided to elevations between 0 -
100 meters. In model 2, river valleys have been incised, but there is still limited
accommodation space for sediments deposition. The drainage patters are similar in
both models (Supplementary figure S3).

From 275 to 265 Ma, continued subsidence and sediment deposition in model 1 result
in an overfilled and generally flat basin, with a complex upstream drainage system
feeding the depocenter. In model 2, river-incised patterns develop more quickly.
However, by 265 Ma, subsidence peaks, and the basin sinks slightly below global sea
level for about 4 million years (Supplementary figure S3). Between 260 Ma and the
end of the simulation (256 Ma), both models show similar elevations and drainage
systems (Supplementary figure S3).

Regarding depositional environments, model 1 exhibits a linear progression, with the
basin steadily lowering and transitioning from alluvial fan deposits to more fluvial
or lacustrine environments (Geifler et al. 2008). By 267 Ma, as the basin fills and
the climate dries, the deposition of sediments in playa lakes become more common
(Glennie (1995), Figs. 10 and S3).

In contrast, model 2 starts with a basin that remains at moderate elevations, poten-
tially undergoing a phase of autophagy (autogenic erosion), where it reworks its own
sediments. Alluvial and fluvial deposits dominate until 265 Ma, after which sub-
sidence drops the basin below sea level, forming a hydrologically closed, endorheic
basin (Geifller et al. 2008; Kiersnowski et al. 2010). Lacustrine deposits likely follow,
transitioning into playa lakes as the climate continues to dry (McCann 1998a; Kier-
snowski et al. 2010). Toward the end of the simulation, the basin becomes overfilled,
with a balance between sedimentation and erosion (Figs. 10 and S3).

5.3.2 Provenance data interpreted

We have outlined the primary sediment provenance regions for the Southern Per-
mian Basin. The Upper Rotliegend stage in the Polish basin shows a significant
contribution of sediments from aeolian transport (Kiersnowski 2013). However, sed-
iments of alluvial and fluvial origins are primarily sourced from the southwestern
highlands (Variscides - Bohemian Massif), the northeast (Pre-Cambrian Platform
and basin margin) and east (Malopolska Massif) (Fig. 5 and 11).

Our results indicate that different initial tectonic forcings affect the main sediment
source to the basin. The Bohemian Massif is the dominant source in models 1, 2, 3,
4 and 6, while the Carpathian Massifs becomes the main source in model 5.

Despite variations in the tectonic settings across models, we find that the main
sediment source areas remain consistent over time in models 1 and 2. The key

CHAPTER 3. EVOLUTION AND PROVENANCE OF THE POLISH ROTLIEGEND IN 80
THE SOUTHERN PERMIAN BASIN



Re-submitted, following revision, to the Journal of Geophysical Research: Earth Surfacee

Adapted from Doornenbal, et al. (2010): Model 1: Model 2:

Czaplinek Sub-basin Czaplinek Sub-basin Czaplinek Sub-basin

Piaski High Golce High Roktenica High Piaski High Golce High Roktenica High
Samlino Graben Piaski High Golce High Roktenica Hi

Depth (m)

1300

“For cross-section direction refer to Figure 8

Figure 10: Comparison between A-A’ cross-sections for both modeling sce-
narios, showing different stratigraphic units from the Upper Rotliegend
sediments based on Pharaoh et al. (2010). The cross-sections in this figure are
aligned with the same direction as those shown in Fig. 8. The comparison includes
the modeled sediment distribution from models 1 and 2, highlighting differences
in sediment thickness and stratigraphy. The figure also shows the corresponding
cross-section from Doornenbal and Stevenson (2010), providing a validation of the
modeled stratigraphy against observed data.

sources, in order of significance are from the Bohemian Massif, the Carpathian
Massifs, the Fenno-Scandian Shield, the East European Craton and the Matopolska
Massif (Fig. 6).

Our interpretation of sediment provenance is consistent with several key sources
identified in the literature, including the East European Craton, Matopolska Mas-
sif, and Bohemian Massif (McCann (1998b), Kiersnowski and Buniak (2006), Door-
nenbal and Stevenson (2010), and Mazur et al. (2010)). Additionally, our findings
highlight the importance of previously unconsidered source areas for the Polish basin,
such as the Fenno-Scandian Shield and the Carphatian Massifs, which together ac-
count for approximately 50% of the sediments supplied to the basin over time. We
reinforce that one novelty in this study is in providing volumetric constraints for
provenance analysis, taking into account the entire tectonic and climatic evolution
of the sediments that are deposited in the Polish Trough, enabling future discussions
in terms of ore content in the basin.

It is important to note that some sediments are eroded from the basin throughout
its evolution, as observed in models 1, 2, 3, 4 and 6, possibly due to limited ac-
commodation space or infilling process. For an overfilled basin, sediments bypass
or erode as excess material is transported out of the system. This erosion likely
facilitated the re-transportation of sediments from the Fenno-Scandian Shield and
Carphatian Massifs outside of the Polish Basin area.
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Figure 11: Provenance areas described by the model and in the literature.
a. The first and last time step of the simulation are shown, with the percentage of
sediments eroded from each source that ended up in the Polish Basin. b. Inside
the white-shaded polygon, the arrows refer to the main provenance areas as mapped
in the literature by (Bachmann et al. 2008b; Kiersnowski et al. 2010; Kiersnowski
2013) for their respective period. For the time step at 270 Ma, no corresponding
data was available for comparison. The percentages shown represent values from
model 1, but differences between models are not emphasized here.
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5.4 Polish Rotliegend potential as the main copper source
for the Kupferschiefer layer

This section aims to provide a broad preliminary estimate for the Rotliegend stage
red beds to act as the main copper source for the overlying sediment-hosted copper
systems and demonstrate how landscape evolution modeling can assist targeting new
exploration fronts. The results presented above quantify the volume of sediments
removed from all provenance areas, thus providing a valuable tool for estimating
the potential mass of copper delivered within oxidized red bed sediments. Although
low concentrations, these large volume red bed sediments could supply copper to
the overlying Kupferschiefer ore shale.

The Kupferschiefer shale, deposited during the Barents Sea transgression (Pharaoh
et al. 2010), lies above the red beds of the Upper Rotliegend II stage. Despite the
Kupferschiefer shale hosting some of the largest sedimentary-hosted copper deposits
globally, the original source of the copper to the reductant layer remains uncertain.

The most accepted theory is that large volumes of low-grade copper red bed sed-
iments are deposited in the early rift strata (Hitzman 2000; Hitzman et al. 2010).
The protolith for such sediments are likely acidic volcanics and igneous rocks orig-
inated in rifting systems or subduction zones (Sillitoe 2010). The main hypotheses
for the transport of the metalliferous brines from the red beds to the reductant trap
(Kupferschiefer shale) are: (i) syn-sedimentary metallogeny in an euxinic environ-
ment, and (ii) epigenetic mineralization from ascending metalliferous fluids through
the Rote Faule (Borg et al. 2012).

Here we identify protolith lithologies in the basin provenance areas that likely con-
tained elevated (although still very sub-economic) copper during the basin formation
such as mafic composition basement rocks and igneous complexes. Considering that
these lithologies were part of the catchment areas feeding the Polish Trough, with
some assumptions on approximate original copper concentrations we can assess their
potential as copper sources for the Upper Rotliegend red beds.

Prior to the basin formation, two significant periods of convergent tectonics and
subsidence occurred. The first phase involved the collision of Baltica and Laurentia
plates during the Early Devonian, forming the Caledonides (Caledonian Orogeny)
in an east-west oriented subduction zone (Pharaoh et al. 2010). The second phase,
during the Carboniferous to Permian, involved the nearly north-south convergence
of Baltica and Gondwana along with the collision of Avalonia, which led to the
formation of the Variscan Orogen/Belt. This collision altered the tectonic regime,
resulting in a transform plate boundary (Rey et al. 2001; Pharaoh et al. 2010).

The shear created by this tectonic regime shift opened pathways for magma intru-
sions and volcanic rock extrusions (Borg et al. 2012). These mafic volcanics are
suggested to be a significant copper-bearing protolith. Their erosion and deposition
in an arid or desert environment (Upper Rotliegend I and II) may create oxidized
conditions which can later support metal leaching with circulation of hot brines
(Jowett 1986).

Using the paleo-lithology map (Fig. 11), we estimate sediment volumes from copper-
bearing source rock provenance areas for the two best-fit models (1 and 2). We iden-
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tify five primary provenance domains with copper potential: Fennoscandia, East-
ern European Craton/Baltic-Lublin Igneous Province, Bohemian Massif, Rhenish
Massif, and Carpathian Massifs. Together, these regions contribute 55-62% of sed-
iments in the Polish red beds, equivalent to 10,000 to 10,300 km?®. The Bohemian
Massif is the largest contributor, supplying up to 45% of sediments between 285 -
274 Ma, while the Rhenish Massif contributes none. Fennoscandia, followed by the
Baltic-Lublin Igneous Province, accounts for up to 10%, and the Carpathian Massifs
represents contributing around 2%.

Within these domains, polygons were assigned copper potential based on their com-
position and assumption that certain lithologies may have elevated low-concentration
copper potential (mafic rocks with elevated amphibole and pyroxene copper content,
magmatic arc intermediate composition igneous rock with porphyry copper system
potential - see 6, Table S1). We assume the highest copper concentrations are found
in mafic rocks of the Baltic-Lublin Igneous Province and the Bohemian Massif, with
sediment volumes ranging from 1,000 and 1,031 km? (Fig. 12). Considering the
modeled porosity of sediments within the Polish Trough, a final sediment volume
between 550 and 567 km? is estimated. Assuming that lithologies such as basalts,
gabbros, granitoids and syenites - mapped as high significance copper sources -
have concentrations ranging from 0.01 to 0.03 % (100 to 300 ppm) (Alexander and
Thomas 2011; Naldrett 2013; Gill and Fitton 2022), we estimate final copper vol-
umes between 8.91 to 26.7 km?® which equates to 51 to 153 MT of copper in the
basin.

Cathles III et al. (1993) presents a simplified volume estimate of 5,760 km? for
Rotliegend red beds (Lubin Basin), with a total estimated copper content of 350
MT based on copper grades in composite samples. Estimates of remobilized copper
into the Kupferschiefer shale range from 165 to 230 MT (Cathles III et al. 1993;
Oszczepalski et al. 2019), suggesting that the Upper Rotliegend red beds could
provide sufficient copper to the Kupferschiefer shale (Hitzman et al. 2005).

We note that the initial volume estimation by Cathles III et al. (1993) is four times
smaller than that predicted using goSPL. Yet, their copper estimations are nearly
twice as high as those calculated for the high-significance copper sources presented
here. Since the purpose of this manuscript is to introduce a new methodology rather
than characterize a deposit, we do not include tonnage calculations for medium cop-
per potential sediments. However, it is important to mention that these sediments
represent 50% more volume than the high copper potential (Fig. 12). Despite
their lower copper concentrations, their increased volume suggests they could be a
significative copper source for the Kupferschiefer layer.

While the Upper Rotliegend red beds may represent a major contributor of copper
to the Kupferschiefer shale, they alone seem insufficient. Apart from considering
the copper transported from surroundings areas into the Polish Trough, we need to
consider as well the vertical transport of copper from the thick volcanic-rock layers
(over 1500 m thick) that are present in the Lower Rotliegend stage, as well as smaller
interfingered volcanics in portions of the Upper Rotliegend stage. Although goSPL
is limited to modeling sediment deposition decurrent from erosion, we know there is
occurrence of volcanic rocks in portions of the basin (Fig. 2). Therefore, to estimate
the ultimate expelled copper potential of these beds, one need to take into account

CHAPTER 3. EVOLUTION AND PROVENANCE OF THE POLISH ROTLIEGEND IN 84
THE SOUTHERN PERMIAN BASIN



Re-submitted, following revision, to the Journal of Geophysical Research: Earth Surfacee

the copper leached from these volcanic layers to the Upper Rotliegend red beds.
Nonetheless, we show here that high copper significance sediments deposited in the
Polish Trough are likely to be providing more than half of the copper that is today
observed in the Kupferschiefer shale.
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Figure 12: Paleolithology map with relevant regions were possible copper
sources could be tracked before the Permian. a. The percentage of sedi-
ment transported into the Polish Trough, considering only the lithological polygons
mapped b. The volume of sediments divided by the significance of copper content
within each source region. c. Paleolithology map with the location of possible cop-
per sources that existed prior to the deposition of the Upper Rotliegend red beds
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6 Conclusions

We modeled the evolution of the Southern Permian Basin during the deposition of
the Upper Rotliegend stage red beds, calculating sediment volumes and provenance
in the Polish Trough under six modeling scenarios. These models combined vary-
ing tectonic forcing settings, precipitation regimes, and two subsidence forcing (i.e.
constant subsidence and subsidence reflecting the basin main sedimentary cycles).
The resulting sediment volumes for the models ranged from approximately 9,000
km? to 20,000 km?. The best fitting scenario, model 2, with variable subsidence
rate, yielded an accumulation of 19,800 km? of sediment.

Our models confirmed previously proposed sediment provenance areas, including
the Malopolska Massif, Bohemian Massif and the East European Craton, while
also identifying two additional significant sources: the Carpathian Massifs and the
Fenno-Scandian Shield. By the end of our simulation, sediment contributions for
model 2 were as follow: Bohemian Massif (35%), Carpathian Massifs (33%), Fenno-
Scandian Shield (21%), East European Craton (8%) and the Matopolska Massif
(2%).

The landscape evolution for model 2 reproduces the migration to an arid climate,
characterized by early alluvial fans and fluvial deposits transitioning to lacustrine
or playa-lake deposits, and culminating in a nearly flat, overfilled basin.

The simulations produced with goSPL are valuable for improving the accuracy of
volume calculations throughout a basin’s evolution. They also enable the estima-
tion of the effects of different tectonic and climatic scenarios to help constrain the
subsidence history of a basin. We emphasize that our methodology can be broadly
applied to other sediment-hosted ore systems with similar sourcing of metals from
clastic sedimentary rocks, providing insights into sediment provenance and future
resource discovery potential.
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SUP. A:
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Figure S1: Tectonic conditions for modeled scenarios. a. The frames show
the evolution of the forcing conditions for all the modeled scenarios, where blue
represents uplift rates applied to rift shoulders (RS) of the Viking Graben (VG),
and the red shades are subsidence rates applied to the Viking Graben (VG), the

Variscan Mountains (VM) and the Southern Permian Basin (SPB) b.

is the sea

level curve applied in model 5, based on (Smith 1979), where the sea level change
during the simulation time is of 200 meters.
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Figure S2: Forcing climate conditions for modeled scenarios. The frames
represent the changing conditions in precipitation over time, characterizing an in-
creasingly arid environment. We note that model 5 has the lowest precipitation
values, while models 1 and 2 have the higher values with increased precipitation
where the Variscan Mountains are located (bright orange/yellow shades).
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Figure S3: Evolution over time for model 2, which represents the best
fitting model. To the left we represent changes in elevation, and to the frames on
the right show the accumulated deposition (in red) and erosion (in shades of black).
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SUP. B: Model calibration and validation parame-

ters

Calibration points:

Parameter

Model 1

Model 2

Model 3

Model 5

Model 6

Erodibility

€=80e®

e=80e®

e=7.0e®

e=80e®

e=7.0e®

e=7.0e®

Sea level curve

Sea level balanced by subsidence of the Viking Graben

While Smith (1979)
reports sea level
variations between
250 and 300 m, we
impose a
conservative
estimate of 200 m

No changes, sea
level is at zero, thus
testing a simplified
scenario

Subsidence rate
changes

see section 2.2 and
26

A constant
subsidence rate was
applied to evaluate
the varying
conditions in the
surroundings of the
Polish Trough.

Variable subsidence
rates were imposed
following the basin
evolution history in
Scheck and Bayer
(1999)

A constant subsidence rate was applied to evaluate the varying

conditions in the surroundings of the Polish Trough.

Paleo-elevation

The time span of the
Variscan collapse is
poorly constrained in
the literature, so we
tested different
scenarios (see section
22)

Different timings of the Variscan Mountains orogenic collapse and
associated subsidence rates were tested to mimic this event, while
the Viking Graben rifting was also incorporated into the calibration

Imposed
subsidence to
replicate geological
events (e.g.,
Variscan orogenic
collapse) and
forced marine
incursions through
Viking Graben
subsidence and
rising sea level.

Considers original
paleo-elevation

Paleo-precipitation
see section 2.3

Adjusted paleo-precipitation to account for orographic effects and variations in rainfall

Considers original
paleo-precipitation

Basin architecture
see Figure 8

The architecture of the modeled cross-
sections is consistent with that
described in the published literature

Not evaluated

Figure S4: The table summarizes the main parameters assessed during the
calibration of each model. Model 6 represents the initial test of this process,
followed by Models 5, 4, 3, and 1, with Model 2 developed as the final scenario.
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Validation points:

NGB - North German Basin; PT - Polish Trough; SPB - Southern Permian Basin

Parameter

Vaildation value

Model 1

Model 3

Model 5

Model 6

Erosion and
deposition rate
see section 4.3

m/Myr;

PT:10-0-210m/
Myr

smaller than values
reported by
Bachmann et al.
(2008a).

similar order of
magnitude to
Bachmann et al.
(2008a)

Not evaluated

Not evaluated

Not evaluated

o 5 main phases 10 m/Myr
g::z:ge"g‘:’ezrgt:’s’d NGB: 130 - 50 m/Myr Constant at 150 m/Myr Constant at Constant at Constant at Constant at
- PT: 130 - 15 Myr 45 m/Myr 110 m/Myr 45 m/Myr 45 m/Myr 45 m/Myr 45 m/Myr
60 m/Myr
175 m/Myr
NGB: 0 - 200 - 300 20-52 m/Myr, 0 - 300 m/Myr, of

Not evaluated

Paleo-elevation
evolution
see section 5.1

See section 2.2

Surrounding
topography
provides a valid
scenario, however
the basin
subsidence is not
representative of
basin evolution

SPB sinks below
sea level with
considered induced
subsidence

Adjusted to test
varying
erodibility
values and
tectonic forcing
conditions

Adjusted to test
varying
erodibility
values and
tectonic forcing
conditions

The model
incorporates the
largest subsidence
in the Variscan
Mountains; however,
despite low
precipitation and
erodibility, it
produces very low
relief in the
surroundings and an
underfilled basin.

None, considers
initial paleo-
geographhy

Depth of basin/
Sediment thickness

see section 2.4

1300 m in the
Polish Trough
see section 2.4

Reaches close
to 1300 m

Reaches close
to 1300 m

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Sediment volume
Poorly constrained in
the literature, see
section 2.6

NGB: 1,700 km*

Maximum 1,400
km?, otherwise
lower

Maximum 4,000

km?®, otherwise

varying between
1,500 - 1,700 km®

Maximum 1,400
km?®, otherwise
lower

Maximum 1,400
km?®, otherwise
lower

Maximum 600 km*

Maximum 1,400
km?, otherwise
lower

Chronostratigraphic
sequence
see section 2.4

See section 2.4 and
Fig. 7.25 from
Pharao et al, (2010)

The Kornik
Formation shows
unrealistic thickness
when cross-
sections are
assessed according
to published data

Lithostratigraphic
thicknesses
match published
values

Not evaluated

Not evaluated

Not evaluated

Not evaluated

Saalian
Unconformity
see section 2.3

20 Myr hiatus,
see section 2.3

Hiatus observed,
but its timing and
duration do not
match published
data

Hiatus can be
observed with a 19
Myr no deposition

Hiatus observed, but
its timing and
duration do not
match published
data

Hiatus observed, but
its timing and
duration do not
match published
data

Not observed,
constant
sedimentation

Not observed,
constant
sedimentation

Figure S5: The table presents the main validation points used to constrain
the best-fitting scenario after the calibration process.We emphasize that, to
the best of our knowledge, all available data were incorporated into the validation
of the presented scenarios. However, values such as erosion and sedimentation rates,
final sediment volume, and sediment volume through time remain poorly constrained
in the literature, and are in some cases unavailable.
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SUP. C: Copper Sources

Table S1: Summary of lithologies mapped as possible copper sources to
the Polish Basin. Were given copper grades/estimations only for regions
with high chances of copper prospectivity, since the intent of this publi-
cation is not to attempt on calculating copper reserves, but to show the
applicability of the software. For "Map ID” location, please refer to Fig. 12.
For literature references, please refer to: Alexander and Thomas (2011), Jaréka et
al. (2021), Villasenor et al. (2021), Barros et al. (2020), Poprawa (2019), Nadaskay
et al. (2019), Gill and Fitton (2022), Kraft et al. (2023), and Jardka et al. (2023)

Map ID Location Age Lihology
Anorogenic and sin/post/late
1 Fennoscandia - Western P! i - schists and
East European Craton Paleoproterozoic volcanlcs granulites, granites,
migmatites.
Fennoscandia - South p Lublin Baltic Missi Igne
2 icBasin/Balic’ | hoLeNCar Provincs (LBMIP) - flood bagalts,
Sea gabbro and syenites
Fennoscandia - South Lower C: i Lublin Baltic Mi )‘ ippian Igneous
3 i il { et Provin
Sea ies - no proven lithology
Bohemian Massif s Volcano sedimentary u?:gs;‘ (g:‘lleles
4 - Saxo - P 3 h i
feal Lower Paleozoic horizons), low grade to
[sicanzons unmetamorphosed
5,6,10 Bohemian Massif o Sediments - Cretaceous basin
Bohemian Massif - ! phic rocks - -
7 Moldanubian Zone/ to Early 5 = t
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e We use a new-generation global landscape evolution model that combines
paleo-reconstructions of elevation and precipitation, at global scale for the
past 100 Myr;

o We propose a novel approach to assess exhumation rates and emplacement
depths of porphyry copper deposits;

o The dataset provided by our simulation effectively replicate calculations of
emplacement depths on a global scale, with roughly 50% of the values ranging
from 1 to 5 km depth;

« We identify inconsistencies between modeled data and independent data (e.g.
fission track, thermochronology) that we relate to the resolution of our initial
dataset as well as simplifications inherent to our model;

o Our study offers a new way to evaluate and quantify the accuracy of paleo-
precipitations and paleo-elevation models when compared against independent
data.
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Abstract. Porphyry copper deposits typically originate within subduction zones at 2-5 km depths. These de-
posits are exhumed due to the influence of tectonic forces and climate-driven erosion. Porphyry copper deposits
are currently only mineable at relatively shallow depths, and their prospectivity relies on a balance between the
rate of exhumation and preservation. In this study, we evaluate the impact of surface processes on the preservation
or exhumation of porphyry copper deposits. To do so, we rely on a global-scale numerical model (goSPL), which
simulates landscape dynamics and associated erosion and deposition patterns over geological timescales. High-
resolution Cenozoic simulations incorporate published open-source global paleo-climate and paleo-elevation
datasets and have been fine-tuned using contemporary data. We then calculate exhumation rates by compar-
ing the ages of known porphyry copper deposits and their simulated emplacement depths based on modeled
erosion—deposition values. Obtained average exhumation rates vary from 1072 to 10~! km Myr~!, with an over-
all difference of 0.04 mmyr~! when compared to independent erosion rate estimates available from published
studies. The predicted global mean emplacement depths range from 1 to 3km. To highlight the influence of
paleo-reconstructions on exhumation rate estimates, we analyze simulated erosion rates across the Andean re-
gion using two distinct paleo-climate models and find significant spatial and temporal differences across the
Central Andes. While our landscape evolution model successfully predicts the known emplacement depths for
the North and South Andean deposits younger than 20 Myr, it also predicts depths exceeding 6 km for Central
Andean deposits older than 60 Myr. We attribute these mismatches to a combination of limitations related to
model assumptions and inputs resolutions. Our results show the intricate connection between deposit preserva-
tion and surface processes. Our method offers an addition to the traditional porphyry copper exploration toolkit
that links geological observations to plate tectonics dynamics and paleo-climatic reconstructions.

(Lee and Tang, 2020).

(Butterworth et al., 2016), and (v) a thick crust (> 45 km)

The association between porphyry copper deposits (PCDs)
and alkaline/calc-alkaline magmatic arcs has been well es-
tablished for at least 50 years (Sillitoe, 1972). These de-
posits most commonly originate from the combination of
(i) rapid convergence rates (around 100 km Myr_l) (Butter-
worth et al., 2016), (ii) subduction obliquity (around 15°)
(Butterworth et al., 2016), (iii) subducting plate age (between
25-70 Myr) (Butterworth et al., 2016; Sillitoe, 2010), (iv)
distance from the subducting trench boundary (> 2000 km)

Assuming the aforementioned conditions are fulfilled, the
porphyry bodies are emplaced at a certain depth, with the em-
placement depth (ED) referring to the depth at which mag-
matic fluids encounter a favorable environment within the
Earth’s crust (Lee and Tang, 2020; Sillitoe, 2010), charac-
terized by optimal pressure, temperature, and salinity con-
ditions (Richards, 2022; Sillitoe, 2010). Predictions regard-
ing the depth of emplacement are inferred from fluid inclu-
sion analysis or age temperature data (Mclnnes et al., 2005;
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Landtwing et al., 2005; Noury and Calmus, 2021) and typ-
ically range between 1-5 km, with lower magmatic temper-
atures typically associated with shallower intrusions, while
higher temperatures correspond to greater depths (Richards,
2022). It is common for economic porphyry deposits to have
emplacement depths between 4-5 km (Zhao et al., 2022). Ex-
ceptional cases exist where deposits have been emplaced at
depths greater than 5 km. For example, the Middle Paleocene
(60.5 Ma) Butte body in Montana (USA) is believed to have
been emplaced at an unusual depth between 5-9 km (Rusk
et al., 2008). On the other hand, other deposits such as the
3.5Ma Panguna in Papua New Guinea have been emplaced
between 2-3 km (Eastoe, 1978; Cooke et al., 2005).

The exhumation trajectory and preservation of porphyry
copper deposits are primarily influenced by climate-driven
erosion and tectonic uplift. Exhumation rates (ERs) are
strongly tied to precipitation history, substrate erodibility,
slope angles, and direction of propagation of the defor-
mation (Stalder et al., 2020). Whilst ERs between 0.1—
1.0kmMyr~! are considered typical for a moderately active
mountain belt (Montgomery and Brandon, 2002), these rates
can vary significantly at regional scale due to tectonic and
climatic forces. For example, hyper-arid climates such as the
Central Andes (Stern, 2004) have ERs that do not exceed
0.25kmMyr~! (Stalder et al., 2020). Comparatively, regions
such as Papua New Guinea, known for their young PCDs, el-
evated precipitation rates, and rapid plate convergence creat-
ing high uplift rates, exhibit some of the highest ERs, greater
than 10kmMyr~! (Baldwin et al., 2004).

Yanites and Kesler (2015) calculated the exhumation rates
of 314 Cenozoic PCDs distributed globally and reported val-
ues ranging from 0.03 to 1.4 kmMyr~! by assuming uniform
emplacement depth of 2km for all their PCDs and extrap-
olating present-day climatic conditions for the entire Ceno-
zoic. This reveals a pattern where younger deposits in wet-
ter regions experienced rapid exhumation, while older de-
posits are more prevalent in arid regions. Apart from Yan-
ites and Kesler (2015) and despite the critical role that cli-
mate plays on landscape evolution, its implication for PCD
preservation has been overlooked in recent studies (Butter-
worth et al., 2016; Diaz-Rodriguez et al., 2021). Butterworth
et al. (2016) and Diaz-Rodriguez et al. (2021) employed ma-
chine learning algorithms to predict the prospectivity of por-
phyry copper districts in the Americas. Both studies largely
ignored the impact of climate and paleo-topographic varia-
tions on PCD exhumation and preservation. This study chal-
lenges the assumption of singular emplacement depth as well
as static climatic and paleo-topographic conditions over geo-
logical time using a series of time-evolving databases (Valdes
et al., 2020; Li et al., 2022; Stern, 2004) over the past 65 Myr
(see Sect. 3.2).

Here, we leverage global-scale surface process simula-
tions to estimate global rates of exhumation and emplace-
ment depths of known PCDs and assess their preserva-
tion prospects. To do so, we use the refined paleo-elevation
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dataset produced in Salles et al. (2023), applying the goSPL
model (Salles et al., 2020), and estimate exhumation rates
and emplacement depths of the same 314 deposits presented
in Yanites and Kesler (2015). We then compare exhumation
rate and emplacement depth values obtained from the land-
scape evolution model with data obtained via independent
published methods (e.g., fission track analysis). We explore
discrepancies and their potential causes, such as factors re-
lated to the paleo-reconstructions or limitations inherent to
the numerical approach.

2 Global paleo-elevation reconstruction

2.1 Landscape evolution model

To estimate exhumation rates and emplacement depths at
global scale, we use goSPL (Salles et al., 2020), an open-
source scalable parallel numerical model. goSPL accounts
for river incision and soil creep, processes which are consid-
ered to be the main drivers of landscape changes over geolog-
ical timescale (Bonetti and Porporato, 2017). Additional ca-
pabilities (e.g., multi-lithology sediment tracking, deposition
in marine environments, sediment compaction, stratigraphic
record) are not considered in this study, and we evaluate the
impact of surface processes on landscape dynamics (Salles
et al., 2023) by imposing a series of spatially and tempo-
rally varying topographic and climatic histories. Flexural re-
sponses due to erosional unloading and depositional loading
influence long-term drainage evolution, landscape rejuvena-
tion, and sedimentation, reflecting lithospheric strength and
mantle buoyancy (Sacek, 2014). While goSPL does not ex-
plicitly model these processes, the assimilation method im-
plicitly accounts for them by aligning modeled elevations
with paleo-elevation reconstructions (Salles et al., 2023). As
an example, the approach captures subsidence patterns near
large deltaic systems (e.g., Amazon, Bengal fans, Pelotas
Basin).

In goSPL, erosion occurring in upstream catchments is
linked to basin sedimentation via a multiple flow direction
algorithm that routes both water and sediment flux towards
multiple downstream nodes, preventing the locking of ero-
sion pathways along a single direction and allowing the dis-
tribution of the corresponding flux in downstream regions.
The model’s main equation, the continuity of mass, has the
following common form:
0z

o =U; +kV2z +eP?Q"V", (1)

where the flow discharge Q; in cell i is given by
Qi=PAi+) 0 )
J€up

where the changes in surface elevation (z in meters) with
time (¢ in years) are dependent on the tectonic forcing U;
(myr~1); on a diffusion equation used to simulate hillslope
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processes, with the diffusion coefficient « set to 0.5 m? yr~!

(Salles et al., 2018); and on the stream power law to evaluate
the impact of fluvial processes by quantifying the rate of in-
cision from local slope and amount of water passing through
a cell. We set m to 0.5 and n to 1 (dimensionless empirical
constants, Salles et al., 2023). The precipitation-independent
component of erodibility € (set to 4.0 x 10~7 yr~1) is con-
stant throughout the simulation time and is tied to the choice
of m. The erodibility coefficient is scalable with local mean
annual precipitation rate (P;), which is a positive exponent
(d) obtained from field-based relationships (Murphy et al.,
2016) and set to 0.42. It is worth noting that d is incorporated
in the formulation for enhancing the weathering impact of
precipitation and its response in river incisions (Salles et al.,
2018, 2023).

The flow discharge (Q;) accounts for the upstream total
area (A;) and local precipitation (P;) that combines to form
the water flux (P;A;) with added upstream flow discharge
(Qj,in Eq. 2). To solve the flow discharge globally, we use
a parallel implicit drainage area (IDA) method (Richardson
etal., 2014; Salles et al., 2019) in a Eulerian reference frame,
expressed in the form of a sparse matrix composed of diag-
onal terms set to unity and off-diagonal terms correspond-
ing to the immediate neighbors of each vertex composing the
spherical mesh. A similar technique is used to solve sedi-
ment transport and continental erosion. We use the Richard-
son solver with block Jacobian preconditioning to solve the
IDA algorithm using the PETSc library (Balay et al., 2012)
following the approach described in Richardson et al. (2014).
Although Eq. (1) does not account for deposition in alluvial
plains or along gentle slopes, it simulates continental deposi-
tion in depressions and endorheic basins.

2.2 Paleo-elevation and paleo-precipitation forcings

Here we use the global-scale simulations from Salles et al.
(2023), which are based on the PALEOMAP Paleogeo-
graphic Atlas (Scotese and Wright, 2018). The PALEOMAP
paleo-elevation maps are structured regular grids with a res-
olution equivalent to 10 km cell length at the Equator (0.1° x
0.1°) defined at 5 Myr intervals. The paleo-elevation recon-
structions are based on lithofacies and paleo-environmental
datasets, supplemented and updated with regional paleo-
geographic atlases (Scotese and Schettino, 2017; Scotese and
Wright, 2018) over the course of more than 40 years (Ziegler
et al., 1985). Our choice for the PALEOMAP atlas as the
foundational dataset was driven by its unique availability as
a global open-source option with a resolution (0.1° or finer)
appropriate for landscape evolution modeling. However, al-
ternative datasets (e.g. Markwick and Valdes, 2004; Vérard
etal., 2015; Straume et al., 2019) could equivalently be used.

To predict erosion—deposition rates, Salles et al.
(2023) rely on the paleo-precipitation simulations from
HadCM3BL-M2.1aD29, which is a variant derived from
the coupled atmosphere—ocean—vegetation Hadley Centre
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model (Valdes et al., 2020) (resolution of 3.75° x 2.5°) and
has been built using the PALEOMAP Paleogeographic Atlas
(Scotese and Wright, 2018). For each time interval, this
climate model has been run for at least 5000 model years
to reach a dynamic equilibrium of the deep ocean (Valdes
et al., 2020). The climate model is established under two
time-dependent boundary conditions: the solar constant and
the atmospheric CO;, concentrations. We use the workflow
set out in Salles et al. (2023) that adopted the CO; local
weighted regression curve from Foster et al. (2017) based
on their choice of HadCM3 climate simulations for the
paleo-precipitation maps.

The input files for goSPL are composed of an icosahedral
mesh with more than 10 million nodes and 21 million cells.
They are generated by resampling the global temporal grids
into this mesh. The average resolution of each cell is about
5 km, corresponding to 0.05° resolution at the Equator. The
design approach (Salles et al., 2023, 2020) aims to achieve
dynamic equilibrium between erosion rates balanced by tec-
tonics under a steady boundary condition (rainfall, tectonic
uplift, and erodibility) (Eq. 1 and Fig. 1). For each individual
time slice, two sets of simulations were run over 168 CPU
(Salles et al., 2023). From there, we estimate physiographic
characteristics and associated water and sediment dynamics.

An initial simulation is performed over 2 Myr to appraise
landscape evolution, water discharge, and sediment trans-
port, using selected topographical and precipitation scenarios
(Salles et al., 2023). This first simulation does not account
for tectonic processes, resulting in an excessive fingerprint
on the reconstructed landscape from surface processes, lead-
ing to a lowering of major long-lived orogenic belts and up-
land areas as well as creating extensive floodplains (Fig. la
and b). Using a filtering approach that removes high ampli-
tude short wavelength variations, we ensure that these mor-
phological features are not accounted for in the correction
step, resulting in minimal changes in hypsometry (< 0.5 %,
Fig. 1c). Consequently, the final elevations were corrected
by assimilating paleo-elevation information. The resultant
paleo-elevation model integrates the surface process features
from the initial simulation, recreating more detail when com-
pared to the initial paleo-elevation, where canyons, incised
channels, and basins can be identified (Fig. 1a and b). By cal-
culating the regional differences between the paleo-elevation
data and the modified enhanced paleo-elevation, we derive
a vertical tectonic forcing map delineating uplift and subsi-
dence rates.

The second and final round of simulations are run consid-
ering the same initial input files, however with the computed
tectonic forcing, added to it (Salles et al., 2023) (Fig. 1).
The tectonic forcing is computed from the mismatch between
the model predictions and a geologically reconstructed tar-
get location. The mismatch indicates either that surface pro-
cesses parameters (erodibility) need to be tuned or that other
forcings such as dynamic uplift or subsidence need to be
considered. If the second is decided, a new tectonic forc-
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Figure 1. Comparison between predicted enhanced paleo-elevation and corresponding paleo-elevation map. (a) The top panel shows the
input elevation conditions for 50 Ma at 0.1° resolution (SW2018 Scotese and Wright, 2018), and the bottom two represent model outputs
after the first and second simulation steps (0.05° resolution), highlighting the geomorphological imprints induced by surface processes on the
landscape. (b) Regional-scale elevations for the two domains highlighted in (a), with the initial paleo-elevation SW2018 (Scotese and Wright,
2018) on the left, the resulting enhanced paleo-elevation under purely erosive scenario (center), and after applying the tectonic correction
and reaching dynamic equilibrium (right). (¢) Temporal change between imposed tectonic rates from corrected topography and erosion rates
at 50 Ma (blue curve). This curve is used to estimate when dynamic equilibrium conditions have been reached. Corresponding continental
hypsometric curves for the given paleo-elevation at 50 Ma (purple) and simulated enhanced paleo-elevation (black). Red curve in the inset
shows the differences between the two hypsometric curves.

ing, based on the filtered mismatch map, which only con- pensate tectonic ones), which usually occurs within the initial
siders long wavelengths and short amplitudes, is imposed. million years of landscape evolution (Fig. 1c) (Salles et al.,
Mismatch percentages and correlation coefficients guide the 2023). From the output of this second simulation, it is pos-
calibration of the paleo-elevation maps. The simulation runs sible to evaluate water and sediment flux for the time slice,
until it achieves dynamic equilibrium (i.e., erosion rates com- as well as catchment characteristics, such as river network,
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drainage areas, erosion, and deposition rates (Figs. 2 and 3a
and d).

Using the outputs from the second simulation, Eq. (1)
is then calibrated for the present day (i) based on esti-
mates of suspended sediment flux, which is equivalent to
12.8 Gtyr~! (from the BQART model Syvitski and Milli-
man, 2007; Peucker-Ehrenbrink, 2009), and (ii) with modern
estimates of average global erosion rates (Willenbring et al.,
2013), where the mean value is 63 mMyr~! with a standard
deviation of 15mMyr~! (Fig. 3b). The average present-day
global modeled erosion rate is 73 mMyr_l, with a modeled
sediment flux of 12.15Gtyr~! (assuming an average den-
sity of 2.7 gecmr—3) (Salles et al., 2023). Using the IDA al-
gorithm (Richardson et al., 2014), basin characteristics and
locations for the largest sediment flux and water discharge
are extracted (Fig. 3d).

The model accurately accounts for the discharge—area
scaling relationship between water and sediment flux for the
major rivers for the present day (Whipple and Tucker, 1999).
For example, the predictions from the Amazon River dis-
charge and sediment flux lie well between estimates from
the Land2Sea database (Peucker-Ehrenbrink, 2009) (6591—
7570km> yr~') and are ~ 4 % below the sediment produc-
tion rate when compared with cosmogenic nuclide analysis
(~610 Mtyr‘l) (Wittmann et al., 2011; Salles et al., 2023).
The parameterization from present-day suspended sediment
flux and global erosion rates is then extrapolated into the
past, enabling the computation of temporal trends in global
sediment fluxes, which can be linked to changes in continen-
tal elevation and precipitation patterns (Salles et al., 2023)
(Figs. 2 and 3a). The predicted trends of sediment fluxes pro-
duce reasonable records during the Meso-Cenozoic and are
comparable with observations for other time periods (Wilkin-
son and McElroy, 2007) (Fig. 3a). Furthermore, multiple
spikes in erosion flux align with major orogenic events, over-
laying the trend observed throughout the Cenozoic (Salles
et al., 2023) (Fig. 2a).

2.3 Landscape evolution model outputs extraction

The data produced in the simulation are processed with open-
source workflows provided in GitHub repositories: https:
/Igithub.com/Geodels/gospl- global-workflows (last access: 5
August 2025) and https://github.com/Geodels/gospl/ (last ac-
cess: 5 August 2025) (Salles et al., 2020). All the notebooks
are written in Python programming language and supported
by a wide range of libraries, of which the most employed are
Numpy (Oliphant, 2006), Pandas (McKinney, 2011), XAr-
ray (Hoyer and Hamman, 2017), pyGPlates (Mather et al.,
2023), and PyGMT (Uieda et al., 2021).

The output files created with goSPL are exported to
netCDF grids containing, for each time step, the following
variables: elevation (m), cumulative erosion/deposition (m),
water flux discharge accounting for lakes (m>yr~!), water

https://doi.org/10.5194/esurf-13-683-2025

flux in rivers excluding lakes (m3yr~!), sediment flux in
rivers (m3 yr*] ), and rainfall (m yr*1 ).

To access the information for a desired region over time,
in our case the porphyry copper deposit location and its im-
mediate surrounding region (i.e., within 25km), it is neces-
sary to track the region’s position through tectonic plate re-
construction. This is achieved using the associated tectonic
plate rotation file and its geometries (PALEOMAP Paleo-
geographic Atlas from Scotese and Wright, 2018). By de-
termining the region’s position over time, we then extract the
relevant variables at each time step.

In our scenario, we used the cumulative erosion/deposition
values over time to estimate erosion rates (myr_l), which
will correspond to exhumation rates (km Myr~!) over longer
periods of time. With this information and the predicted ages
of PCDs (Singer et al., 2008), we then infer the initial depth
of emplacement.

3 Reconstructing exhumation history for porphyry
copper deposits

We conducted an analysis of 314 porphyry copper deposits
distributed globally and available from Yanites and Kesler
(2015). These deposits range in age from the Paleocene to
the Pleistocene (66—1 Ma) (Fig. 4).

3.1 Tectonic settings and deposits

We first categorized the deposits within three geodynamic re-
gions/settings: the Alpine—Himalayan Orogeny, the Western
Cordillera—Andean Belt, and the West Pacific Orogenic Belt.

The Western Cordillera and the Andean Belt belong
to distinct subduction zones, active at different times, yet
they share a similar geotectonic context, characteristic of
continental margin settings (Ramos, 2009). The Western
Cordillera (also known as the North American Cordillera)
can be traced back to the breakup of Rodinia (Monger and
Price, 2002; Clennett et al., 2020) and has been primarily
shaped by the interactions between the North American plate
and the surrounding oceanic lithospheres (Monger and Price,
2002). In Early Jurassic times, the convergence of the North
American plate with continuous subduction zones led to the
accretion of back-arc basins and offshore arcs that formed
continental margins and new continental arcs (Monger and
Price, 2002). By the Late Cretaceous, the newly formed
Western Cordillera was located near its present-day position
(Monger and Price, 2002).

The Western Cordillera can be subdivided into Canadian
Cordillera and the Laramide Orogen (USA). In the Cana-
dian Cordillera, the porphyry copper deposits were em-
placed post-orogeny accretion from the Late Cretaceous to
the Eocene (100-33 Ma) (McMillan et al., 1996; Leveille
and Stegen, 2012). Conversely, in the Laramide Orogen, their
formation is associated with magmatism and compressional
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Elevation (km) Erosion rates (10-2 mm/yr)

Figure 2. Global-scale landscape evolution model from the Cretaceous to present-day. Left panels represent simulated elevations for four
time slices accounting for surface processes impact and highlighting continental topography and associated river networks (dark blue). Right
panels show associated erosion/deposition rates (blue/red respectively) for the considered time slices.

deformation between 80—-40 Ma (McLemore, 2008; Leveille The Andean Belt is subdivided into three sections, each char-

and Stegen, 2012). acterized by different geodynamic events. The northern por-

The Andean Belt results from the subduction of the Nazca tion represents the major collision phases during the Paleo-
Plate beneath the South American Plate; its formation began gene, involving the accretion of oceanic crust due to the col-
in the Middle Jurassic and is still active today (Ramos, 2009). lision of oceanic terrains (Ramos, 2009). The central portion
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Figure 3. Reconstructed sediment fluxes and continental sedimentary basin evolution. (a) Simulated global average trends in erosion rate, net
sediment flux delivered to the ocean, and cumulative deposition areas for the Phanerozoic with major orogenic episodes over the past 100 Myr.
(b) Global changes in continental paleo-precipitation (Valdes et al., 2020) and paleo-elevation (Scotese and Wright, 2018) (top panel) and
comparison of predicted long-term mean denudation rate with estimates from preserved sediments (WM2007 Wilkinson and McElroy, 2007)
and recent rates compiled in WCM2013 (Willenbring et al., 2013) (c) Distribution of the 500th largest rivers water and sediment flux at 0 Ma.
(d) Log-log plots representing the distribution of modeled water discharge and sediment flux against basin drainage area (blue and orange
circles respectively). Relationship between the two variables is calculated with a power law curve fitting and is represented by the black lines.

has experienced more active subduction in the Late Neogene
and is characterized by thermal uplift (Ramos, 2009). In the
southern part, the uplift is associated with ridge collision,
which is a result of the closure of back-arc oceanic basins
(Ramos, 2009).

The Western Cordillera and Andean Belt host together the
world’s largest concentration of porphyry copper deposits,
177 in total (Fig. 4). Among these, the majority have an
Eocene—Oligocene age (82 deposits), followed by Miocene
to Pliocene (49 deposits) and Paleocene ages (46 deposits).
Emphasis is given later to the Andean Belt, as it holds most
of the known deposits.

The West Pacific Orogenic Belt, considered a polycyclic
orogeny, has undergone repeated tectonic activity and mag-
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matism since Late Precambrian (Matsumoto, 1977). The sub-
duction of the Pacific Plate beneath the Eurasian continent
resulted in the formation of island arcs that migrated toward
the Pacific Ocean (Aubouin, 1990; Izosov et al., 2020). These
collision events occurred between the Middle Paleogene and
Neogene and are responsible for a major regional plate reor-
ganization and contributed to the present-day configuration
of the magmatic arcs (Hedenquist et al., 2012). The devel-
opment of porphyry copper deposits within the West Pacific
Orogenic Belt is associated with the reorganization of tec-
tonic plates during the Early to Middle Miocene (Hedenquist
etal., 2012).

The West Pacific Orogenic Belt encompasses a total of
66 known porphyry copper deposits, with the majority be-

Earth Surf. Dynam., 13, 683—704, 2025



690 B. Hadler Boggiani et al.: The roles of surface processes in porphyry copper deposit preservation

(b)

-10 -5 0

Frequency of
deposits in a 200
km radius

14-19
11-13

Figure 4. Distribution of Cenozoic porphyry copper deposit ages and deposit frequency. Panel (a) shows the deposit ages with warm colors
representing young ages, whereas cool colors represent old ages (Singer et al., 2008). Panel (b) highlights the Cenozoic porphyry copper
deposits counted within a 200 km radius of each central deposit. Warm colors represent high frequency, whereas cool colors represent fewer

deposits (Yanites and Kesler, 2015).

ing of Miocene to Pliocene age (55 deposits). The remaining
11 deposits of Eocene—Oligocene ages are principally found
in Papua New Guinea and in the Philippines.

The development of the Alpine—Himalayan Orogeny re-
sults from a transpressive tectonic regime where the African,
Arabian, and Indian tectonic plates underthrust the Eurasian
continental plate (Storetvedt, 1990). This following colli-
sional process commenced in the Late Cretaceous (Stefanini
and Williams-Jones, 1996; Perello et al., 2008), leading to
the closure of the Tethys Ocean and to major phases of moun-
tain building, forming the Alpine belt during the Paleocene
(Storetvedt, 1990; Handy et al., 2015). In the Asian portion
of the orogeny, the Himalayan Belt rose rapidly between the
Middle Eocene and the Late Miocene due to the breakoff of
the Neo-Tethyan slab (Ji et al., 2020, 2016).

The Alpine-Himalayan Orogeny encompasses a total of
71 known porphyry copper deposits. The two oldest deposits,
dating back to the Paleocene, are located in the older section
of this orogeny, namely the Alpine Orogeny. This deforma-
tion belt also contains a higher number of Eocene to Pleis-
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tocene deposits (44 ore bodies) when compared to the ones
found on the Himalayan Mountain range (25 ore bodies).

3.2 Paleoclimatic evolution

We analyzed the paleo-precipitation reconstructions from
Valdes et al. (2017) to evaluate variations in precipitation
conditions through time for each of the three tectonic regions
of interest.

The northern part of the Western Cordillera, where de-
posits do not exceed 64 Myr (Yanites and Kesler, 2015)
of age, initially experienced humid conditions with mean
precipitation levels around Smyr~! (Valdes et al., 2017).
The region then gradually becomes drier, with present-day
precipitation values reaching ~3myr~' (Fig. Al) (Valdes
et al., 2017). The central portion of the Cordillera (Laramide
Orogeny) started as a dry environment with precipitation
rates as low as 0.1 myr~! at the time of the formation of the
first deposits, followed by an increase of up to 3myr~! in
recent times (Fig. A1). A similar pattern can be observed for
the deposits found in Alaska. In contrast, the southern re-
gions of the Western Cordillera, encompassing Mexico and
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Central America, have experienced three main paleo-climatic
conditions. During the early Cenozoic, these regions were
characterized by a wet tropical climate with precipitation
rates of up to 7myr~!. From 20 to 10 Ma, these regions be-
came drier, with precipitation of the order of 1 myr—!. For
the last 10 Ma, the precipitation increased reaching up to
6myr~! (Fig. Al).

In the central part of the Andean Belt, where the old-
est deposits (64 Ma) are concentrated, we note a slow in-
crease in rainfall since their emplacement, from 1myr~!
to nearly 2myr~! around 10Ma (see Fig. Al). From this
point forward, the paleo-climate reconstructions show a wet-
ter regime with rainfall reaching up to 3myr—! at present-
day. The younger deposits, in the southern portion of the
Andean Belt, experienced a decrease in rainfall since their
emplacement (22 Ma), with precipitation varying from 2 to
lmyr_l. In the northern Andean Belt, where the deposits
are mainly from the Neogene, we note an overall high pre-
cipitation regime, where the rainfall fluctuates from 6 myr~!
at 20 Ma to slightly drier conditions at 5Ma (4 myr~!) and
up to 8 myr~! in the present day (Fig. Al).

In the Alpine-Himalayan Orogeny, the oldest deposits in
the Alps have transitioned from a predominantly dry climate
to sporadic episodes of enhanced precipitation. The Eocene
to Neogene Alpine deposits have generally remained under
relatively dry conditions (I myr~! at 40 Ma), with the ex-
ception of the last 5 Myr, where we note an increase of up to
4myr~! precipitation (Fig. Al). For the deposits in the Hi-
malayas, which date back no further than 46 Ma, there has
been an overall increase in precipitation regimes that varied
from 1 myr~! at 50Ma to up to 6myr~! in the present day
(Fig. Al).

In the West Pacific Orogenic Belt, the deposits are no older
than 31 Ma. Except for porphyry bodies of Oligocene age, all
the younger deposits were emplaced in regions under tropical
climatic conditions, where precipitation levels reached up to
8 myr~! and remained under stable precipitation forcing for
the past 25 Ma (Fig. Al). As for the older deposits, we can
track back their evolution to locations with lower precipita-
tion rates. As an example, the deposits in Papua New Guinea,
between 20—10 Ma, experienced fluctuations in precipitation

ranging from 1 to 4myr~'.

3.3 Gilobal evaluation of predicted porphyry copper
emplacement depths

Based on temporal variations of tectonics and climate forc-
ings, we calculate exhumation rates and estimate emplace-
ment depths for the 314 deposits described in Yanites and
Kesler (2015). Our analysis utilizes the predicted erosion
rates extracted from the simulation performed with goSPL
(see Sect. 2) (Fig. 5). An emplacement depth of 2 km was as-
sumed in Yanites and Kesler (2015), combined with known
ages of the porphyry deposits, to estimate exhumation rates
that were then benchmarked against independent measure-
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ments for 30 of these deposits (Singer et al., 2008). Their
findings revealed a mean difference of 0.062 mmyr~!. Pre-
dicted exhumation rates from landscape evolution simulation
for the same deposit sites show a comparable mean differ-
ence of 0.04 mmyr~! with Singer et al. (2008) measurements
(Fig. 5a). These results indicate that the findings obtained
from both approaches have the same order of magnitude, in-
dicating a high level of similarity and comparability.

In our approach, exhumation rates and emplacement
depths are calculated at the location of each of the 314 de-
posits as well as their surrounding area (within a 25 km di-
ameter). Measuring the surrounding area mitigates poten-
tial distortion arising from low-resolution data (Fig. 5b and
¢). Mean simulated exhumation rates range from 0.002 to
0.620km Myr’l, with a normal centered distribution around
0.1kmMyr~! (Fig. 5b). The distribution pattern of these
rates is consistent with the exhumation rates extrapolated by
Yanites and Kesler (2015), which were inferred based on the
chronological record of the deposits (illustrated in Fig. 5d).
Additionally, a latitudinal analysis of the deposits suggests
a correlation between geographic location, reflective of cli-
matic conditions, and both exhumation rates and emplace-
ment depths (Fig. 5d). Of the 36 deposits with exhumation
rates exceeding 0.3 km Myr~!, the majority (25) are situated
within the southern tropical belt (0—15° S-band). For the re-
maining ones, none of them are found outside 16°N and
17° S latitudes. Exhumation rates smaller than 0.3 km Myr~!
are evenly distributed across latitudes (Fig. 5d).

As expected, we find a relation between the ages of de-
posits and their exhumation rates (Fig. Se). The older the de-
posits are, the smaller the rates tend to be, a trend that is
aligned with previous findings (Yanites and Kesler, 2015).
Also, within similar emplacement depths, older deposits tend
to have smaller exhumation rates (Fig. Se), conformable with
literature data (Yanites and Kesler, 2015; Singer et al., 2008).
Yet, climate exerts a strong influence on the exhumation pat-
terns. The largest calculated exhumation rate (0.6 km Myr—!)
is seen in Ecuador, for a deposit of 20 Myr old. This contrasts
with a neighboring deposit of 15 Myr old with an exhumation
rate of 0.5 kmMyr~!.

We found that the simulated emplacement depths from the
landscape evolution model are typically at 2 km or shallower
(Fig. 5¢), which is consistent with values proposed in the lit-
erature (Richards, 2022; Sillitoe, 2010; Yanites and Kesler,
2015). Although we note that the deepest calculated em-
placement depths occur between 0-30° S (Fig. 5d), no strong
correlation between the distribution in latitudinal bands (in-
dicative of prevailing climate) and calculated emplacement
depth is observed, as expected. While our analysis reveals
relevant impact of climate on these calculations, it is impor-
tant to emphasize that climatic factors alone do not solely
dictate these estimations.
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Figure 5. Global evaluation of exhumation rates and emplacement depths of porphyry copper deposits. (a) Comparison between exhumation
rates using the independent depth estimate for 30 samples (Yanites and Kesler, 2015) and predicted rates assuming a 2.0 km emplacement
depth and obtained from the enhanced paleo-elevation model. (b) Distribution of the predicted mean exhumation rates from the porphyry
copper deposits (Singer et al., 2008) assuming a 25 km surrounding area for each site. (¢) Calculated porphyry copper deposit emplacement
depth distribution from the mean exhumation rates calculated in (b). Box-and-whisker plots of exhumation rate distributions in 15° bands
with the associated emplacement depths (d) and temporal distributions based on deposit ages (Singer et al., 2008) using 5 Myr bands (e).

4 Discussion

4.1 Exhumation rate (ER) and emplacement depth (ED)

Approximately 50 % of the averaged values for calculated
exhumation rate and emplacement depths align with inde-
pendent data published in the literature (Yanites and Kesler,
2015; Singer et al., 2008). However, discrepancies arise
when comparing individual deposit data.

For instance, the lowest simulated exhumation rates are
for deposits in the westernmost part of Pakistan (Reko

Earth Surf. Dynam., 13, 683—704, 2025

Diq complex) and Iran, with values ranging from 0.002
to 0.007kmMyr~! and ages varying between 11-21Ma.
In the literature, the ER values obtained based on the
thermal history for the Reko Diq complex range between
0.20-0.79 kmMyr~! (Fu et al., 2005). Another example is
the world’s youngest giant porphyry Cu—Au deposit, Ok
Tedi in Papua New Guinea (dated at 1.4 Ma, van Don-
gen et al., 2010), which has calculated exhumation rates of
0.3 km Myr_l. In contrast, the exhumation rate derived from
SHRIMP age data is between 3—5kmMyr~! (van Dongen
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et al., 2007). It is important to mention that both aforemen-
tioned examples are of deposits situated in highly active tec-
tonic regions.

The emplacement depths of deposits like Butte (Rusk
et al., 2008) in Montana (USA) and Panguna (Eastoe, 1978)
(eastern Papua New Guinea), obtained from fluid inclusion,
vary from 5 to 9 km and 2 to 3 km, respectively. The predicted
emplacement depth from the landscape evolution model for
Butte deposit is 1.8 km and for Panguna 0.9 km. In Sect. 2,
we discussed several assumptions and simplifications from
the landscape evolution model. Moreover, the model car-
ries inherent uncertainties from the initial input data (paleo-
elevation and paleo-precipitation) and assumes that all de-
posits are exposed at the surface and have experienced mini-
mal erosion.

The Andean Belt per se concentrates 90 of the studied por-
phyry copper deposits. Their distribution can be associated
with the presence of the morphostructural volcanic zones,
which are mainly controlled by the absence of flat-slab sub-
duction for at least the past 12 Myr (Ramos, 2009). The ab-
sence of PCDs in some latitudinal bands along the Andean
Belt (e.g., between 10-13°S — Fig. 6a) coincides with the
presence of flat-slab subduction in the past 12 Ma to present
and the presence of aseismic ridges, like the one formed by
the Nazca Plate collision (Ramos, 2009).

Remarkably, nearly all the highest exhumation rates were
calculated within the Andean Belt, which is consistent
with high precipitation rates described for the region (see
Sect. 3.2). Additionally, all inferred emplacement depths
exceeding 5Skm were exclusively found within this region
(Fig. 6a). When contrasting exhumation rate values obtained
from Yanites and Kesler (2015) with those derived from our
study for the three specific sites depicted in Fig. 6a, the re-
sults indicate that our model yields slightly lower exhuma-
tion rate values (Fig. 6b and c). Despite this difference in
exhumation rate, the projected emplacement depth for these
sites lies between 2—3 km (Fig. 6¢).

4.2 Paleo-elevation

We acknowledge that the paleo-elevation model provided in
the Scotese and Wright (2018) PALEOMAP dataset is asso-
ciated with non-quantified uncertainties, which can also dras-
tically influence our results. As no other continuous open-
source global paleo-elevation model exists for the period
of interest, we evaluate differences between Scotese and
Wright (2018) and Boschman (2021) paleo-elevation mod-
els in South America. The study by Boschman (2021) recon-
structs the paleo-elevation of the Andes for the last 80 Myr.
Their reconstruction is derived from a compilation of paleo-
elevation estimates collected from various sources in the lit-
erature (e.g., palynology, stable isotopes, thermochronology,
fossil).

The comparison between Boschman (2021) and Scotese
and Wright (2018) (Fig. A2) shows that the further back in
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time, the more discrepancies arise, with differences of up to
3000 m in elevation. For deposits located towards the north
of 15°8, the differences tend to decrease in the last 15 Ma
(see Fig. A2a and b). South of 15°S (see Fig. A2c), we note
that between 20-5 Ma, elevation values from Scotese and
Wright (2018) tend to underestimate elevations proposed by
Boschman (2021), with differences of nearly 2000 m. Aside
from the complex geology in and within these regions as will
be discussed in Sect. 4.5, the differences in elevation calcu-
lations are attributed to the varying levels of detail in global
(Scotese and Wright, 2018) vs. regional (Boschman, 2021)
models. Considering that the landscape evolution model res-
olution is 5 km, a difference of 2000 m from different datasets
is not negligible. In addition, changes in elevation can also
imply differences in slope, which are likely to impact the re-
sulting erosion rates.

Another method to interpret topography consists in de-
scribing its morphological features in the form of wave-
lengths signals (basic land surface parameters) (Olaya,
2009). The impact of tectonics (e.g., mountain building or
collapsing) on the landscape can be associated with long-
wavelength signals and therefore more likely to be rep-
resented in a global reconstruction. However, short wave-
lengths are comparable to smaller-scale events that shape
the relief (e.g., canyons or incised channels, Richards et al.,
2020), and those tend to be absent in global reconstruc-
tions. An example of oversimplification inherent to the global
model resolution is reflected in the final calculation of the
copper province Reko Diq complex in Pakistan. This land-
scape is shaped by complex tectonic processes, such as colli-
sion, post-collision extension, and back-arc rifting, resulting
in 26 magmatic belts (Ziircher et al., 2019). The exhumation
rate derived from our model for this region (0.007 km Myr—!)
is 2 orders of magnitudes smaller than that observed in the lit-
erature (Fu et al., 2005). This discrepancy can be attributed to
the lack of detail in the paleo-elevation database, contributing
to a likely inaccuracy in exhumation rate estimate.

In terms of initial elevation, we followed the assump-
tions proposed in Yanites and Kesler (2015), which state that
present-day porphyry bodies encountered at the surface suf-
fered negligible erosion since their emplacement. However,
blind porphyry copper deposits, e.g., the Paleogene Reso-
lution Deposit in Arizona (USA), demonstrate that this as-
sumption is incorrect and not insignificant for all deposits.
The Resolution Deposit was found beneath 2 km of postmin-
eral cover (Hedenquist et al., 2012) and therefore theoret-
ically not at the surface yet. Similarly, other deposits may
have been eroded away, presenting only the remaining few
kilometers of the porphyry body. These mistaken assump-
tions have implications in the final calculations of exhuma-
tion rate. For instance, for the Resolution Deposit, the lack
of an extra 2 km sediment cover could reflect in an increased
exhumation rate calculation from the model.
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Figure 6. Evaluation of South America porphyry copper deposits exhumation histories and emplacement depths. (a) South America cop-
per deposits formation ages (Singer et al., 2008; Yanites and Kesler, 2015) and predicted emplacement depths from the exhumation rates
modeled with the enhanced paleo-elevation simulation. (b) Histories of exhumation induced by the surface processes action forced by paleo-
precipitation (Valdes et al., 2020) and paleo-elevation (Scotese and Wright, 2018) for porphyry copper deposit sites 1 and 2 (defined in
b). (c) Reconstructed positions of site 3 (defined in a) over time based on deposit age and the plate reconstruction rotations (PALEOMAP
Scotese and Wright, 2018), showing the evolution of erosion and deposition rates (blue and red respectively). Right panel shows box-and-
whisker plots of simulated precipitation (Valdes et al., 2020) and exhumation rates within a 25 km radius around the deposit site.

4.3 Paleo-climate data

The presented exhumation rates and emplacements depths
have been calculated considering the paleo-elevation derived
from Scotese and Wright (2018) and associated global paleo-
climate model (HadCM3BL-M2.1aD Valdes et al., 2020).
The modeling approach presented here depends on data reso-

Earth Surf. Dynam., 13, 683—704, 2025

lution of the paleo-reconstruction models used and the differ-
ences that exist between different simulations (Valdes et al.,
2020; Li et al., 2022). We acknowledge that rainfall highly
impacts the evolution of physiography/paleo-elevation and
therefore impacts the presented results.
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To better understand the uncertainties associated with the
imposed rainfall conditions, we analyzed an additional sim-
ulation that considers the paleo-climate reconstruction from
Li et al. (2022) and compared the results with those obtained
using Valdes et al. (2020) simulation (Fig. A3). Overall, the
model by Li et al. (2022) shows higher precipitation than in
Valdes et al. (2020).

For regions where PCDs are present, the difference in pre-
cipitation reaches up to 4myr~!, e.g., in the northern portion
of South America (Fig. A3), which results in a mismatch in
erosion/deposition rates between —1 to 2mmyr~! (Fig. A4).
When taken into account since estimated deposit ages, these
variations can lead to discrepancies of up to 1 km of erosion
or deposition for every million years.

Rainfall values obtained from global models for specific
regions also contrast. For instance, precipitation values for
deposits formed in the Laramide Orogeny (e.g., Butte de-
posit) obtained from the global model from Valdes et al.
(2020) vary from O to 3 myr_l (as seen in Sect. 3.2). How-
ever, higher-resolution precipitation obtained only for the
Laramide Orogeny shows values from 0.5 to 1.7 myr~!, be-
tween 0—40 Ma (Retallack, 2007). As a result, our approach
considers a paleo-precipitation value that is doubled com-
pared to higher-resolution data (Retallack, 2007). These dis-
crepancies in input data reflect on how the emplacement
depths might diverge depending on the chosen climatic forc-
ing. Other regions, such as the Alpine Orogeny, also show
discrepancies in precipitation data used in the model (Valdes
et al., 2020) and data acquired specifically for the region
(Bruch et al., 2011).

4.4 Erodibility

While goSPL (Salles et al., 2020) is capable of incorporat-
ing spatially variable erodibility values, the data resolution
for lithologies in most orogenic belts remains insufficient,
especially when exploring deeper time periods. Therefore,
our approach accounts for a single erodibility component (¢)
(4.0 x 1077 yr~1), which implies a single and global type of
rock coverage.

Even though PCDs are often present in similar tectonic en-
vironments and lithologies, considering a single erodibility
component is an oversimplification, which, propagated over
simulation time, leads to significant discrepancies. Moos-
dorf et al. (2018), for instance, introduce a global erodibil-
ity index where six distinct erodibility values are classified
for the present day. Their index is determined by the slopes
distributed across lithology classes and their comparison to
slopes relative to acid plutonics. Essentially, the lower the
average slope of a lithological unit compared to that of acid
plutonics, the higher the erodibility index.

In the Central Andean Belt, we identify at least four differ-
ent rock types varying between granitic, rhyolitic, andesitic,
and volcano-sedimentary (Geological Map of South America
—1:5000000, Gémez et al., 2019). According to Moosdorf
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et al. (2018), six erodibility indexes were classified in this
region, in contrast to the single one applied in the model.
In Sect. 4.1, we show that all the emplacement depths that
exceed 5 km occur within the Central Andean Belt. This sug-
gests that the erodibility value (¢) applied for the region is
probably too high, predicting deeper emplacement depths.
Upon availability, adding refined lithology maps into the sim-
ulation could improve some of these identified mismatches.

4.5 Volcano-sedimentary re-burial

All the calculated emplacement depths exceeding 5 km are
found within the Central Volcanic Zone (Ramos, 2009) (14—
27°8S) in the Central Andes, except for one deposit in the
Northern Volcanic Zone in Northern Andes (Ramos, 2009).
The Central Volcanic Zone is well known for its complex
tectonic evolution (Ramos, 2018; Nocquet et al., 2014) as-
sociated with hyper-arid climatic conditions since the Late
Miocene (Nocquet et al., 2014; Stern, 2004; Reich et al.,
2009), leading to low sediment supply (Stern, 2004). The
crust of the Central Volcanic Zone is older than its surround-
ings, exceeding 70 km in thickness (Montgomery and Bran-
don, 2002; Stern, 2004; Portner et al., 2020), and is delimited
from the Northern and Southern Andes by volcanic gaps (Nur
and Ben-Avraham, 1983). These volcanic gaps are linked
with the Peruvian and Pampean flat slabs (Portner et al.,
2020), whilst the Central Volcanic Zone is marked by the
normal subduction of the Nazca Ridge (Portner et al., 2020),
leading to significant volcanism in the region. Moving south-
wards from the Pampean flat slab (27-33°S) is the Southern
Volcanic Zone (33-46°S), which is geologically similar to
the Central Volcanic Zone (Stern, 2004; Ramos, 2009).

The volcanism in the Central Volcanic Zone is marked by
a significant volume of lava and ignimbrite that has erupted
since at least the Early Miocene (ca. 20 Ma) and reaching
up to 12 x 103 km? (Baker and Francis, 1978). Similarly,
the Southern Volcanic Zone has had expressive volcanism
from the Late Miocene to Early Pliocene, covering up to
40 000 km? (Hernando et al., 2019). The re-burial process as-
sociated with the overlaying of volcaniclastic rock is not ac-
counted for in our study (Salles et al., 2023). Therefore, the
model accounts for less sedimentation than what has been
deposited, suggesting overestimated emplacement depth es-
timations. On the other hand, for the deposits younger than
20Myr in the Pampean flat slab, where volcanic activity
is limited, we find emplacement depths that coincide with
the smallest depth calculations for South America (< 2km,
Fig. 5d).

Re-burial processes can also initiate flexural responses,
which are implicitly accounted for in the model. These pro-
cesses are particularly significant in the Northern Andes,
where the interplay between flexural isostasy and surface
processes helps explain the drainage reversal of the Amazon
River (Sacek, 2014). The isostatic effect of volcanic loading
can induce local subsidence, which, if not taken into account,
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may lead to overestimation of the final exhumation rates.
Conversely, neglecting flexural isostasy associated with sed-
iment unloading can result in an underestimation of exhuma-
tion rates.

5 Conclusions and future work

Understanding the influence of surface processes on por-
phyry copper deposit preservation is essential for determin-
ing how these deposits can be exhumed to mineable depths
or be eroded away altogether. Several studies using machine
learning attempted to predict the fertility of a porphyry cop-
per province based on geological, metallogenic and statisti-
cal analyses (e.g. Keykhay-Hosseinpoor et al., 2020; Diaz-
Rodriguez et al., 2021; Nathwani et al., 2022; Jafrasteh et al.,
2018; Abbaszadeh et al., 2021), neglecting the strong effects
of climate on deposit exhumation and preservation. Here, we
have demonstrated how slight changes in climate impact the
exhumation of porphyry copper deposits. We aim to inspire
future research in the field of machine learning to consider
the role of climatic contributions in deposit preservation and
secondary supergene enrichment of copper near the surface.

The landscape evolution model proposed in this study is
innovative as it is the first to globally incorporate both paleo-
elevation and paleo-precipitation reconstructions in assessing
exhumation rates and emplacement depths of porphyry cop-
per deposits. This new approach not only provides a com-
prehensive global understanding of the correlation between
climate history and the existence of the major porphyry cop-
per provinces but also shows how this technique can be more
efficiently applied for regional porphyry copper exploration
given better spatial resolution in the input datasets.

We have shown that the approach effectively replicates
calculations of emplacement depths on a global scale, with
approximately 50 % of the values falling within the antic-
ipated ranges of emplacement depth. In addition, our ap-
proach allows for quantifying the complex relationships be-
tween climate, tectonics, physiography, and porphyry copper
preservation and could be extrapolated as an exploration tool
for assessing the probability of undiscovered porphyry cop-
per deposit preservation.

Inherent to any numerical model are simplifications and
assumptions. In this case, factors such as erodibility, reburial,
initial depth of deposit, and surface rock lithologies are rec-
ognized as oversimplified. We also highlight how minor vari-
ations in a dataset can contribute to disparities in final predic-
tions and potentially misleading interpretations, underscor-
ing that uncertainties are influenced by model assumptions
and dataset resolution. Due to such simplifications and uncer-
tainties, some of our calculated values for exhumation rates
and emplacement depths do not match data found in the liter-
ature. Nevertheless, we have established workflows that en-
able us to test and quantify the differences between different
paleo-datasets (either paleo-climate or paleo-elevation). By
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identifying which dataset (paleo-elevation or paleo-rainfall)
or simplifications most affect the model, we aim to target fu-
ture directions for model improvements.
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Appendix A
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Figure A1. Global paleo-precipitation maps over the past 60 Ma. Darker blues represent higher precipitation, which is usually recurrent over
the equatorial region. White patches depict dry regions. The location of each PCD is projected on the maps as from their age of emplacement.
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Figure A2. Mean elevations around 25 km radius from a point over time (left) considering the different datasets: Scotese and Wright (2018)
PALEOMAP, goSPL Salles et al. (2023), and Boschman (2021) The whisker plots and the blue line refer to the dataset from PALEOMAP
(Scotese and Wright, 2018). The green line shows the elevation values from Boschman (2021) model. The pink line is the mean elevation

from the landscape evolution model from Salles et al. (2023). The red line shows the age of emplacement of the porphyry copper deposit
related to the depicted location.
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Code availability. The scientific software used in this
study, goSPL (Salles et al., 2020), is available from
https://github.com/Geodels/gospl, and the software docu-
mentation can be found at https:/gospl.readthedocs.io (last
access: 5 August 2025). We also provide a series of Jupyter
notebooks  (https://doi.org/10.5281/zenodo.11239057,  Hadler
Boggiani et al., 2024) used for processing the datasets and
model outputs that can be followed to reproduce some of
the figures presented in the paper and can be accessed from
https://github.com/Geodels/paleoPhysiography (Salles et al., 2022)
and https://github.com/biahadler/porphyry-data (Hadler Boggiani
et al., 2025).
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Data availability. The PALEOMAP paleo-elevation
struction and related GPlates rotation and geometry files can
be downloaded from https://doi.org/10.5281/zenodo.5460860
(Scotese and Wright, 2018). Paleo-precipitation maps from the
HadCM3BL-M2.1aD model (Valdes et al., 2020) are available from
the Bristol Research Initiative for the Dynamic Global Environ-
ment (BRIDGE) website https://www.paleo.bristol.ac.uk/ummodel/
scripts/papers/Valdes_et_al_2017.html?utm_source=chatgpt.com

(Valdes et al, 2017). All the maps with enhanced paleo-
elevation reconstruction for the Phanerozoic are avail-
able from HydroShare: http://www.hydroshare.org/resource/
0106c156507c4861b4cfd404022f9580 Salles et al., 2022. The

recon-
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paleo-elevation reconstruction from Boschman (2021) is avail-
able from  https://data.mendeley.com/datasets/h2w7pshz44/1.
Paleoclimate simulations from Li et al. (2022) are avail-
able in the original article and can be accessed at
https://figshare.com/articles/dataset/A_high-resolution_climate_
simulation_dataset_for_the_past_540_million_years/19920662/1
(Boschman, 2021). The dataset containing the 314 studied
mines in this project can be found within the Supplement
of Yanites and Kesler (2015). We provide data as netCDF
files for a few examples of mines that were used to produce
Fig. A2 and the rotation file utilized in that as well, available at
https://doi.org/10.5281/zenodo.11239057 (Hadler Boggiani et al.,
2024).
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5| Discussion

5.1 Imprints of forcing conditions in LEMs

Geomorphology and landscape evolution have been central to Geosciences since the
late 19th century. Initially driven more by qualitative and theoretical insights, the
field transitioned to quantitative methodologies around the 1960s. This shift led to
the development of landscape evolution models (LEMs) that are grounded in the
conservation of mass principle. Modern LEMs incorporate process-based representa-
tions of surface dynamics, such as hillslope diffusion, runoff, erosion, and sediment
transport, to simulate elevation change through time. Historically, the computa-
tional demands of these models posed significant challenges. However, advances
in computing have enabled the integration of large, high-resolution datasets into
standardized modeling workflows. This progress has opened new avenues for ex-
ploratory analysis, allowing for the quantitative evaluation of how initial conditions
and forcing parameters shape source-to-sink sediment systems.

This Thesis studies how the effects of varying parameters of the conservation of
mass equation (e.g., erodibility, diffusion coefficients, slope) and initial and temporal
input conditions (elevation, precipitation, sea level) affect the source-to-sink systems
in local (Chapters 2 and 3) and global scales (Chapters 4, Appendices A, and B).
By comparing model scenarios with published data, it identifies the best-fitting
configurations. It then, presents new methods to evaluate the outputs of these
LEMs in the context of basin analysis, stratigraphy, and, increasingly, in mineral
exploration (Chapters 3 and 4).

Chapter 2 explored various parameter combinations within the goSPL model applied
to high resolution datasets from different authors (GBDS, Xu et al. 2017; Snedden
and Galloway 2019; Galloway et al. 2011) to reconstruct Mid-Miocene sedimentation
patterns in the Gulf of Mexico. After accurately reconstructing the sedimentation
history in the Gulf, sensitivity tests performed within this Chapter demonstrated
how the marine sedimentation is affected by changes in diffusion, slope and erodibil-
ity (Chapter 2, Figure C1). Expectedly, increased erodibility coefficient led to higher
sediment accumulation in the basin, although the spatial distribution of these sedi-
ments depended on the number and geometry of clinoform slopes.

Beyond model parameters, initial forcing conditions (especially paleo-elevation and
paleo-climate) were also varied in Chapters 2 and 3. Two complementary approaches
were used to quantify how these variations affect erosion and sediment transport.
In Chapter 2, continental erosion and deposition were assessed under different ele-
vation, tectonic, and precipitation scenarios. Expectantly, the results indicate that
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increased precipitation or tectonics leads to measurable changes in erosion. How-
ever, the degree of impact is strongly tied to initial topographic relief: while ele-
vated areas are generally less responsive to such changes, this is not a universal rule
(Chapter 2, Figs. 10 and F1). In contrast, Chapter 3 focused on the Polish Basin,
analyzing sedimentation resulting from the erosion of surrounding watersheds. For
under constrained regions, such as the Permian Polish Trough, where the reliability
of available data is diminished by temporal distance, climate interpretations were
guided by known relationships (such as orographic rain), though these inherently
involve trade-offs. The sensitivity analysis (Chapter 3, Figs. 6 and 7) revealed
that, in this case, the subsidence history within the basin played a more dominant
role in controlling sedimentation than changes in the surrounding terrain. These
findings emphasize the importance of evaluating local geomorphic and tectonic con-
texts when interpreting model outputs. Tackling such problems of paleoelevation
and paleoclimatic calibrations in these two chapters helps understanding how the
variations in forcing conditions affect and imprint the landscape evolution history.

In a global perspective, Chapter 4 compared various paleoelevation datasets Scotese
and Wright (2018), Boschman (2021), Salles et al. (2023b) and paleoclimate models
Valdes et al. (2017), Li et al. (2022). These datasets show significant differences, up
to 3 km in elevation while precipitation rates vary up to 4 m/year between models
(Chapter 4, Figs. A2 and A3). Such discrepancies directly affect derived quantities
like exhumation rates, for example, the same location may vary in elevation by up
to 3 km depending on the dataset used, with substantial consequences for computed
sediment fluxes.

Given that the LEMs used here simulate long time spans (3 to 65 million years) with
spatial resolutions between 2.5 and 5 km, it is unsurprising that results are highly
sensitive to initial conditions, slope and tectonic forcing, in which the last is typically
represented as time-varying paleoelevation. Similarly, different climatic forcings
imprint distinct erosion and sediment routing patterns. A key insight from this work
is that quantitative source-to-sink modeling allows for the explicit measurement of
the landscape sensitivity to specific forcing conditions and input datasets. This
opens the door for validation of LEM outputs against modern sediment fluxes and
loads by supplying measured sediment and water flux data in previously data poor
regions.

In summary, the increasing availability of global-scale paleogeographic and paleocli-
matic reconstructions enables more detailed and realistic simulations of landscape
evolution. However, the variability across datasets highlights the need for careful
calibration and validation. The work presented here demonstrates how LEMs, when
combined with sensitivity analysis, can reveal the imprint of environmental forcings
on landscape dynamics, advancing their application in stratigraphy, basin analysis,
and mineral exploration.

5.2 A quantitative framework for provenance analysis

Traditional provenance studies rely on physical sampling of sediments, often cen-
tered on mineralogical and geochemical analysis of detrital grains (Weltje and Ey-
natten 2004; Liedel et al. 2024). While such approaches provide valuable insights,
they are inherently constrained by sampling biases and issues of mineral preser-
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vation, with zircon being a long lived mineral usually over-represented in detrital
records, and apatite is less stable over time and therefore under-represented. These
biases raise fundamental questions: how representative are traditional provenance
datasets? And to what extent do they reflect true sediment sources? How can their
results be reliably extrapolated to the scale of entire catchments?

This Thesis addresses these uncertainties by leveraging landscape evolution models
(LEMs) as a foundation for spatially comprehensive coverage quantitative prove-
nance analysis. Chapter 2 and 3 investigate how initial forcing conditions (e.g.,
elevation, precipitation, tectonics) influence sediment flux and deposition patterns
across time and space. These chapters effectively redefine provenance studies as full
source-to-sink analyses, using quantitative models to trace sediment pathways from
erosion in the hinterland to final deposition in sedimentary basins.

In both case studies, provenance interpretations based on LEM outputs comple-
mented those derived from traditional methods. For the Gulf of Mexico, provenance
estimations were compared with Xu et al. (2022) who used detrital zircon data to
infer sediment sources. In contrast, provenance in the Polish Basin was interpreted
qualitatively from stratigraphic (paleocurrents) and lithological (petrography) as-
sociations by McCann (1998), Kiersnowski et al. (2010), Kiersnowski (2013), and
Bachmann et al. (2008).

While all the provenance areas proposed by the authors for both regions could be
recognized in the provenance analysis from the LEMs, the LEMs also revealed addi-
tional, previously unrecognized sediment pathways and provenance domains. Com-
paring the quantitative results from Xu et al. (2022) with those from the LEMs in
the Gulf of Mexico, it is noticeable the under-representativeness of older sources in
traditional methods, due to preservation biases or limited sampling coverage. This
mismatch illustrates a core limitation of conventional provenance tools and high-
lights the value of model-driven approaches that integrate erosion, transport, and
deposition dynamics over geological timescales. Quantitative source-to-sink model-
ing provides a more holistic framework, that not only captures these complexities
but also enables reproducible, scenario-based testing of geological hypotheses.

Overall, this Thesis proposes that LEMs offer a powerful and standardized tool for
provenance analysis, overcoming many of the limitations associated with sample-
based methods. By explicitly simulating landscape dynamics and sediment routing
through time, LEMs provide a more complete and bias-resistant view of sediment
provenance, especially in regions with recycled sediments, complex tectonic histories,
or incomplete stratigraphic records.

5.3 LEMs in frontier copper system exploration

Similarly to traditional provenance analysis techniques, mineral deposit exploration
has long depended on physical sampling. Geochemical analyses of collected sam-
ples, alongside structural and stratigraphic data acquired through field campaigns,
geophysics and drilling, are integrated into numerical models that reconstruct the
present-day state of mineralized systems. Although effective, these methods are ex-
pensive and inherently qualitative limited data, as they often capture only a snap-
shot of the system’s history, typically ignoring its earlier burial, exhumation and/or
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preservation phases.

Landscape evolution models (LEMs) offer a forward-modeling alternative capable of
simulating the continuous surface evolution of the Earth over geological time. By in-
corporating climatic and tectonic forcings, LEMs provide a framework to investigate
mechanisms and magnitude of mineral system responses to erosion, sedimentation,
and topography change. This dynamic perspective allows for the reconstruction of
transient phases in mineral system development, which are phases often missed in
static models.

While several recent studies have explored machine learning approaches to improve
porphyry copper exploration (Butterworth et al. 2016; Diaz-Rodriguez et al. 2021;
Alfonso et al. 2024), none have explicitly considered the role of climate in the preser-
vation or exhumation of mineral bodies. Chapter 4 introduces this novel dimension
by analyzing how climate influences the exposure history of porphyry copper sys-
tems from emplacement through to exhumation. The global models used in that
chapter predict emplacement depths and exhumation histories that align with em-
pirical datasets in approximately 50% of the cases (Fig. 5, Chapter 4). These results
highlight both the potential and the limitations of current LEM resolutions, and sug-
gest that refinement at regional scales, particularly where high-resolution datasets
are available, could significantly enhance predictive accuracy. Advancing new and
automated methods for estimating paleoelevation and paleoclimate is essential. In
this way, LEMs can support mineral exploration by guiding spatial targeting and
eliminating geologically implausible areas, thus reducing false positives.

Beyond magmatic arc copper systems, Chapter 3 demonstrates how LEMs can be
applied to sediment-hosted copper deposits. This chapter applies a quantitative
provenance workflow to assess the plausibility of the hypothesis that red bed sedi-
ments served as the source of copper found in overlying shale-hosted deposits (Hitz-
man et al. 2010), such as the Kupferschiefer, and in evaporite-associated systems
like those of the Central African Copperbelt. Protolith rocks that could be identified
as favorable for copper sourcing were combined to produce a paleolithology map for
the Permian in the Southern Permian Basins. Volumes of sediment derived from
these source regions are quantified, then combined with sediment porosity (avail-
able from the LEMs reproduced with goSPL) and used to estimate potential copper
masses. This technique is not only replicable but also adaptable to other deposit
types where surface processes are key to ore concentration, such as supergene and
placer deposits.

Importantly, the methods developed in Chapters 2 and 3 can be integrated with
those from Chapter 4 to build a more complete picture of copper system evolution,
from primary magmatic emplacement to sedimentary redistribution. Such an inte-
grated LEM-based approach may prove especially useful in identifying new targets
in underexplored or buried frontier basins. By retrofitting LEM outputs as explo-
ration progresses, this methodology brings open-source workflows (Hadler Boggiani
2024; Hadler Boggiani et al. 2024; Boggiani 2025) to enable early-stage targeting
and adaptive refinement of mineral potential maps based on evolving geological
understanding.
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5.4 Limitations

Like all numerical approaches, landscape evolution models (LEMs) involve a series
of simplifications and assumptions that introduce limitations to the accuracy and
scope of their predictions. While earlier sections have emphasized how uncertainties
in initial conditions (elevation, climate, and tectonic settings) affect the final out-
puts of simulations, it is also important to acknowledge limitations specific to the
capabilities and structure of the modeling framework itself, particularly goSPL.

A key simplification in goSPL is the treatment of erodibility. The model allows
for a maximum of two erodibility values within a simulation, whereas more com-
prehensive global assessments, such as those presented by Moosdorf et al. (2018),
identify at least five distinct categories to represent surface erodibility. This limited
classification reduces the model’s ability to resolve spatial variations in lithological
resistance, potentially skewing sediment fluxes and biasing the delineation of prove-
nance areas. Consequently, sediment volumes derived from specific source regions
may be under or overestimated, affecting downstream interpretations of sediment
routing and deposition.

goSPL simulates sediment transport using a single grain size class. This excludes
complex sorting processes and consequently alters the porosity of deposited sediment
packages, which affects predictions of sediment volume and tonnage. Additionally,
the model currently simplifies the effects of sediment compaction and porosity re-
duction over time, potentially leading to overestimation of sediment thickness and
volume, especially in deeper sections of the basins.

The model focus exclusively on sediment transport via fluvial processes, omitting
gravity-driven sediment transfer mechanisms such as landslides, slumps, debris flows,
turbidity currents, and aeolian transport, and volcaniclastics deposition. These
processes are often dominant in steep or tectonically active regions and strongly
influence basin fill and stratigraphy. Their omission can cause underestimation of
sediment volume, oversimplification of landscape evolution, and incomplete basin
dynamic representations.

For example, the exclusion of volcaniclastics not only limits the representation of
key sediment inputs in volcanic terrains but also has implications for mineral sys-
tems, as is the case of the results presented in Chapter 3. Volcaniclastics often
contribute to copper enrichment processes and play a role in generating the sub-
sidence patterns observed in forearc or intra-arc basins due to their influence on
lithospheric loading. Their absence thus reduces the precision of LEM outputs for
scenarios involving volcanic contributions to copper systems, particularly when mod-
eling basin-scale flexural responses and sediment-hosted mineralization. Although
incorporating lithospheric flexure is important for modeling basin subsidence and
sediment accommodation, it considerably increases computational demand, which
constrains model resolution and runtime.

Chemical weathering and soil formation processes, which influence surface erodibility
and vertical mass transfer within sedimentary sequences, are also omitted in goSPL.
These processes are highly relevant to mineral system development and supergene
enrichment but remain unrepresented.

While goSPL offers a powerful tool for modeling large-scale surface processes, its
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simplified treatment of surface erodibility and exclusion of key sedimentary processes
highlight the need for cautious interpretation. Future iterations of LEMs aiming to
support mineral exploration could benefit from incorporating a broader suite of
erosion, transport, and deposition mechanisms, along with more refined lithological
parameterizations, to better approximate real-world source-to-sink dynamics.

5.5 Significance

The results presented in this Thesis represent a significant advancement in sedimen-
tology and mineral exploration through the integration of landscape evolution mod-
eling. By offering the first quantitative framework for provenance analysis based
on forward modeling, this work addresses long-standing limitations in traditional
provenance methods, particularly those related to sampling bias and mineral preser-
vation. The developed methodology effectively estimates source rock contributions
and sediment flux histories, enabling more robust reconstructions of source-to-sink
systems.

Moreover, this Thesis introduces novel approaches for analyzing sediment distri-
bution, water and sediment fluxes, and catchment evolution through time, and its
relationship with mineralization processes, especially copper accumulation, provid-
ing a valuable tool for mineral exploration. These techniques not only support the
re-evaluation of existing copper prospects but also contribute to the generation of
prospectivity maps that can inform and refine future drilling campaigns.

In addition to applications in resource exploration, the landscape evolution models
developed here (and those produced by other recent efforts with varying spatial and
temporal resolutions) yield physiographic reconstructions that serve as crucial prox-
ies for understanding paleo-landscapes. These outputs have broad interdisciplinary
value, offering insights into paleogeographic controls on biodiversity dispersal across
both regional and global scales (Salles et al. 2023b; Salles et al. 2023a; Husson et al.
2022; Salles et al. 2024; Cohen et al. 2022).

5.6 Future work

The research presented in this Thesis highlights several promising avenues for future
developments in Landscape Evolution Modeling (LEM).

A primary direction involves expanding the LEM framework to incorporate the ef-
fects of vegetation cover and regolith formation on sediment production. These
processes provide important feedbacks to chemical weathering derived from soil for-
mation. Including them would allow for more realistic simulations of soil develop-
ment and landscape response, as well as a dynamic representation of how surface
erodibility evolves through time. Implementation of water table variations over
time would also be beneficial, particularly for modeling supergene deposit forma-
tion. Accounting for hydrological factors such as water table depth would improve
simulations of subsurface weathering and the mobilization of sediments and metals,
which are crucial processes for refining mineral prospectivity predictions.

Additionally, integrating sediments from volcanic eruptions and extrusive volcanic
deposits into the LEM framework is essential for mineral exploration applications.
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These materials are important sources of industrial minerals and often influence
basin architecture and sediment routing. Accounting for their contribution would re-
fine predictive models of sedimentary provenance and enhance targeting in resource
exploration. Furthermore, LEMs could benefit from incorporating thermochronol-
ogy data within validation and calibration workflows, improving constraints on pa-
leoelevation and reducing error propagation through model simulations.

A more fundamental challenge lies in the limited ability of surface process models
to represent geodynamic forces at depth. The surface expression of many geologi-
cal phenomena is intrinsically linked to lithospheric-scale processes such as flexural
isostasy, dynamic topography, and crustal deformation. While preliminary efforts
have been made to couple LEMs with lithospheric models (Rodriguez-Corcho 2023),
such approaches remain computationally expensive and technically complex. Future
research should focus on developing streamlined coupling strategies that enable more
efficient integration of deep Earth processes into long-term surface evolution mod-
els. This would enable a more comprehensive understanding of landscape dynamics,
particularly in tectonically active or rapidly evolving settings.

Taken together, these advancements would significantly expand the scope and ap-
plicability of LEMs across geosciences disciplines, from mineral exploration to Earth
system modeling.
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6 | Conclusion

This thesis advances the use of landscape evolution models (LEMs) across multiple
spatial and temporal scales to quantify sediment provenance and support mineral
exploration strategies. By integrating dynamic Earth surface processes like climate,
sea-level change, topographic evolution, and sediment transport within a unified
modeling framework using goSPL, this research bridges a critical gap between tradi-
tional provenance methods and process-based simulation approaches by unraveling
quantitative data. The findings demonstrate the value of LEMs not only in com-
plementing conventional provenance techniques, but also in improving our under-
standing of source-to-sink systems and enhance the spatial and temporal prediction
of copper deposit formation and preservation.

Demonstrating the predictive capacity of this approach, a series of goSPL simu-
lations were developed for the Miocene Gulf of Mexico (GoM) and the Permian
red beds of the Polish Trough. These models successfully reproduced first-order
sediment accumulation patterns, onshore and offshore, that align with available ob-
served data. In the Gulf of Mexico, sensitivity analyses between simulations revealed
that climatic forcing tends to exerted a greater influence on sediment distribution
in higher elevated regions when compared to the effects of tectonic forcing. In the
Polish Trough, varying subsidence styles produced distinct sedimentation histories.
Source contributions were quantitatively assessed in both cases. For the GoM, com-
parisons with conventional provenance methods (e.g. apatite fission track and detri-
tal zircon) indicated that traditional methods may underestimate the contribution
from older sources while overestimating younger ones. In the Polish Trough, pale-
olithology maps were used to attribute copper potential to sediment transported and
accumulated, enabling a new assessment of copper-bearing sediment contributions,
providing new insights into critical mineral potential in red bed systems.

At global scale, this thesis pioneered the use of LEM outputs to assess the preserva-
tion, emplacement depth, and exhumation of porphyry copper deposits during the
Cenozoic. Despite the strong interdependence between input datasets (e.g. paleoel-
evation and paleo-climate) and final outputs, the model reproduced patterns that
matched approximately 50% of the global porphyry deposit dataset, underscoring
the promise of LEMs for large-scale mineral systems analysis, and has already in-
spired further research projects employing similar approaches.

Throughout the course of this research, several model limitations were identified
that influence predictive accuracy, but also guided developments in the LEM. These
include reliance on a maximum of two erodibility values, reburial processes, lack of
dynamic coupling between surface and deep Earth processes, simplified emplacement
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depth data, the absence of gravity-dominated transport mechanisms, volcaniclastic
contributions, and vegetation effects. Such limitations can affect sediment load
computations and estimates of copper contributions.

Despite these limitations, the frameworks developed in this thesis are equivalently
adaptable for studying basin evolution across diverse geologic settings and time
spans, and for exploring critical metals with similar genetic pathways (e.g., lithium,
rare earth elements), thereby broadening their impact beyond copper exploration.

Overall, this thesis presents a novel framework for integrating landscape evolution
modeling with sediment provenance analysis to support predictive mineral explo-
ration. It emphasizes advances in our ability to quantitatively simulate the cou-
pled interactions between geological, climatic, and geomorphic processes in dynamic
Earth surface systems. This approach paves the way for next-generation tools with
enhanced capacity to track sediment and metal transport from source to sink, with
significant implications not only for mineral exploration but also for fields such as
biogeography, landscape ecology and archaeology. By bridging these disciplines, this
research contributes to a better understanding of surface processes shaping environ-
ments across spatial and temporal scales.
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Hundred million years of landscape
dynamics from catchment to global
scale

Salles, T., Husson, L., Rey, P., Mallard, C., Zahirovic, S., Boggiani, B.H., Coltice,
N. and Arnould, M., 2023. Hundred million years of landscape dynamics from
catchment to global scale. Science, 379(6635), pp.918-923. DOI: 10.1126/sci-
ence.add2541.
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LANDSCAPE DYNAMICS A global landscape and sediment

Hundred million years of landscape dynamics from

catchment to global scale

Tristan Salles', Laurent Husson?, Patrice Rey?, Claire Mallard’, Sabin Zahirovic',
Beatriz Hadler Boggiani', Nicolas Coltice®, Maélis Arnould*

Our capability to reconstruct past landscapes and the processes that shape them underpins our
understanding of paleo-Earth. We take advantage of a global-scale landscape evolution model
assimilating paleoelevation and paleoclimate reconstructions over the past 100 million years. This model
provides continuous quantifications of metrics critical to the understanding of the Earth system,

from global physiography to sediment flux and stratigraphic architectures. We reappraise the role played
by surface processes in controlling sediment delivery to the oceans and find stable sedimentation
rates throughout the Cenozoic with distinct phases of sediment transfer from terrestrial to marine
basins. Our simulation provides a tool for identifying inconsistencies in previous interpretations

of the geological record as preserved in sedimentary strata, and in available paleoelevation and

paleoclimatic reconstructions.

andscapes are the expression of the in-

terplay between tectono-geodynamic pro-

cesses that deform and modify Earth’s

surface and its climate, which acts to

transfer sediments from sources to sinks,
through drainage networks that incise and
dissect the landscape into high-frequency ele-
vation patterns. Earth’s physiography acts as a
key evolving boundary condition for a plethora
of geological, climatic, and biological processes
and models (7-4). Traditionally, sedimentology,
geochemistry, and paleontological studies have
been used to decode Earth’s paleoelevation.
However, available observations from the geo-
logical record remain sparse, providing only a
low-resolution, spatially and temporally frag-
mented representation of past physiography
and are, to our knowledge, unable to account
for past drainage networks, making it difficult
to reconstruct the partitioning and distribu-
tion of sedimentary basins, geochemical cycles,
the flux of nutrients from continents to oceans,
and the evolution of global atmospheric and
oceanic circulation. To unlock these con-
straints, we must be able to model—with high
levels of detail—the evolution of the Earth’s
physiography at the global scale and through
geological time.

We present a prediction of the past phys-
iography of the Earth at a global scale, at fine
resolution [10 km spatially, 1 million years (Myr)
in time]. We simulate landscape evolution re-
sulting from erosion and deposition, adjusting
the physiography over time by assimilating a
long-wavelength paleoelevation reconstruc-
tion derived from the geological record and
paleontological archives (5) and paleoclimatic

1School of Geosciences, The University of Sydney, Sydney,
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data from a general circulation model (3). Our
results are first calibrated using a series of
present-day observations. We then extract an
ensemble of predictions that we compare with
well-documented natural examples of sedi-
ments and water fluxes, stratigraphic architec-
ture of sedimentary basins, and estimates of
sediment volumes trapped in terrestrial sinks.
Our numerical framework integrates the phys-
ics of surface processes and provides 100 Myr
of high-spatial and temporal resolution phys-
iography and sediment accumulation maps,
fundamental in interpreting and modeling
Earth’s past environmental and biological
conditions.
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We developed a modeling framework account-
ing for geodynamic, tectonic, climatic, and
surface processes to perform paleolandscape
reconstructions at a global scale. Based on
the recently released global landscape evo-
lution model goSPL (6), landscape dynamics
are forced with a state-of-the-art paleoeleva-
tion reconstruction tied to its plate tectonic
model (5), and a series of paleoprecipitation
maps (3). We implement a stepwise matching
approach (see SM) to assimilate the paleoele-
vation dataset and estimate uplift rates over
time. In this scheme, the envelope of the recon-
structed landscape targets the long-wavelength
pattern of the paleoelevation reconstruction
model. Predictive model outputs from our paleo-
landscape reconstructions allow us to build
high-resolution (~10 km) maps of the physi-
ography and drainage network organization
at the global scale (Fig. 1A), making it possible
to simulate past sediment and fluvial paleo-
fluxes across drainage networks (Fig. 1B), to
estimate both continental and marine sediment
accumulations, and to build global three-
dimensional (3D) compacted stratigraphic
architectures (Fig. 1C).

First, we calibrate our model (table S1) using
modern estimates of suspended and bedload
transport from the land to the ocean corre-
sponding to ~20 gigatonnes (GT) per year
(Fig. 2A) and contributing to >70% of the
global sediment flux (7). These global values
are similar to those of the Land2Sea data-
base (7), which contain present-day estimates

Eurasian Plate

Erosion deposition (km)
5

deposits\y. =

Stratigraphic layer 4 She 3
thickness (m) \

=

0 200 500

Fig. 1. Landscape evolution simulation. (A) Global physiography and major rivers at 50 Ma, after
assimilating paleoelevation (5) and paleoclimatic (3) reconstructions. (B) 50 Myr of cumulative erosion and
sedimentation highlighting erosion over mountain ranges (Andes) and topographic highs (Brazilian and
Guiana highlands, Hoggar, Tibesti, and Marra) and major sediment accumulations along continental shelves
(Atlantic margins) and endorheic basins (Amazonian watershed). (C) Perspective view of a stripe 20°

wide featuring the relief and stratigraphy after 100 Myr of evolution; the architecture of the Amazon Fan and

other sedimentary basins prominently appear.
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Fig. 2. Sediment flux over time. (A) Map
view (pink and yellow circles) of the

100 highest river sediment fluxes at
specific times caused by riverine and
hillslope processes activated by the inter-
play between tectonic and climatic forc-
ings. Latitudinal dependence of the
sediment fluxes at specific times (circles)
and averaged over time (Lowess regres-
sion, shaded area corresponds to confi-
dence intervals) (subtropics: from 30°S to
30°N; temperate: 30° to 60°; and polar:
above 60°). Stars show the modern
estimates of sediment flux to the ocean
used for model calibration in magenta (1)
and values from the Land2Sea database
in pink (7). (B) Computed (orange area)
and observed (teal line) sediment fluxes in
the Orange River, southern Africa over
the past 100 Ma. Inset sketches show the
erosion-sedimentation evolution from
(29). Map on the right shows the Orange
River mouth position reconstructed from
the plate motion model (5).

Orange River outlet position
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for suspended sediment flux average to
18.6 GT per year based on 1519 exorheic river
drainage basins (7). Latitudinal sediment flux
distribution shows predominant contributions
from subtropical regions corresponding to 53%
of the total flux. This strong correlation between
sediment flux and climate matches estimates
from the global terrestrial sink catchment
database (8) and organic carbon flux studies
(9). From the multiple flow drainage method
used to integrate runoff over the upstream
drainage basin area (6), simulated major river
positions and associated watersheds conform
with those of the real world (Fig. 3A). As an
example, the simulated catchment area for the
Parana Basin at the present day, after 100 Myr
of simulation, has a similar shape and is only
8% smaller than the actual Parana catchment
(model resolution impedes reconstructing the
highest frequencies of river sinuosity). The
output also compares well with observed mag-
nitude of discharge for the largest modern
rivers (Fig. 3B) and accounts for the discharge-
area scaling relationship (exponent close to 1.0
from curve fitting analysis) (10).

The positions of the rivers and their asso-
ciated catchments are not fixed and evolve over

Salles et al., Science 379, 918-923 (2023)

3 March 2023

time (Fig. 3A and fig. S6). At the catchment
scale, our simulation can be used to further
evaluate the transient geomorphic response of
individual catchments to tectonic and climatic
forcing (71, 12). As an example, the main trib-
utaries for the Parana Basin (Grande, Paraguay,
Salado, and Uruguay rivers) and their conflu-
ence positions are also well-reproduced in the
simulation (Fig. 3C). From the longitudinal
profiles, we identify several knickzones (Fig.
3C), the amplitudes and positions of which
follow observations (13, 14)—particularly for
the simulated Uruguay River, which reproduces
two knickzones between 1200 and 2000 km
(at ~400 and 600 m elevation) similar to the
present-day river profile.

Finally, our simulation also reproduces the
first-order distribution of the main depocen-
ters for the past 100 Myr (Fig. 1, B and C, Fig. 4,
and fig. S10). Comparison with present-day
total marine sediment thickness grid GlobSed
(15) shows that our simulation underpredicts
global thickness by 1.5 km (fig. S7, A and C),
which is expected as the cumulative deposi-
tional record from this dataset spans a much
longer period than ours. However, we find a
better match in subtropical regions (0.8 km)

EE—— )
0 20 40 60 80 100

where many of the largest modern oceanic sed-
imentary basins formed over the past 100 Myr.
As an example, it predicts a maximum accumu-
lation under the outer Pakistan shelf of up to
7.5 km in the Indus Fan (fig. S7B) that com-
pares well with the global depocenter observed
from subsurface observations (16). Likewise,
the predicted accumulation of sediments in
the post-Paleocene Bengal Fan (up to 10.3 km
fig. S7B) conforms to the geological record (17).
Similar observations can be made for the Niger
Delta that accumulates in our simulation—up
to 9.5 km of sediments, which can readily be
compared with the 8.5-km estimate from sed-
iment budgets (I8) or the Eromanga Basin in
central Australia with a predicted broad 1.2-km
thick deposit, also within the range of observed
values since the Late Cretaceous (Fig. 5B) (79).
For the Amazon Fan (Fig. 1A), we obtain a de-
posit that extends up to 600 km seaward and
records a 13-km thick accumulation that here
again matches observations (20).

Water and sediment flux through space
and time

The transfer of eroded sediments from the moun-
tains to the oceans is a proxy for long-term

2 of 6

€202 ‘Tz aunr uo faup/s jo Aisioniun e B10aoua1os mmmw//sdny woly papeojumoq



RESEARCH | RESEARCH ARTICLE

physical weathering and plays a central role
in modulating ocean chemistry, and more
generally in geochemical cycles over geolog-
ical time scales (7, 8, 21, 22). We extracted the
top hundred largest sediment fluxes (Fig.

Fig. 3. Water discharges and catchment
dynamics. (A) Map view of the 100 largest
annual river discharges (circle sizes and
colors scale with water flux) and 50 largest
drainage basins (gray shading). (B) Modeled
water discharge against basin drainage
area (white circles) at present day (log
scales). Red line, power law curve fitting.
Black circles correspond to observed

river fluxes at the present day for

rivers whose discharge is <2000 m®

per s (horizontal line at ~63 km? per yr)
(1). Parana drainage basin and tributaries.
Simulated longitudinal main rivers profiles
(solid curves) and corresponding actual
river profiles (dashed, downsampled at

10 km resolution from 90 m SRTM

2A) and monitored water discharges over
the past 100 Myr (Fig. 3A). The distribution
of the water discharge, whether dominated
by a few major catchments or many smaller
watersheds (Fig. 3A and S6), depends on the

A

Water fluxes
(log-values) m3/yr

size of the river catchments and the amount
of rainfall they receive. Typically, the highest
sediment fluxes correspond to the largest river
discharges. However, this relationship does not
always hold because the local physiography
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Patagonian Shelf

(top right) at the present day, sliced
with three cross sections. Simulated
stratigraphy sampled every 1 Myr

are displayed and colored by sediment
accumulation rates (meters per 2
million years) for each cross section.
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(B) Predicted stratigraphy for section
2 after 100 Myr of simulation (left)
and focus on the Pelotas Basin (right)
where comparison with megasequences
from 2D seismic sections are presented
(34). Red lines in the predicted and
interpreted seismic defines the Albian
(A ~100 Ma), Paleocene (P ~59 Ma),
and Miocene (M ~23 Ma) transitions.
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(C) Cross section across the Salado
and Colorado basins (left) compared
with depth-converted interpreted
seismic (36). Red line corresponds to
the top Cretaceous horizon (~66 Ma)
in both panels.
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plays a crucial role in modulating sediment
flux (21). For example, small catchments ad-
jacent to high mountain ranges, such as on
the western side of the Andes, have low water
discharges but deliver a large volume of sed-
iments to the ocean (8, 21). Conversely, the
northern part of South America or Central
Africa at 75 Ma or Southeast Asia at 25 Ma
(Fig. 3A) demonstrate that large water flux
does not necessarily convey large sediment
flux (Fig. 2A). This can either be attributed
to high precipitation rates over relatively flat
landscapes or to the storage of sediments in
upstream depocenters (Fig. 5A).

Both water and sediment fluxes over time
mirror several phases of continental scale drain-
age reorganizations. For example, our recon-
struction at 75 Ma suggests that drainage
networks in the upper part of the Amazon
Basin were feeding an epicontinental sea at the
foot of the northern Andes (Figs. 2A and 3A).
In our simulation, rearrangement of these frag-
mented catchments into an Amazon basin that
resembles the modern one occurs first around
50 Ma (fig. S9 and movie S3), followed by
periods of intermittent flooding and shallow-
water sedimentation in mega lakes covering
the central part of the basin (movie S3). The
complete drainage reversal of the Amazon River,
driven by the paleoelevation reconstruction (5),
happens during the past 20 Myr in agreement
with the geological record that suggests the
drying up of the Pebas system due to dynamic
uplift during the Miocene epoch (23, 24,).

At the catchment scale we evaluate the tem-
poral evolution of the Orange River drainage
basin in southern Africa (Fig. 2B). The surface
uplift history of this cratonic interior region
has been attributed to mantle processes (25).
Such regional settings, distant from plate
boundaries and with negligible effects from
crustal tectonics, comprise most continental
areas. However, the mechanisms driving their
long-term denudation patterns as well as their
contributions to global sediment flux are un-
clear (26, 27). The modeled sediment flux shows
good agreement with observations (28, 29);
specifically, the simulation reproduces the mag-
nitude and timing of phases of high sedimen-
tation rates during the Late Cretaceous (93.5 to
81 Ma) and from the Oligocene to the present
day (29).

The simulation predicts an almost twofold
increase in bulk detrital flux to the oceans
during the Cenozoic (Fig. 2A). The main sedi-
ment contribution comes from subtropical
rivers with a threefold increase from 5 to 15 GT
per year between 60 and 30 Ma. This increase
is associated with the rise of the Himalayas and
Tibetan plateau and to the early rearrange-
ment of the Amazon paleobasin. Similar con-
clusions have been drawn when interpreting
the general increase in seawater strontium
isotopic composition over the past 100 Myr,
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with the Late Cenozoic rise of the Himalayas
as its paroxysmal expression (30). Our results
also show an increase in sediment flux deliv-
ered to the oceans over the past 15 Myr mainly
from rivers in temperate regions (Fig. 2A). This
increase has already been documented (22, 27)
but its origin remains unclear as the cooling
climate during the Late Cenozoic should result
in decreasing erosion rates as wetter and warmer
climates accelerate mechanical rock weather-
ing (31). Under these conditions, enhanced
Pleistocene glacial erosion has been invoked
as a major driver (27, 32). Our model does not
account for glacial erosion and therefore the
simulated increase represents the lower range
of sediment flux estimates. It shows a net posi-
tive contribution from riverine processes during
the past 10 Myr (~2 GT per year representing
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a ~10% increase in incoming flux) that must
be considered when assessing global long-term
erosion rates. However, this late increase is
relatively limited and the average flux over the
Neogene remains relatively stable (~18.5 GT
per year).

Our method offers an independent alterna-
tive to existing approaches evaluating sediment
flux and long-term trends in erosion rates
(22, 27) such as Be isotope ratios or thermo-
chronometric data. Similar to these approaches,
our results suggest that sediment flux were
higher than what they seem from the pre-
served sediment record (likely induced by ob-
servational biases, also known as the Sadler
effect) and provide limited evidence for any
major changes in worldwide erosion rates
over the Late Cenozoic (26, 27).

o = 2
© o =

(] Mean precipitation

Himalayas formation

Fig. 5. Continental sediment cover temporal evolution. (A) Predicted temporal evolution of marine
(magenta line) and continental (black line) cumulative sediment mass accumulation (top) and rate (bottom)
assuming an average grain density of 2.7 g/cm? (total rate in teal). Magenta circles indicate estimated global
values for ocean basins (26). The gray curve shows the average precipitation from the paleoclimate
reconstruction (3). Maps show distribution of continental depocenters at 65, 20, and 0 Ma. (B) Predicted
sediment accumulation in the Eromanga Basin (central Australia) showing up to 1.5 km of sediments
underlying the endorheic Lake Eyre basin. (C) Predicted sediment accumulation in, during, and after the
India-Eurasia collision. Note the formation of the Himalayan foreland basin in the south (between the
Himalayan belt and the Indian continental shield) and the filling of the Tarim and Qaidam basins along the

northern margin of the Tibetan plateau.
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Oceanic and continental sedimentary basins
Our framework captures, at first order, the de-
tails of sedimentary basin architectures. Here,
we focus again on South America (Fig. 4) and
compare cross sections of the predicted stra-
tigraphy and sediment accumulation maps
with post-rift sediment thicknesses imaged by
seismic data. Section 1 crosses the Colorado
Basin on its northern side where the model
records up to 1.8 km of sediment accumulation
followed by continuous and relatively thin
layers extending across the Patagonian Shelf
(Fig. 4A). The simulated stratigraphic architec-
ture of the shelf agrees with large-scale elongated
stratigraphy imaged by seismic data (33). For
section 2, the main deposits are characterized
by a seaward thickening sedimentary wedge,
with two depocenters that match the loca-
tion, thickness, and stratigraphic record of the
Salado and Pelotas basins (34, 35) (Fig. 4B).
Section 3 cuts through the large alluvial plain
of the Parana Basin on its northern side, where
it predicts ~250 m of post-rift sediment ac-
cumulation, before entering first the Salado
then the Colorado basins. In addition, our sim-
ulation predicts an early connection (up to
45 Ma) between these basins and a late tec-
tonic forcing that uplifted the southern side
of the Salado Basin by 500 m. This, however,
is partly at odds with the current understand-
ing of the tectonic and sedimentary evolution
of the region (34, 36). This mismatch corrob-
orates identified inconsistencies in Late Cre-
taceous paleoelevation reconstructions when
compared with fossil collections (37, 38). It
illustrates how quantitative metrics extracted
from our approach could be used to test ex-
isting paleogeographic reconstructions. To ad-
just the paleoelevation reconstruction, one option
consists of extending eastward the orographic
belt of the Tandilia System during the early
stages of the simulation until the predicted
stratigraphic record matches the subsurface
archive (37).

Continental sediments modulate the geo-
logical carbon cycle through weathering (39).
As such, investigating the spatial and temporal
evolution of terrestrial sinks is crucial to refin-
ing our understanding of Earth’s paleoclimate
variability. In contrast to marine deposits on
continental margins, for which overall net de-
position and good stratigraphic control exist
(15), terrestrial sedimentary basins are typical-
ly less complete due to sedimentary erosion
and hiatuses and are much harder to corre-
late between basins (8). From our simulation,
we estimate the temporal evolution of endo-
rheic (internally drained) and exorheic (coastal)
continental sinks (Fig. 5A) and find that ter-
restrial deposits store some 28% of the total
sedimentary yield over the past 100 Myr. We
predict a two-stage increase, first between
80 and 60 Ma during the drying of the North
America interior seaway (5), partial sedimen-

Salles et al., Science 379, 918-923 (2023)

3 March 2023

tary filling of Andean retroarc foreland basins
(40), and to a lesser extent, the transition from
marine to fluvial lacustrine environments of
the epicontinental Eromanga Sea (19) (Fig.
5B). The second, between 50 and 25 Ma, is
triggered by the Himalayan orogeny and the
development of extensive foreland basins (16, 17)
and the filling of large endorheic basins north of
the Tibetan plateau (Fig. 5C). We find that global
sediment accumulation rates are relatively con-
stant over the past 100 Myr with an average
value of 11.5x10'6 kg per Myr (ranging between
7.6 and 15.0x10'° kg per Myr, Fig. 5A). It sup-
ports the null hypothesis (27) that suggests a
limited impact of global climate change and
mountain building events on the long-term
global sedimentation rate (41). Despite its over-
all global stability, the analysis of individual
contribution from either marine or continental
regions tells a more complex history related to
the fine balance between physiography devel-
opment, sediment transport, and deposition
(Fig. 5A). Over the Late Cenozoic (from 30 Ma),
we predict a long-term decrease in preserved
continental sediment volume. Negative rates
in Fig. 5A represent erosive periods (particu-
larly along continental margins) that translate
into stratigraphic hiatuses and explain the ob-
served mismatch between estimated and simu-
lated sediment accumulation rates (Fig. 5A).
We first relate this long-term continental de-
crease to limited accommodation space in
major endorheic basins due to rapid infilling
by sustained erosion before the Oligocene-
Eocene transition. This infill is concomitant
with the development of major continental-
scale drainage systems throughout the Miocene
(such as the Amazon, Ganges-Brahmaputra, or
Indus river basins Figs. 3A, 5C, and fig. S7B)
that wash out sediments from the surface of
continents. In addition, the Oligocene-Eocene
transition marks the emergence of continental
shelves which become prone to continental
erosion and increase sediment transfer to the
marine environment (47). Our results not only
highlight the critical role played by the sedi-
ment routing systems in modulating long-
term sediment fluxes at the global scale but
also offer a new perspective on the apparent
discrepancy between Late Cenozoic stability of
global erosion rates (27) and the observed in-
crease in marine sedimentation (22, 30).

Conclusion

We have built a quantitative and integrated
exploratory modeling framework that provides
global predictions of physiographic changes
at 10 km and 1 Myr resolution. This time-
lapse view of the Earth’s landscapes is tightly
linked to its associated global stratigraphy
for the past 100 Myr. Our simulations yield
suites of continuous, high-resolution global
elevation and erosion/deposition accumulation
maps, as well as water and sediment fluxes and

stratigraphic information that form the basis
for estimating the rates at which the global
landscape changes. This dataset permits testing
of the responses of the Earth’s surface to differ-
ent hypotheses related to climate, tectonics,
and paleogeography. In addition, our model
reproduces the key components of source-to-
sink systems from catchment dynamics de-
picting river networks over time, to marine
and continental sedimentary basin evolution
under various forcing conditions. This analysis
permits better quantification of the role that
the constantly evolving physiography of the
Earth has played in modulating the transport
of sediments from mountain tops to ocean
basins, ultimately regulating the carbon cycle
and Earth’s climate fluctuations through deep
time. Exploring these results in tandem with
the geological record will permit testing of
long-standing hypotheses regarding first order
features of the Earth system, such as biogeo-
chemical cycles or biological evolution. The
approach can also help to identify inconsis-
tencies in our understanding of the origin and
evolution of particular sedimentary strata and
to pose alternative hypothesis that could be
tested with, for example, new thermochrono-
logical or stratigraphic data in certain model-
highlighted locations.
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Thelong-term diversification of the biosphere responds to changes in the physical
environment. Yet, over the continents, the nearly monotonic expansion of life started
later in the early part of the Phanerozoic eon' than the expansion in the marine realm,
where instead the number of genera waxed and waned over timeZ. A comprehensive
evaluation of the changes in the geodynamic and climatic forcing fails to provide a

unified theory for the long-term pattern of evolution of life on Earth. Here we couple
climate and plate tectonics models to numerically reconstruct the evolution of the
Earth’s landscape over the entire Phanerozoic eon, which we then compare to palaeo-
diversity datasets from marine animal and land plant genera. Our results indicate that
biodiversity is strongly reliant on landscape dynamics, which at all times determine
the carrying capacity of both the continental domain and the oceanic domain. In the
oceans, diversity closely adjusted to the riverine sedimentary flux that provides
nutrients for primary production. On land, plant expansion was hampered by poor
edaphic conditions untilwidespread endorheic basins resurfaced continents with a
sedimentary cover that facilitated the development of soil-dependent rooted flora,
and theincreasing variety of the landscape additionally promoted their development.

The diversity of marine and terrestrial life was assembled over the Phan-
erozoic eon through complexinterplays between biotic controls and
abiotic controls** that are still unclear, although biodiversity patterns
over time are fairly well identified from the fossil record®* and mounting
evidence from phylogenetics®’. Although both continents and oceans,
inthe most recent stages of the Phanerozoic, host more species than
ever, the monotonic increase of diversity over time in the terrestrial
realm’ contrasts with the more complex evolution of diversity in the
oceans®, Besides the ‘big five’ mass extinctions’, turning pointsin their
progressions also became iconic: Darwin referred to the advent of
flowering plants in continents as an abominable mystery; Vermeij'*©
coined the term Cenozoic marine revolution. Another enduring puzzle
isthelate expansionofland plants compared to marine life that rapidly
diversified 100 million years earlier. Although the joint effects of biotic
and abiotic factors are probably required to explain the biodiversity
patterns in time® and space”, a wealth of possible mechanisms have
been examined independently. Within this variety, trulyindependent
potential abiotic forcings might have been overlooked, although they
are not many and ultimately refer to the physical environment, which
couples climatic or geological forcings, suggesting that biodiversity
trends could be more comparable for marine and terrestrial life.
Continental drift sets the distribution of landmasses at the surface
ofthe Earth during the Phanerozoic. The changing palaeogeographyin
turnsinfluences the atmospheric circulation. Both plate tectonics and
climate are critical to the development of marine and terrestrial life, by
setting thelatitude and hours of daylight, temperatures or hydrological
cycles. Although these processes are undoubtedly primordial, they do
notaccount for the dynamic evolution of the surface of the Earth, which

should notbe regarded as aseries of stationary configurations. Reliefs
are changing over time and mass transfers are crucial to the expansion
of life: both on the continents and in the oceans, nutrient availability
is determined by landscape dynamics. Understanding the impact of
nutrient fluxes thus requires acomprehensive quantitative approach
thatwe develop herein, leaving aside the role of truly biotic processes.

Here we propose a new method to quantify the global-scale physi-
ographic changes over the Phanerozoic eon, applying the landscape
evolution model goSPL*** to a series of global-scale palaeo-elevation
reconstructions, consistently tied to a plate tectonic model* and to a
series of palaeoclimatic reconstructions® (Fig. 1). Our approach allows
us to jointly quantify the tectonic uplift at long wavelengths and the
high-resolution dissection of the landscape (Methods and Extended
Data Figs.1and 2). Model outputs, including high-resolution topog-
raphy, continental erosion and sedimentation rates, drainage net-
works and sediment and freshwater yields to the oceans (all datasets
released online'), allow estimation of theimpacts of surface processes
on the physiography of the Earth throughout the entire Phanerozoic
(Fig.1).Sensitivity tests using alternative climatic and tectonic models
(Methods) pointto spatial variations and differences in the magnitude
of erosionrates although global temporal trends remain mostly insensi-
tive (Extended DataFig. 6a,c).

Reconstructing sediment flux dynamics

Surface processes are first calibrated using modern estimates of aver-
age global erosion rates”® and suspended sediment flux'*?° (Methods).
Then, propagating this parameterizationin past timesyields temporal
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Palaeo-elevation (km)

60 °S

Fig.1|Physiographic evolution and associated patterns of erosion-
deposition across the Phanerozoic. a, goSPL'>" simulations showing high-
resolution palaeo-landscape, heterogeneous landforms and drainage networks,
under theinfluence of surface processes, at 155 Maand 11 Ma. b, Erosion and
sedimentation rates; positive values correspond to depositionin endorheic

trendsin bulk sediment transfer (Fig. 2a) that can be tied to continental
elevations and surface runoff (that s, precipitation minus evapotran-
spiration; Extended Data Fig. 6a). Two phases of sustained fast ero-
sion separated by a quieter period mark the long-term Phanerozoic
evolution. The Palaeozoic phase relates to an increase in continental
runoff from the Silurian period to the Carboniferous period, and to
higher reliefs until the assembly of Pangaea during Permian times.
Lower continental elevations and more arid conditions prevailed until
Pangaeabreakup after the Triassic period. During this period, up to30%
oferoded materials were trapped inthe terrestrial domain (Fig.2a). The
Meso-Cenozoic phase of erosion, from the Jurassic period onwards,
ismarked by amore than twofold increase in erosion flux, fostered by
higher runoffand by therising reliefs of the Cenozoic mountain belts.
During that phase, most of the sediments are directly transferred to the
ocean (continental deposition decreases to about 13% of the erosion
flux). Several peaks in erosion flux, coinciding with major orogenic
episodes, overprint the low-frequency Phanerozoic trend (Fig. 2a).
By redistributing sediments eroded from the continental reliefs to
the oceans, rivers are crucial playersin biochemical cycles. However,
before extrapolating the model results towards such considerations
in deep time, we confront our model predictions with available inde-
pendentdata. First, the geography of model-predicted modernriver
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Erosion or deposition rate (mm yr~")

Total net sediment flux to
the ocean (km? yr~")
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[ Endorheic basins
Mean erosion rate (mm yr~')

122 Ma

basinsand depressions, and negative ones to erosion across mountain ranges
and along major river upstream channels, at 155 Ma and 11 Ma. ¢, Total endorheic
sediment coverage since 540 Ma (inred) with cumulative mean erosion rates
on continents (blue), and instantaneous global net sediment flux to the ocean
for specific timeintervals (purple).

outlets and watersheds conforms with actual ones (Extended Data
Fig.3).Likewise, the predicted water discharge and sediment yield for
the largest modern rivers compare to current ones®. As an example,
our predictions of the Amazon River discharge and sediment flux are
respectively well within the estimated range (6,591t0 7,570 km?® yr)*
and only about 4% below the sediment production rate inferred from
cosmogenic nuclide analysis (about 610 Mt yr)?. Our model faith-
fully accounts for the discharge-area scaling relationship between
water and sediment flux at the present day?, and throughout the
entire Phanerozoic (Extended Data Fig. 3). Predicted trends of sedi-
ment flux compare reasonably well with observations”, although
more closely during the Meso-Cenozoic for which therecord is more
accurate (Extended Data Fig. 6¢). Water and sedimentary fluxes are
remarkably anticorrelated over time to the average area of the water-
sheds (Extended Data Fig. 3c), indicating that large sediment yields
are primarily due to small basins characteristic of the heterogene-
ous landscapes found in tectonically dynamic regions. This is well
exemplified by the sharp increase in average drainage basin areas
about 240 million years ago (Ma) related to the development of the
low-relief landmasses of Pangaea, which closely matches a major
decrease in sediment and water flux. Following Pangaea breakup after
200 Ma, water and sediment flux resume owing to wetter climates
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oceanand endorheic sedimentation flux; and major orogenic episodes for the
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and anoverallincrease in mean elevationrange under renewed plate
tectonic activity. We also predict that about 25% of the surface of
present-day landmasses is covered by endorheic catchments (Fig. 2b),
in agreement with earlier estimates®. Additionally, we corroborate
the model-predicted sediment flux using the strontium isotopic ratio
of seawater for the Phanerozoic, and with a sensitivity analysis based
on different palaeo-elevation and palaeoclimate reconstructions
(Methods).

Phanerozoic marine biodiversification

Owing to their quantitative nature, our model predictions provide
unprecedented tools to assess the role that physiographic changes
might have played in the long-term evolution of the biosphere. Dur-
ing the Phanerozoic, the evolution of the marine biodiversity, derived
from palaeontological data>>*, exhibits three major phases (Fig. 3).
Following the emergence of the primitive Cambrian fauna, an initial
phase of rapid diversification of the Palaeozoic fauna (between the
Ordovician and Silurian periods) plateaued up to the Permian period.
After a period of lower diversity over the Triassic, marine faunas mono-
tonically diversified and radiated (Extended Data Fig.10a).

Among the forcings that control the biodiversity, nutrient avail-
ability isregarded as one of the most influential environmental drivers
becauseitdirectly acts on primary productivity within the trophiczone
required to sustain marine life**** and diversity®*?. As nutrient intake
by the oceans is primarily related to river runoff, higher erosion rates
during orogenic episodes have been proposed as a crucial extrinsic
forcing®**%, Yet inferences between nutrient flux and erosion are to
ourknowledge only qualitatively assessed, either from the geochemi-
cal trends—often matching marine genera to the equivocal Sr/%Sr

total continental area, and in modelled endorheic basinarea. Cm, Cambrian; O,
Ordovician; S, Silurian; D, Devonian; Carb, Carboniferous; P, Permian; Tr, Triassic;
J,Jurassic; K, Cretaceous; Pg, Palaeogene; Ng, Neogene.

isotopic ratio of seawater—or by deriving first-order empirical rela-
tionships between mountain elevations and sediment flux from major
rivers. Our direct quantification of these fluxes over time permits us to
alleviate the biases associated with the interpretation of the ¥Sr/5¢Sr
ratio of seawater (see Methods) or caused by the default assumption®
ofalinear transfer function between elevation and sediment transport.
For example, downstream sediment storage in endorheic basins or
reduced precipitation due to orographic shadowing curbs the sedi-
mentyield to the oceans, and conversely, small exorheic basins might
enhance transport in mid-elevation regions®.

Thereconstructed net sediment flux to the ocean and the total num-
ber of marine families are strongly correlated (Pearson coefficient 0.88)
and sediment flux variation markedly matches the three main phases
that span the Phanerozoic eon (Fig.3 and Extended DataFig.10a). This
suggests that nutrient availability is a prime control on marine diver-
sity, providing an explanation for the observed Palaeozoic plateau—as
opposedtoacontinuousincrease—and for the Mesozoic marinerevolu-
tion' that sparked biodiversification until the present day, but also for
the low-diversity period of Pangaea, when endorheic basins suddenly
sequestered a vast amount of sediments over the continents, depriv-
ing oceans of about 30% of the nutrient source (Figs. 1c and 2a). The
time lag between the Great Ordovician Biodiversification Event and
the predicted increase in Palaeozoic sediment fluxes (Fig. 3) could be
explained either by uncertaintiesin the reconstructions of the climate
and tectonics, or by the overwhelming effect of climate cooling®.

Mass extinctions are inescapable attributes of the marine diversity
curve’, which can also be partially matched to the high-frequency
variations in the predicted sediment yield to the oceans. Among the
big five extinction events, the most pronounced one, during the end-
Permian, is associated with the largest drop in sediment flux (Fig. 3).
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Fig.3|Sediment flux to the oceans and diversity of marine animal families
during the Phanerozoic. Predicted trend in net sediment flux to the ocean
(purple curve) and diversity of Cambrian, Palaeozoicand modern marine
families (black line indicates total marine families, and Cambrian, Palaeozoic
and modern faunas are delimited by white lines, all derived from Sepkoski’s

Besides the end-Ordovician and end-Triassic crises, mass extinction
events occurred in the aftermath (about 2 to 15 Myr) ofimportant reduc-
tions in the net sediment flux (Fig. 3), caused by either major declines
in precipitation rates (Late Devonian) or elevation and palaeogeo-
graphy (end-Permian), or both (end-Cretaceous; Extended DataFig. 6a).
Conversely, intensified hydrological conditions and weathering, and
increasesinnutrient discharge, are often considered as major drivers of
oceanicanoxia® and possibly extinction®. Although some congruences
between specific Mesozoic anoxic events® and peaks in predicted net
sediment flux to the ocean can be found in our model, here instead,
we posit that sediment shortage—and not excess—more efficiently
actsas an essential undermining mechanismbefore theimpact of the
compounding processes that ultimately triggered the episodes of
mass extinctions (for example, sea-level fluctuations, rapid climatic
changes, volcanism and bolide impacts) during Phanerozoic history,
asreferred to in the press-pulse framework®:,

The identified relationship between marine biodiversity and pre-
dicted ocean sedimentary flux could be a direct consequence of the
incompleteness and spatial heterogeneity of the fossil record. Many
have already raised theissue of preservationbias in the marine palaeo-
biological record®*>*¢, If so, the calculated strong correlation would
represent an original tool to deconstruct biodiversity curves¥, and
computed sediment flux could be used to find under-explored regions
with high preservation potentials from the spatiotemporal distribution
of simulated palaeo-rivers (Extended Data Fig. 9a). While acknowl-
edging the possibilities for biases in the fossil record*>**, we suggest
that the carrying capacity for biodiversity of the oceansis extensively
contingent on sedimentary flux and, therefore, on the physiographic
evolution of continents. This supports earlier claims that abiotic factors
(either environmental®®* or related to continental fragmentation and
reassembly*®*) control speciation and extinction rates. The recently
proposed diversity hotspots hypothesis" posits that stability in environ-
mental conditions and high continental fragmentation drove the global
marine diversity to levels rarely approaching ecological saturation.
Ourresultsaccordingly support theideathat tectonically driven shifts
in palaeogeographies (that is, creation and destruction of geological
barriers) and global ocean-atmospheric circulation ultimately affect
sediment transport, whichinturnmodulates the carrying capacity for
marine diversity. Our method offers an independent alternative to
existing approaches evaluating long-term trends in nutrient flux**?>2%;
anatural avenue will beto account for the variable lithologies of eroded
continental rocks over time and space (for example, large igneous
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compendium?; http://strata.geology.wisc.edu/jack/). The Pearson coefficient
of 0.88indicates astrong positive correlation between the two variables.

The Cambrian explosionand Great Ordovician Biodiversification Event (GOBE),
aswell as the big five mass extinction events’®, are indicated.

provinces, and continental and volcanic arcs) to precisely quantify the
chemical nature of the transferred nutrients (such as silicaor phospho-
rus) that may foster or hinder the development of certain species and
trigger evolutionary innovations.

Phanerozoic terrestrial diversification

Alongthe samelines, we reappraise the diversification of terrestrial life
during the Phanerozoic eon, except that we focus on land plants whose
role as primary producers limits theimpact of uncontrolled feedback
interactions withinthe trophic chain. For that purpose, we test the pos-
sibleimpact of physiographic changes on vascular plants, by taking as
predictors the sedimentary flux onto continents, the gradual spreading
ofthe sediment cover over landmasses and the physiographic diversity
of the landscape (Methods).

At first order, the diversification of land plants’ shows a roughly
monotonic increase in the number of species from the Carbonifer-
ous onwards (Fig. 4a). Our model results indicate that the sediments
accumulated in endorheic basins but that the flux was uneven through
time. Owingto the modelintegration period, the sediment coveris null
whenthe simulationstarts, but this does not suggest that no sediment
accumulated before the Cambrian period. We however reason that
former soft sediments would have turned into barren hard rocks by
450 Maowing to the limited sediment storage on continents during the
Palaeozoicera (Fig. 2a). Sediment flux rapidly rose during the Mesozoic
and Cenozoic eras. The good correlation between the sediment flux
oncontinents and the bulk diversity of terrestrial plants (Pearson coef-
ficient 0.67) already suggests that diversificationis limited by sediment
availability at any time. Moreover, endorheic sediments were mostly
preserved after their deposition, thereby increasing the total conti-
nental surface covered by sediments (Figs.1cand 4a). The correlation
markedly improves (Pearson coefficient 0.91 (Fig. 4a) and up to 0.96
when limited to the gymnosperms and angiosperms (Extended Data
Fig.10b)) when considering instead that it is the spatial coverage of
sediments cumulated over time that limits diversification, by replacing
the bare rocks of the substratum with asoil that provides nutrients and
moisture to the more specialized plant species that develop over time.
Sediment cover is anecessary but non-unique condition for the devel-
opment of terrestrial plants*, and for soil and sediment cover to have
an effect of diversification, life is required to co-evolve®*2. However,
after the inception of life, our results suggest that it is the sediment
cover that sets the carrying capacity.
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A further incentive to diversification comes from the increasing
physiographic variety of the landscape (Fig. 4b) since the Carbon-
iferous. Whereas the mean physiographic diversity (Pp,; Methods)
varies only moderately throughout the Phanerozoic eon, the physi-
ographic variety (Py,z; Methods) varies strongly. From the Triassic
to the Cretaceous period, and during the Cretaceous and Cenozoic,
the variety of the landscape increases at times when the overall rate
of diversification accordingly increased (Fig. 4). By offering new
habitats, periods of increased topographic heterogeneity have been
identified as drivers of diversification at the regional scale****; our
results qualify this observation and indicate that the impact is in fact
global, butalso thatitis the variety of the landscape—fromlow and high
diversity—that promotes the overall diversification of terrestrial plants
(Fig. 4¢).

More insights can be gained by scrutinizing the evolution at genus
level (Fig. 4a). During the early Palaeozoic era, continents covered
less than 20% of the Earth surface with restricted endorheic basins
(about17% of emerged lands; Fig. 2b) and sparse continental deposition,
hampering both soil production by physicaland chemical weathering
and preservation. Irrespective of climatic or biological factors, these
poor edaphic conditions are suitable only for non-vascular plants
that inhabit a variety of substrates (including bare rock) and access
nutrients directly from meteoric waters and leachate*”. Early vascular

index (Py,g given by the interquartile range of Py, (Q3-Q1). ¢, Multivariate
regression analysis (ordinary least squares (OLS) regression curve)

carried out on normalized cumulative area covered by sediments (S¢oy)

and physiographic variety (Py,) gives astrong statistically significant
relationship (Pvalue <2.2 x107%). Theresulting regression equationis defined
by 0.019 + 0.27P,; + 0.61S.0y. Analysis of variance shows a high dependence

of plant diversity dynamics on these abiotic parameters (R*= 0.9). Botanical
icons by RebeccaHorwitt, available at full size and open access from https://
sites.psu.edu/rhorwitt/.

plants radiated during the Devonian period, with the development
of arborescent species and seed plants*¢. Our reconstructions show
that at that time, the increased global sediment flux (Fig. 2a) was not
storedinendorheicbasins (Fig. 4a), and that the physiographic variety
was low (Fig. 4b). The low diversification of early vascular plants on
land was thus driven only by species adaptation and climatic forcing
rather than by geomorphological changes**¢. This is corroborated
by the increasing tolerance of plants to water stress and seasonality*
associated with the colonization of diverse environments®*® at that
time, feeding back on the landforms they live on®.

The diversity of land plants steeply increased only during the Late
Devonian epochwith the rapid rise of pteridophytes and gymnosperms,
but diversity quickly plateaued until the mid-Permian. As the total
sediment coverage of landmasses stalled during that period (Fig. 4a)
despite sustained erosion flux (Fig. 2a), we suggest that the diversity
of terrestrial plants was further hampered by the limited expanse of
favourable edaphic conditions.

Over the Permian and Triassic, pteridophytes were superseded by
gymnosperms that further radiated (Fig. 4a). At that time, the Pangaea
supercontinent gathered more emerged landsthanatany other timein
the Phanerozoic (Fig. 2b). Sediment-covered surface areas also rapidly
increased owing to the development of large endorheic basins (up
to 20% of the continental surface; Fig. 2b), fed by a sustained flux of
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sediments from the high relief of the widespread circum-Pangaean
orogenies® (Fig. 4a). The massive development of these reliefs is also
associated with an increase of physiographic variety (Fig. 4b). The
emergence of these conditions, which would favour the diversification
of deep-rooting plants across adiverse range of physiographic environ-
ments, coincided with the development of gymnosperms (Fig. 4) that
dominated terrestrial floras by the end of the Triassic*.

Gymnosperm diversity continued to rise during the early phases
of Pangaea breakup before levelling off during the Jurassic and Cre-
taceous, along with a decrease in both continental deposition flux
(Fig.2a) and physiographic variety (Fig.4b), as well as arelatively steady
sediment coverage (Fig. 4a), which all restrained the favourable reju-
venation of continental surfaces. Gymnosperms were superseded by
angiosperms that diversified at unprecedented rates at least from the
Cretaceousonwards (Fig. 4aand Extended Data Fig.10b), although the
timing remains largely controversial’***'. Common explanations invoke
their efficient cross-pollination strategies and high growth rates®,
Yet the period was also marked by extensive orogenic phasesin North
and South Americaand Eurasia (Fig. 2a). At that time, erosion resumed
inthereliefs along with renewed endorheic depositionin the lowlands,
and the overall physiographic variety further increased (Fig. 4b). The
new diverse niches that developedinthis heterogeneoustopography,
along with quickly expanding, nutrient-rich continental surfaces, could
have promoted the fast radiation of angiosperms.

Conclusion

Our study shows aremarkable congruence between the Phanerozoic
landscape dynamics and the diversification of both marine life and
terrestrial life. Earlier work already identified elements of this, but
the analyses remained fragmentary?>*-, consideringisolated pieces
of the environmental puzzle: climatic, geological or biotic. Here we
suggest that the evolution of continental physiography—as set by the
interplay between the geosphere and the atmosphere—determines
nutrient availability, and that it is a crucial limiting factor in both the
marine realm and terrestrial realm, as important as intrinsic biotic
processes®%%3, or extrinsic processes such as the climatic control*® or
plate tectonics*. Inthe oceans, riverine sedimentary flux directly sets
nutrient availability for primary productivity. In continents, nutrient
availability is tuned by endorheism, by rerouting the sedimentary flux
and gradually varnishing their surfaces with asedimentary cover, which
facilitates the development of more specialized species. The relative
effects of physiographic diversity and erosion rates on diversifica-
tion are difficult to discriminate, but we suggest that the variety of the
physiography further adjusts the effect of endorheism by tessellating
thelandscape.

The modality of sediment routing implies that diversification is
simultaneously detachment limited (the sediment flux should be
enough to sustain diversification) and transport limited (sediment
storage in continents may, in an extreme case, starve marine life while
instead feeding terrestrial life, or vice versa). The Phanerozoic trends
of marine and terrestrial diversity highlight these regimes: marine
diversity directly scales with sediment flux and is thus dominantly
detachmentlimited. Land plantdiversity isinstead transport limited: its
onset occurred much later than that of marine diversity and exploded
only once endorheism efficiently resurfaced continents with sediments.
Overall, physiographic changes determine the carrying capacity of
both the oceans and the continents.

We anticipate that these findings, together with the released sets
of physiographic descriptors at a high spatial resolution for the past
540 Myr (ref. 16), will invite more quantitative reappraisal of the inter-
actions between the solid Earthand the atmosphere, hydrosphere and
biosphere. For instance, our current approach conveniently reduced
the problem to the temporal dimension by extracting spatially aver-
aged metrics butignores the spatialization of diversification events.
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Athorough palaeogeographical analysis of diversification events® in
both continents and oceans is now permitted thanks to these recon-
structions. Sensitivity tests, which illustrate how denudation rates
scale with climate reconstructions and endorheic sediment storage
is chiefly controlled by palaeo-elevation reconstructions, will allow
further testing of our hypothesis.
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Methods

Global landscape model

Here we use goSPL'*"%, an open-source scalable parallel numerical
model that simulates landscape and sedimentary basin evolution at
the global scale (resolution about 5 km). It accounts for river incision
andsoil creep, both considered as the main drivers of long-term physi-
ographicchanges. goSPL also tracks eroded sediments from source to
sink considering alluvialand marine deposition, sediment compaction
and porosity change, and could be used to reconstruct basin strati-
graphicrecords. To evaluate these processes on landscape dynamics,
different forcing conditions could be imposed from spatially and tem-
porally varying tectonics (both horizontal and vertical displacements)
to multiple climatic histories (for example, precipitation patterns and
sea-level fluctuations). The model’s main equation, the continuity of
mass, has the following common form:

g—i =U+kV%z+eP?(PA)"VZ" 1)

forwhich changesinsurface elevation zwithtime t depend on tectonic
forcing U (rock uplift rate, in metres per year), hillslope processes for
which ks the diffusion coefficient (set to 0.5 m? yr™)* and fluvial pro-
cesses defined using the stream power law. m and n are dimensionless
empirical constants (setto 0.5and1), cis a precipitation-independent
component of erodibility (set to 4.0 x 10”7 yr on the basis of the choice
of m), and PA is the water flux combining upstream total area (4) and
local runoff (P) obtained from palaeoclimate mean annual precipitation
minus evapotranspiration®. In our formulation, the weathering impact
of runoffandits role onriverincision enhancementisincorporated by
scaling the erodibility coefficient with local mean annual runoff rate
with a prefactor d (a positive exponent estimated from field-based
relationships® and set to 0.42). It follows from equation (1) that deposi-
tion in flat plains or along gentle slopes is null. However, it simulates
continental depositionin depressions and endorheic basins.

IngoSPL, erosionoccurring in upstream catchmentsis linked to basin
sedimentation through a multiple-flow-direction algorithmthat routes
both water and sediment flux towards multiple downstream nodes,
preventing the locking of erosion pathways along a single direction
and helping the distribution of the corresponding flux in downstream
regions. To solve the flow discharge globally (PA), we use a parallel
implicit drainage area (IDA) method***®in a Eulerian reference frame,
expressed in the form of a sparse matrix composed of diagonal terms
set to unity and off-diagonal terms corresponding to the immediate
neighbours of each vertex composing the spherical mesh. The solu-
tion of the IDA algorithmis obtained using the Richardson solver with
blockJacobian preconditioning®, both available in PETSc®. Continental
erosion and sediment transport solutions follow asimilar approach®.
Some of the main advantages of goSPL lie in its design of implicit and
parallel solutions of its constitutive equations®, making it possible to
increase the model stability even with large time steps, and to scale the
simulation run time over hundreds of CPUs.

Palaeo-elevation and precipitation forcing. To reconstruct the past
physiography, goSPL relies on time-evolving boundary conditions—
climaticand palaeogeographic—that are used to compute the interplay
betweenthesolid Earthand the climate. To reconstruct high-resolution
palaeo-elevations throughout the Phanerozoic, we use a series of 108
maps from the PALEOMAP palaeogeographic atlas™ ranging from the
Holocene epoch to the Cambrian-Precambrian boundary (541 Ma).
These palaeo-maps are defined at approximately 5-Myr intervals,
and each of them is represented as a regular grid with a resolution of
0.1° x 0.1° (approximately 10-km cell width at the Equator). These pal-
aeogeographic maps were initially based on information related to
lithofacies and palaeoenvironmental datasets®? and supplemented

andrefined for more than 40 years with regional palaeogeographic at-
lases™®*, We acknowledge that these maps bear some uncertainties and
controversial aspects. Forexample, the very early Andeanrise to their
modern elevations consequently precociously lowers the predicted
bulk sediment flux during the Neogene period while diversification
continuestoincrease (Figs.3and4). Itisworth noting that even though
the PALEOMAP dataset forms the basis of this study, from a methodol-
ogy standpoint, other datasets®** could be used.

To simulate riverine processes, the palaeo-precipitation dataset
used was generated using a variant, HadCM3BL-M2.1aD (ref. 15), of the
coupled atmosphere-ocean-vegetation Hadley Centre model. This
climate model also uses the PALEOMAP Atlas® but at a lower resolu-
tion (3.75° x 2.5°). The reconstructed palaeo-precipitation regimes
are obtained for each individual palaeo-elevation map after running
the climate model for at least 5,000 model years to reach a dynamic
equilibrium of the deep ocean®. Inaddition to palaeo-elevation grids,
there are two additional time-dependent boundary conditions that
were setinthe climate model:the solar constant; and the atmospheric
CO,concentrations. Regarding the last condition, two alternative CO,
estimates are proposed” and we chose the palaeo-precipitation and
evapotranspiration maps generated from the set of HadCM3 climate
simulations using the CO, local weighted regression curve fromref. 68.

Fromthe palaeo-elevation and palaeo-runoff maps, we generate the
inputfiles for goSPL by resampling the global temporal grids on anico-
sahedral mesh composed of more than10 million nodes and 21 million
cells (corresponding to an averaged resolution of about 5 km globally—
about 0.05° resolution at the Equator). Inspired by techniques used
in palaeoclimate modelling'>%, we designed an approach to achieve
adynamic equilibrium (erosion rates balance tectonics; equation (1)
and Extended Data Fig. 2) under steady boundary conditions (rainfall,
tectonic uplift and erodibility). For each individual time slice, we run
two sets of simulations over 168 CPUs to estimate their correspond-
ing physiographic characteristics and associated water and sediment
dynamics (Extended Data Fig. 1). A first simulation is carried out over
aninterval of 2 Myr under prescribed elevation and runoff conditions
and simulates landscape evolution and associated water discharge
and sediment flux assuming no other forcing. Under this setting, the
role of surface processes is not counterbalanced by tectonics, and
they excessively erode the reconstructed elevation, trimming part
of the major long-lived orogenic belts and upland areas, and causing
extensive floodplains. The resulting elevations are then corrected by
assimilating the palaeo-elevation information®. Model predictions
account for landscape evolution, and at this stage already contain a
more detailed representation of terrestrial landforms (for example,
canyons, valleys, incised channels and basins to cite a few) than the
initial palaeo-elevation (Extended Data Fig. 2a). To preserve these mor-
phological features during the correction step, high-amplitude and
high-frequency structures are removed using acombination of moving
average windows (ranging from 0.5° to 2°) that conserves the global
distribution of the initial palaeo-elevation with minimal change of'its
hypsometry (<0.5%; Extended Data Fig. 2c). We then derive a tectonic
map (uplift and subsidence rates) by computing the local differences
between the palaeo-elevation values and the adjusted ones.

Asecond simulation starts with previous palaeo-elevationand run-
off conditions and additionally accounts for tectonic forcing. This
simulation runs until dynamic equilibrium s reached (that s, erosion
rates compensate tectonic uplift rates) within the first million years of
landscape evolution (Extended Data Fig. 2c). The outputs of this second
simulation are then used to evaluate water and sediment flux for the
considered time slice, as well as the major catchment characteristics
(river networks, drainage areas, and erosion and deposition rates).

The parametrization of equation (1) is obtained by calibrating its
variables with modern estimates of average global erosion rates™ (mean
value of 63 m Myr with a standard deviation of 15 m Myr; Extended
DataFig. 6¢) and of suspended sediment flux from the BQART model***



(corresponding to 12.8 Gt yr™). Following calibration, we predict
anaverage present-day global erosion rate of 71 m Myr™, and asediment
flux of 12.15 Gt yr! (assuming an average density of 2.7 g cm™). On the
basis of the multiple-flow IDA approach used to integrate runoff over
upstream catchments® (IDA algorithm), we also extract the spatial dis-
tribution of the largest water discharges and sediment flux (Extended
Data Fig. 3a) and their respective basin characteristics.

Srisotopic variations from mantle origin

We use the geochemical archive of oceanic sediments to test the valid-
ity of the model predictions. The ¥Sr/%¢Sr isotopic ratio of seawater
(Extended DataFig.4) reflects the balance between continental weath-
eringand mantle dynamics (hydrothermalism at mid-oceanridges and
weathering of island arcs and oceanic islands)®*’°, making it a classic
proxy to diagnose the relative importance of geodynamic and climatic
forcings through time””%,

From the measured isotopic budget of the ocean (O), present-day
low ¥Sr/%¢Sr ratios (about 0.703) are produced from mantle sources
(M), whereas high ratios (about 0.713) come from continental runoff
(CR, measured from main rivers worldwide)®. As aresult, the strontium
isotope oceanic mass balance has the following form:

87 87, 87,
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inwhich represents the mass fraction of the Sr coming from the mantle
(Qw/(Qy + Qs) with Qsbeing the predicted net sediment flux to the ocean
derived from our simulation) and the flux of mantle origin (Qy). At the
present day, Q% is given by the percentages defined above:

Q°,=rQ°% r=0.41/0.59 3)

Assuming that weathering scales with erosion rates, our recon-
structed global net sediment flux to the ocean (Q;) offers anindepend-
entalternative to existing approaches evaluating Sr flux from tectonic
origin and could be used to infer past tectonic activity’”>”°, Under
this assumption, differences (A(¥Sr/%¢Sr)) between our predicted
Srratio and the one from the geological record® would reflect the
dynamics of the Earth’s exogenic system, with positive A(*’Sr/*¢Sr)
values corresponding to periods of higher tectonicactivities relative to
the present day and negative ones coinciding with more quiescent
periods. We then use the isotope oceanic mass balance to indepen-
dently derive the mantle contribution to the ¥Sr/%¢Sr ratio, relying on
our estimates of terrigenous flux and on the observed ¥Sr/%Sr ratio
of seawater. We crudely use the Sr isotope oceanic mass balance to
estimate the Sr flux of mantellic origin (Qy; Extended Data Fig. 4) in

the mass fraction &
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remained equivalent to those of the present day. Whereas the Sr ratio
from the mantle budget might change marginally (¥Sr/**Sr about 0.703
for mid-ocean ridge hydrothermal and about 0.7035 for island arcs
and oceanicislands®®), the contribution of the continental crust to the
Srratio is highly dependent on the type of weathered materials™
(¥Sr/%¢Sr about 0.708 for limestones, compared to about 0.721 for
silicates®).

We find that the contributions of mantle and terrigenous sources
relative to those of the present day covary at long wavelengths, with two
periods of reinforced influx from both sources separated by a quieter
period during Pangaea. This trend mirrors the Wilson cycle. It indicates
that the periods of high erosion, coinciding with periods of continental
aggregation and contraction, increased elevation and wetter climates,
alsomatch periods of reinforced tectonic activity. Seafloor expansion
is faster during periods of continental dispersal, and the total length of
ridges increases during breakup”. As the mantle input to the Sr/%Sr
ratio of seawater is partially driven by seafloor kinematics, we find
several similarities between the predicted mantle Sr flux and subduc-
tion rates’’*’ that can be taken as a proxy for oceanic spreading rates;
Extended Data Fig. 4). Notably, over the past 250 Ma, we deduce that
mantle fluxes were low during Pangaea, and subsequently increased
during Pangaea breakup; flux decreased during the late Palaeogene,
mirroring the decrease in crustal production rates in the Atlantic and
Pacific oceans” and the consumption of the East Pacific ridge.

Our model predictions of sediment flux compare at first order to the
observed increase in the ¥Sr/®Sr ratio of seawater over the past 150 Myr
(Extended Data Fig. 4). Assuming that weathering scales with erosion
rates, it corroborates the first-order impact of Cenozoic orogenesis”
ontheSrratio. Likewise, over the entire Phanerozoic, short-lived (20~
40 Myr) increases in predicted erosion flux can explain the increase
in the ¥Sr/%¢Sr record during major orogenic phases®®, whereas the
long-termvariations of the record canbe at first order explained by the
coevolution of the terrigenous and mantle sources during the Wilson
cycle. These results indirectly substantiate our model predictions of
sediment flux to the oceans.

Limitations and sensitivity

IngoSPL™, erosionis defined using a first-order parametrization of the
physics at play (equation (1)), which captures the long-term, large-scale
landscape evolution®*5”8!, More sophisticated treatments directly
linked to sediment transport theory and incorporating different ero-
sional behaviours have been proposed (for example, by accounting
for mobile sediment and bed resistance to erosion, or using differ-
ent formulations of sediment transport based on transport-limited
equations)s? 8¢,

Inaddition, the erodibility parameter does not consider spatiotem-
poralvariations that could beinduced by environmental (for example,
temperature gradients and seasonal precipitation), geological (for
example, soil composition and fault-induced bedrock weakening) or
biological (for example, plant root growth and soil microbial activity)
mechanisms®®®, Instead, we assume uniform erodibility across all
continents. Accounting for variable lithologies in model space could
be achieved by assigning an erodibility prefactor depending on the
surfacerock compositioninthe stream power law term of equation (1)
by anerodibility prefactor depending on the type of surficial lithology
classes (typically with values ranging between 1.0 and 3.2; ref. 90).
However, this approach would require global palaeo-lithological
surficial cover data that are difficult to obtain when looking into
deep geological times. Although we do not account for seasonality
variations, the weathering impact of precipitation andits role onriver
incision enhancementisincorporated by scaling the erodibility coef-
ficient with the local mean net annual precipitation rate®. One could
also incorporate the effect of temperature on weathering of rocks
according to rock composition by scaling the erodibility coefficient
using the palaeoclimate temperature distribution. Such refinement
possibilities are many, and although in principle desirable to better
reproduce observations, adding those would necessarily add poorly
controlled degrees of freedom in the parameterization, and lead to
illusory enhanced predictive capabilities.

By design, our simulationis sensitive to both the climatic and palaeo-
elevation reconstructions. Although other palaeogeography recon-
structionsexist®>%* % manyarerestricted tospecificgeologicalintervals
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and, to our knowledge, are not tied to a series of palaeo-precipitation
maps for the entire Phanerozoic. Consequently, we chose to evaluate
model sensitivity on palaeo-elevation using asingle timeslice (Aptian
period about 120 Ma) by comparing our predicted sediment flux with a
differentset of palaeogeography and palaeoclimate reconstructions®.
Theresults highlight several differences at the regional scale (Extended
DataFig.5).Forinstance,amore humid equatorial climatic zonein the
second reconstruction®? induces higher erosionrates on the northern
and central part of Gondwana. The palaeo-elevation differences also
redefine the drainage network and the volumes of sediment trans-
portedtothe oceans or stored in continental basins. Thisisthe casein
Antarcticaand onthe eastern part of Eurasia where we note higher ero-
sionratesoranincreasein terrestrial sediment accumulation depend-
ingonthe considered palaeogeography. Despite these local variations,
those disparities become more tenuous when evaluating the global
response. As an example, the percentage of endorheic basins varies
from 24 to 26.5% between the two simulations and the net sediment
flux to the ocean changes from 2.72 to 2.26 km? yr (Extended Data
Fig. 5). This suggests that although regional differences exist and if
the imposed forcing conditions are not too dissimilar (both in terms
of palaeoclimates and palaeogeographies), the reported global evolu-
tion and global trends that are presented in the study should remain
relatively unchanged between reconstructions.

To evaluate the model sensitivity to palaeo-runoff, we ran a full
series of simulations throughout the Phanerozoic. The palaeoclimate
reconstructions from ref. 15 have been carried out with two different
CO, conditions (the atmospheric concentrations from ref. 68 and a
smoothed curve), but the mean global continental runoff remains
very similarin both cases; Extended DataFig. 6a) and should only very
marginally change our results. Instead, we opted for the recent Phan-
erozoic palaeo-precipitation reconstruction fromref. 93 that wasrun
at10-Myrintervals using the PALEOMAP palaeogeographic atlas™ with
amuch higher resolution (1°) than those of ref. 15. The release from
ref. 93 does not contain the evapotranspiration time slices, and we
could therefore use the total palaeo-precipitation only as a proxy for
runoff. Global mean continental runoff from ref. 93 exhibits a similar
temporal trend to the ones from ref. 15 but, because evapotranspira-
tion could not be accounted for, with higher values (about 0.3 m yr™
on average over the Phanerozoic; Extended Data Fig. 6a). As erosion
scales with runoff (equation (1)), thisinflated runoff directly affects the
global net sediment flux to the ocean (about 0.84 km® yr' on average)
and to alesser extent the continental deposition flux (<0.1km*yr”on
average; Extended Data Fig. 6b). The spatial distributions of these two
runoff scenarios and their relative impact on denudation rates show
substantial spatial differences over time (Extended Data Fig. 7). At the
continental scale, the higher resolutionin ref. 93 should better account
for the control of topography on the spatial variability in precipitation.
For example, we note at 40 Ma (Extended Data Fig. 7) the orographic
control of the Himalayas on the regional rainfall regime with its impli-
cations on erosion and deposition.

The sensitivity analysis provides two important pieces of informa-
tion. First, both simulations show similar responses in terms of global
sediment flux and denudation rates (Pearson correlations of 0.94 and
0.92, respectively). This suggests that irrespectively of the chosen
palaeoclimatic reconstruction, our interpretation of the relationships
between predicted sedimentary flux and biodiversity still holds. Sec-
ond, the runoff has a stronger effect on the amplitudes in net sedi-
ment flux to the ocean and denudation rates when considering similar
palaeo-elevationreconstruction (Extended Data Fig. 6b). Instead, dif-
ferences in palaeo-elevations affect continental sediment cover and
sediment accumulation in endorheic basins (Extended Data Fig. 5).

Another limitation of our approach is to propose a hypothesis by
comparing time series of mean model outputs with independent vari-
ables, but similar trends could possibly be expected for any model that
accounts for plate tectonics—with essentially two cycles of continental

aggregationand dispersal over the Phanerozoic eon—and subsequent
climate reconstructions. The highly relevant correlations that we found
canbe however advocated to hierarchize these studies. As plate tecton-
ics—andthe breakup of Pangaeain particular—formthe cornerstone of
such studies™***, we thus compared continental fragmentation* with
Phanerozoic marine diversity, which yields only moderate correlations
(Pearson coefficients of 0.46 with number of marine families? 0.54 to
0.58 with the number of genera*’; Extended Data Fig. 8).

Physiographic diversity and variety
To evaluate the relationships between physiography and the Phan-
erozoic climate and tectonics, we define a unique continuous variable
(named the physiographic diversity index) that encapsulates several of
the reconstructed morphometric attributes. Simulation outputs are
firstinterpolated from the icosahedral mesh on a regular 0.05° grid
(open-access online release, HydroShare').

First, we quantify palaeo-landforms by calculating the topographic
position index on each cell i (TPI,) that measures the relative relief**:

n
TPl =z- Z 2,/nTPI;=100 x (TPl - TPI) /op, (%)
k=1

inwhich z;is the considered elevation at cell i and z; is the mean of its
surrounding cells (z,), with n being the number of cells contained inside
an annulus neighbourhood. Topographic position is an inherently
scale-dependent calculation®. To circumvent this problem, TPlis com-
puted considering two scales of observation, a fine one ranging
between 0.05°and 0.15°and a coarser one from 0.25°t0 0.5°. As eleva-
tion is generally spatially autocorrelated, TPl values increases with
scale, makingit difficult to compare both scales of observation directly.
Toovercomethisissue, we calculate astandardized TPIs (equation (5)),
in which TPl is the mean over the entire grid and oy, is its standard
deviation®® (top map in Extended Data Fig. 9a).

We also extract the slope and water discharge for each time slice
(bottom maps in Extended Data Fig. 9a). Note that we selected these
three variables—TPI, slope and discharge—as morphometricindicators
of the physiographic diversity but other ones such as aspect (that is,
thedirection of maximum gradient), and erosion and deposition rates
could equally be added”. From these continuous variables, we then
derive categorical variables by defining seven categories from the
slope, five from the water flux and ten from the TPl (Extended Data
Fig.9a,b and Supplementary Table 1; ref. 98).

Fromthe categorical variables, we quantify the physiographic diver-
sity index Pp,y (Supplementary Fig. 1a,b) using Shannon’s equitability
(continuous variable [0,1]), which is calculated by normalizing the
Shannon-Weaver diversity index (dqy):

C
doy=- kZ pIn(p,) Py = dsy/In(C) (6)
=1

with p, being the proportion of observations of type k in each neigh-
bourhood and Cbeing the number of categorical variables (here C = 3).
The physiographic diversity indexis calculated ateachlocation for the
108 reconstructed time slices spanning the Phanerozoic (Supplemen-
tary Fig. 1c). The variations of Py, can be described either spatially for
agiven period (Supplementary Fig.1c) or across time (Supplementary
Fig.2).Asitcharacterizes how landscape complexity evolves over the
geological timescale®, this index can be used to infer the role physi-
ography, and changes thereof, might have played on species migration,
dispersal orisolationatboth global and continental scales. Biodiversity
richness emerges from many abiotic and biotic interactions; however,
therole physiography might have played has often been overlooked'®.
The high-resolution global maps generated from our simulation could
be used as an additional palaeoenvironmental layer in mechanistic
eco-evolutionary models'1%%,



To compare the temporal evolution of physiographic diversity with
biotic?® or abiotic geochemical and geophysical proxies, the mean value
of Py, is insufficient, as it ignores the variety of landforms, which is
better accounted for by the probability density function: the prob-
ability density function can be usefully reduced to a unique scalar—
physiographic variety—given by the interquartile range Py\s = Q;— Q,
(thatis, the range between the first quartile (Q,; 25%) and the third
quartile (Q;;75%); Supplementary Fig. 2c).

Asanexample, we observe anincrease in physiographic diversity of
South America from the Upper Cretaceous to the Palaeocene related
to the Andean mountain building period (Supplementary Fig. 2b,c)
and concomitant with microflora diversity patternsinnorthern South
America'®and plant diversification in Patagonia'®. We also note peri-
ods oflow P,z values around 50 Ma and 28 Marelated to the intermit-
tent development of internal seas or lakes in the central part of the
Amazon basin. Periods of increasing P, follow each of these episodes,
suggesting that the Pebas basin could have acted as a permeable bio-
geographical system favouring biotic exchange and adaptationinthe
region'®,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The PALEOMAP Paleodigital Elevation Models for the Phanero-
zoic fromref. 14 can be downloaded from https://doi.org/10.5281/
zenodo.5460860 (lastaccessed 3 October 2023). Palaeoclimatic maps
from the HadCM3BL-M2.1aD model® are available from the Bristol
Research Initiative for the Dynamic Global Environment website at
https://www.paleo.bristol.ac.uk/resources/simulations/. Palaeoclimate
simulations from ref. 93 are made available in the original article, as
referenced. All palaeo-elevation reconstruction maps' for the Phan-
erozoic generated in this study are available from HydroShare: http://
www.hydroshare.org/resource/0106¢c156507c4861b4cfd404022f9580.

Code availability

The scientific software used in this study, goSPL?, is available from
https://github.com/Geodels/gospl and the software documentation
canbefound at https://gospl.readthedocs.io. We also provide aseries
of Jupyter notebooks used for processing the datasets and model
outputs that can be followed to reproduce some of the figures pre-
sented in the paper, which can be accessed from https://github.com/
Geodels/paleoPhysiography. The open-source pythoninterface forthe
Generic Mapping Tools (https:/www.pygmt.org) was used for global
two-dimensional map visualization and the three-dimensional global
maps in Fig. 1 were created with the open-source Paraview software
(https://www.paraview.org).
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Extended DataFig.1|Globalscale Phanerozoiclandscape evolutionmodel.  associated river networks (dark blue). Right panels show associated erosion/
Left panels represent simulated physiographies for 4 time-slicesaccounting depositionrates (blue/red respectively) for the considered time-slices.
for surface processesimpactand highlighting continental topography and
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SW2018 paleo-elevation (0.1° resolution)

Paleo-physiography simulation (0.05° resolution)

Extended DataFig.2| Comparisonsbetween predicted elevations and
corresponding paleo-elevation map. a. Top 3 panels show theinput elevation
conditions for155Maat 0.1° resolution (SW2018") and bottom ones represent
model outputs (0.05° resolution), highlighting the geomorphological imprints
of surface processesonthelandscape.b. Temporal change betweenimposed
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elevationat155Ma (purple) and simulated one (black). Red curvein the inset
shows the differences between the two hypsometric curves.
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Extended DataFig. 6| Comparisons between paleo-precipitationscenarios
and global sediment flux for the Phanerozoic. a. Evolution of continental
paleo-precipitation for three scenarios (Li et al.”® (LI22) in teal, Valdes et al.”®
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curve (VA21,) in purple) and paleo-elevation' (red). b. Estimated net sediment
flux to the ocean (fuchsiaand magenta curves) and continental deposition
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flux (yellow and orange curves) for two climatic scenarios (LI22°>and VA21**
respectively). c. Global average denudation rates estimated for the simulated

paleo-precipitations (L122 and VA21; - grey and black curves) against estimated

rates from preserved sediments (pink, WM2007") and recent rates (red,

WCM2013%).
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Extended DataFig.7 | Influence of paleo-precipitation scenarios onspatial
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between the Phanerozoic paleo-climate model of Li et al.”*and the one from
Valdes et al."” using the CO, curve from Foster et al.*® are presented on the left

Difference in erosion/deposition
rates (102 mm/yr)
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cyanto darkblue). Simulated differencesinerosion and depositionrates
between the two scenarios using goSPL'?show higher erosion with the Lietal.”®
simulationinblue and higher depositioninred.
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Extended DataFig. 8 | Plate tectonics and the Phanerozoic marine moderate relationship with the number of marine families (black line from
biodiversity. a. Theindex of continental block fragmentation derived from Sepkoski’s dataset?. b. Correlations between the fragmentation index and the
Zaffos et al.* (orange curve) with value close to lindicating no plates are total number of marine genera from Sepkoski? (S02) and Rohde & Muller® (RM0S5)
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arranged inasingle mass. Pearson correlation (0.46) indicates a positive but 0.58and 0.54 respectively).
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Extended DataFig.10|Biodiversity and sediment flux through time. access from https://sites.psu.edu/rhorwitt/. The grey line shows the least square
a.Predictedtrendinnet sediment flux to the ocean (purpleline) and estimates regression of the sediment flux to the ocean using SciPy Savitzky-Golay filter.
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