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ABSTRACT 

 

 

 

ROCK UPLIFT, TRANSIENT LANDSCAPES, AND SEDIMENT TRANSFER IN SOURCE-

TO-SINK SYSTEMS 

 

 

 

Source-to-sink systems provide a framework for understanding how Earth-surface 

systems translate tectonic forcing into erosion, weathering, sediment production, sediment 

transfer, and stratigraphic architecture. In this view, sedimentary systems are not passive 

recorders of uplift or climate, nor are landscapes simple conveyors of sediment from mountain 

belts to basins. Instead, signals generated in source areas are modified as they move through 

coupled geomorphic and depositional domains. Rock uplift may initiate river incision, but the 

expression of that forcing depends on transient landscape adjustment, hillslope response, 

weathering efficiency, sediment supply, accommodation, inherited topography, and the ability of 

sediment-routing systems to store or bypass material. This dissertation uses that broader source-

to-sink perspective to examine three linked components of the sedimentary pathway: tectonic 

forcing and rock uplift in the Calabrian forearc, geomorphic and geochemical response within 

the Fiumara Allaro catchment, and modeled sediment storage and bypass across high-relief shelf 

margins. These chapters do not reconstruct a single continuous sediment-routing system. Rather, 

they evaluate how different parts of the source-to-sink pathway govern the transfer, 

transformation, and preservation of tectonic signals from uplifting source areas to depositional 

sinks. 

Chapter 1 reconstructs spatial and temporal patterns of Quaternary rock uplift across the 

Calabrian forearc of southern Italy using river-profile analysis, knickpoint mapping, relict-
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topography characterization, and basin-averaged cosmogenic 10Be erosion rates. The results 

show that high-elevation, low-relief relict landscapes are separated from actively incising 

domains by regional slope-break knickpoints. Downstream increases in channel steepness and 

erosion rate indicate a transition from slower pre-Quaternary landscape evolution to more rapid 

late Quaternary incision. Uplift is earliest and greatest near the northern and southern margins of 

the forearc, in Sila and Aspromonte, and later or more subdued in the central Serre massif. These 

patterns are most consistent with uplift driven by slab fragmentation and associated mantle-flow 

reorganization, rather than by crustal thickening or local faulting alone. This chapter establishes 

the tectonic boundary condition for the dissertation: spatially variable rock uplift generates the 

topographic and erosional gradients from which downstream source-to-sink signals emerge. 

Chapter 2 focuses on the Fiumara Allaro catchment in the Serre Massif to quantify how a 

single source catchment responds to an increase in rock uplift rate. High-resolution topographic 

analysis, channel morphology, grain-size measurements, cosmogenic 10Be erosion rates, and 

water chemistry show that the catchment is divided into a slowly eroding relict upland and a 

lower actively incising domain. Below the knickpoint zone, channels steepen and narrow, bed 

material coarsens, hillslopes become steeper and more sharply curved, and erosion rates increase. 

These patterns demonstrate strong coupling between fluvial incision and hillslope adjustment 

during transient landscape response. However, silicate weathering fluxes do not increase linearly 

with physical erosion. Instead, they peak in the middle catchment and decline or plateau in the 

most rapidly eroding reaches, indicating partial decoupling between physical denudation and 

chemical weathering during rapid incision. This chapter shows that the erosional signal generated 

by uplift is internally transformed within the source catchment before sediment and solutes are 

exported downstream. 
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Chapter 3 extends the source-to-sink framework into the depositional sink by using 

forward stratigraphic models to test how inherited shelf-margin geometry, sediment supply, 

accommodation generation, and sediment mobility influence the transition from shelf-margin 

storage to basinward bypass. The models are simplified two-dimensional sensitivity experiments 

motivated by the Oveja-Puma succession of the Magallanes Basin, rather than direct 

reconstructions of that system. Results show that inherited foreset geometry preconditions where 

clinoforms steepen and how sediment is distributed along the shelf-to-slope profile. Sediment 

supply and accommodation regulate the timing and style of shelf-edge growth, but do not 

independently generate sustained bypass. Sediment mobility exerts the strongest control on 

whether sediment remains stored near the shelf edge or is transferred basinward into deeper-

water environments. This chapter demonstrates that the sedimentary record of upstream forcing 

depends not only on how much sediment is produced, but also on the efficiency with which 

depositional systems transmit sediment across physiographic boundaries. 

Together, these chapters show that tectonic perturbations propagate through source-to-

sink systems in a structured but non-uniform way. Rock uplift establishes the boundary condition 

for incision; river incision drives hillslope adjustment, sediment production, and erosion-rate 

contrasts; chemical weathering responds nonlinearly to physical denudation; and sediment-

transfer efficiency determines whether sediment is stored near the shelf margin or exported 

basinward. The central implication is that source-to-sink systems do not transmit tectonic signals 

unchanged. They filter, amplify, dampen, and reorganize those signals across linked geomorphic 

and stratigraphic domains. By integrating tectonic geomorphology, cosmogenic nuclides, 

topographic analysis, geochemistry, and stratigraphic forward modeling, this dissertation 
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provides a framework for linking source-area uplift to sediment production, weathering response, 

and depositional-system behavior. 
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CHAPTER 1. SPATIAL AND TEMPORAL PATTERNS OF ROCK UPLIFT IN THE 
CALABRIAN FOREARC, SOUTHERN ITALY: INSIGHTS FROM RIVER PROFILE 
ANALYSIS AND 10BE COSMOGENIC RADIONUCLIDES 

 

1.1 INTRODUCTION  

The study of subduction zone geodynamics provides critical insight into the tectonic 

evolution of convergent margins (Goes et al., 2004; Taira, 2001), drivers of mountain building 

(Stern, 2002), and the long-term relationship between tectonic and surface processes (Faccenna 

et al., 2013; Faccenna & Becker, 2020; Gallen et al., 2023). Subaerial subduction forearcs record 

upper crustal deformation, plate interface properties, and slab–mantle dynamics, and their uplift 

histories provide insight into spatial and temporal variation in mantle processes, plate interface 

slip, and upper plate response (McKenzie et al., 2022; Vannucchi & Morgan, 2024; Goes et al., 

2004; Gallen et al., 2023; Faccenna et al., 2001; Stern, 2002). Tectonic geomorphology of 

subduction forearcs, using quantitative analysis of river profiles, knickpoints, and relict surfaces, 

coupled with millennial-to-centennial-scale erosion rates derived from 10Be cosmogenic isotopes, 

provides an effective means to decrypt relative, and, in some cases absolute, uplift histories that 

improve understanding of subduction zone geodynamics (Gallen et al., 2023; Kirby & Whipple, 

2012; Olivetti et al., 2012; Roda-Boluda et al., 2019; Wobus et al., 2006). 

The Calabrian forearc in the central Mediterranean offers a compelling case study for 

advancing our understanding of subduction zone geodynamics using tectonic geomorphology. 

Previous geomorphic studies demonstrate this region experienced significant variations in uplift 

rates over time, where evidence implied a change from low rock uplift rates ~0.1 mm/yr to high 

rates exceeding 1 mm/yr about 1–2 Ma (Faccenna et al., 2011; Gallen et al., 2023; Molin et al., 

2004; Olivetti et al., 2012; Quye-Sawyer et al., 2021; Westaway, 1993). The causes of this 
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change in rock uplift rate still remain debated; however, there is growing consensus that it might 

be related to slab tears to the north and south of the presently narrow (~200 km wide) plate 

boundary (Civello and Margheriti, 2004; Faccenna and Becker, 2010; Faccenna et al. 2011, 

2014, Gallen et al., 2023). Despite studies converging on possible driving mechanisms and 

constraints on the general timing of the change in rock uplift rate, most studies have been local or 

have only inferred the earlier part of the history from qualitative observations, limiting our 

understanding of the regional, spatial, and temporal record of uplift of the Calabrian peninsula.  

Quye-Sawyer et al. (2021) is the only study to conduct a regional analysis, using inverse 

modeling of river profiles, offering a synoptic view of spatial and temporal patterns of forearc 

rock uplift. This study makes several simplifying assumptions to infer an uplift history from river 

networks and suggest rates increase exponentially from ~0.8 Ma to the present. However, these 

results depart markedly from more detailed local studies, which suggest a more abrupt transition 

in rates earlier in time at ~1.0 – 2.0 Ma. For example, in studies of the Sila Massif in northern 

Calabria, Olivetti et al. (2012) infer a two-phased uplift history initiating > 2 Ma with a second 

pulse of uplift at ~400 ka, based on 10Be erosion rates, coastal marine terraces, and river profile 

analysis. Gallen et al. (2023) inverted low-temperature thermochronometric data, 10Be 

concentrations, marine terraces, and river profiles in catchments in the three main massifs in 

Calabria: Aspromonte, Serre, and Sila, and reconstructed a step-change in rock uplift rates in all 

massifs ~1.5 Ma. These studies emphasize the need for a detailed regional analysis to quantify 

spatial and temporal patterns of changes in rock uplift rate across Calabria to improve 

understanding of the mechanisms responsible for this dramatic shift in rates. 

In this study, we reconstruct spatial and temporal patterns of Quaternary rock uplift 

across the entire Calabrian forearc by integrating river-profile metrics with new and published 
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basin-averaged 10Be erosion rates. We use the normalized channel steepness index (ksn) to infer 

relative spatial and temporal patterns in forearc rock uplift rate. We combine these river-profile 

analyses with a compilation of existing 10Be erosion rates (Cyr et al., 2012; Olivetti et al., 2012; 

Roda-Boluda et al., 2019)  and new comparable data that extend across much of the forearc, 

providing spatial constraints on erosion patterns relevant to interpreting rock uplift. We also use 

the river-profile and erosion-rate data to calibrate incision models and invert select river profiles 

for rock uplift histories under restrictive assumptions, allowing us to evaluate the temporal 

evolution of uplift in different portions of the forearc. This synthesis is then compared with 

terrace and geophysical constraints to clarify the spatial and temporal history of forearc uplift 

and improve understanding of the mechanisms driving mountain building in the Calabrian 

forearc. 

1.2 BACKGROUND 

1.2.1 Geologic, Tectonic, and Climate Setting  

The formation of the Calabrian forearc, on the toe of present-day Italy, is the result of 

interactions between the Apennines-Calabrian and Gibraltar subduction zones against the 

backdrop of slow Africa-Eurasia convergence (Romagny et al., 2020). Calabria’s evolution was 

driven primarily by slab rollback of the subducting Ionian plate, leading to the southeastward 

migration of the arc across the central Mediterranean from the Oligocene to present. Slab 

rollback and upper plate retreat resulted in the opening of the Tyrrhenian Sea back-arc basin, and 

separation of Calabria from Corsica and Sardinia at ~10 Ma (Malinverno & Ryan, 1986; Royden, 

1993). Rollback velocity oscillated at intervals between rapid (>25 mm/yr between 30–16 Ma 

and 10– 2 Ma) and slow (<5 mm/yr between 16–10 Ma, and 2– 0 Ma) (Faccenna et al., 2001, 

2003; Goes et al., 2004).  
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At present, the subducting Ionian slab is well defined by Wadati-Benioff seismicity and 

seismic tomography images it extending to 500 km beneath the Calabrian forearc (Attila Balázs 

et al., 2021; Dellong et al., 2020). Over the past 10 Ma, ongoing slab rollback steepened the 

subduction angle and shifted the subduction hinge to the southeast (Polonia et al., 2011; 

Rosenbaum & Lister, 2004). Seismic tomography and earthquake relocation studies have imaged 

shallow lithospheric tears in the northern and southern edges of the subducting Ionian plate 

(Dellong et al., 2020; Scarfì et al., 2018; Figure 1.1) and identified patterns of concentrated 

seismicity associated with these features (Dellong et al., 2020). Numerical models and high-

resolution P-wave tomography further demonstrate the significant contribution of mantle 

upwelling to topography and uplift, emphasizing gravity-driven arc-trench interactions (Dellong 

et al., 2020; Faccenna et al., 2011). 

The complex tectonic history of Calabria is reflected in the diverse lithology of the three 

massifs that dominate the landscape: Aspromonte, at the southern tip, Serre, across the center, 

and Sila at the northern extent (Figures 1.1 & 1.2). The Aspromonte Massif, part of the Calabria-

Peloritani Orogen, consists of a stack of south-verging Alpine nappes comprised mainly of pre-

Alpine metamorphic rocks, predominantly paragneisses, schists, and amphibolites (Figure 1.2A). 

It also includes granitoids emplaced into the amphibolite-facies basement of the Aspromonte 

Unit (Figure 1.2A). The basement rocks of the Aspromonte Massif are of Paleozoic age, while 

the sedimentary cover, largely fringing low-lying areas near the coast, is Mesozoic (Figure 1.2A) 

(Tripodi et al., 2018; Ortolano et al., 2022). The Serre Massif is primarily composed of 

migmatitic paragneisses and granitic stocks, and, similar to the Apromonte, is surrounded by 

sedimentary rocks, mostly Neogene–Quaternary sedimentary successions (Figure 1.2A) 

(Ortolano et al., 2022). The Sila Massif is characterized by Paleozoic intrusive and metamorphic 
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rocks (e.g., schist and gneiss), with some areas, such as the northeastern corner of the massif, 

covered by  unmetamorphosed Mesozoic sedimentary strata, as well as a coastal area with 

Neogene–Quaternary sedimentary successions (Figure1.2A) (Le Pera et al., 2001).  

Modern precipitation patterns across the Calabrian arc exhibit little orographic gradient, 

with average annual totals ranging from approximately 700 mm on the Ionian (eastern) coast to 

roughly 900 mm on the Tyrrhenian (western) side (Supplementary Figure S1; Federico et al., 

2008). This spatial variability is well documented in regional climatological studies (Federico et 

al., 2008) and is clearly illustrated by satellite-derived precipitation data, such as those from the 

TRMM 3B42 dataset, which effectively capture the influence of topography on rainfall 

distribution (Supplemental Figure 1 (Figure S1B); Federico et al., 2008). Orographic uplift of 

moist air masses from the Tyrrhenian Sea leads to high precipitation on the windward (western) 

flanks of the Sila and Aspromonte massifs, while the Ionian side experiences a rain shadow 

effect and drier conditions (Caloiero et al., 2020; Federico et al., 2008). During the Quaternary, 

Calabria experienced substantial glacial–interglacial climatic fluctuations characteristic of the 

Mediterranean region, including changes in precipitation and temperature regimes (Antonioli et 

al., 2006). Nevertheless, the modern west-to-east precipitation asymmetry is fundamentally 

linked to regional physiography and likely persisted as a first-order climatic pattern throughout 

much of the Quaternary. 

1.2.2 Tectonic Geomorphology 

1.2.2.1 Marine terraces 

Marine terraces are well preserved in Calabria and provide valuable information on 

vertical crustal movements and past sea level positions relevant to the region's tectonic evolution 

and uplift history (e.g., Ferranti et al., 2006; Lajoie, 1986; Merritts & Bull, 1989). Studies have 
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generally been more concentrated on the Tyrrhenian coast and in the Messina Strait (Figure 1.1), 

due to the well-preserved staircase morphology expression in these regions. 

Numerous studies have been conducted with the aim of mapping and determining the age 

of paleoshorelines in Calabria. Initial studies (e.g., (Bonfiglio, 1972; Hearty et al., 1986; Pata, 

1947; Valensise & Pantosti, 1992) focused on the identification of last interglacial highstand 

fossil deposits, corresponding to Marine Isotope Stage (MIS) 5.5 (∼125 ka), which have been 

mapped and compiled across the region by authors such as Ferranti et al., (2006), Westaway, 

(1993) and Dumas et al., (1988, 1995, 2005). The Sila Massif, located farther from the 

coastlines, has received relatively less attention in terms of marine terrace studies. To the 

southwest lies the Lamezia region, where authors such as Westaway (1993) have conducted 

detailed mapping and sea-level correlations, yielding uplift rates of ~1 mm/yr. To the northeast, 

along the Ionian Coast, more extensive studies have been carried out in the Crotone area, 

reporting variable uplift rates ranging from 0.9 to 1.3 mm/yr (Carobene, 2003; Cucci, 2004; 

Westaway, 1993) 

In the Serre Massif, Robustelli et al. (2009) analyzed marine terraces between the Trionto 

and Colognati River catchments on the Ionian side, providing insights into tectonic and sea-level 

controls. The majority of studies in this region have focused on the Tropea area (e.g., Bianca et 

al., 2011; Miyauchi et al., 1994; Roberts et al., 2013) reporting highly variable uplift rates, 

ranging from ~1–2.5 mm/yr (highly dependent on the dating method or SL used). 

For the Aspromonte Massif, Miyauchi et al. (1994) studied the Messina Strait area, 

identifying up to 14 terrace levels and estimating uplift rates of 0.8–1.2 mm/yr. Westaway (1993) 

conducted an extensive regional survey of marine terraces across Calabria, documenting spatial 

variations in uplift rates that support the interpretation of differential vertical motions across the 
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forearc. The Messina Strait generally preserves the highest uplift rates reported in the literature 

for Calabria, including those derived from the Tyrrhenian terraces, which tend to yield 

comparatively higher uplift rates, values that broadly exceed the regional estimate of ∼1 mm/yr 

averaged over the last ∼400 kyr derived from Ionian coastal terrace records. 

1.2.2.2 10Be cosmogenic radionuclide basin average erosion rates and river profile analysis 

studies in Calabria 

Cosmogenic nuclide studies constrain centennial-to-millennial timescale erosion rate 

relevant to interpreting Calabria's landscape evolution, complementing marine terrace data. 

Olivetti et al. (2012) used 10Be dating in the Sila Massif, revealing low erosion rates (0.09 ± 0.01 

to 0.13 ± 0.01 mm/yr) on high-standing low-relief surfaces. Cyr et al. (2010) calculated 10Be 

erosion rates for several catchments draining the southeastern Aspromonte massif, while Roda-

Boluda et al. (2019) analyzed 10Be concentrations in detrital sediments along faults in southern 

Italy, including Calabria. Collectively, these studies show low erosion rates on high-standing, 

low-relief surfaces, in contrast to higher rates in incised valleys and near active faults, where 

erosion can reach up to 0.92 ± 0.08 mm/yr. Roda-Boluda et al. (2019) found that low-relief sub-

catchments above knickpoints erode at uniform background rates of ~0.1 mm/yr, while 

downstream of knickpoints, erosion rates are ~50% of the fault throw rate. 

River profile analysis has also been used to assess Calabria's tectonic evolution. In the 

Aspromonte Massif, complex river profiles draining westward over faults toward the Tyrrhenian 

Sea contain multiple knickpoints, suggesting pulsed uplift during the Middle and Late 

Pleistocene, and rapid vertical displacements shaped by both tectonic and lithologic factors 

(Roda-Boluda and Whittaker, 2017; Robustelli et al., 2019). Robustelli et al. (2019) identified 

distinct segments in river profiles linked to different phases of incision and uplift, indicating a 
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strong tectonic influence on long-term geomorphic evolution. Similarly, the Sila Massif exhibits 

a high-standing plateau flanked by deeply incised valleys, where segmented river profiles reveal 

a landscape adjusting to spatially variable uplift rates (Olivetti et al., 2012; Molin et al., 2004). 

River profiles in this area commonly display knickpoints that indicate transient responses to both 

regional and local tectonic changes. Olivetti et al. (2012) observed that the region's landscape 

remains in disequilibrium, with cosmogenic 10Be erosion rates showing stark contrasts between 

the plateau's low-relief interior and the steep, eroded flanks (Molin et al., 2004; Cyr et al., 2010). 

Regionally, Quye-Sawyer et al. (2021) inverted longitudinal profiles with a detachment-

limited stream power model calibrated to marine terrace uplift to jointly constrain regional uplift 

and fault throw histories across Calabria. They found ∼650–800 m of regional uplift since ~1 Ma 

across central Calabria once fault-related deformation is removed. Gallen et al. (2023) combined 

river profiles, 10Be erosion rate, marine terrace rock uplift, and low-temperature 

thermochronology to improve understanding of the rock uplift history for each Massif. They 

selected only a single catchment from each massif and inverted the datasets to reconstruct a long-

term rock uplift history. Their results show a regionally consistent time-varying history. Most 

relevant for this research is the recent (since ~5 Ma) data that shows generally low rates (<0.2 

mm/yr) that abruptly increase by about a factor of 3 between ~1.0–1.5 Ma. While relevant, this 

study is limited in understanding the dynamics of the full forearc due to its focus on only three 

isolated catchments. 

1.2.3 River Profile Analysis 

A centerpiece of this study is quantitative bedrock river profile analysis (e.g., Snyder et 

al. 2000; Wobus et al., 2006; Kirby and Whipple, 2012; Perron and Royden, 2013). Bedrock 

rivers can provide a record of tectonic activity, and analysis of their longitudinal profiles can help 
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disentangle the complex interplay between uplift and erosion. Flint's law (Flint, 1974), a 

cornerstone in fluvial geomorphology, quantifies the relationship between river slope S and 

drainage area A as:  

𝑆 = 𝑘𝑠𝐴−𝜃    (eq. 1), 

where ks represents the channel steepness index and θ denotes the concavity index. Because the 

concavity index affects the ks value, river profile analysis studies typically select a reference 

concavity index, θref, to calculate the normalized channel steepness index, ksn (Snyder et al., 

2000; Kirby and Whipple, 2001, 2012; Wobus et al., 2006). The θref is based on a common value 

or empirically determined regional average (Wobus et al., 2006; Perron and Royden, 2013; 

Willett et al., 2014; Gailleton et al., 2021; Smith and Fox, 2024). With this normalization, Flint’s 

law still applies with the θref and ksn taking the place of θ and ks, respectively, in equation 1. 

The normalized steepness index, ksn, is especially effective for identifying spatial 

variations in rock uplift rates; elevated values correlate with rapid uplift relative to erosion 

(Kirby & Whipple, 2012; Snyder et al., 2000). This interpretation is based on connections 

between the empirical Flint’s law and the detachment-limited stream power model, or more 

simply, the stream power model. The stream power model is appropriate for simulating bedrock 

river incision over long timescales (e.g., Howard, 1994; Whipple and Tucker, 1999), and 

expresses bedrock incision rate E as: 

𝐸 =  𝐾𝐴𝑚𝑆𝑛     (eq. 2), 

where K is the erodibility coefficient, and m and n are exponents describing the influence of 

drainage area and slope, respectively (Whipple, 2004; Whipple & Tucker, 1999). Rearranging 

equation 2 for slope,  
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𝑆 =  (𝐸𝐾)1/𝑛 𝐴−𝑚/𝑛   (eq. 3), 

highlights the importance of the m/n ratio, which typically governs the concavity of steady-state 

river profiles, and (E/K)1/n determines their steepness. Comparing Flint’s law with the stream 

power model reveals that  

𝑘𝑠𝑛 =  (𝐸𝐾)1/𝑛
    (eq. 4), 

and 𝜃𝑟𝑒𝑓 =  𝑚/𝑛    (eq. 5). 

These relationships demonstrate that ksn effectively captures spatial variability in incision 

rate, and, at local steady state, rock uplift rate, while m/n reflects incision process and hydrologic 

conditions, among other phenomena (Whipple, 2004). 

To refine our analyses, we leverage the chi (𝜒) transformation, a robust technique for 

normalizing river profiles by drainage area (Perron and Royden, 2013). The transformation is 

defined as: 

χ =  ∫ ( 𝐴0𝐴(𝑥′))𝑚/𝑛𝑑𝑥′x0    (eq. 6), 

where A0 is a reference drainage area (Perron & Royden, 2013), here set to 1. This method is 

effectively the integral of the drainage area terms in equations 1 and 3 as a function of distance. 

Making this coordinate transformation produces linearized profiles of elevation and 𝜒, 

commonly called 𝜒-plots, for rivers in balance between rock uplift and incision, and with no 

spatial changes in substrate properties or climate. The slope of the 𝜒-plot directly corresponds to 

the normalized steepness index (Gallen and Wegmann, 2017; Gallen, 2018). The relationship:  

𝑧(𝜒) = (𝐸𝐾)1/𝑛 𝜒 =  𝑘𝑠𝑛 𝜒    (eq. 7), 
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allows us to interpret uplift and erosion rates from 𝜒 − 𝑧 plots. By eliminating drainage area 

dependency, the 𝜒-transformation enhances our ability to reconstruct tectonic histories using ksn 

as a diagnostic metric. 

Knickpoints further enhance our understanding of tectonic activity by marking abrupt 

slope changes along river profiles. We recognize slope-break knickpoints as key geomorphic 

indicators of persistent changes in tectonic forcing or base-level adjustments (Kirby & Whipple, 

2012). Convex-upward knickpoints signify increased uplift rates, whereas concave forms suggest 

reduced rates. As transient incision waves propagate through drainage networks, knickpoints are 

critical for documenting landscape responses to tectonic forces – they represent the mobile 

boundary between portions of the landscape that are locally equilibrated to different rock uplift 

or climate conditions. By combining knickpoint analyses with models like the stream power 

incision rule, we can derive both relative and absolute rock uplift histories from fluvial systems, 

advancing our understanding of active tectonic landscapes (e.g., Pritchard et al., 2009; Roberts 

and White, 2010; Goren et al., 2014; Fox et al., 2014; Pavano & Gallen, 2021). 

Calibrating the stream power model aids in accurately predicting erosion rates and 

understanding landscape evolution by determining site-specific parameters that reflect local 

geologic and climatic conditions (Harel et al., 2016; Lague, 2014; Whipple & Tucker, 1999). The 

calibration is based on the relationship between equations 4 and 5. The reference concavity can 

be determined in a number of ways but is commonly estimated using analysis of χ-plots (Perron 

and Royden, 2013). For graded profiles, the desired concavity is the one that linearizes the river 

profile. For transient profiles with knickpoints, the concavity value that reduces scatter in the χ-

plots is taken as the best-fit value. Since the concavity is equal to m/n in the stream power 

framework, the next task is to determine K and n. This can be achieved by calculating ksn using 
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the best-fit concavity and comparing it to erosion rate or incision rate data, where K and n can be 

determined with a power-law fit to the E and ksn data:  

𝐸 = 𝐾 𝑘𝑠𝑛𝑛     (eq. 8); 

This involves performing a log-log linear regression, where the slope yields the exponent 

n and the intercept provides the erodibility coefficient K. Once n and K are empirically derived, 

the area exponent m can be calculated using the relationship in equation 5. This calibration 

process allows for a more reliable prediction of erosion rates and landscape response, facilitating 

simulations of geomorphic processes under varying uplift and climate conditions (DiBiase et al., 

2010; Harel et al., 2016). 

Knickpoints are not always mobile and reflect temporal changes in tectonic or climate 

boundary conditions. So-called “static knickpoints” are usually associated with a change in 

lithology or spatial changes in rock uplift rate (e.g., crossing an active fault) (e.g., Kirby and 

Whipple, 2012). In these cases, knickpoints will be associated with changes in rock type or 

mapped faults identifiable via inspection of map view patterns (Wobus et al., 2006). Knickpoints 

associated with temporal changes in rock uplift rate (or climate) will propagate upstream at a rate 

proportional to upstream drainage area raised to an exponent (e.g., Rosenblum et al., 1994; 

Crosby and Whipple, 2006). The 𝜒 transformation accounts for the drainage area dependence on 

knickpoint propagation rate, such that for uniform lithology and climate along a river network, 

knickpoints will migrate upstream at the same rate in 𝜒-transformed distance, and at the same 

rate vertically (Neimann et al., 2001). Given this, it is possible to test if knickpoints are related to 

a change in boundary conditions that is migrating through a basin if they cluster at the same 𝜒 

value and elevation contour. A more robust way to do this is to test for changes in channel 
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steepness that occur throughout a 𝜒-transformed river network. Network-wide changes in 

steepness indicate the presence of a series of knickpoints that lie at a common 𝜒 value. 

Such a test can be achieved by inverting 𝜒-elevation data for ksn discretized as a function 

of 𝜒 (Perron & Royden, 2013; Marder et al., 2024; Dulanya et al., 2024). To estimate the 

normalized steepness index ksn across predefined 𝜒-coordinate intervals, a linear inversion 

technique incorporating Tikhonov regularization is used following the approaches outlined by 

Dulanya et al. (2024). This approach builds on earlier work by Goren et al. (2014) and has since 

been adapted for applications involving landscape metrics (Gallen, 2018; Marder et al., 2024). 

When the slope exponent n is assumed to equal 1 and the erodibility factor, K, is known, the 

resulting ksn-𝜒 relationship can be translated into a plot showing rock uplift rates as a function of 

response time. Here, uplift rates are derived from the relationship:  

𝑈 =  𝑘𝑠𝑛 𝐾    (eq. 9), 

and response time (τ) is expressed as: 𝜏 = 𝜒𝐾     (eq. 10). 

This method serves as a valuable tool for interpreting both the rate and timing of uplift 

events within a drainage network, helping to reveal variations in tectonic activity across the 

landscape. 

1.3 METHODS 

1.3.1 Topographic Analysis 

We utilized a 30m resolution digital elevation model (DEM) sourced from 

OpenTopography (opentopography.org; NASA Shuttle Radar Topography Mission (2013), 

accessed 2022-04-22), derived from the Shuttle Radar Topography Mission (SRTM), to analyze 
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the topographic and geomorphic characteristics of the study area. DEM preprocessing, including 

filling sinks, flow routing and accumulation, slope map generation and hillshade modeling, was 

performed using MATLAB’s Topotoolbox v2 functions (Schwanghart and Kuhn, 2010; 

Schwanghart and Scherler, 2014), the Topographic Analysis Kit (TAK) (Forte and Whipple, 

2018), ChiProfiler (Gallen and Wegmann, 2017), and ArcGIS Pro, facilitating terrain 

visualization and the identification of key topographic features for river profile and geomorphic 

boundary analyses. 

We delineated major drainage networks based on a minimum contributing area threshold 

of 0.1 km², determined through a preliminary threshold evaluation utilizing TAK’s 

“FindThreshold” function. Using this function, a threshold is determined by evaluating the 

density and connectivity of drainage networks relative to the DEM resolution, and by detecting 

the colluvial–fluvial transition on normalized 𝜒–elevation plots.  We delineated 130 basins, 

ranging from 2 to 195 km², across the bedrock-dominated reaches of the Serre, Sila, and 

Aspromonte massifs. Basin outlets were selected at the transition from bedrock channels to 

alluvial coastal plains, identified using a combination of topographic maps, geologic maps, and 

high-resolution satellite imagery from Google Earth (Figure 1.2B,C). This transition is 

characterized by an abrupt decrease in channel gradient, a change in valley morphology from 

confined to unconfined, and a shift from exposed bedrock to alluvial sediments (Figure 1.2B,C). 

By positioning outlets at this geomorphic boundary, we ensure that our channel network captures 

the upstream bedrock landscape that records the tectonic signal while excluding downstream 

alluvial reaches where sediment dynamics dominate channel form (Figure 1.2). 

Knickpoints were used to demarcate the boundary between relict landscapes upstream 

and actively adjusting landscapes downstream, as these mobile features represent the propagating 
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front of river incision that separates relict topographic surfaces from areas undergoing active 

dissection (Whipple and Tucker, 1999). We identified and characterized relict landscapes across 

the Aspromonte, Sila, and Serre massifs using quantitative topographic analysis and geospatial 

mapping. The results were assessed against established criteria for relict landscapes, as defined 

by Clark et al. (2006). These criteria include high elevation, low relief, and specific 

morphometric properties such as slope and steepness index. 

The percentage of active landscape drained by each basin was calculated by delineating 

each sampled catchment from the DEM using the sampled outlet location, rasterizing the mapped 

relict-topography polygon onto the DEM grid, and calculating the proportion of each basin 

outside the mapped relict domain. Basins with ≥95% active area were classified as active-only, 

basins with ≤5% active area were classified as relict or above-knickpoint basins, and 

intermediate basins were classified as mixed/transient. 

We incorporated 1:50,000-scale geological maps to investigate lithologic controls on 

knickpoint distribution and channel steepness (Roda-Boluda et al., 2018). Mapping these 

lithologies onto river profiles and inspecting the distribution of knickpoints and the normalized 

channel steepness in the context of the geologic maps provided insights into substrate resistance 

and its role in shaping channel steepness, knickpoints, and the geomorphic evolution of the 

region.  

1.3.2 River Profile Analysis 

Drainages ≥1 km2 were used for river profile analysis. To reduce noise while preserving 

critical profile features, channel elevation data were smoothed with a 100 m moving window. We 

quantified channel steepness using the normalized steepness index ksn for each river segment, 

employing the χ-coordinate transformation (Perron & Royden, 2013), with a reference drainage 
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area (A0) set to 1. For each of our delineated catchments, we extracted ksn values along the trunk 

streams and all tributaries with slope-break knickpoints utilizing ChiProfiler (Gallen and 

Wegmann, 2017). Upstream reaches were defined as channel segments above the slope-break 

knickpoint in each basin, while downstream reaches included all segments between knickpoints 

and basin outlets. Catchment-averaged values were calculated from a linear regression of 

elevation (z) vs (𝜒) for a basin’s main connected stream network. Uncertainties represent 

standard errors across all basins within each massif.  

The concavity index (or m/n) was calculated for each drainage basin using the 𝜒-

dispersion method with the “mnoptimvar” function in TopoToolbox v2 (Schwanghart and 

Scherler, 2014). We calculated a regional concavity index by empirically determining each 

basin’s concavity index using the 𝜒-dispersion method and taking the average, excluding those 

with anomalously low concavity. Using this average, we calculate 𝜒 for all basins and analyzed 

river profiles draining ≥1 km2.  χ-analysis provides a temporal context by transforming 

longitudinal channel distance into χ-space, which accumulates area-weighted drainage and 

allows for a graphical estimate of knickpoint propagation and relative timing of river response to 

uplift events (Wobus et al., 2006; Perron & Royden, 2013).   

We identified slope-break knickpoints (Figure 1.3) as locations where χ–elevation 

profiles exhibit a sustained change in reach-scale normalized channel steepness, separating 

adjacent channel segments with distinct ksn values. This approach follows prior work that uses 

channel steepness, χ-transformed river profiles, and profile segmentation to identify knickpoints 

and knickzones in transient landscapes (Wobus et al., 2006; Kirby and Whipple, 2012; Neely et 

al., 2017; Gailleton et al., 2019). To make the mapping reproducible, we required reach-averaged 

ksn values on either side of a candidate slope break to differ by at least 25%. We treat this 
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threshold as an operational screening criterion rather than a universal geomorphic cutoff; its 

purpose is to exclude minor profile irregularities and local roughness while retaining regionally 

coherent slope breaks resolvable at the scale of this analysis. Channels were segmented at these 

knickpoints, producing distinct profile sections reflecting variations in erosion rates and tectonic 

influences. The resulting profiles were analyzed in χ–elevation space, where slope breaks 

indicated the relative adjustment of channel segments to changes in uplift. 

1.3.3 Basin Averaged 10Be Erosion Rates 

In situ cosmogenic 10Be accumulates in quartz-bearing sediment during exposure to 

cosmic radiation near Earth’s surface, and measured 10Be concentrations in fluvial sand can be 

converted to catchment-averaged erosion rates using production-rate and attenuation 

relationships (Brown et al., 1995; Lupker et al., 2012). Because faster erosion removes material 

more quickly and limits 10Be accumulation, lower 10Be concentrations generally correspond to 

higher erosion rates.  

We compiled 35 published 10Be basin average erosion rates from the literature and 

generated 12 new 10Be measurements to enhance spatial coverage from existing data. Our 

sampling mostly focused on expanding coverage on Ionian-draining rivers south of Sila, where 

no data existed, but we collected samples where notable gaps existed on the Tyrrhenian side of 

the main drainage divide. The new samples encompass both granitic and gneissic lithologies 

characteristic of the Serre crystalline basement.  

Sampling targeted active channel deposits located at least 20 m upstream from major 

tributary confluences, and sediments were sieved in the field to isolate the 250–710 μm sand 

fraction. Quartz was purified following the protocol outlined by Corbett et al. (2016). AMS 
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measurements for 10Be were normalized following established standards by Nishiizumi et al. 

(2007).  

For consistency, we used the normalized isotopic ratios of the published and newly 

generated data to calculate erosion rates, based on the equations provided by Brown et al. (1995). 

10Be production rates were calculated using a sea-level high-latitude (SLHL) reference, with 

nucleonic, slow muonic, and fast muonic components scaled according to Stone (2000). The 

SLHL reference nucleonic production rate of 3.9 ± 0.1 atoms /g yr was adopted from Balco et al. 

(2009), while production rates for slow and fast muons were taken from Braucher et al. (2011). 

The general equation for denudation rate calculation follows:  

𝑁 =  1𝜀  (𝑃𝑛𝑖𝑚𝑛 + 𝑃𝑚𝑠𝑖𝑚𝑚𝑠 + 𝑃𝑚𝑓𝑖𝑚𝑚𝑓)  (eq. 11), 

where 𝑚𝑖 =  𝜌𝜀𝐿𝑖    (eq. 12), 

and attenuation lengths for neutrons, slow muons, and fast muons are 160, 1500, and 

4320 g/cm2, respectively (Lupker et al., 2012). A rock density of 2.7 g/cm³ was assumed for the 

erosion rate calculations, and attenuation lengths for neutrons and muons were applied as 

outlined by Braucher et al. (2011). No correction was made for topographic shielding, consistent 

with the methodology of DiBiase (2018). From these analyses, catchment-averaged erosion rates, 

expressed in millimeters per year, were calculated for each sampling site. 

1.4 RESULTS 

We present the results from our topographic and cosmogenic radionuclide analysis of the 

Calabrian forearc. We begin by describing the regional characteristics of the forearc topography 

that enable classification of the relict and active portions of the landscape previously interpreted 

as the geomorphic expression of an increase in rock uplift rate. Next, we present our results 
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exploring the role of rock type on river profile geometry and response. This is followed by a 

presentation of our erosion rates. We close this section by describing the along-arc patterns of 

topography, knickpoints, ksn, and erosion rate. 

1.4.1 Regional Landscape Metrics 

The Calabrian forearc is characterized at first order by three high-elevation massifs: Sila, 

Serre, and Aspromonte. Each preserves a broad, low-relief upland surface flanked by steep, 

deeply incised topography. In map view, slope and local relief are low across the high-elevation 

upland surfaces and increase sharply toward the massif margins (Figure 1.1). The concavity 

index used to calculate ksn was determined by optimizing m/n both regionally and catchment-by-

catchment across all basins; both approaches, after excluding anomalously low values (<0.3), 

consistently yielded values of ~0.40, which we use as the reference concavity throughout this 

study (see Supplemental Table 1 for details). Normalized channel steepness index (ksn) maps 

show the same first-order pattern as slope and local relief: low values characterize the upland 

surfaces and high values concentrate in the deeply incised valleys flanking them (Figure 1.1d). 

The highest ksn values (>200 m0.8) are most dramatically expressed in Sila and Aspromonte and 

less pronounced in Serre (Figure 1.1d). 

The relict topography is observed across the entire forearc and is thought to record the 

history of rock uplift prior to the acceleration in uplift rate, and assessing its extent and 

morphometric characteristics is therefore directly relevant to understanding that earlier phase of 

landscape evolution. The landscape below the knickpoints bounding the margin of the relict 

landscape, termed the “active landscape” records the recent, more rapid phase of uplift. 
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1.4.1.1 Relict and Active Landscape Topographic Metrics 

Consistent patch-to-patch connectivity of surface remnants was observed in elevation 

profiles and topographic maps, meeting the criteria for relict landscape continuity. Defining the 

relict topography enabled regional classification of the landscape into “relict” and “active” 

domains and we use the maps in Figure 1.1 to assess general regional characteristics of these 

domains for each massif for comparison with more detailed catchment-scale river profile 

analysis presented in the following section. In Sila, relict landscapes span approximately 52 km 

in length and 30 km in width, forming a heavily incised but low-relief region (Figure 1.1a). 

Aspromonte preserves a similar landscape, covering 17 km in length and 25 km in width (Figure 

1a). In Serre, relict topography extends along a 76 km stretch, varying in width from 4 km in the 

south to 17 km in the north along the Serre fault (Figure 1.1a). The relict topography is situated 

at comparably high elevations, ~1000 m in Aspromonte and Sila, and lower at ~800 m in Serre 

(Figure 1.1a). 

The relict landscape in the three massifs is characterized by low local relief (~50–160 m, 

calculated over 0.5 km window) and moderate hillslope gradient (4°–13°).  Normalized river 

channel steepness values are also low: in Aspromonte mean ksn above primary knickpoint is 21.4 

± 9.1 m0.8; in Serre mean ksn above primary knickpoint is 11.3 ± 6.4 m0.8; and in Sila mean ksn 

above primary knickpoint is 20.9 ± 14.6 m0.8 (Figures 1.1, 1.5). Importantly, values in all of these 

metrics are slightly higher in the Aspromonte and Sila massifs relative to Serre (Figure 1.6). 

Prominent knickpoints demarcate the boundary of the relict and active landscapes, making it 

straightforward to map the extent of this high-elevation, low-gradient topography (Figure 1.1c). 

Below the knickpoints, the active landscape is characterized by steep hillslopes (>30°) 

and markedly elevated ksn values. In Aspromonte, catchment-averaged ksn downstream of 
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knickpoints had a mean 67.3 ± 15.4 m0.8. In Serre, downstream ksn 60.1 ± 28 m0.8. In Sila, 

downstream ksn 67 ± 24 m0.8. These downstream increases in steepness are consistent across all 

three massifs, indicating a regional transition from relict, low-gradient topography to actively 

incising, tectonically influenced channels. We will revisit the characteristics of the relict and 

active landscapes in terms of along-arc patterns after presenting the river profile analysis and 

erosion rate data. 

1.4.1.2 Longitudinal Profiles and Channel Steepness 

Beyond the regional analysis of river networks described in the section above, we also 

measured the normalized channel steepness index (ksn) for individual profiles within each 

catchment along trunk streams and tributaries containing knickpoints that delineate the relict 

landscape (Figure 1.3). Lower ksn values (<30 m0.8) characterize reaches upstream of major 

knickpoints within the relict landscape, creating a distinct spatial pattern where low-relief, low-

steepness surfaces are flanked by high-steepness channels. 

Based on these changes in steepness, we map knickpoints through analysis of 𝜒-plots 

from 132 catchments draining the relict topography across the Aspromonte, Sila, and Serre 

massifs (Figure 1.5). One hundred and eighteen (118) catchments contained knickpoints suitable 

for evaluation meeting the criteria of at least a 25% difference in ksn below the knickpoints, and 

all displayed a concave-up longitudinal profile downstream, qualifying them as slope-break 

knickpoints (Figure 1.6). One hundred and ninety-two (192) slope-break knickpoints were 

identified from the analysis of 𝜒-transformed river profiles (Figure 1.3). Upstream of 

knickpoints, ksn values were consistently low (6–24 m0.8), reflecting reduced fluvial erosion. 

Downstream ksn values increased considerably (42–81 m0.8) (Figure 1.6). 
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The mapped knickpoints exhibited consistent elevation distributions across the three 

massifs, surrounding the highest elevation topography (Figure 1.6). In Aspromonte, Ionian-

draining knickpoints are located at an average elevation of 1182 ± 121 m, while Tyrrhenian-

draining knickpoints averaged 1221 ± 197 m. In Sila, Ionian-draining knickpoints sustain 

elevations of 1199 ± 120 m, and Tyrrhenian-draining knickpoints are located at 1175 ± 180 m. In 

Serre, Tyrrhenian-draining knickpoints have elevations of 928 ± 103 m, decreasing steadily from 

south to north along each of the Cittanova and Serre faults, respectively, while Ionian-draining 

knickpoints remain at 1003 ± 82 m. These values align with the expected high-elevation range 

for relict surfaces. 

We show the regional patterns of changes in river profile geometry for individual bedrock 

river catchments draining the forearc as 𝜒-plots colored by the underlying geology (Figure 1.5). 

These results show the changes in steepness described above and illustrate the salient 

observation that most catchments are characterized by a single prominent slope-break knickpoint 

(Figure 1.5). Inspection of these plots shows that in most locations, channel steepness does not 

change dramatically with rock type when considering the relict landscape and active landscape 

domains (Figure 1.5). Put another way, most catchment river profiles collapse or are colinear in 𝜒-plots despite changes in rock type (Figure 1.5). There are, of course, some exceptions. For 

example, the Tyrrhenian-draining rivers of Serre are affected by the Serre fault (Figure 1.5), and 

several large rivers in Sila are affected by river captures based on work by Molin, 2004; Figure 

1.5). However, these are local anomalies in an otherwise regionally consistent pattern. 

In Aspromonte, all analyzed knickpoints are located within metamorphic bedrock (Figure 

1.5). In Serre, most knickpoints occur in igneous bedrock, with some at the northern extent of the 

massif transitioning into metamorphic rock (Figure 1.5). However, neither the elevation nor the 
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ksn values downstream of these knickpoints show substantial variation across these lithologic 

contacts. Similarly, in Sila, Tyrrhenian-draining catchments dominated by igneous bedrock and 

Ionian-draining catchments dominated by metamorphic bedrock exhibit no significant 

differences in knickpoint elevations or downstream ksn values (Figure 1.5). At the contact 

between the bedrock of the massifs and the surrounding sedimentary rock, lithology introduces 

noise in river profiles and generates some knickpoints (Figure 1.5). These contacts, however, 

were excluded from the analysis, which focused solely on bedrock reaches. 

Similarly, knickpoints generally do not coincide with lithological contacts and cluster 

well in 𝜒–z space (Figure 1.5). These observations, along with the regional consistency of the 

slope-break knickpoints, suggest lithology plays a secondary role in river profile morphology 

and in ksn and knickpoint patterns throughout the Calabrian forearc. We further explore this 

inference below with an analysis of channel steepness and erosion rate relationships for the two 

predominant rock types in the Calabrian massifs and return to these results in section 5.2 of the 

discussion. 

1.4.2 Erosion Rates 

We report 18 new cosmogenic 10Be erosion rates that complement 35 existing 

measurements across the Calabrian forearc (Figure 1.4A; Table 1.1, IDs 36–53). The new 

samples are derived predominantly from catchments along the Ionian-draining flanks of the Serre 

and Aspromonte massifs and the Tyrrhenian-draining flanks of the Serre and Sila massifs (Figure 

1.4A). Across the full dataset, erosion rates range from 0.04 to 1.43 mm/yr, with a mean of 

approximately 0.3 mm/yr. The dataset integrates both small headwater basins and larger 

catchments that average over multiple landscape domains. These basins drain predominantly 

granitic and gneissic lithologies (Table 1.2). 
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To evaluate how erosion rates vary with transient landscape state, we delineated each 

sampled catchment from the DEM and classified the upstream area according to its overlap with 

mapped relict topography above major knickpoints. This classification separates the dataset into 

active-only basins, mixed/transient basins, and relict or above-knickpoint basins. Active-only 

basins, which drain almost entirely actively incising terrain below knickpoints, make up 6 of the 

sampled catchments. These basins have erosion rates ranging from 0.18 to 0.81 mm/yr, with a 

mean of 0.43 ± 0.24 mm/yr, and drainage areas of 4.72–102.26 km². Mixed or transient basins, 

which integrate both active and relict portions of the landscape, make up 26 catchments. These 

basins have erosion rates ranging from 0.06 to 0.99 mm/yr, with a mean of 0.40 ± 0.23 mm/yr, 

and drainage areas of 3.50–290.60 km². Relict or above-knickpoint basins make up 14 

catchments. These basins yield the lowest erosion rates, ranging from 0.04 to 0.17 mm/yr, with a 

mean of 0.09 ± 0.03 mm/yr, and drainage areas of 1.15–155.46 km². 

Erosion rates also vary systematically among the major massifs. Erosion rates in 

Aspromonte are highest, with a mean of 0.52 ± 0.43 mm/yr, compared with 0.32 ± 0.22 mm/yr in 

Serre and 0.23 ± 0.19 mm/yr in Sila.  

Bivariate comparisons further show that erosion rates are positively associated with 

basin-scale topography (Figure 1.4 B,C). Basin-average erosion rate increases with mean basin 

slope, with a Spearman rank correlation of Rs = 0.76 (p < 0.001; Figure 4B). Erosion rate also 

increases with mean basin normalized channel steepness, ksn, with Rs = 0.73 (p < 0.001; Figure 

1.4C). In addition, the proportion of active landscape drained by each basin is positively 

correlated with erosion rate (Rs = 0.70, p < 0.001). These relationships indicate that faster-

eroding catchments are generally steeper, have higher channel steepness, and drain a greater 

proportion of actively incising terrain.  
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1.4.3 Summary of the Along-Arc Patterns 

Swath profiles, channel steepness metrics, knickpoint elevations, and basin-averaged 

erosion rates collectively define systematic along-arc variations in landscape morphology across 

the Calabrian Arc (Figure 1.5C–E). Sila preserves the most extensive high-elevation relict 

topography, whereas Aspromonte contains smaller but steeper and more deeply incised upland 

surfaces, with Serre exhibiting intermediate characteristics (Figure 1.5C). Across all three 

massifs, low-relief uplands are characterized by subdued channel steepness and low local relief 

upstream of major slope-break knickpoints, while downstream reaches exhibit substantially 

higher ksn values that reflect active fluvial incision and transient landscape adjustment (Figure 

1.5D). Knickpoint elevations are regionally coherent within individual massifs but vary 

systematically along strike and between Ionian- and Tyrrhenian-draining catchments, particularly 

in Serre where knickpoint elevations decrease northward along the Cittanova and Serre fault 

systems (Figure 1.5C). These geomorphic contrasts are mirrored by erosion-rate patterns, with 

basin-averaged cosmogenic ¹⁰Be erosion rates increasing from Sila to Serre and reaching their 

highest values in Aspromonte (Figure 1.5E). Together, these relationships indicate that 

Aspromonte hosts the steepest and most rapidly eroding landscapes, Serre records an 

intermediate transient response, and Sila preserves the largest extent of relict topography and 

comparatively lower present-day erosion rates, defining a coherent along-arc gradient in 

landscape response to rock uplift across the Calabrian forearc. 

1.4.4 Calibrating the Stream Power Model Using ksn-Erosion Rate Relationships 

The new 10Be concentrations from catchments in the three massifs are combined with 

previously published erosion rates in Calabria to calibrate the stream power model by fitting a 

power law to basin-average erosion rate and basin-average ksn data via Eq. 8. Power-law 
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regressions reveal that the slope exponent n is close to unity (Figure 1.6). Recognizing that some 

of the sampled basins are likely transiently adjusting to a change in rock uplift, which can impact 

assumptions about downstream changes in channel width assumed in the stream power model 

(e.g., Whittaker et al., 2007; Yanites et al., 2010; Yanites, 2018; Gallen and Fernandez-Blanco, 

2021), we explored the impact of transient basins on model fit. To “screen” the dataset, we 

calculated an R² value for a linear regression through the network-wide 𝜒–elevation data for each 

basin; basins with low R² values are assumed to have prominent knickpoints and be in a transient 

state, whereas those with high R² values are inferred to be near graded profiles. We use this R² 

threshold to filter disequilibrated basins and define a screened subset of data for model 

calibration. 

For high-quality fits (R² ≥ 0.80), n = 1.01, while very high-quality fits (R² ≥ 0.90) yield n 

= 0.981. These near-unity exponents are consistent with global analyses of stream-power law 

parameters based on worldwide 10Be denudation rates (Harel et al., 2016) and theoretical 

expectations for detachment-limited erosion processes (Stock & Montgomery, 1999). The near-

unity slope exponent validates the linear approximation commonly used in landscape evolution 

modeling (Whipple & Tucker, 1999; Kirby & Whipple, 2001). 

Given that n ≈ 1 for our dataset, we proceed with a linear regression approach, assuming 

n = 1 to determine the erosional efficiency coefficient K. This simplification transforms the 

stream-power relationship to 𝐸 = 𝐾𝑘𝑠𝑛, where K can be directly interpreted as the slope of the 

linear relationship between erosion rate and channel steepness (Snyder et al., 2000), and a best-

fit linear regression is shown on the left E - ksn plot (Figure 1.6). The calibrated K values range 

from 7.74 × 10-6 to 8.51 × 10-6 m0.2 /yr per steepness unit for our highest-quality data subsets. 
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Several basins exhibit high channel steepness but relatively low erosion rates, indicating 

over-steepened channels that have not yet equilibrated to recent uplift, a clear manifestation of 

landscape transience where the fluvial system has responded but not the adjacent hillslopes 

(Whipple & Tucker, 1999). If we exclude these points from our regression, as well as one basin 

with an anomalously high erosion rate likely affected by landsliding, the resulting power-law 

regression has an exponent of 0.94, suggesting a near-linear relationship between ksn and E. The 

results are effectively the same if we only use basins with high R² values for this subset of data. 

Assuming the relationship between ksn and E is linear (i.e., n = 1), this screened subset of the data 

suggests the erodibility coefficient in the stream-power model is 1.14 × 10-5 m0.2 /yr. 

We classify this data based on the predominant upstream rock type and independently fit 

relationships for granite and gneiss map units to further explore the role of rock type (Figure 

1.6). Results show only a small difference in K, assuming n = 1, between the two rock types, 

where granite has a value of 1.16 × 10⁻⁵ m0.2/yr and gneisses 1.20 × 10⁻⁵ m0.2/yr. This indicates 

subtle differences in erodibility between these rock units. The similar results regardless of how 

we treat the data (all basins, screened subsets, and rock-type-specific fits) suggest a power 

exponent of unity (i.e., n = 1) and a scaling constant (i.e., fluvial erodibility coefficient, K) of ~1 

× 10⁻⁵ m0.2/yr approximate the E-ksn data well. Under the assumption that n = 1, we later use 

these calibrations to infer rock-uplift histories from linear inversion of several river profiles in 

each massif that appear to meet specific criteria necessary for this interpretation, including 

roughly uniform rock type and evidence for drainage divide stability. 

1.5 DISCUSSION 

In this section, we first discuss factors that can complicate the interpretation of river 

profiles as recorders of the tectonic history of Calabria, considering the effect of lithology, 
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climate, and river capture. We then interpret our results in the context of relative spatial and 

temporal changes in the rate of rock uplift throughout the forearc. Finally, we discuss the 

potential mechanisms giving rise to the observations and results presented here. 

1.5.1 Assessing Lithologic, Climate, and River Capture Controls on River Profile Morphology 

River profiles integrate multiple forcing mechanisms, making it difficult to isolate the 

tectonic signal in actively deforming landscapes. We systematically evaluate the roles of 

lithology, climate, and river capture on channel morphology, sequentially accounting for non-

tectonic mechanisms before attempting to isolate the tectonic contribution to observed variations 

in ksn and knickpoint distributions. 

1.5.1.1 Lithologic Controls 

The Sila, Aspromonte, and Serre massifs of Calabria are underlain primarily by granitic 

intrusions and high-grade gneisses with subordinate sedimentary rocks and Quaternary deposits 

(Figure 1.5). The Sila massif is dominated by granitic rocks, while the Aspromonte and Serre 

massifs are characterized by large exposures of gneiss, with local occurrences of granite and 

other lithologies. 

Our analysis of channel steepness (ksn) and knickpoint patterns across these massifs 

reveals that changes in ksn and the distribution of knickpoints do not systematically correspond to 

mapped lithology or lithologic boundaries (Figure 1.5). Knickpoints are distributed across both 

granitic and gneissic terrains, with no consistent clustering at contacts between different rock 

types, as best shown in the 𝜒-plots colored by the underlying geology (Figure 1.5). Instead, 

knickpoints are typically found within single lithologic units as well as across boundaries, and 

the magnitude of ksn change across knickpoints is similar regardless of whether the underlying 

lithology is granite or gneiss (Figure 1.5). 
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Importantly, the most prominent knickpoints are found at roughly the same elevation and 𝜒 value within a given catchment, consistent with upstream migration from a common position 

downstream (Figure 1.5; Niemann et al., 2001; Willett et al., 2014). If lithologic changes were 

more important, we would expect greater scattering of knickpoint in 𝜒-plots (e.g., Gallen, 2018). 

The clustering of knickpoints within individual catchmentsaround the 𝜒 value and elevation is 

significant because it means they can be interpreted to represent a kinematic wave sweeping 

through the river networks due to a common base level fall at the defined outlet. In other words, 

this is evidence that the knickpoints are related to a common change in base level fall rate (e.g., 

change in rock uplift rate) at the outlet and that this is regionally observed. 

To further assess whether channel steepness changes with rock type, we partition the 

landscape into relict and active topography based on our detailed map of the relict surface. We do 

this assuming erosion rates in each landscape domain are roughly comparable and that changes 

in steepness associated with rock type will be more easily detected than with the basin average 

analysis (Figure 5). Both granite and gneiss display low mean ksn values above knickpoints 

(Granite: 13.45 ± 11.13, n = 24; Gneiss: 16.54 ± 8.96, n = 31) and substantially higher mean ksn 

values below knickpoints (Granite: 66.22 ± 29.94, n = 24; Gneiss: 62.67 ± 16.60, n = 31), with 

comparable means and standard deviations for each rock type above and below the knickpoints. 

A pronounced and comparable increase in ksn across knickpoints occurs within both lithologies, 

strongly suggesting that the steepening of river profiles is not controlled by changes in rock type. 

As a final check, we examine ksn - E relationships for basins grouped by dominant 

upstream lithology (Figure 1.6; Supplementary Figure S2). Differences in bulk erodibility should 

manifest as distinct power-law trends with different values of K and/or n (e.g., Adams et al., 

2020; Marder and Gallen, 2023). Power-law regressions yield K = 3.87 × 10-6 and n = 1.18 (R² = 
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0.32) for gneiss-dominated basins, and K = 1.52 × 10-5 and n = 0.86 (R² = 0.50) for granite-

dominated basins (Supplementary Figure S2). Although these fits suggest variation in both K and 

n, the parameters are strongly covariant. When a linear relationship is imposed (n = 1, Figure 

1.6), both lithologies yield nearly identical values (K ≈ 1.2 x 10-5), differing by only ~3%. This 

convergence indicates that the apparent differences in the power-law fits primarily reflect trade-

offs between K and n rather than systematic contrasts in bulk erodibility. Thus, the ksn - E 

relationships do not support a strong lithologic control on basin-scale erosion rates. 

Thus, despite the varied bedrock lithologies present across the Calabrian massifs, we can 

infer that these differences in rock type do not clearly exert a primary control on topography, 

knickpoint distribution, or erosion rates. Four key observations support this claim: (1) contrasts 

in channel steepness values measured between the relict and active landscapes cross lithological 

boundaries and are not associated with changes in rock type; (2) mapped knickpoints within 

channel networks do not coincide with mapped lithological boundaries; (3) mapped knickpoints 

cluster in 𝜒-elevation space consistent with upstream propagation from a common downstream 

base level in roughly homogenous medium, and (4) basin-wide relationships between ksn and E 

show no dependency on lithology. All evidence indicates that tectonic processes dominate and 

control river profile morphology, with the massifs of the Calabrian forearc and lithology playing 

a secondary role.  

1.5.1.2 Climatic Controls 

Small zonal precipitation contrasts are present across Calabria, but morphometric 

analyses show consistent river profile characteristics on both flanks of the range (Figure 1.5). 

Basin-averaged precipitation does not correlate with normalized channel steepness (ksn) or 

knickpoint elevations across catchments with verified outlet locations (Figure 1.5; 
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Supplementary Figure S2). Additionally, ksn and precipitation-normalized channel steepness 

(ksnq) maps, along with selected 𝜒- and 𝜒𝑞-plots, show that accounting for spatial precipitation 

variability does not appreciably change the relative spatial patterns of channel steepness or the 

shape of longitudinal profiles (Supplementary Figures S3–S4) (cf. Leonard et al., 2023). 

Together, these observations indicate that, within the range of modern precipitation variability, 

climate exerts little influence on either channel gradient or knickpoint position in this setting. In 

Calabria, the spatial coherence of ksn values and knickpoint elevations across the Tyrrhenian-

Ionian divide instead indicates primary control by base-level fall and differential uplift linked to 

regional tectonics (Roberts et al., 2013), consistent with interpretations from other actively 

uplifting landscapes (Kirby & Whipple, 2012; DiBiase et al., 2010). 

1.5.1.3 River Capture Controls 

Beyond tectonic and lithologic controls, knickpoints can also form as a result of discrete 

river capture events, which can affect interpretations of river profiles as records of tectonic 

activity (Yanites et al., 2013; Willett et al., 2014; Whipple et al., 2017a; Gallen, 2018). We 

considered this through detailed analysis of the river profiles throughout Calabria and found only 

a few isolated examples of drainages that appear to be affected by drainage capture or other river 

network reorganization. These few drainages are all located in the Sila Massif and are excluded 

from interpretation of tectonic signals, despite the river profiles exhibiting evidence of a tectonic 

perturbation overprinted by drainage reorganization and river capture. Previous studies have 

already noted the impact of river capture on landscape evolution in several catchments in Sila 

(Molin et al., 2012). Here, we first discuss evidence for why most drainages do not appear 

affected by captures or, minimally, if at all, are affected via divide migration, then point to the 

few clear examples of river capture in Sila that we exclude from analysis. 
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Recent work quantifying the timescales of river profile response to drainage area change 

demonstrates that channel profiles adjust rapidly, over timescales of ~1 Myr or less, to changes in 

upstream drainage area following capture events (Whipple et al., 2017b). This rapid adjustment 

means that signatures of drainage area gain (or loss) inscribed on 𝜒-transformed river profiles are 

transient and quickly erased by erosional response to local imbalances between uplift and erosion 

rates (Whipple et al., 2017b). A key diagnostic observation supporting the absence of significant 

capture effects is that our mapped knickpoints are concentrated around the main drainage divides 

(Figures 1.1 and 1.5), rather than distributed sporadically within only a few drainage networks. 

This distribution is characteristic of preservation of relict topography through network stability 

rather than disruption via capture (Whipple et al., 2017a). Furthermore, knickpoints cluster at 

consistent elevations and 𝜒-values across independent basins (Figure 1.5), with no systematic 

correspondence to mapped drainage network boundaries or expected capture signatures. If active 

captures were generating the observed knickpoint patterns, we would expect scattered, 

idiosyncratic knickpoint distributions reflecting episodic capture timings (Bishop, 1995; Goren et 

al., 2014; Schwanghart and Scherler, 2020), not the elevation-coherent clustering we observe. 𝜒-plot analysis provides quantitative evidence against widespread capture. Non-capture 

basins (e.g., Figure 1.6) display piecewise-linear 𝜒 profiles with consistent steepness indices 

above and below knickpoints, indicating response to a regional change in base-level fall rate 

rather than drainage area fluctuations. In contrast, the few capture-affected basins in Sila exhibit 

characteristic curved 𝜒-profile signatures of recent drainage area loss, with pronounced spatial 

variability in steepness reflecting the timing and magnitude of recent area change (Willett et al., 

2014). We use this distinction, linear vs. curved 𝜒-profiles, to identify capture-affected basins, 

and through inspection of the 𝜒-plots we only find a few obvious signatures of this process in 
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Calabria (Figure 1.5; Whipple et al., 2017b). Furthermore, some of these catchments also 

distribute classic barbed tributaries in map view, traditionally interpreted as evidence of recent 

drainage capture (Davis,1889; Molin et al., 2012). 

Based on this evidence and these arguments, we infer that drainage capture controls are 

minimal and localized in the study area. The spatial coherence of knickpoint elevations across 

drainage divides, the linear 𝜒-profile forms in most basins, and the concentration of geomorphic 

capture signatures to one massif all support the interpretation that observed channel morphology 

reflects regional tectonic forcing rather than drainage reorganization. 

1.5.2 Erosion Rates and the Dynamic Tectonic Landscape of Calabria 

1.5.2.1 Channel Steepness-Erosion Rate Relationship 

Erosion rate versus ksn data shows a positive but moderately scattered relationship (Figure 

1.6; R² = 0.45 for all basins). When using an R2 threshold for linear regressions through 𝜒-

elevation data to filter out “disequilibrated” basins, the quality of the fit to E-ksn data improved 

mildly (R² up to 0.55). The better fits for basins closer to an equilibrium morphology (i.e., 

without major knickpoints) support this interpretation. Our rationale is based on previous studies 

that demonstrate bedrock channels narrow in addition to steepening to change their hydraulic 

geometry such that bedrock incision keeps pace with rock uplift (e.g., Whittaker et al., 2007; 

Yanites et al., 2010; Yanites, 2018; Gallen and Fernandez-Blanco, 2021). In such cases, ksn will 

miss the channel width adjustments to accommodate faster rock uplift, and this might be most 

prevalent during the transient phase (Whittaker et al. 2007). Regardless of whether basins have 

large knickpoints, ksn and erosion rate exhibit moderate correlations, enabling us to calibrate 

parameters in the stream power model. 
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An important part of our analysis of ksn-E relationships is that we consistently find that 

the power exponent, which represents n in the stream power model, is ~1 (Figure 1.6) and does 

not change regardless of how we treat the data or classify the data as a function of rock type 

(Figure 1.6). We therefore assume bedrock rivers in Calabria can reasonably be approximated by 

n = 1. This is consistent with the results from Gallen et al. (2023), who conducted non-linear 

inversions of three catchments in Calabria that calibrate the stream power model and determine 

long-term rock uplift histories. Their inversions show that the slope exponent was slightly above 

1, ranging from ~1.14 to 1.35. Assuming n = 1 for our dataset, we find the fluvial erodibility 

coefficient is ~1 ×10⁻5 m0.2/yr for the entire dataset, and if we classify it by granite or gneiss 

lithology, K is ~ 1.16 x 10-5 m0.2/yr and 1.20 x 10-5 m0.2/yr, respectively (Figure 1.6). We later use 

these assumptions and calibrations to assess uplift rates and histories from our river profile 

analysis. 

1.5.3 River Profiles and General Uplift History 

Knickpoints preserved in river longitudinal profiles are valuable markers for 

reconstructing the spatial and temporal dynamics of rock uplift across the Calabrian forearc, as 

they record the imprint of transient responses to tectonic forcing (Whipple & Tucker, 1999; 

Kirby & Whipple, 2012). In this section, we utilize knickpoint elevations, changes in channel 

steepness index (ksn) upstream and downstream of these knickpoints, and 𝜒 analysis to infer 

general uplift histories of the major Calabrian massifs (Wobus et al., 2006; Kirby and Whipple). 

We divide the discussion among the three main massifs, from south to north along the A-A’ 

transect: Aspromonte, Serre, and Sila (Sections 1.5.3.2–1.5.3.4), followed by a synthesis that 

integrates these findings to constrain regional uplift timing and patterns (Section 1.5.4). This 

structure allows direct comparison of spatially variable uplift signals and highlights links 
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between river profile morphodynamics and the underlying tectonic processes (Molin et al., 

2012). 

1.5.3.1 Approach and Rationale 

To reconstruct the relative spatial and temporal evolution of uplift across the Calabrian 

forearc, we integrate three complementary geomorphic tools: knickpoint analysis, normalized 

channel steepness index (ksn), and 𝜒 plots (Whipple & Tucker, 1999; Wobus et al., 2006; Kirby & 

Whipple, 2012). Knickpoints are interpreted as markers of cumulative uplift resulting from 

transient responses to base-level changes or variations in rock uplift rate, and their clustering at 

similar elevations within and across massifs provides evidence for regionally coherent uplift 

signals (Olivetti et al., 2012; Molin et al., 2012; Wobus et al., 2006; Kirby & Whipple, 2012; 

Pavano et al., 2016; Whipple & Tucker, 1999). Under the detachment-limited stream power law 

framework, the vertical velocity at which knickpoints propagate headward through the landscape 

is controlled by the difference in rock uplift rates before and after the rate change (Niemann et 

al., 2001). Critically, when the channel slope exponent, n, is equal to 1, the vertical migration 

velocity of knickpoints is directly proportional to the post-change rock uplift rate, and thus the 

knickpoint height represents the total rock uplift since the rate change (Niemann et al., 2001, 

equation 12). This relationship has profound implications: it means that knickpoints resulting 

from the same uplift rate perturbation should cluster at the same elevation across all basins in the 

network, and more importantly, knickpoint elevations become absolute quantitative datums of 

total rock uplift magnitude since the rate change, not merely relative proxies. 

By measuring ksn values directly upstream and downstream of these knickpoints, we 

assess the relative change in incision rate and thus infer contrasts between paleo-uplift rates (pre-

knickpoint) and modern uplift rates (post-knickpoint), following the logic that upstream ksn 
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reflects earlier, tectonic conditions while downstream ksn highlights more recent change in rock 

uplift rate (Whipple & Tucker, 1999; Cyr et al., 2010). In this way, the steepness above and 

below knickpoints represents "snapshots" of the topographic response to transient forcing, 

capturing distinct phases of landscape adjustment compared to the cumulative, absolute record 

encoded in knickpoint elevations themselves. Importantly, because we have demonstrated that E-

ksn relations are approximately linear, the stream power slope exponent is ~1. As noted above, 

this means that the magnitude of changes in ksn is directly proportional to changes in rock uplift 

rate. Furthermore, based on our calibration of the erodibility coefficient, K, we can convert ksn 

into approximate uplift rate magnitudes via the relationship 𝑈 =  𝐸 =  𝐾 𝑘𝑠𝑛.  

1.5.4 Coupling Integrated and Instantaneous Strain Markers  

We interpret knickpoint clustering in elevation and χ -space as a landscape response to a 

base-level fall event (Mudd et al., 2014; Wobus et al., 2006). Elevation clustering points to 

synchronous upstream knickpoint propagation originating at the outlet, while χ -space clustering 

demonstrates that spatial differences in erodibility are minimal (Perron & Royden, 2013). We 

therefore combine these metrics, along with ksn, to document regional uplift history across our 

study area. 

1.5.4.1 Aspromonte 

River longitudinal profiles in the Aspromonte massif (Example, Figure 1.3, Figure 1.5) 

exhibit clear geomorphic signatures of base-level change and uplift, with knickpoints forming 

prominent clusters at similar elevations across both Tyrrhenian and Ionian flanks: mean values 

are 1182 m ± 121 along the Ionian flank, and 1221.2 m ± 197 along the Tyrrhenian. This spatial 

alignment underscores the role of regionally coherent uplift, rather than isolated tectonic (e.g., 



37 

 

local faulting) or lithologic factors, consistent with findings in comparable Mediterranean 

settings (Molin et al., 2012; Olivetti et al., 2012). 

Statistical analysis of ksn reveals a pronounced contrast across the main knickpoints. 

Upstream of knickpoints, the mean ksn is 21.4 ± 9.1 m0.8, indicative of relative landscape stability 

before uplift acceleration. Downstream, the mean ksn rises sharply to 67.3 ± 15.4 m0.8, reflecting 

an increase in incision rate and confirming the onset of more rapid uplift (see Figure 1.5). This 

substantial jump in ksn below knickpoints suggests a more than threefold increase in the rate of 

rock uplift. Assuming n = 1 and K = 1e-5, rock uplift rates increased from ~0.2 mm/yr to ~0.7 

mm/yr. Given the knickpoint elevations of ~1.2 km, the rates from the active landscape imply the 

change in rock uplift rate occurred at ~1.7 Ma. If we consider the height of the knickpoints above 

the bedrock river outlets, the inferred timing decreases to ~1.3 Ma. 

Knickpoints in Aspromonte show moderate clustering in χ -space (χ = 18.0 ± 6.8 m), 

which may reflect more spatially complex uplift or modest variability in erodibility and drainage 

architecture (Pavano et al., 2016; Goren et al., 2014). Despite this scatter, the presence of 

clustering supports a coherent regional signal and provides an independent constraint on the 

timing of landscape adjustment. 

1.5.4.2 Serre 

The Serre massif also exhibits distinctive signatures of coordinated river profile 

adjustment to regional tectonic signals. Knickpoint elevations are well grouped, mean values at 

1003 m ± 82 along the Ionian, 928 ± 103 along the Tyrrhenian (Figure 1.5), supporting the 

influence of a spatially extensive uplift event across drainage divides and lithologic boundaries 

(Olivetti et al., 2012; Molin et al., 2012). 



38 

 

Statistically, the contrast in ksn across knickpoints in Serre is especially striking. 

Upstream of knickpoints, the mean ksn is 11.3 ± 6.5 m0.8, characterizing low-gradient, relatively 

stable landscapes before uplift. Below the knickpoints, downstream mean ksn increases 

dramatically to 60.1 ± 27.9 m0.8, pointing to strongly enhanced incision rates following uplift 

acceleration. This pattern, with a pronounced and consistent downstream jump, suggests rock 

uplift rates increased from ~0.1 mm/yr to 0.6 mm/yr, and based on the ~1 km elevation of the 

knickpoints, this increase roughly occurred at ~1.66 Ma, and considering their height above the 

outlets, this value declines to ~1.2 Ma. 

Knickpoints in Serre show intermediate clustering in χ-space (χ = 14.1 ± 4.4 m), with 

lower mean χ values relative to Aspromonte and Sila. This pattern is consistent with a delayed 

uplift initiation relative to the other massifs and supports a later timing of landscape response. 

1.5.4.3 Sila 

River longitudinal profiles in the Sila massif reveal a regional pattern in knickpoint 

elevations, with mean values clustering around 1199 m ± 120 along the Ionian, and 1175 m ± 

180 on the Tyrrhenian (Figure 1.5). This east–west asymmetry is interpreted to highlight the 

influence of regional base-level changes and provides strong evidence for spatially coherent 

uplift across the massif, rather than localized tectonic or lithologic controls (Olivetti et al., 2012; 

Molin et al., 2012). Knickpoints are particularly well clustered in both elevation and χ -space, 

consistent with a synchronous, regional uplift event. 

Channel steepness (ksn) values further support a significant change in rock uplift rate: 

stretches upstream of the knickpoints show low ksn (20.9 ± 14.6 m0.8), while downstream values 

increase markedly to 67 ± 23.5 m0.8, indicating a transition from relative stability to active 

incision and uplift (Figure 6; Cyr et al., 2010). This systematic increase is clearly illustrated in 
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the regional binned ksn analysis (Figure 1.6), which highlights coherent steepening across all 

rivers draining the Sila massif. This indicates a more than threefold increase in rock uplift rate 

from ~0.19 mm/yr to ~0.61 mm/yr. Based on the knickpoint elevations and their approximate 

height above the basin outlets, the timing of this change is ~1.9 and 1.5 Ma, respectively. 

Knickpoints in Sila show the tightest clustering in χ-space (χ = 17.9 ± 3.5 m), suggesting 

a fairly coherent, synchronous adjustment to a regional uplift pulse (Perron & Royden, 2013; 

Mudd et al., 2014; Schwanghart & Scherler, 2020). 

1.5.4.4 Forearc-scale synthesis 

Knickpoint distribution varies systematically along the forearc. Aspromonte and Sila 

maintain roughly similar knickpoint elevations (1211 ± 188 m and 1189 ± 155 m, respectively), 

whereas Serre has lower values (955 ± 104 m) (Figure 1.6). Using these values as proxies for 

cumulative rock uplift since the rate change (Wobus et al., 2006; Pavano et al., 2016), these 

patterns suggest Aspromonte and Sila have experienced ~235-257 m more total vertical 

displacement than Serre, consistent with long-wavelength synclinal warping of the relict 

topography (Figures 1.5 and 1.6). 

Published late Quaternary uplift rates (~1.0-1.6 mm/yr for Aspromonte, ~0.82 mm/yr in 

Serre, and ~1.0 mm/yr for Sila) are of the same order of magnitude as, but slightly higher than, 

those derived from channel metrics. Together, these datasets indicate that differences in 

knickpoint elevation reflect a combination of spatial variations in uplift rate and timing. 

Aspromonte and Sila record comparable cumulative displacement and similar χ values, implying 

broadly similar uplift histories, whereas Serre’s lower knickpoint elevations and reduced χ values 

indicate less total uplift and a later response. Collectively, these results show that the synclinal 
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deformation of the relict topography reflects both differences in the timing of the change in rock 

uplift rate and variation in the magnitude of rock uplift across the three massifs. 

1.5.5 Patterns of Rock Uplift in Space and Time 

1.5.5.1 Absolute Uplift Histories: Inversion Results and Validation 

The analysis above helps us construct a very generalized history of uplift for each of the 

three massifs of Calabria. Within each massif, consistent internal uplift patterns with minimal 

spatial gradients in geomorphic markers are preserved, which suggests that Calabria’s landscape 

is responding to regional uplift fields. This internal coherence, combined with the near-linear 

relationship between ksn and erosion rate (R2 = 0.45 across all basins), allows us sufficient 

justification to apply linear stream profile inversions to quantify absolute uplift rate histories 

(Goren et al., 2014; Fox et al., 2015; Rudge et al., 2015).  

To extract quantitative uplift histories, we selected two catchments from each massif that 

drain either side of the main divide. Catchments were selected based on roughly uniform 

lithology, lack of cross-cutting faults, and little evidence for river capture. For each catchment, 

the full river network was inverted following established methods (Goren et al., 2014; Gallen, 

2018; Dulanya et al., 2024). We use a linear inversion of 𝜒 -elevation data to calculate ksn 

changes per unit 𝜒 (Marder et al., 2023). Assuming the slope exponent, n = 1, we then scaled to 𝜒 to the fluvial response time, 𝜏, through the relationship 𝜏 = χ K and ksn to rock uplift rate, U, 

using K = (ksn/K), where K is erosional efficiency (e.g., Dulanya et al., 2024). 

1.5.5.2 Massif-scale Uplift Patterns 

Sila inversions show the earliest and most coherent uplift history, with rock uplift 

initiated by roughly 1 - 1.5 Ma and increasing from moderate pre-peak rates on the order of 0.4– 

0.8 mm/yr to peak values near 1 mm/yr before modest deceleration to still-elevated Quaternary 
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rates on both flanks (Figure 1.7). This pattern of early onset, high peak magnitudes, and 

sustained post-peak uplift matches Sila’s high 𝜒 clustering, extensive relict surface preservation, 

and uniform downstream ksn distributions, and indicates massif-wide, regionally uniform strain 

accommodation rather than internally segmented deformation. Serre, in contrast, records the 

youngest and most segmented uplift, with earlier, moderately fast uplift on the Ionian flank and 

substantially younger, fault-localized acceleration on the Tyrrhenian flank. Basins draining the 

Cittanova fault zone reach the highest late Quaternary rates (Figure 1.7), consistent with strong 

along-strike partitioning of strain onto discrete normal faults. Aspromonte shows intermediate 

timing and magnitudes. Both flanks peaking at roughly 1.0–1.5 Ma at rates comparable to Sila 

and Serre but with only moderate flank-to-flank variability and some localized late accelerations 

(Figure 1.7). The ksn and rock uplift rate patterns are temporally more variable than Sila but less 

strongly partitioned than Serre.  

Taken together, these inversions outline a north–south progression from uniformly early 

and coherent uplift in Sila, through moderately variable uplift in Aspromonte, to strongly 

fault-partitioned, younger uplift in Serre, implying increasing upper-crustal structural complexity 

superimposed on a common forearc-scale signal. These massif-scale patterns are broadly 

consistent with the 30 Myr rock-uplift histories derived by Gallen et al. (2023), who infer rapid 

Oligocene uplift, a long interval of low rates between about 15 and 1.5 Ma, and renewed 

Quaternary acceleration to roughly 0.5–1.0 mm/yr in all three massifs, with uplift acceleration 

first in Sila, then Aspromonte, and finally Serre.  

1.5.5.3 Mechanisms Driving Uplift  

Based on these results, we can state that initially rock uplift rates were low before ~1.5 

Ma across the forearc, but spatial patterns emerge that suggest the onset of a new tectonic 
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regime. They reveal that the regional uplift history is modulated by massif-scale structural 

architecture: coherent, block-like response in Sila, transitional behavior in Aspromonte, and 

strongly fault-segmented, partitioned uplift in Serre is clear based on similar river profile 

morphology and river profile inversion results for both Ionian and Tyrrhenian draining rivers 

(Figures 1.6 and 1.7). Uplift rates increased asynchronously across the forearc, with Sila 

uplifting first (1.0–1.5 Ma), followed by Aspromonte (0.8–1.2 Ma), and finally Serre at younger 

ages (0.6 - 1.2 Ma). This temporal progression and spatial variability form the key constraints 

that any geodynamic mechanism must explain. 

1.5.5.4 Local Fault Control and Regional Coherence 

While local fault systems contribute to landscape modification, particularly in Serre, 

where knickpoints align with major fault trends, including the Cittanova fault zone, the regional 

coherence of geomorphic signals indicates that faulting modulates rather than generates the 

primary uplift pattern. Segmentation observed in Tyrrhenian-draining Serre inversions, with 

distinct uplift histories for the Cittanova fault zone (0.5–0.8 Ma onset) versus the main Serre 

block (0.3–1.0 Ma) (Figure 1.7), reflects the interaction between regional dynamic support and 

local fault-controlled vertical motions. Normal faulting with documented throws and rates across 

Calabria (Roberts & Michetti, 2004) contributes to the spatial heterogeneity of uplift, yet the 

broad wavelength of deformation extending across entire massifs rather than localization along 

individual faults, combined with synchronous uplift on both Ionian and Tyrrhenian flanks of each 

massif (reflected in similar knickpoint elevations and 𝜒 clustering), indicates a regionally-

consistent picture that emerges beyond local structural controls. This regional pattern 

necessitates an explanation invoking mantle-scale processes rather than crustal tectonics alone. 
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1.5.5.5 Mantle Geodynamic Interpretation: From Slow Rates to Rapid Acceleration 

Our regional results show that rock uplift and erosion are fastest at the lateral edges of the 

Calabrian forearc and slower above the central part of the subducting slab. The highest post-

acceleration uplift and erosion rates, steepest active-channel ksn values, and greatest knickpoint 

elevations occur in the Sila and Aspromonte massifs at the northern and southern terminations of 

the Calabrian Arc, whereas Serre, located between them, records lower uplift rates, lower 

knickpoint elevations, and evidence for a later onset of rapid incision. These patterns indicate 

that uplift is focused at the slab edges and that the increase in uplift rate began earlier above Sila 

and Aspromonte than above Serre, which is inconsistent with a simple crustal-accretion or 

wedge-thickening mechanism that would predict maximum rock uplift rates above the central 

part of the orogenic wedge subject to ongoing crustal accretion. 

Instead, our observations are consistent with a mantle-driven mechanism in which slab 

tearing and associated changes in mantle flow control the timing and magnitude of forearc uplift. 

Seismic tomography and geodynamic studies show that the Ionian slab beneath Calabria is 

narrow (<150 km) and highly segmented, with active tearing concentrated at its lateral edges 

(Neri et al., 2009; Gutscher et al., 2017; Faccenna et al., 2007). These slab edges correspond 

spatially to the regions where we infer the highest, longest-lived uplift in Sila and Aspromonte 

and the more subdued, later uplift in Serre. Taken together, the spatial coincidence of faster, 

earlier uplift at the slab edges, slower and later uplift above the slab interior, and independent 

evidence for slab tearing along the margins of the downgoing plate support the inference that 

slab fragmentation is the primary driver of the uplift patterns we observe. 

Within this framework, we interpret our results to imply that slab tearing at the northern 

and southern edges of the Ionian slab occurred during the interval when uplift rates transitioned 
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from slow to rapid in each massif. We infer that northern slab tearing initiated at approximately 

1.5–1.8 Ma, whereas southern slab tearing beneath Aspromonte initiated at approximately ~1.2–

1.5 Ma, with Serre responding later as slab fragmentation and associated mantle flow 

reorganized beneath the central forearc. In this scenario, slab tearing alters both isostatic balance 

and upper-mantle flow patterns, leading to enhanced dynamic topography and increased rock 

uplift at slab edges. 

These inferences are consistent with recent work demonstrating that Calabrian forearc 

uplift is paced by the establishment and disruption of an upper-mantle convection cell rather than 

by simple slab rollback or crustal shortening (Gallen et al., 2023). Their continuous 30 Myr rock 

uplift histories show early high uplift rates (>1 mm/yr) during initial subduction (30 - 25 Ma), a 

progressive decline to low rates (<0.4 mm/yr) as a vigorous upper-mantle convection cell 

developed through slab–transition-zone interactions (2.5–1.5 Ma), and an abrupt acceleration to 

modern rates (on the order of 0.5–1.0 mm/yr) following convection-cell disruption by slab 

fragmentation in the Quaternary. Our landscape-derived timing of the transition from subdued to 

rapid uplift, and the concentration of fastest uplift at the slab edges, are therefore best explained 

by the onset of slab tearing and associated changes in mantle flow, rather than by changes in 

convergence rate or wedge accretion alone. 

1.5.5.6 Temporal Validation and Alternative Mechanism  

The timing of landscape adjustment documented in our study aligns with inferences on 

the timing of convection cell disruption (Gallen et al., 2023) and independent constraints on slab 

fragmentation (Faccenna et al., 2011, 2014; Scarfì et al., 2018; Dellong et al., 2020). 

Thermochronological studies from the broader Calabrian Arc confirm accelerated cooling and 

exhumation beginning ~1.5–1.0 Ma (Cucci, 2004), while marine terrace sequences record a more 
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recent synchronous coastal uplift history (Antonioli et al., 2006). Recent thermochronological 

modeling provides additional support for ancient asymmetric exhumation patterns across the 

Calabrian Arc, demonstrating that slab length variations and tearing dynamics controlled 

differential uplift timing from north to south throughout the Oligocene to recent history of 

forearc evolution (Villamizar-Escalante et al., 2025). This temporal coherence across multiple 

datasets and study areas, combined with evidence for heterogeneous slab geometry and mantle 

flow patterns (Scarfì et al., 2018), validates the upper-mantle convection cell disruption model as 

the dominant mechanism driving recent Calabrian uplift and explains both the slow initial rates 

and the asynchronous acceleration pattern revealed in our geomorphic data. 

While alternative mechanisms such as simple slab rollback acceleration or localized 

crustal thickening might explain regional uplift, these cannot account for the observed patterns. 

Slab rollback velocity has slowed since ~2 Ma rather than accelerating (Goes et al., 2004), 

inconsistent with our documented uplift acceleration. Crustal thickening alone cannot produce 

the spatially coherent, asynchronous pattern across the forearc or the broad wavelength of 

deformation we observe. For example, if underplating along the plate interface were thickening 

the crust, we would expect the highest rates above the slab, which is the opposite of what is 

observed. The mantle convection cell disruption model uniquely explains the observed transition 

from subdued pre-1.5 Ma rates to rapid post-1.5 Ma rates, the north-to-south diachronous 

pattern, and the coherent regional signal emerging from our geomorphic analysis. 

1.6 CONCLUSION 

Our geomorphic analysis of the Calabrian forearc shows that Quaternary uplift 

acceleration is spatially segmented and focused at the slab edges. Relict topography, knickpoint 

elevations, and 𝜒 clustering indicates that Sila and Aspromonte have experienced greater 
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cumulative uplift and earlier uplift-rate increases than Serre, while ksn-E calibrations suggest that 

rock uplift has increased from ~0.1–0.3 mm/yr in relict domains to ~0.5–0.7 mm/yr in the active 

landscapes of all three massifs. The coherence of high, slope-break knickpoints, elevated 

downstream ksn, and systematically higher erosion rates at the northern and southern ends of the 

forearc demonstrates that uplift is not maximized above the central part of the wedge, arguing 

against crustal thickening or plate-interface processes as the primary driver. 

Taken together, these spatial and temporal patterns are most consistent with a mantle-

driven mechanism in which slab fragmentation and associated changes in mantle flow dominate 

the late Quaternary uplift history of Calabria. Earlier and faster uplift at the slab edges in Sila and 

Aspromonte, combined with later, slower uplift in Serre above the slab interior, mirrors 

independent seismic and geodynamic evidence for lateral slab tearing and the development of 

slab windows beneath the northern and southern forearc. Within this framework, the transition 

from slow to rapid uplift recorded by our ksn profiles and knickpoint–𝜒 data reflects disruption of 

an upper-mantle convection cell and the reorganization of mantle flow around a narrowing, 

fragmenting slab, rather than changes in rollback rate alone. 

By integrating relict surfaces (Myr timescales), knickpoint metrics (104–105 yr), 

calibrated channel steepness and erosion rates (103–104 yr), and 𝜒-based response times, we 

recover a multi-timescale picture of uplift that aligns with independent inversion and 

geodynamic modeling results. This demonstrates that detailed, quantitative landscape analysis 

can constrain both the timing and mechanism of forearc uplift, and that in Calabria, and possibly 

in other Mediterranean-style systems, late-stage subduction and forearc evolution are governed 

primarily by slab-mantle interactions during slab narrowing and tearing, rather than by 

traditional rollback- or fault-controlled uplift alone. 
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Figure 1.1. Topography, geomorphometry, and structure of the Calabrian forearc. (a) Shaded relief map of Sila, Serre, and 
Aspromonte massifs showing relict topography and the active faults in the study area. (b) Slope map highlighting the steepest 
terrain across the three massifs, with relict topography outlined (dashed line) to illustrate the high-relief zones that bound the relict 
landscape. (c) Hillshade map with knickpoints and relict landscape to illustrate continuity of relict surfaces and knickpoint 
bounding. (d) Normalized steepness index (ksn) map of study area river networks, and relict landscape outlined (dashed line) to 
highlight change in ksn values within relict and active landscape. (e) 3D block diagram of the subducting Ionian lithosphere, and 
toroidal mantle flow through the lithospheric tears around the subducting plate.    
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Figure 1.2. Catchment delineation and outlet selection across the Serre, 
Sila, and Aspromonte massifs. (A) Geologic map showing the distribution of 
bedrock lithologies (Gneiss, Granite), Quaternary, and alluvial coastal 
sediments with catchment outlets (black dots) positioned at lithologic contacts 
between bedrock and alluvial coastal plains (Modified from Roda-Boluda et 
al., 2017). (B) Satellite imagery showing an example catchment boundary (red 
dashed line) and lithologic contact (yellow dashed line) at the transition from 
confined bedrock channels upstream to alluvial coastal plains downstream. 
The view is looking upstream into the narrowing, confined bedrock-dominated 
river channel. (C) An additional example illustrating the sharp transition at the 
lithologic contact between steeper, erosive bedrock reaches and the broader 
alluvial plain. This outlet positioning strategy ensures channel networks 
capture the upstream bedrock landscape recording tectonic deformation while 
excluding alluvial reaches where sediment dynamics dominate channel 
morphology. 
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Figure 1.3. Example of knickpoint identification and channel steepness analysis from Basin 8 in 
Aspromonte (Ionian drainage). (A) The spatial distribution of ksn values and slope across the catchment, 
with the primary slope-break knickpoint marked in red; inset map: location map and basin context within 
Aspromonte. (B) Segmented channel steepness analysis showing the contrast between upstream (reach 2) 
and downstream (reach 1) reaches, calculated from linear regression of elevation versus χ. This systematic 
downstream increase in ksn is characteristic of channels responding to a transient wave of incision (C) χ -
transformed profiles showing the clustering of knickpoints in χ-space, indicating synchronous knickpoint 
formation across the drainage network. (D) Longitudinal profiles of the trunk stream (red arrow) and 
tributaries, showing elevation versus downstream distance. The primary slope-break knickpoint on the trunk 
stream (circled in red) marks the transition from relict, low-gradient topography upstream to steeper, actively 
incising reaches downstream. 
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Figure 1.4. Basin-scale erosion rates covary with hillslope steepness and channel steepness across the Calabria massifs. (A) 
Basin-averaged cosmogenic 10Be erosion rates for sampled catchments across the Sila, Serre, and Aspromonte massifs. Catchments 
are colored by erosion rate, with newly reported erosion-rate catchments outlined in red and catchment outlets shown by white 
circles. (B) Basin-average erosion rate plotted against mean basin slope. (C) Basin-average erosion rate plotted against mean basin 
normalized channel steepness, ksn. In panels B and C, symbols denote landscape domain classification based on the proportion of 
each DEM-derived catchment that overlaps mapped relict topography: active-only basins, mixed/transient basins, and relict-
dominated basins. Vertical error bars show ±1σ uncertainty in erosion rate; horizontal error bars in panel C show ±1σ uncertainty 
in ksn. Black lines show linear least-squares fits for visual reference only. Spearman rank correlations indicate significant positive 
relationships between erosion rate and both mean basin slope (Rs = 0.76, p < 0.001) and mean basin ksn (Rs = 0.73, p < 0.001), 
suggesting that faster-eroding basins are generally associated with steeper hillslopes and more steepened channel networks.



51 

 

 

Figure 1.5. Lithologic and geomorphic patterns across the Calabrian forearc. Central panel shows lithologic units, drainage basins, and knickpoints projected 
onto the A–A′ transect across the Sila, Serre, and Aspromonte massifs. Upper panels show representative χ–elevation plots colored by lithology, and boxplots 
comparing basin-averaged (ksn) values for granite and gneiss catchments. Although granite basins show slightly higher (ksn), lithology alone does not explain the 
along-strike organization of knickpoints or steepness contrasts. Lower panels show Tyrrhenian- and Ionian-facing river profiles projected along A–A′, with inverted 
triangles marking knickpoints. Knickpoints are highest in Sila and Aspromonte (>1 km) and lower in Serre (~0.5–0.7 km), consistent with spatially variable uplift 
magnitude and/or timing. Higher (ksn) below knickpoints records active incision, whereas lower and more uniform (ksn) above knickpoints reflects relict channel 
segments. The bilateral symmetry of knickpoint elevations across opposing drainage networks suggests regionally coherent, diachronous uplift across the Calabrian 
forearc



52 

 

 

 

Figure 1.6. Coupled channel steepness, erosion-rate patterns, and knickpoint distributions record 
transient landscape adjustment across the Calabria massifs. Top panels show relationships between 
basin-averaged erosion rates and channel steepness index (ksn). (A) Power-law regression for all basins 
indicates positive scaling between erosion rate and ksn (R²log = 0.45). (B) Linear regressions separated by 
lithology demonstrate stronger scaling within granite compared to gneiss, suggesting lithologic 
modulation of erosion efficiency. Middle panel shows the A-A′ topographic transect (Figure 5) across the 
Aspromonte, Serre, and Sila massifs, highlighting major fault zones (Cittanova Fault, Serre Fault, and 
East Crati Fault). Colored circles denote knickpoints classified as Tyrrhenian (red) and Ionian (yellow). 
Lower panels show spatial distributions of (C) channel steepness index (ksn) above and below knickpoints 
and (D) basin-averaged erosion rates projected onto the transect. Insets show probability density functions 
for active versus relict landscape domains. Active domains exhibit higher ksn and erosion rates, consistent 
with transient adjustment to rock uplift, whereas relict domains preserve lower steepness and slower 
erosion. 
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Figure 1.7. Channel profile inversions for representative basins from each massif and drainage flank. For each 
basin, panels show (top to bottom): normalized channel steepness index (ksn) as a function of χ-coordinate; and inferred 
rock uplift rate history (τ) through time. Red vertical line indicates the onset of rapid uplift, occurring earliest in Sila 
and Aspromonte and later in Serre.  
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Table 1.1: Newly acquired Cosmogenic nuclide erosion rate collection locations and calculated erosion rates.  

ID Collection ID Latitude 

N˚ 
Longitude 

E˚ 
[10Be] (103 at/g 
quartz) 

± 1σ Elevation 
(m) 

Erosion 
Rate 
(mm/yr) 

± 1σ 

Aspromonte 

        

41 CA140619_13 38.06207 16.05606 6.04 0.81 1019.79 1.00 0.15 

42 CA0622_21 38.20637 15.94518 65.36 3.33 1383.70 0.11 0.01 

46 CA0624_46 38.16521 15.86232 50.19 2.24 1701.58 0.17 0.02 

47 CA0624_50 38.02366 16.03878 2.73 0.50 658.28 1.43 0.29 

Serre 

        

36 CA240618_12 38.48536 16.47081 7.88 0.58 874.49 0.69 0.07 

37 CA250618_22 38.41975 16.37700 8.08 0.60 919.48 0.68 0.07 

38 CA120619_04 38.67064 16.40605 69.08 2.32 829.20 0.08 0.01 

39 CA130619_06 38.30411 16.21544 12.19 0.69 650.75 0.37 0.03 

40 CA130619_08 38.27234 16.17784 10.58 0.92 584.96 0.41 0.05 

48 CA0624_51 38.39398 16.28159 7.14 0.54 999.94 0.67 0.07 

49 CA0624_55 38.50758 16.29229 83.27 2.30 1016.23 0.07 0.01 

50 CA0624_56 38.47824 16.26356 110.05 2.43 1147.31 0.05 0.00 

Sila 

        

43 CA0624_27 39.28758 16.37813 73.19 6.17 1533.60 0.09 0.01 

44 CA0624_28 39.30772 16.34118 67.89 2.74 871.24 0.08 0.01 

45 CA0624_29 39.37606 16.35664 74.58 2.07 1164.35 0.08 0.01 

51 CA0624_60 39.39846 16.60988 186.08 3.72 1488.80 0.04 0.00 

52 CA0624_61 39.44710 16.37290 48.91 1.42 1085.42 0.12 0.01 

53 CA0624_63 39.51609 16.29985 53.06 2.29 475.34 0.07 0.01 
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Table 1.2: Compiled list of Cosmogenic nuclide data in addition to newly collected samples.  

ID Latitude 

N˚ 
Longitude 

E˚ 
R2 Erosion 

rate 
(mm/yr) 

± 1σ 
erosion 
rate 
(mm/yr) 

ksn 
(m0.8) 

± 1σ 
ksn 
(m0.8) 

Basin  
Area 
(Km2) 

Litholo
gy 

Publication 

1 38.00622 16.0841 0.953 0.505 0.065 38.378 0.230 41.70 Gneiss Cyr et al., 2012 

2 37.94779 15.96241 0.936 0.814 0.125 51.130 0.556 20.30 Gneiss Cyr et al., 2012 

3 39.5045 16.51912 0.827 0.092 0.012 18.125 0.470 11.02 Granite Olivetti et al., 2012 

4 39.38537 16.61822 0.967 0.094 0.010 24.537 0.504 2.52 Gneiss Olivetti et al., 2012 

5 39.47192 16.49241 0.906 0.094 0.010 5.729 0.121 7.75 Granite Olivetti et al., 2012 

6 39.45021 16.57992 0.098 0.140 0.015 5.186 0.408 48.04 Granite Olivetti et al., 2012 

7 39.24739 16.83951 0.873 0.257 0.045 39.049 0.189 195.09 Granite Olivetti et al., 2012 

8 39.30689 16.73914 0.953 0.380 0.045 38.902 0.575 7.42 Granite Olivetti et al., 2012 

9 39.45195 16.57999 0.981 0.709 0.088 54.782 0.807 3.50 Granite Olivetti et al., 2012 

10 39.0229 16.64331 0.962 0.064 0.007 63.042 0.614 12.54 Gneiss Olivetti et al., 2012 

11 39.11363 16.50501 0.898 0.068 0.008 9.635 0.173 14.20 Gneiss Olivetti et al., 2012 

12 39.14194 16.61331 0.734 0.076 0.010 9.851 0.335 12.44 Gneiss Olivetti et al., 2012 

13 39.022 16.73078 0.888 0.149 0.015 36.217 0.398 33.23 Gneiss Olivetti et al., 2012 

14 38.99031 16.77743 0.930 0.164 0.018 43.143 0.318 44.46 Gneiss Olivetti et al., 2012 

15 39.50198 16.73833 0.944 0.189 0.025 34.673 0.150 102.26 Gneiss Olivetti et al., 2012 

16 39.02619 16.56511 0.783 0.428 0.050 24.130 0.351 45.61 Gneiss Olivetti et al., 2012 

17 39.02365 16.63501 0.798 0.579 0.080 45.174 1.766 4.72 Gneiss Olivetti et al., 2012 

18 39.02192 16.61909 0.812 0.639 0.085 27.384 0.451 54.43 Gneiss Olivetti et al., 2012 

19 39.43609 16.77161 0.933 0.208 0.027 36.102 0.218 62.03 Gneiss Olivetti et al., 2012 

20 39.22444 16.85332 0.949 0.288 0.040 38.259 0.296 27.48 SandS.  Olivetti et al., 2012 

21 39.46722 16.67206 0.584 0.459 0.050 25.036 0.423 84.68 Granite Olivetti et al., 2012 

22 39.46696 16.68662 0.961 0.498 0.075 50.878 0.265 55.98 Gneiss Olivetti et al., 2012 

23 38.62747 16.22775 0.893 0.094 0.012 34.847 0.496 17.63 Granite Roda-Boluda et al., 
2019 

24 39.40314 16.53514 0.392 0.165 0.020 9.470 0.162 155.46 Granite Roda-Boluda et al., 
2019 

25 39.47806 16.25389 0.803 0.301 0.035 27.219 0.139 290.60 Granite Roda-Boluda et al., 
2019 

26 38.55089 16.15261 0.904 0.317 0.067 43.736 0.648 13.67 Granite Roda-Boluda et al., 
2019 

27 38.34319 16.06639 0.968 0.421 0.082 37.308 0.315 14.91 Granite Roda-Boluda et al., 
2019 

28 38.42086 16.09897 0.951 0.427 0.067 33.061 0.290 22.41 Granite Roda-Boluda et al., 
2019 

29 38.06311 15.78525 0.987 0.081 0.010 10.745 0.116 2.99 Gneiss Roda-Boluda et al., 
2019 

30 38.11808 15.84278 0.970 0.098 0.010 32.050 0.778 1.83 Gneiss Roda-Boluda et al., 
2019 

31 38.04708 15.69672 0.948 0.142 0.050 40.039 0.339 22.72 Gneiss Roda-Boluda et al., 
2019 

32 38.29978 16.00367 0.967 0.185 0.028 48.360 0.500 10.80 Gneiss Roda-Boluda et al., 
2019 

33 38.25022 15.95592 0.956 0.279 0.045 74.572 0.662 18.59 Gneiss Roda-Boluda et al., 
2019 

34 38.21192 15.88203 0.976 0.292 0.037 48.258 0.356 15.36 Gneiss Roda-Boluda et al., 
2019 

35 38.0835 15.72711 0.980 0.627 0.098 50.459 0.211 39.67 Gneiss Roda-Boluda et al., 
2019 

36 38.48536 16.47081 0.897 0.687 0.071 54.984 0.485 47.65 Granite New  
37 38.41975 16.377 0.853 0.685 0.071 32.631 0.244 95.31 Granite New  
38 38.67064 16.40605 0.728 0.077 0.006 19.538 0.188 116.42 Granite New  
39 38.30411 16.21544 0.888 0.374 0.034 42.794 0.502 30.33 Gneiss New  
40 38.27234 16.17784 0.981 0.412 0.046 42.719 0.261 18.41 Granite New  
41 38.06207 16.05606 0.907 0.999 0.155 52.963 0.344 72.75 Gneiss New  
42 38.20637 15.94518 0.994 0.113 0.010 21.924 0.421 1.15 Gneiss New  
43 39.28758 16.37813 0.940 0.091 0.010 51.424 0.687 42.45 Gneiss New  
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44 39.30772 16.34118 0.914 0.077 0.007 58.569 0.685 24.98 Gneiss New  
45 39.37606 16.35664 0.967 0.077 0.006 47.079 0.426 68.55 Gneiss New  
46 38.16521 15.86232 0.968 0.170 0.015 20.076 0.360 4.06 Gneiss New  
47 38.02366 16.03878 0.992 1.430 0.285 27.158 0.467 43.84 Gneiss New  
48 38.39398 16.28159 0.919 0.668 0.069 43.461 0.748 33.49 Granite New  
49 38.50758 16.29229 0.837 0.068 0.005 14.503 0.544 1.32 Granite New  
50 38.47824 16.26356 0.971 0.055 0.004 13.117 0.442 2.76 Granite New  
51 39.39846 16.60988 0.855 0.041 0.003 17.329 1.163 5.62 Gneiss New  
52 39.4471 16.3729 0.987 0.115 0.009 31.456 0.172 41.85 Gneiss New  
53 39.51609 16.29985 0.992 0.069 0.006 44.941 0.966 7.81 SandS. New  
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Table 1.3: Summary of along-arc geomorphic metrics for the Sila, Serre, and Aspromonte massifs, including dimensions of relict 
upland topography, mean knickpoint elevations, normalized channel steepness values (ksn) above and below major slope-break 
knickpoints, and basin-averaged cosmogenic 10Be erosion rates. 

Massif Relict Upland 
Extent (km) 

Mean Relict 
Elevation (m) 

Mean ksn 
above trunk 
knickpoint 

(m0.8) 

Mean ksn 
below trunk 
knickpoint 

(m0.8) 

Mean 
knickpoint 

elevation (m) 

Mean 10Be 
Erosion rate 

(mm/yr) 

Aspromonte ~ 17 x 25 ~ 1000 20.8 ±8.8 64.6 ±17.9 Ionian: 1182 ± 
121 

Tyrrhenian: 
1221±197 

0.52 ±0.43 

Serre ~ 76 long, 4-17 
wide 

~ 800 11.1 ±6.2 58.9 ±27.0 Ionian: 1003 
±82 

Tyrrhenian: 
928±103 

0.32 ±0.22 

Sila ~ 52 x 30 ~1000 20.0 ±12.6 64.1 ±23.2 Ionian: 1199 ± 
120 

Tyrrhenian: 
1175±180 

0.23 ±0.19 
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CHAPTER 2. HOLISTIC QUANTIFICATION OF LANDSCAPE RESPONSE TO ROCK 
UPLIFT CHANGES IN THE FIUMARA ALLARO CATCHMENT, CALABRIA, ITALY 

2.1 INTRODUCTION 

The evolution of mountainous landscapes is fundamentally controlled by the dynamic 

interplay between tectonic uplift, fluvial incision, hillslope erosion, chemical weathering, and 

sediment transport (Burbank & Anderson, 2013; Larsen & Montgomery, 2012; Whipple, 2004; 

Montgomery, 2003; Roaring et al., 2001). When tectonic forcing changes, landscapes respond 

and slowly evolve toward a new equilibrium geometry in which erosion and transport balance 

the addition of rock mass by tectonics and isostasy (Whipple, 2001). This transient phase 

governs rates of erosion, sediment supply, and the cycling of elements such as carbon, making it 

central to questions of both landscape evolution and Earth's long-term biogeochemical cycles 

(Raymo & Ruddiman, 1992; Ferrier & West, 2017; Caves Rugenstein et al., 2019). In 

tectonically active regions such as the subduction forearc in Calabria, southern Italy, abrupt 

changes in rock uplift rates have left an imprint on topography that can be deciphered to 

constrain the history of geodynamic processes and landscape adjustment (Molin et al., 2004; 

Olivetti et al., 2012; Gallen et al., 2011; Gallen et al., 2023; Ghamedi et al., (in prep.)). 

Despite advances in digital topography and geomorphic modeling, fully integrated 

studies that document the coupled fluvial, hillslope, and chemical weathering response to 

tectonic perturbation remain relatively rare (cf. Reinhardt et al., 2007; Hilley & Arrowsmith, 

2008; Gallen et al., 2011; Hurst et al., 2012; Hurst et al., 2013; Mudd et al., 2014; Moon et al., 

2017; Clubb et al., 2023). Much of the existing work has either focused on steady-state 

conditions or treated individual processes in isolation - for example, emphasizing fluvial or 

hillslope adjustment alone (Snyder et al., 2000; Ouimet et al., 2009; DiBiase et al., 2010; Hurst et 

al., 2012; Hilley & Arrowsmith, 2008). This is an important gap because variations in the 
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partitioning between physical (mechanical) and chemical weathering during transient adjustment 

can influence both sediment and solute export and the degree to which landscapes act as sinks for 

atmospheric CO₂ through silicate weathering (West et al., 2005). Work in granitic and siliciclastic 

catchments globally demonstrates that chemical weathering rates are most strongly controlled by 

the supply of fresh minerals generated by physical erosion, leading to supply-limited weathering 

regimes in actively uplifting, rapidly eroding terrain (Riebe et al., 2004; Emberson et al., 2016; 

Bufe et al., 2021). However, the temporal and spatial expression of this interplay, particularly 

when triggered by step changes in uplift rate, remains poorly constrained. 

In this study, we present a detailed investigation of the Fiumara Allaro catchment (98 

km²) that drains the Serre Massif in the Calabrian subduction forearc in southern Italy (Figure 

2.1). Prior geomorphic, geochronologic, and geochemical studies in Calabria demonstrate rapid, 

recent uplift of the forearc in response to changing mantle flow and slab tearing and rollback 

dynamics (Molin et al., 2004; Antonioli et al., 2006; Olivetti et al., 2012; Quye-Sawyer et al., 

2021; Gallen et al., 2023). The Fiumara Allaro, specifically, experienced an order-of-magnitude 

increase in rock uplift rate at approximately 1 Ma. Furthermore, the catchment is underlain 

almost entirely by granitic rocks, features minimal carbonate input and only localized 

anthropogenic modification. These attributes make the Fiumara Allaro an ideal natural laboratory 

for investigating how landscapes record and respond to tectonic forcing and isolating natural 

processes of physical and chemical denudation.  

The Fiumara Allaro catchment exhibits a distinctly transient landscape: below a sequence 

of well-preserved slope-break knickpoints at a roughly consistent elevation, fluvial channels and 

hillslopes are notably steeper and higher relief, whereas above these knickpoints, low-relief 

topography predominates (Figure 2.1C-E). This stark change in topographic form suggests an 
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increase in erosion rate below the knickpoints. Here, we exploit this condition to quantify the 

landscape, erosion, and chemical weathering response using a nested sampling and analysis 

strategy, including channel and hillslope morphology from high-resolution digital topography, 

grain size, cosmogenic nuclide erosion rates (10Be), and major-element water chemistry, targeting 

both relict and actively adjusting domains. By integrating these datasets within a well-

constrained tectonic framework for the Calabrian forearc, we quantify how fluvial, hillslope, and 

chemical responses vary across a landscape adjusting to a step change in uplift rate, test whether 

silicate weathering becomes increasingly supply-limited as physical erosion accelerates, and 

assess the implications for regional CO2 budgets during landscape transience. 

2.2 GEOLOGICAL AND GEOMORPHIC SETTING 

The Fiumara Allaro catchment covers an area of roughly 98 km² and is situated in the 

Serre Massif of central Calabria, southern Italy (Figure 2.1A). The catchment is in the central 

part of the Calabrian forearc, which lies atop a narrow arcuate subduction system that has 

undergone complex tectonic evolution since the late Paleozoic (Mattei et al., 2007). The 

catchment drains through steep, fiumara-style mountain channels that are seasonally intermittent 

and characterized by highly episodic discharge and sediment transport, with dry or low-flow 

conditions during much of the year punctuated by intense floods capable of mobilizing large 

sediment loads (Sabato and Tropeano, 2004; Sorriso-Valvo and Terranova, 2006; Terranova et 

al., 2009). 
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2.2.1 Bedrock Geology and Regional Framework 

The catchment is almost entirely underlain by late Variscan granitoids belonging to the 

Serre Batholith, a ~13 km-thick composite pluton emplaced between 297 Ma and 292 Ma 

(Fiannacca et al., 2017; Langone et al., 2014) (Figure 2.1A). Tonalites, granodiorites, and 

granites were intruded sequentially from ~23 km to ~6 km depth, preserving a complete crustal 

profile that minimizes lithologic variability across the study area (Russo et al., 2025; Fazio et al., 

2018). Because the crystalline basement escaped significant Alpine metamorphism, primary 

Variscan fabrics remain intact, and the near absence of carbonate strata allows silicate weathering 

signals to be isolated (Cirrincione et al., 2015; Ayuso et al., 1994). 

2.2.2 Tectonic Evolution and Uplift History  

The Serre Massif lies in the forearc of the Calabrian arc, where rollback of the Ionian slab 

drove Miocene-to-present back-arc extension and eastward translation of Calabria (Faccenna et 

al., 2001; Chiarabba et al., 2008, Figure 2.1B). Subsequent NW–SE left-lateral strike-slip 

faulting further dissected the massif (Tansi et al., 2007). Quaternary marine terraces record rapid 

coastal rock uplift along the eastern coast of the Calabrian forearc, averaging ~0.5 to 1 mm/yr, 

but locally rates as high as 3.5 mm/yr have been estimated (Antonioli et al., 2006; Cucci, 2004; 

Robustelli et al., 2009). More locally along the Ionian coast of Serre, Dumas et al., (1995) and 

Dumas and Raffy (1996) infer marine-terrace-derived rock uplift rates are ~0.60 mm/yr. 

Crucially, geomorphic analyses indicate an order-of-magnitude acceleration in rock-uplift rate 

across the forearc at ~1.0 - 1.5 Ma that produced the knickpoints and transient incision observed 

throughout Calabria (Gallen et al., 2023; Quye-Sawyer et al., 2021; Chapter 1). Detailed studies 

suggest this acceleration occurred at 1.0 Ma in the Fiumara Allaro, where uplift rates increased 

by an order of magnitude from 0.04 mm/yr to 0.58 mm/yr (Gallen et al., 2023). 
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2.3 METHODS  

To quantify the landscape, erosion and chemical weathering response to a dramatic 

change in rock uplift rate, a comprehensive nested sampling approach was employed to 

investigate coupled fluvial, hillslope, denudation and chemical weathering processes across the 

transient landscape of the Fiumara Allaro catchment. We integrate these measurements and 

observations with analysis of 1 m lidar, resampled to 3 m, to quantify changes in fluvial and 

hillslope morphology throughout the catchment. The methodology combined multiple analytical 

techniques targeting distinct geomorphic domains separated by prominent knickpoints at 

elevations between 800 and 1,000 m. 

2.3.1 Site Selection Strategy 

Seven sampling locations were strategically positioned along the river network in the 

Fiumara Allario to capture landscape dynamics above and below the primary knickpoint system, 

maximizing representation of transient landscape adjustment. This hierarchical sampling design 

follows established principles for spatially nested sampling schemes that optimize variance 

component estimation across multiple spatial scales (Lark, 2011). Sample sites were selected 

considering: (1) proximity to mapped knickpoint locations, (2) accessibility for comprehensive 

data collection, (3) avoidance of areas affected by nearby landslides or check dams, and (4) 

representation of both primary and secondary channel networks. The sampling design 

specifically targeted locations in the relict topography above knickpoints and in actively 

adjusting reaches below knickpoints. 



73 

 

2.3.2 Digital Elevation Model Processing and Topographic Analysis 

Topographic analysis utilized high-resolution digital elevation models obtained from the 

Italian Geological Survey. Terrain analysis was conducted using an integrated software suite 

including MATLAB's TopoToolbox (Schwanghart and Kuhn 2010; Schwanghart and Scherler 

2014), the Topographic Analysis Kit (Forte and Whipple 2018), ChiProfiler (Gallen and 

Wegmann 2017), and ArcGIS Pro. The 1 m DEM was resampled to 3 m, and a Wiener filter was 

used to remove short-wavelength noise. The resampling and filtering also acted to reduce 

artifacts in the original DEM and increase computational speed. Standard DEM preprocessing 

included void filling and flow direction computation, followed by stream network extraction 

using optimized drainage area thresholds. Channel head identification followed robust protocols 

for high-erosion landscapes, incorporating methods adapted from established topographic 

convergence analysis using the CO2CHAIN method (COnvergence and COncentration Channel 

HeAd IdentificatioN; Lurin et al., 2023). Analysis of river channel and hillslope metrics followed 

standard procedures discussed below. We use a 1:50,000-scale digital geologic map to assess the 

impact of geology on landscape morphology and erosion rates (Roda-Boluda et al., 2018). 

2.3.3 River Profile and Channel Steepness Analysis 

The normalized channel steepness index (ksn), a metric that normalizes local channel 

slope to upstream drainage based on a regionally calibrated channel concavity exponent (Chapter 

1.), was used to assess changes in channel steepness across widely different upstream drainage 

areas (e.g., Snyder et al., 2000; Wobus et al., 2006; Kirby and Whipple, 2012). Channel elevation 

data were smoothed with a 100 m moving window, and ksn was calculated for the full river 

network after channel head delineation using χ -transformed longitudinal profiles (Perron and 

Royden 2013). The χ transformation is the path integral of the inverse of drainage area raised to 
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an exponent defined by the channel concavity index. Here, we used a concavity index of 0.4, 

empirically defined using the variance reduction method (mnoptimvar function) in TopoToolbox 

and a reference drainage area of 1 (Perron and Royden 2013; Schwanghart and Scherler 2014). 

The χ -transformed longitudinal profiles are useful because the slope is ksn, enabling easy 

identification of changes in channel steepness and thus knickpoints. To provide an 

order-of-magnitude estimate of landscape response time, we adopt a detachment-limited 

stream-power formulation in which the characteristic adjustment time is approximated as 𝑇 ≈𝐻/𝐸, where 𝐻 is fluvial relief and 𝐸 is the long-term incision rate, following the analytical 

derivations of Whipple (2001). 

2.3.4 Knickpoint Identification and Classification 

Discrete knickpoints were systematically identified in χ-elevation space as channel 

segments exhibiting a minimum 25% increase in ksn between adjacent profile segments using 

ChiProfiler. Each knickpoint was precisely positioned along longitudinal channel profiles and 

classified as primary or secondary based on elevation context and geomorphic significance. 

Channel segmentation at these identified locations produced distinct profile reaches for detailed 

analysis. 

2.3.5 Channel Morphometry and Sediment Characterization 

Channel width measurements were systematically collected in the field at multiple cross-

sections along the sampling transect. We defined the width based on seasonal high-water marks, 

which were easily identified based on vegetation changes. To account for the well-established 

relationship between channel width and increasing downstream drainage area, data were 

normalized to remove first-order hydraulic scaling effects (Finnegan et al., 2005). Specifically, in 

a fashion similar to the normalized channel steepness index, channel width 𝑊 was normalized by 
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drainage area 𝐴 using the formula 𝑘𝑤𝑛 = 𝑊𝐴𝑏, where 𝑏 is an empirical exponent typically near 0.5, 

as documented in regional studies and in Finnegan et al. (2005). This normalization yields the 

normalized width index (𝑘𝑤𝑛), allowing direct comparisons of channel width independent of 

drainage area.  

For fluvial grain size characterization, a systematic surface sampling protocol was 

applied at each measurement location. Surface materials were documented using standardized 

Wolman pebble count methods (Wolman, 1954), measuring the intermediate (b-axis) dimension 

of at least 100 randomly selected clasts at each site. Median (D50) and 84th percentile (D84) 

values were calculated to comprehensively describe the grain size distribution for each site.  

2.3.6 Hillslope Morphometric Analysis 

Hillslope characterization incorporated multiple morphometric parameters derived from 

high-resolution DEMs, including slope gradient, hilltop curvature, local relief, and hillslope 

length (e.g., Hurst et al., 2012; Grieve et al., 2016). Hilltop curvature was calculated using the 

continuous wavelet transform approach of Struble and Roering (2021), which provides scale-

dependent estimates of ridge and hilltop curvature from high-resolution topography. Slope, relief, 

and hillslope length were extracted from the DEM using TopoToolbox.   

We use these metrics to evaluate hillslope morphology in the nondimensional nonlinear-

diffusion framework of Roering et al. (2007). In this framework, soil-mantled hillslope sediment 

flux increases nonlinearly with slope as hillslopes approach a critical gradient, Sc. This behavior 

allows hillslope form to be expressed in terms of dimensionless erosion rate, E*, and 

dimensionless hillslope relief, R*, which normalize curvature, relief, and hillslope length by the 

critical gradient. Following Grieve et al. (2016), we calculate E* from hilltop curvature and 

hillslope length and calculate R* from hillslope relief, hillslope length, and Sc. We use Sc = 0.60, 
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equivalent to a critical slope angle of approximately 31°, consistent with threshold hillslope 

gradients commonly used in applications of the Roering et al. (2007) model. 

Under steady-state conditions and spatially uniform hillslope transport efficiency, hilltop 

curvature is expected to scale with erosion rate because curvature at the hilltop reflects the 

divergence of sediment flux required to balance base-level lowering. Thus, hilltop curvature 

provides a topographic proxy for relative erosion rate, whereas R* reflects the degree to which 

hillslope relief approaches the nonlinear transport threshold. Comparing observed E* and R* 

values with the predicted steady-state nonlinear-diffusion relationship allows us to distinguish 

hillslopes that are approximately adjusted to local erosion rates from hillslopes that deviate from 

steady-state expectations. We interpret such deviations as evidence for transient hillslope 

adjustment to changes in base level or rock uplift rate, following previous work linking hilltop 

curvature, relief, and drainage density to erosion rate and landscape transience (Hurst et al., 

2012, 2013; Clubb et al., 2014, 2020). 

2.3.7 Cosmogenic 10Be Analysis and Erosion Rate Determination 

2.3.7.1 Sample Collection Protocols 

Active channel sediment samples were collected at a minimum distance of 20 m 

upstream from major tributary confluences to minimize potential contamination from local 

sediment mixing effects. Field processing involved sieving to isolate the 250–710 μm sand 

fraction, with material assumed to represent isotopically averaged upstream erosion processes 

(Bierman and Steig 1996). Sampling targeted both relict topography and actively adjusting 

landscape domains to enable direct erosion rate comparisons across the knickpoint boundary. 
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2.3.7.2 Laboratory Processing and Analysis 

Quartz purification followed established protocols detailed by Corbett et al., (2016). 

Accelerator Mass Spectrometry (AMS) measurements for 10Be were normalized against standard 

calibration materials (Nishiizumi et al., 2007). Sample processing was conducted at PRIME Lab 

(Purdue University) utilizing standardized beryllium extraction and AMS analysis procedures. 

Laboratory procedures involved dissolution of purified quartz in ultra-pure HF, followed by ion 

exchange chromatography for beryllium isolation. Column chromatography was optimized to 

eliminate potential analytical interferences, particularly titanium and aluminum contamination 

that can compromise AMS measurement accuracy. Purified beryllium was converted to 

beryllium oxide (BeO) and mixed with niobium to create cathodes suitable for ionization in the 

AMS system. 

2.3.8 Erosion Rate Calculations 

Basin-averaged erosion rates were calculated using established equations from Brown et 

al., (1995), with 10Be production rates partitioned among nucleonic, slow muonic, and fast 

muonic components following Stone (2000). A sea-level high-latitude (SLHL) nucleonic 

production rate of 3.9 ± 0.1 atoms/g/yr was applied (Balco et al., 2009), with muon production 

rates sourced from Braucher et al., (2011). Calculations incorporated appropriate attenuation 

lengths for each production pathway and assumed a rock density of 2.7 g/cm³ (Braucher et al., 

2011). Following the approach of DiBiase (2018), no topographic shielding correction was 

applied. From measured and normalized isotope ratios, catchment-averaged erosion rates 

(mm/yr) were determined for each sampling location.  
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2.3.9 Water Chemistry Analysis and Silicate Weathering Flux Estimation 

2.3.9.1 Sample Collection and Analytical Methods 

Water samples were collected at the same 10Be sampling locations to enable direct 

comparison between chemical weathering fluxes and physical erosion rates. Sample collection 

followed standard protocols for major element analysis, incorporating appropriate field filtration 

and preservation techniques. Major element concentrations were determined using ion 

chromatography following established methodologies for silicate weathering studies (Erlanger et 

al., 2021). Analysis focused on major cations (Ca2+, Mg2+, Na+, K+) and dissolved silica that 

directly reflect silicate mineral dissolution processes. Ion chromatography provided precise 

quantification of major ionic species with parts-per-billion detection limits using conductometric 

detection for individual cation and anion determination. 

2.3.9.2 Silicate Weathering Flux Calculations 

Silicate weathering fluxes were estimated using the equation: 

 𝑊𝑆𝑖𝑙 = ([𝐶𝑎2+]𝑆𝑖𝑙 + [𝑀𝑔2+]𝑆𝑖𝑙 + [𝑁𝑎+]𝑆𝑖𝑙 + [𝐾+]𝑆𝑖𝑙 + [𝑆𝑖]) × 𝑄 

 

where the subscript "Sil" denotes the silicate-derived portion of each ionic species, 

and 𝑄 represents mean annual runoff. Given the catchment's granitic geology and absence of 

significant carbonate lithologies, analysis focused specifically on silicate weathering processes 

without carbonate interference. Runoff estimates were derived from satellite-based precipitation 

(TRMM 3B43; Huffman et al., 2007) and evapotranspiration (MODIS MOD16A2; Mu et al., 

2011) products, following the water balance approach 𝑄 = 𝑃 − 𝐸𝑇. This first-order 

approximation was necessitated by the absence of long-term discharge records for the Fiumara 
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Allaro catchment. All chemical data were corrected for atmospheric inputs using established 

correction factors for regional precipitation chemistry. 

2.4 RESULTS 

2.4.1 Fluvial Metrics 

A series of prominent, slope-break knickpoints consistently demarcate the division 

between high-elevation relict topography and the actively incising landscape in the Fiumara 

Allaro catchment (Figures 2.1C-E, and 2.2A-C). This change is evident in map view (Figure 

2.2A), χ-plots (Figure 2.2B), and swath profiles of the Fiumara Allaro river valley (Figure 2.2C). 

Most major channel knickpoints are clustered between 800 and 1,000 m elevation, delineating 

the boundary above which low-relief, slowly eroding hillslopes prevail and below which rapid 

incision and geomorphic adjustment dominate (Figure 2.2A-C). Normalized channel steepness 

index (ksn) values reveal a pronounced spatial contrast across the study area (Figure 2.2A,B,D). 

Above the primary knickpoints at ~1,000 m, the relict landscape is characterized by consistently 

low ksn values ranging from 10–30 m0.8 (Figure 2.2A,B,D). In stark contrast, the actively incising 

landscape below the knickpoints exhibits elevated ksn values of 50-70 m0.8, representing more 

than a doubling of channel steepness compared to the upstream relict domain (Figure 2.2A,B,D). 

The spatial distribution of ksn values closely correlates with elevation, with the sharpest 

transitions occurring at the mapped knickpoint locations at ~1,000 m. Individual channel 

segments show maximum ksn values exceeding 120 m0.8 in the most actively incising reaches 

(Figure 2.2A,B,D). 

Channel width measurements show absolute values ranging from 3–15 m across the study 

transect, channel width generally increases downstream as expected due to increased discharge 
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(e.g., Wohl, 2004) (Figure 2.2E). The normalized wideness index (kwn), which attempts to control 

for these discharge-related changes in width, displays a clear trend, with the lowest values 

~1.5×10-3 m near the knickpoints, which increase upstream to ~2.75×10-3 m and downstream to 

4×10-3 m (Figure 2.2F). This represents roughly a factor of two lowering around the primary 

knickpoints, indicating significant channel narrowing after accounting for downstream changes 

in drainage area.  

The D84 grain size parameter exhibits pronounced downstream coarsening, with values 

ranging from 43-64 mm in the relict landscape upstream of knickpoints to approximately 731 

mm in actively incising zones below the knickpoints (Figure 2.2G). The D50 values follow 

similar spatial trends, ranging approximately from 20-30 mm in upstream areas to over 200 mm 

in the most actively incising reaches (Figure 2.2G). The grain size distributions also show clear 

elevation dependence, with the coarsest material concentrated below 400 m elevation, where ksn 

values are highest (Figure 2.2). 

2.4.2 Hillslope Metrics 

Hillslope and hilltop metrics provide a sensitive proxy for erosion rates across the 

transient landscape, with systematic variations reflecting the spatial patterns of landscape 

adjustment (Roering et al., 2007; Hurst et al., 2012). Hillslope length is relatively consistent 

above the knickpoints with values of ~60-70 m and increases to values of ~100 m below the 

knickpoints (Figure 2.3A). Hillslope relief shows a similar but more pronounced change across 

the knickpoints from ~20 m above to ~60 m below, save for elevations below 225 m (Figure 

2.3B). Mean hillslope gradients mimic this trend with values of ~0.25 above the knickpoints and 

~0.70 below, at least above 225 m (Figure 2.3C). Mean hilltop curvature ranges from -0.15 to 0 

m-1 across the study area, with increasingly negative (sharper ridge top) values at lower 
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elevations corresponding to the actively incising domain (Figure 2.3D). The relict landscape 

above knickpoints is characterized by gentler, more convex hilltops with curvature values 

approaching zero (Figure 2.3). In contrast, the landscape below knickpoints exhibits 

systematically sharper hilltops with more negative curvature values (Figure 2.3D). The 

relationship between hilltop curvature and elevation shows a strong systematic trend, with the 

sharpest hilltops concentrated in areas where ksn values exceed 50 m0.8 (Figure 2.3). 

We use these hillslope metrics to calculate the dimensionless erosion rate 𝐸∗ and 

sediment transport efficiency 𝑅∗ assuming nonlinear hillslope diffusivity is uniform throughout 

the catchment (see supplementary text for details). Here we use a critical hillslope angle, 𝑆𝑐, of 

30°, which is a reasonable frictional angle for granular materials at Earth’s surface. We bin the 

data in 50 m elevation bins and present results as the median value with error bars representing 

the 16th and 84th percentiles. Both 𝐸∗and 𝑅∗increase from low elevations into the middle reaches 

of the catchment before declining sharply above ~900 m elevation, similar to the hillslope 

metrics from which these parameters are derived (Figures 2.3, 2.4A,B). 

Analysis of 𝐸∗ - 𝑅∗ relationships compared to theoretical steady-state predictions reveal 

systematic spatial organization consistent with transient landscape adjustment (Roering et al., 

2007; Hurst et al., 2012; Grieve et al., 2016) (Figure 2.4C). hillslopes above the knickpoints 

(>800 m) have lower E* and R* and generally fall below, but overlap within uncertainty of, 

steady-state predictions (Figure 2.4C). Below ~800 m, nearly all hillslopes have higher E* and 

R* and plot above the steady-state line (Figure 2.4C). We detail the implications of these results 

in the discussion.  
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2.4.2.1 Statistical Relationships and Correlations 

To get a better idea of relationships between various parameters, we use spearman rank 

correlation analysis, which reveals significant relationships among hillslope metrics, channel 

steepness, and elevation (Figure 2.5). Elevation exhibits moderate to strong negative correlations 

with hillslope slope (Rs = -0.63, p < 0.001), relief (Rs = -0.68, p < 0.001), and hillslope length 

(Rs = -0.55, p < 0.001), indicating that lower elevation portions of the landscape are 

characterized by steeper, higher relief, and longer hillslopes. Elevation is positively correlated 

with hilltop curvature (Rs = 0.67, p < 0.001). Because more negative curvature values reflect 

sharper hilltops, this relationship indicates systematic hilltop sharpening toward lower elevations 

where erosion rates and landscape adjustment are inferred to be greatest. 

Relationships between channel steepness and hillslope metrics reveal similar structures. 

Normalized channel steepness (ksn) exhibits strong positive correlations with hillslope slope (Rs 

= 0.70, p < 0.001) and relief (Rs = 0.67, p < 0.001), a moderate positive correlation with hillslope 

length (Rs = 0.40, p < 0.001), and a strong negative correlation with hilltop curvature (Rs = -

0.66, p < 0.001). These relationships indicate that steeper channels are associated with steeper, 

higher-relief hillslopes and increasingly sharpened hilltops. Interestingly, it is evident in the 

relationships between ksn and the hillslope metrics of hilltop curvature, slope and relief, two 

distinct populations are observed that represent the relict and active landscapes (Figure 

2.6A,C,D). 

Pairwise relationships among hillslope metrics further highlight the organization of the 

landscape in parameter space. Hilltop curvature is strongly negatively correlated with both slope 

(Rs = -0.91, p < 0.001) and relief (Rs = -0.80, p < 0.001), while slope and relief exhibit a strong 

positive correlation (Rs = 0.86, p < 0.001). In Cht-S, Cht-R, Cht-Lh, and S-R space, lower 
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elevation hillslopes cluster along a narrow trend characterized by more negative hilltop 

curvature, steeper slopes, and higher relief, whereas higher elevation hillslopes occupy a broader 

region characterized by gentler slopes, lower relief, and less strongly curved hilltops (Figure 

2.6E-F). Continuous elevation coloring emphasizes a smooth transition between these domains, 

suggesting systematic elevation-dependent adjustment of hillslope form rather than two entirely 

discrete landscape populations. 

Together, the covariation between ksn and hillslope form (Figure 2.6A-D), the elevation-

dependent organization of hillslope metrics, and the clustering of hillslope properties in 

multidimensional parameter space (Figure 2.6E-H) indicate a systematic hillslope response to 

transient landscape adjustment and provide quantitative support for continued landscape 

evolution. 

2.4.3 Erosion and Chemical Weathering Flux 

2.4.3.1 Cosmogenic 10Be Erosion Rates 

Basin-averaged cosmogenic 10Be erosion rates were calculated for six samples from the 

Fiumara Allaro catchment (Figure 2.7; Table 2.1). Measured erosion rates range from 0.051 to 

0.676 mm/yr across drainage areas of 8.4 to 100.0 km². The two samples collected from the high-

elevation relict landscape yield the lowest erosion rates, 0.051 ± 0.004 and 0.084 ± 0.007 mm/yr. 

The four downstream samples have higher measured basin-averaged erosion rates, ranging from 

0.267 ± 0.027 to 0.676 ± 0.071 mm/yr.  

Erosion rates exhibit systematic covariation with geomorphic metrics (Supplementary 

Figure SF1). Erosion rate is strongly inversely correlated with hilltop curvature (Rs = -0.94, p = 

0.017), indicating that higher erosion rates are associated with increasingly negative curvature 
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values and therefore sharper hilltops. Erosion rate also exhibits a positive, though not statistically 

significant at 95% confidence, relationship with channel steepness index (ksn; Rs = 0.83, p = 

0.058), consistent with enhanced fluvial incision in rapidly eroding portions of the landscape. In 

contrast, kwn exhibits only a weak relationship with erosion rate (Rs = 0.26, p = 0.658), 

suggesting that channel width adjustment is either more spatially variable or less directly coupled 

to incision than channel steepness and hillslope form. Collectively, these trends are broadly 

consistent with coupled fluvial-hillslope adjustment during transient landscape response, 

although the limited number of erosion-rate measurements warrants cautious interpretation. 

2.4.3.2 Water Chemistry and Silicate Weathering Fluxes 

Major element water chemistry analysis (Table 2.2) reveals systematic spatial patterns in 

cation concentrations that suggest coupling between physical and chemical weathering processes 

(Figure 8). Dissolved Ca2+, Mg2+, Na+, and K+ concentrations generally increase below the 

knickpoints before declining in the lowermost reaches, indicating complex interactions between 

enhanced mineral exposure and water residence time effects. 

Silicate weathering fluxes, calculated using the total cation approach corrected for 

atmospheric inputs, range from 5-45 tons/km²/yr across the study area (Figure 2.8A). The highest 

fluxes occur in the middle reaches of the actively incising domain, where the combination of 

enhanced physical erosion and sufficient water residence time optimizes chemical weathering 

efficiency (Figure 2.8B). Both the uppermost relict areas and lowermost reaches exhibit lower 

silicate fluxes, reflecting limited physical erosion and reduced water-rock contact time, 

respectively (Figure 2.8B). 

The spatial pattern of silicate flux shows a step-function profile when plotted against 

distance from the outlet, with peak values occurring approximately 4-6 km from the catchment 
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mouth (Figure 2.8B). This pattern contrasts with the more monotonic decrease in 10Be erosion 

rates with distance upstream, suggesting decoupling between physical and chemical weathering 

processes during transient landscape evolution (Figure 2.8B). 

2.5 DISCUSSION 

2.5.1 Coupled Landscape Response to Transient Tectonic Forcing 

The suite of geomorphic metrics across the Fiumara Allaro catchment documents a 

tightly coupled fluvial and hillslope response to a well-constrained increase in rock uplift at 1.0 ± 

0.1 Ma where rates increased from 0.04 mm/yr to ~0.60 mm/yr (Gallen et al., 2023). Fluvial 

channels exhibit a systematic adjustment signature: sharp slope-break knickpoints cluster 

between 800 m and 1,000 m elevation in both longitudinal profiles and χ-elevation space 

consistently, delineating the upstream limit of the incision wave triggered by base-level lowering 

(Figure 2.2A-C). Below these knickpoints, normalized channel steepness (ksn) increases 

markedly (from ~10 –30 m0.8 to ~50 –70 m0.8 )  (Figure 2.2A,D) while normalized channel width 

(kwn) decreases by more than a factor of two (Figure 2.2E,F). This concurrent steepening and 

narrowing is consistent with theoretical models of detachment-limited bedrock incision, where 

channels adjust their geometry to maximize shear stress and sediment transport capacity in 

response to rapid uplift (Finnegan et al., 2005; Whittaker et al., 2007). Assuming a stream-power 

incision model with n ≈ 1, the observed increase in 𝑘𝑠𝑛 implies at least a doubling - and 

potentially up to a ~7-fold increase - in rock uplift rate relative to the relict landscape, consistent 

with independent tectonic constraints for the Calabrian forearc (Olivetti et al., 2012; Gallen et al., 

2023). 
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Hillslope morphology mirrors this fluvial signal, demonstrating a rapid, coupled response 

to channel incision (Figure 2.3). In relict high-elevation domains (>900 m), low hilltop curvature 

and relief indicate a diffusive transport regime consistent with slowly eroding, steady-state 

topography (Figure 2.3B, C). In contrast, hillslopes in the actively incising reaches below 900 m 

exhibit sharp, nonlinear curvature and high relief, with E* and R* values plotting near the 

threshold for landslide-dominated transport (Figure 2.4; Roering et al., 2007). An interesting 

finding is that our results, when placed in the non-dimensional nonlinear hillslope diffusion 

framework of Roering et al. (2007), suggest relief production in the active landscape (i.e., the 

points plot above the steady-state line) and relief decay or possibly equilibrium in the relict 

topography (i.e., points plot below the steady-state line) (Figure 2.4C). From this, we infer that 

accelerated base level fall rate below the knickpoints is likely still driving transient relief 

production on hillslopes in the active landscape. The possibility of relief decay in the relict 

topography is a little more difficult to interpret, but it might be a result of changes in weathering 

and transport efficiency caused by surface uplift pushing the relict topography into a different 

climate regime at higher elevations. 

The strong correlation between channel steepness (ksn) and hilltop curvature, slope and 

relief across the catchment confirms that hillslope adjustment is paced by channel incision rates 

(Figures 2.5, 2.6A, B, D). Interestingly, hillslope length is only moderately correlated with ksn, 

suggesting ridgetop sharpening and hillslope relief are the predominant expression of accelerated 

base level fall rate on hillslope morphology (Figure 2.5, Figure 2.6A-D). However, all hillslope 

metrics are moderately-to-strongly correlated with one another, demonstrating that the entire 

hillslope domain changes in response to differences in base level fall rate (Figure 2.5, 2.6 E-H).  
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Hillslope channel coupling is physically manifested in the sediment grain size record: 

fluvial bed material coarsens dramatically from D84 values of ~43-64 mm in the relict landscape 

to >70 mm in incising reaches (Figure 2.2G). We interpret this coarsening as a direct 

consequence of the process transition from soil creep and deep weathering in the relict uplands to 

threshold mass wasting (landsliding) in the steepened, active domain, which delivers abundant 

coarse, unweathered debris to the channel network. 

Contrasts in cosmogenic denudation rates, which range from ~0.05–0.08 mm/yr in relict 

areas to ~0.26–0.67 mm/yr in actively adjusting zones, confirm that the landscape remains in a 

transient state (Figure 2.7, Table 2.1). Using the detachment-limited stream-power scaling 

introduced above, in which the characteristic response time is approximated as channel relief 

divided by long-term incision rate, typical trunk-stream relief of ~0.5–1.0 km and incision rates 

of ~0.2–2.0 m/kyr yield adjustment timescales on the order of ~0.25–5.0 Myr for this landscape. 

The persistence of significant disequilibrium ~1.0 Myr after the onset of rapid uplift therefore 

suggests that full landscape relaxation may require several million years, implying that the 

Fiumara Allaro remains in a transient state following the mid-Quaternary uplift-rate increase. 

Importantly, the landscape metrics, both fluvial and hillslope, generally remain elevated below 

the knickpoints, suggesting that enhanced incision and erosion persist throughout the active 

landscape (Figures 2.2D-G, 2.3, 2.5). In other words, the geomorphic signal is consistent with 

sustained base-level lowering since the change in uplift rate. 

2.5.2 Physical and Chemical Weathering Coupling 

The transition in geomorphic process domains exerts a fundamental control on chemical 

denudation efficiency. In the slowly eroding relict landscape (< ~200 tons/km2/yr), silicate 

weathering fluxes scale linearly with erosion rates, indicating a kinetically limited regime where 
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deep weathering profiles and long fluid residence times maximize solute production (Figure 

2.8A). However, in the rapidly eroding, landslide-dominated active domain (> ~500 

tons/km2/yr), silicate fluxes plateau at ~30-40 tons/km2/yr, reflecting a transition to residence-

time weathering (Figures 2.8A,B). Here, despite the high flux of fresh mineral surface area 

supplied by landslides, the rapid transit of coarse material and reduced water–rock interaction 

times prevent weathering fluxes from keeping pace with physical erosion (Ferrier & West, 2017; 

Bufe et al., 2021). 

This spatial decoupling creates a step-function weathering profile that contrasts with the 

monotonic increase in physical erosion rates downstream (Figure 2.8B). Unlike some landslide-

dominated systems where weathering efficiency remains high due to rapid comminution (e.g., 

Emberson et al., 2016), the Fiumara Allaro data suggest that in this granitic setting, the shift to 

threshold hillslopes and coarse sediment delivery effectively caps chemical denudation rates 

(Figures 2.2G, 2.8A). This implies that the geomorphic transition from diffusive to landslide-

dominated transport acts as a "weathering valve," decoupling chemical output from tectonic 

forcing once physical erosion rates exceed the kinetic limits of mineral dissolution. 

2.5.3 Synthesis of Geomorphic Response 

The combined geomorphic, erosion-rate, and water-chemistry data define a coherent picture 

of coupled landscape adjustment to rapid mid-Quaternary uplift in the Fiumara Allaro catchment. 

Channels steepen and narrow downstream of the knickpoint zone, while bed material 

systematically coarsens, indicating a shift toward more efficient bedrock incision and sediment 

transport (Figures 2.2D-G). Hillslopes in these reaches become steeper, longer, and more 

strongly curved than in the relict uplands, consistent with a transition from diffusive soil creep in 
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the high-elevation relict landscape to threshold, landslide-dominated transport in the actively 

adjusting domain (Figures 2.3, 2.4, 2.6). Cosmogenic 10Be erosion rates increase by nearly a 

factor of two across this geomorphic transition (Figure 2.7), and silicate weathering fluxes 

exhibit a non-monotonic response, peaking where physical erosion and water residence times are 

optimally balanced (Figure 2.8). Together, these patterns link the observed steepening, 

narrowing, coarsening, and hilltop sharpening directly to the underlying processes of bedrock 

incision, landsliding, and chemical weathering, providing a framework for evaluating landscape 

response times and the degree of persistent transience developed below. 

2.5.4 Implications for Global Cycles and Future Directions 

The supply-limited weathering conditions documented here have significant implications 

for the role of mountain building in the long-term carbon cycle (Figure 2.8). Our results suggest 

that during rapid tectonic adjustment, the efficiency of silicate weathering as a CO2 sink becomes 

fundamentally limited by the kinetics of mineral dissolution rather than the supply of fresh rock. 

Consequently, periods of accelerated uplift and erosion may yield diminishing returns in 

atmospheric CO2 consumption, challenging simple models that assume linear scaling between 

tectonic forcing and global weathering fluxes (Raymo & Ruddiman, 1992; Caves Rugenstein et 

al., 2019). 

Furthermore, the spatial heterogeneity observed in the Fiumara Allaro - where relict, 

kinetically limited uplands coexist with active, supply-limited lowlands - highlights the 

importance of incorporating transient landscape dynamics into global weathering models 

(Figures 2.7, 2.8). Rather than treating mountain belts as homogeneous weathering engines, 

accurate projections of long-term climate-tectonic coupling must account for the evolving 
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distribution of geomorphic process domains. Future work integrating these spatial patterns with 

longer-term water chemistry records and dynamic landslide modeling will be critical for refining 

our understanding of how transient landscapes regulate Earth’s biogeochemical cycles over 

geologic timescales. 

2.6 CONCLUSION 

The Fiumara Allaro catchment records a clear transient response to rapid late Cenozoic 

rock uplift in the Calabrian forearc. Major knickpoints separate a high-elevation relict landscape 

from lower reaches undergoing active incision. Below the knickpoint zone, channels steepen and 

narrow, grain size increases, and hillslopes become steeper, sharper, and higher relief. These 

patterns show strong coupling between river incision and hillslope adjustment. 

Cosmogenic 10Be erosion rates confirm this transition. Erosion rates remain low in the 

relict uplands and increase substantially in actively incising reaches. Erosion rate also correlates 

strongly with increasingly negative hilltop curvature, which indicates systematic hilltop 

sharpening as incision rates rise. Together, these relationships show that hillslopes respond 

directly to downstream channel adjustment during transient landscape evolution. 

Chemical weathering responds differently. Silicate weathering fluxes increase in the 

middle reaches of the catchment but level off in the most rapidly eroding terrain. This pattern 

suggests a shift from kinetically limited weathering in slowly eroding uplands to residence-time 

limited weathering in steep, rapidly adjusting reaches. Rapid sediment transport and shorter 

water-rock interaction times likely reduce chemical weathering efficiency in the actively incising 

domain. 

These results show that tectonic perturbations drive linked but non-uniform responses 

across fluvial, hillslope, and geochemical systems. The Fiumara Allaro catchment therefore 
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provides an example of how transient landscapes evolve through time and how physical erosion 

can become partly decoupled from chemical weathering during rapid uplift and incision. 

 

 

 

 

 

 

 

 

 



92 

 

 

Figure 2.1. Location, geology, and topographic structure of the Fiumara Allaro catchment. (A) top: Regional lithologic map 
of the central Calabrian Massif showing the catchment draining the Serre crystalline complex, primarily of granite. (B)The basin 
(red outline) lies within the rapidly uplifting Calabrian forearc and subducting Ionian slab. Box outlines the geologic map in A. (C) 
Slope map derived from a high-resolution (1m) DEM, illustrating the sharp contrast between the low-gradient upland surfaces and 
the highly dissected valley network. (D) Channel steepness (kₛₙ) values mapped along the extracted river network, with the highest 
kₛₙ occurring in the lower basin where transient incision is most pronounced. (E) Elevation distribution of the catchment, 
highlighting the high-elevation relict upland and the steep topographic gradient toward the Ionian coast.  
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Figure 2.2. Fluvial morphometry, sediment characteristics, and channel-profile structure across the Fiumara Allaro 
catchment. (A) Map of normalized channel steepness, ksn, across the catchment, with warmer colors indicating higher ksn values. 
Blue circles mark mapped knickpoints, white squares show 10Be erosion-rate and water-sample collection sites, red triangles show 
channel-width and grain-size measurement locations, the dashed black line outlines the relict landscape, and the solid black line 
shows the A-A′ swath transect. (B) χ-elevation profiles for the drainage network, showing channel-profile convergence and the 
primary knickpoint cluster near ~900 m elevation. (C) Swath topographic profile along A-A′, with the knickpoint projected onto 
the profile and the relict landscape preserved upstream at higher elevations. (D) Binned ksn versus elevation, showing higher channel 
steepness in lower-elevation actively incising reaches and lower ksn values within the high-elevation relict landscape. (E) Channel 
width versus distance along the study area, showing narrower channels in and near the relict domain relative to downstream reaches. 
(F) Normalized channel width index, kwn, versus distance along the study area. (G) Grain-size measurements, D50 and D84, versus 
distance along the study area. Dashed vertical lines and shaded regions in panels E-G mark the transition into the relict landscape. 
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Figure 2.3. Hillslope morphometrics binned by elevation across the Fiumara Allaro catchment. Median hillslope length (A), 
hillslope relief (B), hilltop curvature (C), and mean slope (D) are plotted as a function of elevation. Points are colored by elevation, 
and vertical error bars show variability within each elevation bin. Shaded regions mark the geomorphic domains used in this study: 
active landscape, knickzone, and relict landscape. Hillslope metrics vary systematically across these domains, with lower-elevation 
active reaches generally characterized by steeper slopes, greater relief, and more negative hilltop curvature than the high-elevation 
relict landscape. 
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Figure 2.4. Dimensionless hillslope metrics across the Fiumara Allaro catchment. (A) Dimensionless hillslope relief, R*, and 
(B) dimensionless erosion rate, E*, plotted as a function of elevation. Points represent elevation-binned median values, and error 
bars show within-bin variability. (C) Dimensionless relief plotted against dimensionless erosion rate and compared with the steady-
state nonlinear hillslope transport model of Roering et al. (2007). Points are colored by elevation. Low-elevation active hillslopes 
generally plot at higher E* and R* values, whereas high-elevation relict hillslopes plot at lower values. Intermediate elevations 
show the greatest departure from the model curve, consistent with spatially variable transient hillslope adjustment across the 
catchment. 
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Figure 2.5. Spearman rank correlation matrix for elevation, normalized channel steepness index (ksn), hilltop curvature 
(Cht), hillslope length (Lh), mean slope (S), and local relief (R). Correlation coefficients are Spearman’s rank coefficients, 𝑅𝑠, 
calculated from elevation-binned hillslope and channel metrics. Red colors indicate positive correlations and blue colors indicate 
negative correlations, with darker colors representing stronger relationships. Asterisks indicate statistical significance: *** p < 
0.001, ** p < 0.01, and * p < 0.05. The diagonal is omitted because each variable is perfectly correlated with itself. 
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Figure 2.6. Relationships among channel steepness and hillslope morphometric metrics across the Fiumara Allaro 
catchment. (A–D) Scatter plots of normalized channel steepness, ksn, against median hilltop curvature (Cht), hillslope length (Lh), 
mean slope (S), and local relief (R), with points colored by mean hillslope elevation. Higher ksn values are generally associated 
with more negative hilltop curvature, steeper slopes, and greater relief, linking fluvial incision to hillslope adjustment. (E–H) Scatter 
plots comparing hillslope metrics directly, including slope versus hilltop curvature, relief versus hilltop curvature, relief versus 
slope, and hillslope length versus hilltop curvature. These relationships show that lower-elevation hillslopes cluster toward steeper 
slopes, greater relief, and more negative curvature, whereas higher-elevation relict hillslopes cluster toward lower relief, lower 
slopes, and lower-magnitude curvature. Gray error bars show 16th and 84th percentiles around median binned values. Together, the 
ksn–hillslope and hillslope–hillslope relationships illustrate the systematic organization of hillslope form with elevation and channel 
steepness across the active, transitional, and relict portions of the catchment. 
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Figure 2.7. Basin-averaged cosmogenic ¹⁰Be erosion rates across the Fiumara Allaro catchment, Calabria, Italy. Catchments 
are colored by cosmogenic radionuclide-derived erosion rate, with warmer colors indicating higher basin-averaged erosion rates. 
Red circles denote sample collection locations. Samples from the high-elevation relict landscape above the primary knickpoint 
zone yield low erosion rates of 0.051-0.084 mm/yr, whereas downstream basins that integrate lower-elevation active terrain yield 
higher erosion rates of 0.267-0.676 mm/yr. The >900 m relict landscape is associated with comparatively low erosion rates. 
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Figure 2.8. Silicate weathering flux and physical erosion across the Fiumara Allaro catchment. 
(A) Silicate weathering flux plotted against basin-averaged erosion rate for incised, outlet, and relict domains. The dashed 1:1 line 
shows equal chemical and physical denudation for reference. Relict samples plot at comparatively low erosion rates and low silicate 
fluxes, whereas incised and outlet samples plot at higher physical erosion rates but show only modest increases in silicate flux. (B) 
Silicate weathering flux and erosion rate plotted against distance from the outlet. Red circles show erosion rate and blue crosses 
show silicate flux. The shaded vertical band marks the knickzone. Erosion rates generally decrease upstream toward the relict 
landscape, whereas silicate flux remains relatively high through the lower and middle catchment before declining sharply upstream 
of the knickzone. The divergence between physical erosion and silicate flux indicates that chemical denudation does not scale 
linearly with increasing physical erosion across the catchment. 
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Table 2.1: Cosmogenic ¹⁰Be sample information and measured catchment-averaged erosion rates for the Fiumara Allaro catchment. 
Shaded rows indicate samples collected from the high-elevation relict landscape. 

 

 

Sample ID lat. (N°) lon. (E°) Drainage area 
(km²) 

Mean 
basin 
elev. (m) 

[10Be] 
(103 at/g 
quartz) 

± 1σ  Erosion 
rate (mm 
/yr 

± 1σ 

CA25061822 38.42010 16.37746 100.0 902.9 8.082 601 0.676 0.071 

CA062225 38.42751 16.36832 93.2 936.3 12.723 1081 0.437 0.049 

CA25061824 38.44565 16.34185 83.4 972.7 11.878 1040 0.479 0.055 

CA25061826 38.46295 16.31845 53.5 1002.1 21.657 1539 0.267 0.027 

CA24061818 38.48763 16.28691 8.4 1092.9 72.038 1630 0.084 0.007 

CA24061816 38.51654 16.31323 12.1 1015.1 11.093 2202 0.051 0.004 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

Table 2.2.: Selected dissolved species in collected water samples 

 

Water 
sample 
ID 

lat. (N°) lon. (E°) Li (nM) Na 
(µM) 

Mg 
(µM) 

K 
(µM) 

Ca 
(µM) 

Si 
(µM) 

Sr (nM) Σ (µM) 

15 38.51682 16.31314 6.7 8.4 2.4 0.5 19.3 302.1 71.3 30.6 

21 38.41975 16.377 252.7 663.1 175.1 36.8 271.5 293.9 485.3 1146.5 

23 38.44534 16.34216 199.9 608.5 145.0 34.6 244.0 305.8 471.1 1032.2 

17 38.48744 16.28619 34.9 542.6 122.5 56.4 485.8 271.5 2374.8 1207.3 

25 38.46289 16.3189 145.2 635.6 125.0 35.3 219.9 310.1 492.1 1015.7 
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CHAPTER 3. FORWARD STRATIGRAPHIC MODELING OF STORAGE-TO-BYPASS 
TRANSITIONS IN HIGH-RELIEF SHELF-MARGIN SYSTEMS: A MODEL FRAMEWORK 
MOTIVATED BY THE OVEJA-PUMA SUCCESSION, MAGALLANES BASIN 

3.1 INTRODUCTION 

Continental margins regulate the storage and transfer of sediment from source areas to 

deep-water depositional systems. The shelf margin marks the transition from the low-gradient 

shelf to the steeper slope and commonly includes the shelf edge, rollover, topset-to-foreset 

transition, and associated clinoform rollover zone (Johannessen and Steel, 2005; Helland-Hansen 

and Hampson, 2009; Patruno and Helland-Hansen, 2018). Sediment routing across this transition 

partitions material between temporary storage on the shelf and delivery to deeper-water 

environments. This partitioning strongly shapes stratigraphic architecture, shelf-edge trajectory, 

clinoform geometry, and the distribution of coarse-grained facies within sedimentary basins 

(Johannessen and Steel, 2005; Sømme et al., 2009; Carvajal et al., 2009; Romans et al., 2011; 

Pemberton et al., 2016; Prather et al., 2017). A central challenge in shelf-margin stratigraphy is 

therefore determining why some systems remain storage-dominated, whereas others shift into 

bypass-dominated states marked by shelf-edge erosion, slope readjustment, and sediment 

delivery to deeper water (Hedberg, 1970; Ross et al., 1994; Pyles et al., 2011; Prather et al., 

2017; Bauer et al., 2020; Peploe et al. (in prep)). 

The Upper Cretaceous Tres Pasos-Dorotea stratigraphic succession of the Magallanes 

Basin provides a natural example of high-relief shelf-margin clinoforms and a stratigraphic 

transition from shelf-margin aggradation (Oveja shelf-margin unit) to bypass and coarse-grained 

sediment delivery to deep-water settings (Puma basal clinothem) (Hubbard et al., 2010; 

Macauley and Hubbard, 2013; Hubbard et al., 2014; Bauer et al., 2020). Previous work has 

suggested that inherited depositional topography influenced this transition by promoting slope 
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oversteepening and readjustment as the margin prograded basinward (Hubbard et al., 2010; 

Bauer et al., 2020). However, the relative roles of inherited geometry, sediment supply, 

accommodation generation due to subsidence, and sediment-transfer efficiency remain difficult 

to isolate from outcrop data alone. 

This uncertainty can be framed in terms of graded and out-of-grade margin behavior. 

Hedberg (1970) distinguished constructional continental margins from erosional margins and 

established an early framework for assessing whether slope systems are dominated by 

deposition, erosion, or sediment transfer. Ross et al. (1994) extended this framework through the 

slope-readjustment model, which links out-of-grade slope development to upper-slope gradients 

that exceed an equilibrium profile. In that model, oversteepening promotes erosion, mass 

wasting, sediment bypass, and submarine-fan or apron deposition farther downslope. Pyles et al. 

(2011) refined the concept of stratigraphic grade by defining it in terms of the similarity of 

successive slope-to-basin profiles through time. Graded systems maintain broadly similar slope-

to-basin morphology during progradation, whereas out-of-grade systems record departures from 

that morphology through erosion, bypass, or abrupt downslope sediment transfer. 

Clinoform-bearing shelf-margin systems provide a useful framework for evaluating 

graded-to-out-of-grade transitions because they preserve linked depositional domains across the 

shelf-to-basin profile. In depositional-dip view, clinoform systems commonly include a low-

gradient topset, a steeper foreset, and a basinward bottomset. Together, these domains record 

interactions among sediment supply, accommodation, sediment caliber, shelf-edge process 

regime, inherited topography, and sediment-transfer efficiency (Johannessen and Steel, 2005; 

Helland-Hansen and Hampson, 2009; Carvajal et al., 2009; Patruno and Helland-Hansen, 2018). 
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The shelf edge is especially important because its position and trajectory influence whether 

sediment remains stored on the shelf, accumulates near the rollover, is reworked along the upper 

slope, or is transferred into deeper-water settings. 

Sediment supply and accommodation strongly influence clinoform growth, but they do 

not alone determine whether sediment reaches the deep basin. Comparative studies show that 

sediment supply affects clinoform aggradation and progradation, whereas sand delivery beyond 

the shelf edge also depends on shelf width, relative sea-level state, margin physiography, slope 

topography, and the efficiency of sediment-routing pathways (Johannessen and Steel, 2005; 

Carvajal et al., 2009; Sømme et al., 2009; Covault and Graham, 2010; Prather et al., 2017). 

Covault and Graham (2010), for example, showed that submarine fans can form across a range 

of sea-level states, indicating that lowstand conditions alone cannot explain deep-water sediment 

delivery. Prather et al. (2017) similarly emphasized that slope topography strongly controls 

sediment partitioning across continental slopes and base-of-slope systems. These studies frame 

the transition from shelf-margin storage to bypass as a sediment-routing problem rather than the 

direct product of a single forcing variable. 

Sediment bypass also depends on mobility and transport efficiency across the shelf to the 

shelf break down the slope and into the deepwater basin. Turbidity currents, mass flows, and 

related sediment-density flows transfer sediment across submarine slopes and into deep-water 

environments, but the distance and efficiency of that transfer vary with confinement, gradient, 

sediment concentration, flow competence, and interaction with pre-existing topography (Talling 

et al., 2015; Pemberton et al., 2016; Prather et al., 2017). Inherited depositional topography is 

therefore important because it can modify the pathway across which later sediment-routing 
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systems evolve. Although inherited topographic relief may have formed under an earlier set of 

boundary conditions, it can later act as a template that focuses aggradation, promotes slope 

oversteepening, and influences whether sediment remains stored near the shelf edge or is 

transferred basinward (Ross et al., 1994; Prather et al., 2017; Bauer et al., 2020). 

Forward stratigraphic modeling provides a way to test these controls because it links 

imposed boundary conditions to evolving depositional architecture through time. Stratigraphic 

forward models use mass conservation and transport rules to simulate sediment redistribution 

across evolving topography, allowing systematic evaluation of how sediment supply, 

accommodation generation due to subsidence, initial basin geometry, and transport efficiency 

influence clinoform growth and sediment partitioning (Rivenæs, 1992; Granjeon and Joseph, 

1999; Burgess et al., 2008; Paola et al., 2009). In diffusion-based forward-modeling frameworks, 

sediment redistribution commonly scales with topographic gradient and an effective transport 

coefficient, which provides a simplified representation of long-term sediment transfer and slope 

smoothing at the basin scale (Rivenæs, 1992; Granjeon and Joseph, 1999; Burgess et al., 2008). 

Although such models do not resolve event-scale processes such as individual turbidity currents, 

slope failures, or channel avulsions, they are well suited for isolating first-order controls on 

sediment storage, bypass, and basinward transfer (Burgess et al., 2008; Paola et al., 2009). 

Here, we use forward stratigraphic modeling to evaluate how inherited shelf-margin 

geometry, sediment supply, accommodation generation, and sediment mobility influence 

sediment partitioning across an idealized high-relief shelf-to-basin profile. The models are not 

intended to reproduce the stratigraphy observed in Magallanes Basin outcrops directly. Instead, 

they abstract the natural system into a controlled experimental framework for testing process-
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response relationships among inherited geometry, allogenic forcing, and sediment-transfer 

efficiency. 

We test three related hypotheses. First, inherited geometry alone controls the transition of 

progradation across a steeper inherited foreset and controls amount and timing of downslope 

transfer and bypass without requiring changes in sediment supply, accommodation, or mobility. 

Second, the transition is controlled by allogenic forcing, as increased sediment supply or reduced 

accommodation shifts deposition basinward and promotes bypass even when inherited geometry 

and mobility structure are held constant. Third, sediment-transfer efficiency is the dominant 

control on the transition from aggradation to bypass which occur when the mobility structure is 

reorganized to increase sediment movement from the shelf edge toward the upper slope. These 

hypotheses provide the basis for the model experiments presented below and allow us to evaluate 

the transition as a shift from storage-dominated to transfer-dominated shelf-margin behavior. 

3.2 GEOLOGIC SETTING AND STRATIGRAPHIC FRAMEWORK 

The Upper Cretaceous Magallanes retroarc foreland basin of southern Chile preserves 

one of the best exposed ancient examples of high-relief shelf-margin clinoforms and genetically 

linked deep-water slope systems (Hubbard et al., 2010; Bauer et al., 2020; Figure 3.1A-E). The 

basin developed along the southwestern margin of South America during Andean fold-and-thrust 

loading after closure and inversion of the Rocas Verdes back-arc basin (Fildani and Hessler, 

2005; Romans et al., 2011; Fosdick et al., 2014; Figure 3.1A). Attenuated crust inherited from 

this precursor extensional basin promoted rapid subsidence and long-lived deep-water 

accommodation during Late Cretaceous foreland-basin development (Fildani and Hessler, 2005; 

Fosdick et al., 2014; Bauer et al., 2020). 
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Sediment was routed into the Magallanes foredeep from the Patagonian magmatic arc and 

adjacent thrust belt. Paleocurrent and stratigraphic data indicate dominantly axial sediment 

transport, broadly southward to southeastward, parallel to the Andean orogenic belt and the 

elongate foreland-basin axis (Fildani et al., 2003; Romans et al., 2011; Macauley and Hubbard, 

2013; Fosdick et al., 2014). Provenance and thermochronologic constraints indicate long-lived 

sedimentary connectivity among the Andean source region, the Patagonian batholith, and the 

Magallanes depositional system during accumulation of the Tres Pasos and Dorotea formations 

(Fosdick et al., 2014; Figure 3.1C). 

3.2.1 Tres Pasos-Dorotea Shelf-Margin System 

This study is motivated by the Tres Pasos-Dorotea shelf-margin succession, which 

records progradation of high-relief clinoforms across the Magallanes Basin (Hubbard et al., 

2010; Bauer et al., 2020; Figure 3.1B, D). These clinoforms preserve approximately 900-1000 m 

of shelf-to-slope relief and are exposed for tens of kilometers along depositional dip, making the 

succession a rare outcrop analogue for seismic-scale shelf-margin systems (Hubbard et al., 2010; 

Bauer et al., 2020). The depositional profile consisted of a low-gradient shelf and topset region 

that passed basinward across a shelf-edge rollover into a steeper foreset slope and lower-slope to 

basin-floor environments (Figure 3.1D, E). 

Fluvial- and wave-influenced deltaic deposits of the Dorotea Formation represent the 

shallow-water topset portions of the system, whereas mudstone-prone upper-slope deposits, 

slope channels, mass-transport deposits, and coarse-grained lower-slope to basin-floor deposits 

record sediment transfer through the deeper-water segment of the margin (Hubbard et al., 2010; 

Macauley and Hubbard, 2013; Bauer et al., 2020). The system therefore provides an appropriate 

natural context for examining how high-relief margin geometry, sediment supply, 
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accommodation, and transport efficiency can influence the partitioning of sediment between 

shelf storage and basinward delivery. 

3.2.2 Oveja-Puma Stratigraphic Context 

Within the Tres Pasos-Dorotea succession, the Oveja shelf-margin unit and overlying 

Puma basal clinothem package record contrasting shelf-margin states (Figure 3.1F). The Oveja 

shelf-margin unit is approximately 300-400 m thick and includes a 30-50 m thick upper interval 

composed of upward-coarsening and bed-thickening shallow-marine successions that transition 

basinward into laterally extensive, mudstone-prone slope deposits (Bauer et al., 2020). These 

characteristics indicate a phase of shelf-margin aggradation and progradation in which sediment 

was at least partly stored near the shelf edge and upper slope. 

The overlying Puma basal clinothem package records a contrasting phase of enhanced 

coarse-grained sediment transfer beyond the shelf margin. Rather than representing simple 

basinward progradation across a smooth slope profile, the Puma interval downlaps onto the older 

Figueroa-Laguna Figueroa clinothem and is associated with shelf-edge incision, slope 

readjustment, and coarse-grained lower-slope to basin-floor deposition (Hubbard et al., 2010; 

Macauley and Hubbard, 2013; Bauer et al., 2020; Figure 3.1B, F). Bauer et al. (2020) interpreted 

this transition as reflecting progradation of the Oveja margin toward inherited depositional 

topography associated with the older Figueroa system, resulting in increased shelf-margin relief, 

slope oversteepening, and enhanced bypass of coarse-grained sediment into deeper-water 

settings. 

The Oveja-Puma succession therefore provides the real-world stratigraphic motivation 

for this study: it preserves a transition from a comparatively graded, aggradational shelf-margin 

state to a more out-of-grade, bypass-prone state. The modeling experiments described below do 
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not attempt to reproduce the Oveja-Puma system exactly. Instead, they abstract the natural 

system into a simplified high-relief shelf-to-basin template used to test how inherited geometry, 

sediment supply, accommodation generation, and sediment mobility influence sediment 

partitioning across a shelf-margin profile. 

3.3 METHODS 

3.3.1 Forward Stratigraphic Modeling Workflow 

Forward stratigraphic simulations were conducted using the Geological Process 

Modeling (GPM™) module in Petrel™. The models were constructed as two-dimensional, dip-

oriented simulations rather than three-dimensional basin reconstructions. This approach is 

consistent with the dip-oriented outcrop exposure of the Tres Pasos-Dorotea shelf-margin system 

and allows the experiments to isolate first-order controls on shelf-to-slope sediment partitioning. 

Expanding the experiments into three dimensions would require additional assumptions about 

along-strike variability, sediment-source position, routing width, channel localization, and lateral 

depositional heterogeneity. The purpose of the model suite was therefore to evaluate process-

response relationships among inherited basin-margin geometry, sediment supply, accommodation 

generation, and sediment mobility using simplified sensitivity experiments rather than direct 

reconstructions of a specific preserved clinoform, stratigraphic surface, or named clinothem 

package. 

The modeling workflow consisted of four steps. First, an idealized shelf-to-basin 

topographic template was constructed. Second, sediment supply, grain-size distribution, 

subsidence, relative sea level, and diffusion-based sediment transport were parameterized (Table 

3.1; sections 3.3.2 and 3.3.3). Third, sensitivity experiments were run by varying one principal 

parameter family at a time around a shared reference model (Table 3.2; section 3.3.4). Fourth, 
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model outputs were evaluated in terms of stratigraphic architecture, morphology, grain-size 

partitioning, and the degree of basinward sediment transfer. 

The final model suite was organized into three experimental series: A-series models 

evaluates the sensitivity of stratigraphic architecture to inherited shelf-margin geometry 

(hypothesis 1); B-series models evaluates the influence of sediment supply and accommodation 

generation (hypothesis 2); and C-series models evaluates the influence of sediment-mobility 

structure (hypothesis 3). Within C-series, one experiment was subdivided into two temporal steps 

to test whether a change from a storage-prone mobility state to a transport-efficient mobility state 

can reorganize sediment partitioning across the shelf-margin profile. 

3.3.2 Initial Basin Geometry and Boundary Conditions 

All simulations were performed in two dimensions along depositional dip. This 

configuration was selected to isolate first-order controls on clinoform geometry, sediment 

partitioning, shelf-edge aggradation, slope deposition, and basinward sediment transfer. The 

model domain included four primary physiographic zones: a proximal sediment-source region, a 

low-gradient shelf or topset, a basinward-dipping foreset slope, and a distal basin-floor segment 

(Figure 3.2, Table 3.1). 

3.3.2.1 Initial Basin Topography 

The initial model topography was constructed as an idealized depositional-dip profile. 

The model was not designed to reproduce a single preserved stratigraphic surface. Instead, it 

provided a controlled template for testing how different parameter combinations influence shelf-

margin aggradation, foreset development, slope readjustment, and sediment transfer into deeper-

water parts of the model domain. 
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The reference geometry consisted of a low-gradient shelf, a shelf-edge rollover, a steeper 

foreset slope, and a distal basin-floor segment. In the reference model, the shelf gradient was set 

to approximately 0.6% (~0.3°), and the foreset gradient was set to 5% (~2.9°). The total imposed 

foreset relief was approximately 965 m, measured from a shelf-edge elevation of +157 m to a 

foreset-toe elevation of -808 m. This relief value was selected to represent a high-relief shelf-

margin configuration while allowing systematic comparison among model runs. 

Inherited-geometry experiments (A-series models; Figure 3.2) varied the foreset gradient 

while holding total foreset relief constant. Three foreset gradients were tested: 4% (~2.3 deg), 

5% (~2.9 deg), and 6% (~3.4 deg). For a constant relief of 965 m, these gradients correspond to 

approximate foreset lengths of 24.1 km, 19.3 km, and 16.1 km, respectively. These cases 

represent lower-, intermediate-, and higher-gradient inherited topographic configurations. 

The modeled shelf was initialized as a shallow, low-gradient topset extending 

approximately 20-30 km from the proximal source area to the shelf-edge rollover. This shelf 

length was imposed to provide sufficient space for topset aggradation and shoreline-to-shelf-edge 

sediment transfer.  

The distal foreset-to-basin-floor transition was simplified so that sediment delivery, 

deposition, and bypass could be evaluated consistently among simulations. This simplification 

allowed model outputs to be compared directly across the experimental suite. 

3.3.2.2 Temporal Framework 

Each simulation was run over a total model duration of 4.5 Myr. This duration represents 

the simplified model time assigned to the Oveja-Puma shelf-margin succession illustrated in 

Figure 3.1F, rather than the broader geologic age framework shown in Figure 3.1C. This was 

selected to provide a common time window for comparing stratigraphic response among model 
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runs. Model timestep duration was set to 25 kyr, which provided sufficient stratigraphic 

resolution and manageable run times. 

Only in the final runs of C-series models is the model duration altered. The combined 

time remains the 4.5 Myr of the other models, but is bisected to represent distinct periods of 

sediment mobility in the system. There, we divide time into an initial a 3 Myr progradation 

window with a set diffusion function, followed by 1.5 Myr bypass window with a different 

diffusion function. The 3 Myr division was chosen because it coincides with a shift in the 

imposed relative sea-level curve, providing a stratigraphically consistent point at which to test 

whether a change in sediment mobility could reorganize sediment transfer after the shelf margin 

had already prograded and aggraded. 

3.3.2.3 Accommodation Generation and Relative Sea Level 

Accommodation generation was controlled by imposed tectonic subsidence and relative 

sea-level forcing. Relative sea level followed the Campanian-Maastrichtian segment of the Haq 

et al. (1988) eustatic sea-level curve in all presented experiments. Because the same relative sea-

level curve was applied to every model run, relative sea level was not treated as an independent 

sensitivity variable in the final experimental suite. 

Three subsidence magnitudes were tested: 150 m, 275 m, and 400 m over 4.5 Myr. These 

values correspond to mean imposed subsidence rates of approximately 0.033, 0.061, and 0.089 

mm/yr, respectively. The values represent model-scale accommodation-generation end members 

and are not intended to reconstruct total basin subsidence. 
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3.3.3 Sediment Supply and Sediment Transport Processes 

3.3.3.1 Sediment Supply 

Sediment entered the model from the proximal source region and was routed basinward 

across the shelf-to-basin profile. Direct inclusion of time-variable sediment flux is not included 

in 2-dimensional models in GPMTM, therefore uplift of and diffusion from the proximal source 

region was used as a proxy for sediment generation and delivery. This approach treats sediment 

supply as a model-equivalent input volume rather than a fully resolved source-to-sink sediment 

discharge. In this framework, greater imposed uplift increases the volume of sediment available 

for diffusion into the model domain and promotes basinward progradation. 

The focused supply experiments used total model-input sediment volumes of 5 km3, 82 

km3, and 250 km3 (Table 3.1). These values represent low-, reference-, and high-supply cases, 

respectively. Over the full 4.5 Myr simulation, the equivalent mean model-input rates are 

approximately 1.1, 18.2, and 55.6 km3/Myr. The reference value of 82 km3 corresponds to the 

baseline uplift-proxy setup, in which approximately 1700 m of uplift was imposed in the 

proximal source region. 

These supply values are treated as model-equivalent volumes used to bracket relative 

sediment-input conditions. They are not interpreted as independently measured natural sediment 

budgets. Conversion from source-region uplift to natural sediment discharge would require 

additional assumptions about source-area extent, erosion efficiency, sediment-routing losses, 

compaction, porosity, bulk density, and the fraction of generated sediment delivered to the 

modeled shelf-margin profile. The supply experiments therefore evaluate relative sensitivity to 

sediment input while holding geometry, subsidence, relative sea level, grain-size proportions, 

and mobility structure constant (Table 3.1). 
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For bookkeeping, model-equivalent sediment supply was estimated from the size of the 

imposed uplifted source region, the cumulative amount of uplift, and an effective delivery factor 

representing the proportion of generated material made available to the modeled depositional 

profile. This framework provides a physical basis for the reference sediment-supply case by 

linking imposed uplift in the proximal source area to an equivalent sediment volume delivered to 

the model domain. In the final experimental design, however, sediment volume was treated as 

the controlled model input, and the uplift-proxy calculation was used only to justify the reference 

supply value. 

3.3.3.2 Grain-Size Distribution 

Sediment supply consisted of four siliciclastic grain-size classes: coarse sand, fine sand, 

silt, and clay. In all presented experiments, these classes were supplied in equal proportions, with 

each class representing 25% of the total sediment input. This equal-fraction mixture was used as 

a modeling simplification rather than as a reconstruction of natural grain-size proportions. 

Holding grain-size proportions constant allowed the effects of inherited geometry, 

sediment volume, accommodation generation, and mobility structure to be evaluated without 

introducing grain-size distribution as an additional independent variable. Differences among 

model outputs are therefore attributed to changes in geometry, total sediment volume, 

subsidence, or sediment mobility rather than changes in the supplied sediment mixture. 

The modeled grain-size classes should be interpreted as relative transport classes used to 

track sediment partitioning across the shelf-to-basin profile. They are not treated as measured 

volumetric proportions of a natural depositional system. 
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3.3.3.3 Diffusion-Based Sediment Transport and Sediment Mobility 

GPM™ represents sediment redistribution through diffusion-based transport routines that 

approximate long-term sediment movement across evolving topography and bathymetry. In this 

study, sediment mobility refers to the effective efficiency with which sediment is redistributed 

from the proximal source region across the shelf, shelf edge, foreset slope, and basin floor. 

In simplified form, downslope sediment flux can be written as 

qs = -K ∇z, 

where qs is sediment flux, K is an effective diffusion or mobility coefficient, and ∇z is the 

spatial gradient in topography or bathymetry. The negative sign indicates that sediment flux is 

directed down gradient, from higher elevations toward lower elevations. 

Combining this flux law with conservation of mass gives 

∂z/∂t = −∇·qₛ + U,  

where z is elevation, t is time, and U represents imposed vertical forcing and net source terms, 

including sediment input, uplift, subsidence, and accommodation change. Substituting the 

diffusive sediment-flux law into the conservation equation gives 

∂z/∂t = ∇·(K∇z) + U 

Where K is spatially uniform, this simplifies to the standard linear diffusion form  

∂z/∂t = K∇²z + U 

In this study, K is interpreted as an effective transport coefficient rather than as a directly 

measured physical diffusivity. For a given slope, larger K values produce greater sediment flux, 

more rapid topographic smoothing, and more efficient basinward sediment transfer. Smaller K 

values produce lower sediment flux, more localized deposition, steeper depositional gradients, 

and slower redistribution. 



123 

 

Because GPM™ does not explicitly resolve individual event-scale sediment-transport 

mechanisms, the mobility function should not be interpreted as a single physical process. Instead, 

it aggregates multiple unresolved processes that affect sediment transfer at the shelf-margin 

scale, including bedload transport, suspended-load redistribution, shoreline and shoreface 

reworking, gravity-driven slope transport, channelized bypass, and mass-flow efficiency. This 

treatment is consistent with stratigraphic forward-modeling approaches in which diffusion-style 

transport laws reproduce average basin-scale geometry and facies trends rather than event-scale 

depositional heterogeneity (Rivenaes, 1992; Granjeon and Joseph, 1999; Burgess et al., 2006, 

2008). 

The GPM™ mobility-function plots define transport efficiency as a function of elevation 

relative to sea level (see inset Figure 3.3A for an example). Positive horizontal-axis values 

correspond to subaerial elevations. A value of zero corresponds approximately to the shoreline or 

shoreface transition. Negative values correspond to subaqueous water depths. Higher mobility 

values, the Diffusion function, indicate greater transport efficiency, whereas lower values 

promote sediment retention and aggradation. 

3.3.4 Model Parameterization and Experimental Design 

Model parameters were grouped into three categories: geometric parameters, 

accommodation parameters, and transport-efficiency parameters (Table 3.2). The final presented 

model suite uses A0 as the shared reference model. A0 combines the intermediate foreset 

geometry, medium sediment supply, medium subsidence, prescribed relative sea-level curve, and 

reference mobility function. All sensitivity experiments are evaluated relative to A0. 

The experimental design emphasizes process isolation. Geometry was varied while 

sediment supply and subsidence were held constant. Sediment supply was varied while geometry 
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and subsidence were held constant. Subsidence was varied while geometry and supply were held 

constant. Mobility structure was varied while geometry, supply, subsidence, and relative sea level 

were held constant. A final two-step mobility tested temporal reorganization of transport 

efficiency. 

3.3.5 Model Evaluation 

Model outputs were evaluated qualitatively using timestep panels generated during each 

simulation. The goal of this evaluation was to track the relative timing and spatial organization of 

shelf-margin growth, rather than to extract fully quantitative morphometric measurements. For 

each model run, selected timesteps were examined to document changes in shelf-edge position, 

topset aggradation, clinoform-surface geometry, and the distribution of sediment across the shelf, 

foreset slope, and basin floor. 

We paid particular attention to the transition from basinward progradation to increased 

aggradation near the shelf edge. This was assessed by visually comparing successive timestep 

surfaces and noting when clinoform surfaces became more vertically stacked or steepened 

relative to the shelf-edge rollover. The timing of downslope sediment transfer was evaluated by 

identifying the first timestep at which sand-prone sediment extended beyond the shelf edge and 

onto the foreset or lower-slope domain. All simulations were evaluated using the same visual 

criteria and compared against the A0 reference model to assess relative differences among 

geometry, supply, accommodation, and mobility experiments. 

3.4 RESULTS 

Analysis of shelf-edge trajectory, topset aggradation, clinoform-surface geometry, 

downslope sediment transfer, sediment distribution, and grain-size distribution are presented by 

model series. Within each run, annotated timestep panels identify when the model shifted from 
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progradation-dominated shelf-margin growth to increased shelf-edge aggradation and, where 

present, bypass-prone delivery onto the foreset slope or basin-floor domain. 

3.4.1 A0: Reference Model Behavior 

The A0 reference model developed an initial progradational shelf-margin package 

followed by increased vertical stacking at the shelf edge. By timestep 7(TS7) at ~1.75 Myr, 

clinoform surfaces steepened near the shelf-edge rollover and sediment began to extend onto the 

upper foreset (Figure 3.3A). From TS7 through TS18 there is a shift toward a more aggradational 

shelf-edge trajectory, with successive clinoform surfaces becoming more closely stacked near the 

rollover and finer sediment extending farther basinward along the foreset (Figure 3.3B). The full-

profile view shows that this behavior remained concentrated across the shelf edge to upper 

foreset, with only limited sediment accumulation on the lower slope and basin floor (Figure 

3.3C). Together, the A0 panels define the reference progradation–aggradation behavior against 

which the sensitivity experiments are compared. 

3.4.2 A-Series Models: Inherited-Geometry Sensitivity 

Changing the initial foreset gradient modified where clinoform steepening developed and 

how sediment was distributed along the foreset. In the shallow-foreset case (A1), clinoform 

steepening was visible by TS7, and the slope break was more clearly expressed by TS9. Relative 

to the reference model, deposition in A1 was distributed across a longer down-dip distance, 

producing earlier but more gradual sediment delivery along the lower-gradient foreset. In the 

steeper-foreset case (A2), clinoform steepening was also visible by TS7, but the break-in-slope 

expression became more pronounced by TS13. In the steeper-foreset case, A2, early aggradation 

was concentrated near the shelf edge and upper foreset, but the final comparison shows greater 

downslope sediment transfer than in A0 or A1 and reduced accumulation at the shelf edge. 
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Together, the A-series experiments show that inherited foreset geometry changed both the 

location of initial clinoform steepening and the efficiency of later basinward sediment transfer 

(Figure 4).  

3.4.3 B-Series Models: Sediment-Supply and Accommodation Sensitivity 

Sediment-supply experiments produced the clearest contrast in shelf-edge stacking style. 

In the low-supply case (B1a), TS7 shows limited change in foreset geometry and little 

development of shelf-edge aggradation. By TS 12, deposition remained supply-limited, with only 

minor steepening near the shelf edge. By TS18, the shelf edge showed limited basinward 

translation and local landward retreat, indicating that accommodation exceeded sediment supply 

(Figure 5). In contrast, the high-supply case (B1c) developed shelf-edge aggradation by TS 5 and 

a more pronounced break in slope as sediment accumulated at the shelf margin and upper foreset. 

The comparison panel shows B1a as the accommodation-dominated end member, B1c as the 

supply-dominated end member, and A0 as an intermediate reference case (Figure 3.5).  

The accommodation experiments also modified the timing and style of shelf-edge 

growth. In the low-subsidence case (B2a), sediment reached the shelf edge by TS5, with fine-

grained material extending downslope and only minor modification of the inherited foreset 

profile (Figure 3.6). Continued progradation produced basinward shelf-edge translation, but the 

resulting clinoform package remained less vertically aggradational than in the high-

accommodation case. In the high-accommodation case (B2c), aggradation and slope-break 

development were both visible by TS7, reflecting greater vertical sediment accumulation near the 

shelf edge and upper foreset (Figure 3.6). The accommodation comparison indicates that lower 

subsidence favored earlier shelf-edge delivery and basinward translation, whereas higher 

accommodation promoted more vertically stacked shelf-edge deposits (Figure 3.6). 
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3.4.4 C-Series Models: Sediment-Mobility Sensitivity 

Sediment-mobility experiments produced distinct sediment-partitioning patterns by 

altering the sediment diffusion function and, therefore, the efficiency of sediment transfer across 

the shelf edge and slope. In the low-mobility case (C1), sediment remained concentrated near the 

shelf edge and upper foreset, producing shelf-margin progradation and aggradation with limited 

basinward delivery (Figure 3.7). In contrast, the high-mobility case (C2) promoted more efficient 

downslope transport, allowing sediment to bypass the shelf edge and accumulate farther 

basinward, with comparatively reduced shelf-edge storage (Figure 3.7). 

The time-stepped mobility experiment further isolates this effect. During C3 Step 1, the 

lower-mobility diffusion function produced a storage-dominated response, with progradation and 

modest aggradation concentrated near the shelf edge and upper foreset. During C3 Step 2, the 

diffusion function was modified to increase sediment-transfer efficiency across the shallow-

marine to submarine transition. This change produced a marked increase in sediment delivery 

beyond the shelf edge, including coarse sediment transport into the deeper part of the profile and 

reduced storage on the upper slope (Figure 3.8). 

3.4.5 Summary of Timestep-Based Model Behavior 

The main timestep observations are summarized in Table 4. Run labels follow the result 

figures and are grouped by model series.  

Across the model suite, progradation, aggradation, and bypass did not occur as fixed 

sequential phases in every run. Instead, their relative timing and expression varied with the 

imposed model parameter. This variation is summarized by controlling parameter in Table 5. 
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Sediment partitioning also varied systematically among model series. In the reference 

model (A0), sediment was initially stored on the shelf and near the shelf-edge rollover, but 

increasing aggradation and clinoform steepening after TS7 coincided with greater delivery onto 

the foreset slope. In the inherited-geometry runs (A-series), the lower-gradient foreset distributed 

deposits across a broader basinward zone, whereas the steeper foreset concentrated accumulation 

and clinoform steepening closer to the inherited slope break. In the supply and accommodation 

experiments (B-series), low supply favored shelf-edge retention and limited downslope delivery, 

whereas high supply and low subsidence promoted earlier sediment arrival at the shelf edge and 

greater basinward transfer. The mobility experiments (C-series) produced the clearest contrast in 

grain-size partitioning: low mobility (C1, and C3 Step 1) retained sand-prone sediment near the 

shelf edge and upper foreset, whereas high mobility (eg. C2, extreme example) and C3 Step 2 

promoted more direct basinward transfer of sand-prone sediment. 

3.5 DISCUSSION 

The model suite was designed to test whether inherited geometry, allogenic forcing, or 

sediment-transfer efficiency best explains the shift from shelf-margin storage to bypass-prone 

sediment delivery. The results indicate that the modeled transition is not produced by a single 

parameter. Instead, bypass develops where three conditions coincide: (1) clinoform progradation 

moves the depositional system into the inherited shelf-edge-to-foreset transition, (2) aggradation 

steepens successive clinoform surfaces near the rollover, and (3) sediment-transfer efficiency is 

sufficient to move sand-prone sediment beyond the shelf edge. When these criteria are met, the 

evolving clinoform begins to 'feel' the inherited slope edge. The stratigraphic response begins 

before the shelf edge has fully translated to the inherited break because the growing depositional 

surface is already adjusting to the underlying gradient field and available accommodation. 
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This result is consistent with previous work showing that shelf-margin architecture and 

deep-water sand delivery are controlled by the coupling among shelf-edge trajectory, inherited 

physiography, sediment supply, and sediment-transfer pathways, rather than by sea-level state or 

sediment supply alone (Johannessen and Steel, 2005; Carvajal et al., 2009; Prather et al., 2017; 

Bauer et al., 2020). It also expands on stratigraphic forward-modeling studies that show basin-

margin geometry and initial water depth influence stratigraphic architecture and clinoform 

stacking (Ulicny et al., 2002; Burgess et al., 2008). The model behavior documented here 

suggests that inherited slope breaks can operate as interaction zones that reorganize clinoform 

growth before direct physical overlap with the shelf edge is complete. 

3.5.1 Inherited Geometry as a Preconditioning Control 

The inherited-geometry hypothesis predicted that a steeper inherited foreset would 

promote enhanced downslope transfer and bypass without requiring changes in sediment supply 

or accommodation. The A-series experiments support this hypothesis, but show that the response 

involves a distinction between the timing and magnitude of sediment transfer. In the lower-

gradient, longer-foreset case (A1), fine-grained sediment began to extend downslope earlier, but 

deposition remained more broadly distributed along the foreset. In contrast, the steeper, shorter-

foreset case (A2) showed later development of clear downslope delivery, but the final profile 

indicates greater basinward sediment transfer and reduced shelf-edge storage relative to A0 and 

A1. This behavior suggests that the steeper inherited foreset initially focused aggradation near 

the shelf edge, but once sediment crossed the inherited break in slope, the higher-gradient profile 

promoted more efficient downslope redistribution. Inherited geometry therefore controlled both 

the position of initial clinoform steepening and the efficiency of subsequent basinward sediment 

transfer. 
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This distinction is important because it connects two related ways of defining graded and 

out-of-grade margin behavior. Ross et al. (1994) emphasized the process response: out-of-grade 

margins develop where slopes exceed equilibrium grade and readjust through erosion, bypass, 

mass wasting, and downslope deposition. Pyles et al. (2011) emphasized the stratigraphic 

expression of grade, defining graded slope-to-basin profiles as profiles in which successive 

depositional surfaces maintain similar shapes through time. In the present models, the relevant 

signal is therefore not simply the final slope angle, but the progressive change in timestep-

surface geometry as the clinoform approaches inherited relief. The clinoform begins as a 

relatively graded, progradational package with broadly similar successive surfaces. As 

progradation continues, later surfaces become more closely stacked and steeper near the rollover, 

while sediment is redistributed farther downslope. This loss of similarity among successive 

timestep surfaces records the first model expression of out-of-grade behavior. 

The results also build on Uličný et al. (2002), who showed that basin-margin architecture 

is not controlled only by contemporaneous sea-level change, sediment supply, or subsidence. In 

their field examples and numerical models, pre-existing water depth at a basin margin acted as 

inherited accommodation that influenced foreset height, topset-edge progradation distance, and 

the geometry of later deposits. The present models apply the same principle to an inherited shelf-

margin foreset rather than to initial water depth alone. In the A-series models, the inherited slope 

break and foreset gradient changed how the advancing clinoform interacted with available 

accommodation: the lower-gradient foreset allowed earlier but more gradual downslope delivery, 

whereas the steeper foreset delayed clear transfer but ultimately promoted greater basinward 

redistribution once sediment crossed the inherited break in slope. Thus, the link to Uličný et al. 

(2002) is that inherited basin-margin physiography can precondition later stratigraphic 
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architecture before changes in external forcing are required. In this study, that inherited 

physiography operates as a slope-edge interaction zone, where changes in gradient and 

accommodation distribution reorganize sediment routing, clinoform steepening, and shelf-margin 

readjustment.  

3.5.2 Supply and Accommodation Regulate the Timing of Shelf-Edge Response 

The allogenic-forcing hypothesis predicted that increased sediment supply or reduced 

accommodation would shift deposition basinward and promote bypass under fixed inherited 

geometry and mobility. The model results support a strong role for supply-accommodation 

balance in setting the timing and style of shelf-edge growth. High sediment supply produced 

early aggradation and slope-break development, whereas low sediment supply delayed the 

response and favored narrower clinoforms, limited basinward translation, and late aggradation. 

Low subsidence allowed sediment to reach the shelf edge early, whereas high accommodation 

promoted more vertical shelf-edge stacking. 

These results broadly agree with studies that emphasize sediment supply as a major 

driver of shelf-margin growth (Carvajal et al., 2009) and with forward-modeling work showing 

that topset width, shelf-edge delta timing, and clinoform stacking are sensitive to sediment 

volume, accommodation, and shelf geometry (Burgess et al., 2008). However, the models also 

show that supply and accommodation do not alone determine bypass. High supply can rapidly 

build relief at the shelf edge, and high accommodation can preserve vertically stacked shelf-edge 

deposits, but neither condition necessarily produces sustained basinward transfer unless sediment 

can move efficiently across the rollover and upper foreset. This distinction is consistent with 

Johannessen and Steel’s (2005) argument that prediction of deep-water sand depends not only on 

whether the shelf edge is reached, but also on shelf-edge trajectory, growth style, sediment 
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caliber, process regime, and the presence of effective delivery pathways. In the present models, 

supply and accommodation control when sediment reaches the shelf edge and how much 

material is stored there; mobility controls whether that stored or newly delivered sediment 

remains near the rollover or is transferred farther downslope. 

Thus, supply and accommodation primarily control how quickly the clinoform reaches 

the slope-edge interaction zone and how much sediment is stored while doing so. They regulate 

the timing of the progradation-aggradation transition, but they are insufficient as stand-alone 

explanations for the storage-to-bypass transition. In this respect, the model results differ from a 

simple supply-dominated interpretation: higher sediment input promotes earlier steepening, but 

bypass requires that the model’s transport system be efficient enough to convert steepening into 

basinward sediment transfer. 

3.5.3 Sediment-Transfer Efficiency Governs Storage versus Bypass 

The sediment-mobility hypothesis is most strongly supported by the model suite. The 

low-mobility run retained sediment near the shelf edge and upper foreset, whereas the high-

mobility run produced direct bypass across the shelf and toward the basin. In the two-step 

mobility experiment, Step 1 constructed a progradational to weakly aggradational shelf-margin 

package, and Step 2 produced a marked increase in downslope transfer, including coarse 

sediment delivery. This result indicates that the decisive transition from storage to bypass occurs 

when sediment-transfer efficiency increases after relief has already been built near the shelf 

edge. 

This behavior is consistent with the logic of diffusion-based stratigraphic forward 

models, in which an effective transport coefficient controls how efficiently sediment is 
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redistributed across evolving topography (Granjeon and Joseph, 1999; Paola, 2000; Burgess et 

al., 2008). In these models, mobility is not a single physical process, but a basin-scale 

parameterization of the cumulative ability of sediment to move across the profile. The high-

mobility and C3 Step 2 results therefore should not be read as literal simulations of individual 

turbidity currents or slope failures. Rather, they represent a transport-efficient state in which 

multiple unresolved processes collectively allow sediment to cross the rollover, move onto the 

foreset, and accumulate farther basinward. 

The mobility results also compare well with process-based and experimental work 

showing that sediment-density flows can contribute to clinoform progradation and modify 

foreset morphology (Kostic et al., 2002; Gerber et al., 2008). Those studies focus more directly 

on turbidity-current dynamics, whereas the present GPM™ models operate at a longer 

stratigraphic timescale. Even so, the comparison is useful: in both cases, the ability of sediment 

to remain mobile across the foreset determines whether the slope behaves primarily as a storage 

zone or as a transfer zone. The model results therefore support the interpretation that bypass is a 

transport-efficiency problem superimposed on evolving margin geometry. 

3.5.4 A Slope-Edge Interaction Model for Progradation, Aggradation, and Bypass 

Across the model suite, progradation, aggradation, and bypass do not form a fixed 

sequence that occurs at the same model time in every run. They are recurring model states whose 

timing depends on the relationship among inherited geometry, sediment input, accommodation, 

and mobility. The reference model illustrates the full transition: by TS7 (1.75 Myr after 

initiating), clinoform surfaces steepen near the shelf-edge rollover and sediment begins to extend 

down the foreset slope; from TS7-18 (2.75 Myr), successive surfaces become more vertically 

stacked near the rollover while downslope accumulation increases. The key observation is that 



134 

 

steepening begins where the advancing clinoform approaches the inherited slope break, not only 

after the shelf edge has fully reached it. 

This observation motivates a slope-edge interaction model. In the earliest state, 

clinoforms prograde across the shelf and maintain a relatively graded shelf-to-slope profile. As 

the margin grows basinward, the rollover and foreset begin to interact with inherited relief. At 

this point the depositional system 'feels' the slope edge: timestep surfaces steepen and stack more 

vertically because the evolving clinoform is entering a domain of sharper gradient change and 

altered accommodation. If mobility remains low, this interaction produces aggradation and 

storage near the shelf edge. If mobility is high, or if mobility increases after the shelf-margin 

package has built relief, the same interaction zone becomes a pathway for downslope sediment 

transfer. 

This model is compatible with Bauer et al. (2020), who interpreted the Magallanes Basin 

shelf-margin evolution in terms of inherited depositional topography, oversteepening, 

readjustment, and coarse-grained sediment delivery to deep water. It also complements the slope-

readjustment model of Ross et al. (1994). The contribution of the present models is to clarify the 

timing of the response: the transition begins during clinoform approach to the inherited break, 

expressed first as aggradation and steepening, and only later as bypass if the transport-efficiency 

threshold is exceeded. 

3.5.5 Implications for the Oveja-Puma transition 

The modeled behavior refines the interpretation of the Oveja-Puma transition as a shift 

from storage-dominated to transfer-dominated shelf-margin behavior. The Oveja-style state is 

best represented by model conditions that promote progradation and shelf-edge aggradation 
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while retaining sediment near the shelf edge and upper slope. The Puma-style state is best 

represented by conditions in which aggradation and clinoform steepening are followed by 

increased mobility and downslope transfer of sand-prone sediment. The models therefore support 

an interpretation in which inherited topography prepared the shelf margin for readjustment, but 

bypass required a later or concurrent increase in effective sediment-transfer efficiency. 

This interpretation also helps reconcile allogenic, autogenic, and inherited-topographic 

controls. Inherited topography may have been generated under earlier boundary conditions, but 

once present it becomes part of the evolving routing template. Supply and accommodation 

control how rapidly the clinoform grows into that template, whereas mobility controls whether 

the shelf-edge package remains a storage zone or becomes a transfer pathway. The resulting 

transition is therefore neither purely allogenic nor purely autogenic. It is a coupled response 

produced by depositional growth across inherited relief under a transport regime that eventually 

becomes efficient enough to export sand-prone sediment basinward. 

For the natural Oveja-Puma system, these results indicate that the important stratigraphic 

signal may not be the moment when the shelf edge physically reaches a pre-existing break. 

Instead, the key signal is the progressive development of shelf-edge aggradation and clinoform 

steepening before or during the onset of downslope sand delivery. In outcrop or subsurface data, 

the onset of bypass should therefore be anticipated by increased vertical stacking near the shelf 

edge, steepening or convergence of successive clinoform surfaces, and the expansion of sand-

prone deposits or bypass indicators onto the foreset and lower slope. 
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3.5.6 Model Limitations and Broader Stratigraphic Significance 

The models as simplified two-dimensional experiments should not be interpreted as 

direct reconstructions of the Magallanes Basin or the preserved Oveja-Puma succession. They do 

not resolve individual turbidity currents, channel avulsions, compensational stacking, or discrete 

slope failures. They also use sediment mobility as an effective transport parameter rather than as 

a specific physical process. These simplifications limit facies-scale prediction, but they are 

appropriate for isolating first-order controls on shelf-edge trajectory, clinoform steepening, and 

sediment partitioning. 

Despite these limitations, the results have broader stratigraphic significance because they 

connect three themes: stratigraphic grade, inherited relief, and sediment-transfer efficiency. 

Timestep analysis shows when the system departs from graded progradation; inherited geometry 

explains where this departure is focused; and mobility explains whether departure from grade 

remains as shelf-edge storage or becomes bypass. The slope-edge interaction concept therefore 

provides a testable framework for recognizing storage-to-transfer transitions in other high-relief 

shelf-margin systems. 

3.6 CONCLUSION 

Forward stratigraphic models were used to test how inherited shelf-margin geometry, 

sediment supply, accommodation generation, and sediment mobility influence storage-to-bypass 

transitions in high-relief clinoform systems. The models were designed as simplified two-

dimensional sensitivity experiments motivated by the Oveja-Puma succession, rather than as 

direct reconstructions of the Magallanes Basin. 
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The results show that inherited foreset geometry preconditions shelf-margin evolution by 

controlling where clinoform steepening develops and how sediment is distributed along the 

foreset. Lower-gradient foresets promoted earlier but more gradual downslope delivery, whereas 

steeper foresets initially focused aggradation near the shelf edge and later promoted greater 

basinward sediment transfer after sediment crossed the inherited break in slope. 

Sediment supply and accommodation regulated the timing and style of shelf-edge growth, 

but did not independently produce bypass. High sediment supply promoted earlier aggradation 

and slope-break development, whereas low supply delayed the response. Low subsidence 

favored earlier shelf-edge delivery and basinward translation, whereas higher accommodation 

promoted more vertically stacked shelf-edge deposits. 

Sediment mobility exerted the strongest control on whether the margin remained storage-

dominated or became bypass-prone. Low mobility retained sediment near the shelf edge and 

upper foreset, whereas higher mobility promoted basinward transfer of sand-prone sediment. In 

the two-step mobility experiment, enhanced transfer developed after an initial progradational to 

weakly aggradational package had built relief near the shelf edge, indicating that bypass requires 

both shelf-margin relief and sufficient transport efficiency. 

Together, the results support a slope-edge interaction framework for storage-to-bypass 

transitions. Progradation moves the clinoform toward inherited relief, aggradation and steepening 

develop as the depositional profile adjusts to the inherited slope break, and bypass occurs only 

when sediment-transfer efficiency is high enough to move sand-prone material beyond the 

rollover and upper foreset. Applied to the Oveja–Puma stratigraphic context, the models suggest 

that inherited topography prepared the shelf margin for readjustment, but enhanced sediment 

mobility was required to convert shelf-edge storage into coarse-grained downslope delivery. 
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Figure 3.1. Geologic and stratigraphic context for the forward stratigraphic modeling of the Oveja-Puma shelf-
margin transition, Magallanes Basin, southern Chile. (A) Regional geologic map showing the Upper Cretaceous 
Tres Pasos-Dorotea outcrop belt and the position of key localities between Cerro Cazador, Cerro Solitario, Laguna 
Figueroa, and Sierra Dorotea; inset shows the location of the study area in southern Chile. (B) Regional depositional-
dip cross section illustrating north-to-south, basinward progradation of high-relief shelf-margin clinoforms, including 
the Oveja and Puma intervals, relict shelf-edge relief, shelf-edge incision, and sand/gravel bypass. (C) Simplified 
stratigraphic column placing the Tres Pasos and Dorotea formations within the Upper Cretaceous Magallanes Basin 
fill. (D) Simplified depositional-dip cross section of the Dorotea and Tres Pasos formations showing the linked 
shallow-marine to deep-water clinoform system. (E) Schematic block diagram illustrating the depositional relationship 
between Dorotea topset deposits and genetically linked Tres Pasos slope deposits. (F) Evolutionary phases showing 
the transition from Oveja clinothem progradation toward inherited shelf-edge relief, to Puma clinoform incision and 
removal of shelf-edge strata, and finally to Puma basal clinothem deposition dominated by slope-channel sediment 
transfer. Together, these panels define the geologic basis for testing how inherited geometry, accommodation, sediment 
supply, and sediment-transfer efficiency influenced the transition from Oveja-style shelf-margin storage to Puma-style 
bypass. Modified from Hubbard et al. (2010), Fosdick et al. (2014), Daniels et al. (2018), and Bauer et al. (2020).  
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Figure 3.2. Conceptual model design and experimental framework. Initial basin-margin geometry and sensitivity 
experiments used to evaluate controls on the transition from shelf storage to downslope bypass. The reference case 
(A0) includes a low-gradient shelf, shelf edge, and high-relief foreset-to-basin-floor profile. A-series models modify 
inherited foreset geometry by testing shallower/longer and steeper/shorter foreset configurations. B-series models vary 
sediment supply from the uplifted source area and accommodation generated by subsidence. C-series models alter 
sediment-transfer efficiency through changes in the sediment diffusion function. Insets summarize the expected 
process transition from shelf storage to partial bypass and bypass as down-dip sediment-transfer efficiency increases. 
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Figure 3.3. Reference forward stratigraphic simulation and diffusion-function setup, Model A0. (A) Early 
reference-model output at TS7 (~1.75 Myr), showing initial clinoform steepening near the shelf edge. Inset shows the 
reference sediment diffusion function (DF_1), which was used in the A0 reference model and retained in subsequent 
experiments except where diffusion function was explicitly modified in the C-series mobility tests. The shaded portion 
of the inset marks the subaqueous, below-sea-level part of the diffusion function. (B) Enlarged shelf-margin view 
showing TS7–TS18, with coarse sand preferentially stored on the shelf/topset and finer sediment extending toward 
the shelf edge and upper foreset. (C) Full-profile reference-model output showing continued shelf-margin progradation 
and aggradation, with limited sediment delivery to the lower slope and basin floor. This model provides the reference 
behavior against which the geometry (A-series), supply & accommodation (B-series), and mobility experiments (C-
series) are compared. 
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Figure 3.4. Effect of inherited foreset geometry on shelf-margin evolution. A-series experiments compare the 
reference foreset geometry (A0) with a lower-gradient/longer foreset (A1) and a higher-gradient/shorter foreset (A2). 
In both modified geometries, early time steps show clinoform steepening near the shelf edge, but the timing and 
magnitude of downslope transfer differ between runs. (A) In A1, steepening is visible by TS7 and fine-grained 
sediment begins to extend downslope by TS9, producing earlier but more gradual sediment delivery across the longer 
foreset. (B) In A2, steepening is also visible by TS7, but clear slope-break development and fine-sand bypass are 
expressed later, by TS13. This is in comparison with A0 where the steepening occurs at TS7 (Figure 3). (C) The final 
comparison shows that A1 distributes sediment across a longer down-dip distance, whereas A2 ultimately transfers 
more sediment farther downslope and preserves less accumulation near the shelf edge than A0 or A1. These results 
indicate that inherited foreset geometry controls both the position of initial clinoform steepening and the efficiency of 
subsequent basinward sediment transfer. 
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Figure 3.5. Effect of sediment supply on shelf-margin stacking patterns. B-series sediment-supply experiments 
illustrate contrasting model behavior under reduced and increased sediment input holding under the same 
accommodation constraints. (A) In the low-supply case (B1a), accommodation exceeds sediment supply, producing a 
sediment-starved margin with limited slope modification and eventual landward retreat of the shelf edge. (B) In the 
high-supply case (B1c), sediment supply exceeds accommodation, producing thicker shelf-margin aggradation and 
more pronounced basinward progradation. (C) The comparison panel shows the reference case (A0) between these 
end members, demonstrating that the sediment supply-to-accommodation ratio exerts a primary control on shelf-edge 
trajectory and clinoform stacking. 
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Figure 3.6. Effect of accommodation on shelf-margin progradation and aggradation. B-series accommodation 
experiments compare reduced-accommodation and increased-accommodation model behavior holding sediment 
supply constant across all three models. (A) The low-accommodation case (B2a) promotes rapid basinward 
progradation toward the shelf edge, whereas (B) the high-accommodation case (B2c) favors greater vertical 
aggradation and steepening of the shelf-margin profile before continued progradation. (C) The comparison panel 
shows that accommodation changes modify the balance between shelf storage and basinward translation, thereby 
influencing when the prograding clinoform reaches the inherited shelf-edge break. 
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Figure 3.7. Sediment-mobility end-member experiments. C-series experiments test the influence of the sediment 
diffusion function on sediment-transfer efficiency. Inset plots show the diffusion functions used in each experiment, 
with the shaded region marking the subaqueous, below-sea-level part of the transport domain. (A) In the lower-
transfer-efficiency case (C1), low diffusion values below sea level limit downslope sediment movement, causing 
sediment to remain concentrated on the shelf and upper foreset and producing aggradation with limited bypass. (B) In 
the higher-transfer-efficiency case (C2), increased subaqueous diffusion promotes more efficient downslope transport, 
allowing sediment to bypass the shelf edge and accumulate on the lower slope to basin floor. These experiments show 
that changing the diffusion function can shift the model from shelf-storage-dominated behavior toward more efficient 
basinward sediment transfer. 
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Figure 3.8.  Two-step sediment-mobility experiment linking shelf-margin storage to downslope bypass. C3 
model results show the stratigraphic response to changing the sediment diffusion function at a designated simulation 
step. (A) During Step 1, the reference diffusion function (DF_1) promotes shelf-margin progradation and aggradation, 
with sediment largely retained near the shelf edge and upper foreset. (B) During Step 2, the diffusion function is 
modified to DF_2, increasing sediment-transfer efficiency within the subaqueous, below-sea-level part of the transport 
domain. Red boxes in the inset diffusion-function plots highlight the portion of the function changed between steps. 
The hatched area in Step 2 marks the previously accumulated shelf-edge to upper-foreset deposit from Step 1, 
emphasizing that enhanced sediment transfer occurs across an already aggraded shelf-margin profile. This change 
produces increased sediment transfer beyond the shelf edge, including basinward delivery of coarse sediment into the 
deeper part of the profile. The resulting model response illustrates how increased modeled sediment mobility can shift 
the system from shelf-margin storage toward downslope bypass. 

 

 

 

 

 

 



146 

 

Table 3.1. Model-input parameter values used in sensitivity experiments. Bold entries indicate parameters varied as 
sensitivity tests, whereas italicized entries indicate parameters held constant across the experimental suite. Values 
represent imposed model inputs or calculated values derived from those inputs. 

 Parameter Value(s) Notes 

In
iti

al
 B

as
in

 T
op

og
ra

ph
y 

(A
-S

er
ie

s M
od

el
s)

 

Foreset 
gradient 

4% - 6% 

(~2.3 - 3.4 deg) 
Gradient varied while total foreset relief was held 
constant. 

Foreset 
relief 965 m 

Measured from shelf-edge elevation of +157 m to 
foreset toe of -808 m. 

Foreset 
length 

~24.1-16.1 km 

Longer foreset corresponds to lower inherited relief 
gradient; shorter foreset corresponds to higher 
gradient. Calculated from relief/gradient. 

Shelf 
gradient ~0.6% (~0.3 deg) Provides low-gradient topset region for shelf 

aggradation and sediment transfer to shelf edge. 

Shelf 
length 

20-30 km 
Imposed model parameter; not treated as a direct 
reconstruction of natural shelf width. 

Te
m

po
ra

l 
Fr

am
ew

or
k 

(c
on

sta
nt

) Model 
duration 

4.5 Myr 
Step subdivision used only within C-series models 
time-stepped mobility experiment. 

Timestep 
(TS) 25 kyr 

Chosen to preserve stratigraphic resolution while 
maintaining manageable run times. 

A
cc

om
m

od
at

io
n 

G
en

er
at

io
n 

an
d 

Re
la

tiv
e 

Se
a 

Le
ve

l 
(M

od
el

 S
er

ie
s B

) Total 
subsidence 

150 - 400 m 
Represents imposed accommodation-generation end 
members. 

Mean 
subsidence 
rate 

~0.033 - ~0.089 
mm/yr 

Total subsidence divided by 4.5 Myr model 
duration. 

Relative 
sea level Haq curve 

Applied to all presented experiments; not treated as 
an independent final sensitivity variable. 

Se
di

m
en

t S
up

pl
y 

(B
-S

er
ie

s M
od

el
s)

 

Total 
sediment 
supply 

5 – 250 km3 Model-equivalent total input volume over 4.5 Myr. 

Mean 
sediment-
input rate 

~1.1 – 55.6 
km3/Myr 

Total sediment supply divided by 4.5 Myr model 
duration. Calculated. 

G
ra

in
-s

iz
e 

(c
on

sta
nt

) 

Grain-size 
distribution 

25% each 
Coarse sand, fine sand, silt, and clay supplied in 
equal proportions. 

D
iff

us
io

n 
(C

-S
er

ie
s 

M
od

el
s)

 

Sediment 
Mobility 

DF_1, DF_2, 
DF_Low, 
DF_High 

Diffusion curves as a function of sea-level and time 
step (step 1 and step 2) 
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Table 3.2. Focused experimental design matrix for the model runs presented in the Results. 

M
od

el
 

Se
rie

s 
Run Purpose Geometry Supply 

Subside
nce 

Mobility 
structure 

R
ef

er
en

ce
 

m
od

el
 

A0 
Reference / 
baseline case 

5% foreset; 
~19.3 km 
foreset length 

82 km3
 275 m DF_1 

A
: I

nh
er

ite
d 

ge
om

et
ry

 
se

ns
iti

vi
ty

 

 

A2 

High-gradient 
inherited 
geometry 

6% foreset; 
~16.1 km 
foreset length 

82 km3 275 m DF_1 

A1 

Low-gradient 
inherited 
geometry 

4% foreset; 
~24.1 km 
foreset length 

82 km3 275 m DF_1 

B1
: S

ed
im

en
t-

su
pp

ly
 

se
ns

iti
vi

ty
 B1a 

Low-supply end 
member 

A0 reference 
geometry 

5 km3 275 m DF_1 

B1c 
High-supply end 
member 

A0 reference 
geometry 

250 km3 275 m DF_1 

B2
: A

cc
om

m
od

at
io

n 
se

ns
iti

vi
ty

 B2a 

Low-subsidence / 
low-
accommodation 
end member 

A0 reference 
geometry 

82 km3 150 m DF_1 

B2c 

High-subsidence / 
high-
accommodation 
end member 

A0 reference 
geometry 

82 km3 400 m DF_1 

C1
: M

ob
ili

ty
-s

tru
ct

ur
e 

se
ns

iti
vi

ty
 

C1 
Broad high-
mobility case 

A0 reference 
geometry 

82 km3 275 m 

Broad elevated 
mobility / over-
efficient 
transport 
(DF_Low) 

C2 

Focused shelf-
edge mobility 
case 

A0 reference 
geometry 

82 km3 275 m 

Shelf-edge 
focused 
mobility with 
offshore decay 
(DF_High) 

C3
: T

im
e-

ste
pp

ed
 

m
ob

ili
ty

 
re

or
ga

ni
za

tio
n C3 Step 1 

Storage-prone 
progradational 
mobility state 

A0 reference 
geometry 

~54.7 
km3* 

~183 
m* 

DF_1 

C3 Step 2 

Transport-
efficient bypass-
prone mobility 
state 

Final C3 Step 1 
morphology* 

~27.3 
km3* 

~92 m* DF_2 

* C3 Step 1 and Step 2 values assume that the total C3 experiment uses 82 km3 of sediment supply and 275 m of subsidence 
distributed across a 4.5 Myr run, with Step 1 lasting 3.0 Myr and Step 2 lasting 1.5 Myr. 
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Table 3.3. Model-output metrics used to evaluate the final experimental suite. 

Output category Evaluation 
criterion 

Purpose  

Shelf-edge 
trajectory 

Relative position 
of the shelf-edge 
rollover through 
successive 
timesteps 

Tracks basinward progradation 
versus vertical aggradation. 

 
Topset 
aggradation 

Vertical stacking of 
deposits on the 
shelf and near the 
shelf edge 

Identifies intervals of increased 
sediment storage on the shelf 
margin. 

 
Clinoform-
surface 
geometry 

Relative steepening 
or vertical stacking 
of timestep 
surfaces 

Tracks changes in shelf-margin 
profile evolution through model 
time. 

 
Downslope 
sediment 
transfer 

First visible 
movement of sand-
prone sediment 
beyond the shelf 
edge 

Records when sediment begins 
to reach the foreset or lower-
slope domain. 

 

Sediment 
distribution 

Relative location 
of deposits across 
shelf, slope, and 
basin floor 

Assesses broad sediment 
partitioning among model 
domains. 

 
Grain-size 
distribution 

Basinward extent 
of coarse sand and 
fine sand 

Evaluates whether sand-prone 
sediment remains shelf-
confined or is delivered 
basinward. 

 
Model 
comparison 

Visual comparison 
with A0 reference 
model 

Provides a consistent basis for 
comparing sensitivity 
experiments. 

 
Time-step 
surfaces 

Relative position, 
spacing, and 
geometry of 
successive model 
surfaces 

Tracks when depositional 
surfaces prograde, aggrade, 
steepen, or become more 
closely stacked through time. 
Identifies the timing of shelf-
margin readjustment and 
departure from a graded 
clinoform profile. 

 

 

 

 

 

 

 



149 

 

Table 3.4. Qualitative timestep summary of model behavior across the final experimental suite. 

Series Run Figure Control Timestep observations Result pattern 

Ref. A0 3.3 Reference case TS7: steepening near shelf 
edge; TS7-18: shelf-edge 
aggradation and increasing 
downslope accumulation. 

Intermediate progradation-
aggradation-bypass behavior. 

A A1 3.4 Lower-gradient 
/ longer foreset 

TS7: steepening; TS9: slope-
break steepening clearer; fine-
grained sediment begins to 
extend downslope. 

Earlier but more gradual 
downslope delivery; sediment 
distributed across a longer, 
lower-gradient foreset. 

A A2 3.4 Higher-gradient 
/ shorter foreset 

TS7: steepening; TS13: break-
in-slope steepening clearer; 
final profile shows increased 
downslope sediment transfer. 

Initial shelf-edge/upper-foreset 
focusing followed by greater 
basinward transfer than A0 or 
A1; reduced shelf-edge storage 
in final profile. 

B B1a 3.5 Low sediment 
supply 

TS7: narrow clinoforms and 
limited slope change; TS12: 
minor steepening; TS15-18: 
aggradation with limited 
translation/backstepping. 

Accommodation-dominated; 
restricted progradation and 
limited downslope delivery. 

B B1c 3.5 High sediment 
supply 

TS5: aggradation begins; TS7: 
slope break develops. 

Supply-dominated; rapid shelf-
edge aggradation and 
pronounced steepening. 

B B2a 3.6 Low subsidence 
/ low 
accommodation 

TS5: sediment reaches shelf 
edge and fine sediment 
extends downslope; TSS7: 
aggradation begins without 
strong slope break. 

Early shelf-edge delivery; 
subdued slope-break 
development. 

B B2c 3.6 High 
subsidence / 
high 
accommodation 

T7: aggradation and slope-
break development visible. 

More vertically stacked shelf-
edge deposits. 

C C1 3.7 Low mobility Final panel shows shelf-edge 
progradation/aggradation with 
limited basinward sand 
transfer. 

Storage-prone mobility end 
member. 

C C2 3.7 High mobility Final panel shows direct 
bypass across shelf toward 
basin. 

Transport-efficient mobility end 
member. 

C C3 
Step 1 

3.8 Initial mobility 
state 

Step 1 shows progradation and 
some aggradation. 

Progradational to weakly 
aggradational state. 

C C3 
Step 2 

3.8 Later mobility 
state 

Step 2 shows increased 
downslope transfer and coarse 
sediment delivery. 

Bypass-prone state with slope 
readjustment-like geometry. 
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Table 3.5. Synthesis of model behavior by controlling parameter. 

Control Dominant result Sediment-partitioning 
response 

Effect on progradation-
aggradation-bypass 
evolution 

Inherited geometry Modified the locus of 
clinoform steepening 
and sediment transfer. 

Lower-gradient foresets 
produced earlier, more 
gradual downslope delivery; 
steeper foresets focused 
initial shelf-edge aggradation 
but later promoted greater 
basinward transfer. 

Inherited slope geometry 
controlled both the location of 
steepening and the efficiency 
of subsequent downslope 
redistribution. 

Sediment supply Produced strongest 
contrast in shelf-edge 
stacking. 

Low supply favored shelf-
edge retention; high supply 
promoted earlier basinward 
sediment movement. 

Low supply restricted 
progradation and favored 
accommodation-dominated 
stacking; high supply 
produced earlier aggradation 
and slope-break development. 

Accommodation Modified timing of 
shelf-edge delivery 
and vertical stacking. 

Low accommodation allowed 
earlier sediment delivery to 
the shelf edge and foreset; 
high accommodation favored 
more vertical shelf-edge 
storage. 

Low accommodation allowed 
earlier sediment arrival at 
shelf edge; high 
accommodation favored more 
vertical shelf-edge 
aggradation. 

Sediment mobility Controlled sediment 
retention versus 
bypass. 

Low mobility retained sand-
prone sediment near the shelf 
edge; high mobility and C3 
Step 2 promoted basinward 
sand transfer. 

Low mobility retained 
sediment near shelf edge; high 
mobility and C3 Step 2 
promoted basinward transfer 
of sand-prone sediment. 
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Table 3.6. Hypothesis evaluation in relation to published work. 

Hypothesis Model outcome Comparison to published 
work 

Evaluation 

Inherited geometry 
controls the transition 

Inherited geometry 
changed where clinoform 
steepening was focused 
and how far the margin 
translated basinward, but 
did not alone determine 
bypass. 

Consistent with Ulicny et 
al. (2002) and Bauer et al. 
(2020), which emphasize 
basin-margin 
physiography and 
inherited topography as 
controls on architecture 
and sediment delivery. 

Partly supported; inherited 
geometry preconditions 
the slope-edge interaction 
zone. 

Allogenic forcing 
controls the transition 

High supply and 
accommodation changes 
modified the timing of 
aggradation and slope-
break development, but 
did not guarantee 
sustained bypass. 

Consistent with Carvajal 
et al. (2009) and Burgess 
et al. (2008), but the 
results also support 
Johannessen and Steel 
(2005) that delivery 
pathways and process 
regime matter. 

Partly supported; supply-
accommodation balance 
regulates timing and 
stacking style. 

Sediment-transfer 
efficiency controls bypass 

Low mobility retained 
sand near the shelf edge; 
high mobility and C3 Step 
2 promoted basinward 
transfer and coarse 
sediment delivery. 

Consistent with diffusion-
based forward-modeling 
logic (Granjeon and 
Joseph, 1999; Paola, 
2000) and process studies 
of sediment-density-flow 
influence on clinoform 
morphology (Kostic et al., 
2002; Gerber et al., 
2008). 

Strongly supported; 
mobility determines 
whether aggradation 
remains storage-prone or 
becomes bypass-prone. 
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APPENDIX A 

CHAPTER 1 SUPPLEMENTARY MATERIALS 

Supplementary Figure S1: Spatial distribution of mean annual precipitation across the Calabrian Arc derived from 
TRMM 3B42 satellite data. Precipitation exhibits modest regional gradients, with higher values along the Tyrrhenian 
(western) flank and lower values along the Ionian (eastern) side. This pattern reflects orographic uplift of moist air 
masses on the windward side of the Sila and Aspromonte massifs and a corresponding rain shadow effect to the east. 
Overall, precipitation varies within a limited range (~700–900 mm/yr), indicating relatively weak climatic gradients 
across the forearc. 
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Supplementary Figure S2: Scatterplot of basin-averaged channel steepness (ksn) versus precipitation; ksn above the 
main knickpoint vs. precipitation; Knickpoint elevation (m) vs. precipitation; ksn below the knickpoint vs. 
precipitation; Across all panels, Ionian and Tyrrhenian basins span similar ranges of ksn and knickpoint elevation 
regardless of rainfall differences, indicating that orographic precipitation does not exert a dominant control on river 
profile morphology. 
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Supplementary Figure S2: Power-law relationships between erosion rate and normalized channel steepness index 
for basins grouped by dominant lithology, plotted on log–log axes. Best-fit regressions of the form 𝐸 = 𝐾𝑘𝑠𝑛𝑛   yield  𝐾 = 3.9 × 10−3and 𝑛 = 1.18 for gneiss-dominated basins, and 𝐾 = 1.52 × 10−2and 𝑛 = 0.86 for granite-
dominated basins. Despite differences in fitted 𝐾and 𝑛, the data exhibit substantial scatter and broadly overlapping 
trends, indicating limited lithologic separation in the 𝑘𝑠𝑛–erosion-rate relationship. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



158 

 

Supplementary Figures S3–S4. Spatial distribution of normalized channel steepness (ksn; left) and precipitation-
normalized channel steepness (ksnq; right) across the Calabrian forearc. Despite modest spatial variability in 
precipitation, the two maps show nearly identical patterns in channel steepness, with high values concentrated along 
actively incising channels and lower values preserved across relict upland surfaces. Accounting for precipitation 
does not significantly alter the spatial organization of steepness or the expression of knickpoints. These results 
support the interpretation that climate exerts a limited control on channel gradients and longitudinal profile form, 
and that the observed patterns primarily reflect base-level fall and differential rock uplift. 
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Supplemental Tables:  

ST1: Location and morphometric characteristics of identified trunk channel knickpoints showing channel 
steepness indices, elevations, massif distribution, and associated lithological units. (*) in mn values 
denotes values excluded from average calculation.  

Basin 

ID 

Latitude Longitude ksn  (m0.8) 

Above 

ksn                     

(m 0.8)            

Below 

m/n Knickpoint 

Elevation 

(m asl) 

Massif Flank Lithology 

1 38.13304 15.98426 23.34642 62.35516 0.3 1180 Aspromonte Tyrrhenian Gneiss 

2 38.10921 15.95486 24.51923 80.10902 0.23* 1213 Aspromonte Ionian Gneiss 

6 38.01915 15.95881 7.072854 73.24058 0.4 1095 Aspromonte Tyrrhenian Gneiss 

8 38.11449 15.90257 20.67336 75.37844 0.3 1312 Aspromonte Ionian Gneiss 

9 38.09005 15.84411 27.7776 58.16477 0.3 1220 Aspromonte Ionian Gneiss 

15 38.12255 15.83661 12.0631 42.75423 0.4 1433 Aspromonte Tyrrhenian Gneiss 

16 38.11602 15.80402 34.54535 70.88794 0.3 1214 Aspromonte Tyrrhenian Gneiss 

17 38.14515 15.77421 21.12757 54.98347 0.30 918 Aspromonte Tyrrhenian Gneiss 

18 38.16341 15.83297 36.37886 52.67712 0.30 1286 Aspromonte Tyrrhenian Gneiss 

19 38.15964 15.86751 11.60194 52.58965 0.25* 1662 Aspromonte Tyrrhenian Gneiss 

21 38.23883 15.83451 4.752444 62.4572 0.22* 983 Aspromonte Ionian Gneiss 

25 38.23468 16.01751 5.801372 77.33598 0.45 1114 Serre Ionian Gneiss 

28 38.27573 16.0829 2.8718 49.28209 0.50 1020 Serre Ionian Granite 

31 38.35318 16.15444 3.408684 30.01614 0.00* 895 Serre Ionian Near 

Interface 

32 38.43117 16.27288 7.777142 42.08352 0.07* 1107 Serre Ionian Granite 

33 38.4197 16.25825 15.68269 58.48356 0.33 888 Serre Ionian Granite 

34 38.42003 16.20155 8.214505 53.30762 0.45 974 Serre Ionian Granite 

37 38.48722 16.3375 13.13483 47.52554 0.42 1118 Serre Ionian Granite 

39 38.50941 16.3823 17.91918 132.6303 0.19* 1048 Serre Ionian Granite 

40 38.52964 16.40918 15.00272 103.4346 0.34 911 Serre Ionian Granite 

42 38.59437 16.42147 31.15324 81.5856 0.19* 980 Serre Ionian Granite 

43 38.62694 16.45485 17.09925 55.58032 0.21* 975 Serre Ionian Granite 

44 38.58295 16.38198 15.5037 23.51862 0.34 1001 Serre Tyrrhenian Granite 

45 38.19354 15.89052 22.34299 66.29896 0.17* 1292 Aspromonte Tyrrhenian Gneiss 

46 38.2366 15.8434 29.65242 107.3277 0.22* 915 Aspromonte Tyrrhenian Gneiss 

47 38.20091 15.91631 27.54789 64.30652 0.25* 1306 Aspromonte Tyrrhenian Gneiss 

48 38.21215 15.9305 16.53075 85.76244 0.47 1202 Aspromonte Tyrrhenian Gneiss 
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50 38.22812 15.9948 11.33666 71.59128 0.47 1135 Serre Tyrrhenian Gneiss 

51 38.25985 16.01443 8.404302 79.75179 0.15* 995 Serre Tyrrhenian Gneiss 

52 38.26089 16.0189 8.01953 68.32862 0.27* 1004 Serre Tyrrhenian Gneiss 

54 38.28267 16.06311 8.918176 97.99487 0.49 924 Serre Tyrrhenian Granite 

55 38.31659 16.10788 4.220231 41.47672 0.45 927 Serre Tyrrhenian Granite 

56 38.34596 16.14677 18.30683 36.30865 0.39 868 Serre Tyrrhenian Near 

Interface 

57 38.37903 16.13768 6.539341 42.37319 0.50 793 Serre Tyrrhenian Gneiss 

58 38.3669 16.1344 8.144165 36.20491 0.36 812 Serre Tyrrhenian Gneiss 

59 38.45627 16.22622 26.03623 50.28173 0.22* 884 Serre Tyrrhenian Granite 

60 38.51999 16.25965 6.093403 47.96803 0.29* 1115 Serre Tyrrhenian Granite 

62 38.5579 16.2789 9.252478 40.4519 0.09* 1004 Serre Tyrrhenian Granite 

63 38.57962 16.27068 15.57996 135.5633 0.50 825 Serre Tyrrhenian Granite 

65 38.63745 16.32168 6.135732 61.26503 0.27* 734 Serre Tyrrhenian Granite 

77 38.71217 16.33582 6.553546 29.5222 0.17* 841 Serre Tyrrhenian Gneiss 

82 39.07382 16.53751 14.59669 47.6256 0.31 1023 Sila Ionian Gneiss 

84 39.05951 16.63532 21.48311 64.12473 0.25* 1264 Sila Ionian Gneiss 

86 39.06872 16.51416 5.64047 39.20486 0.29* 1062 Sila Ionian Gneiss 

91 39.09805 16.6813 14.43286 52.63538 0.27* 1484 Sila Tyrrhenian Gneiss 

93 39.14184 16.70005 44.71577 117.9865 0.23* 1306 Sila Ionian Near 

Interface 

94 39.29864 16.68018 55.46026 103.8699 0.34 1164 Sila Ionian Granite 

96 39.36809 16.66234 10.77377 46.65824 0.24* 1193 Sila Ionian Gneiss 

98 39.42313 16.63159 13.03655 59.55337 0.29* 1384 Sila Ionian Near 

Interface 

106 39.39791 16.53833 22.31015 62.85648 0.30 1143 Sila Tyrrhenian Granite 

113 38.29366 16.07322 12.43642 63.18659 0.40 902 Serre Tyrrhenian Granite 

114 38.30389 16.10768 4.462999 47.74009 0.50 956 Serre Tyrrhenian Granite 

116 38.21419 15.94629 22.99768 67.98743 0.17* 1151 Aspromonte Tyrrhenian Gneiss 

117 38.41977 16.17337 8.277802 42.27752 0.49 927 Serre Tyrrhenian Granite 

118 38.44071 16.18849 12.0131 35.07203 0.24* 870 Serre Tyrrhenian Granite 

119 39.17199 16.47088 12.02358 79.98298 0.32 1142 Sila Tyrrhenian Gneiss 

121 39.0595 16.31599 20.85283 71.9951 0.45 924 Sila Tyrrhenian Gneiss 

125 38.50733 16.23018 15.04293 81.04261 0.12* 1052 Serre Tyrrhenian Granite 

129 39.25699 16.39547 15.11818 58.18545 0.13* 1184 Sila Tyrrhenian Gneiss 
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APPENDIX B 

CHAPTER 2 SUPPLEMENTARY MATERIALS 

Supplementary Figure SF1: compares relationships between basin-averaged erosion rates and 
geomorphic metrics calculated using both 1000 m (top) and 500 m (bottom) extraction radii. 
Overall correlation patterns remain broadly consistent across both spatial scales, indicating that 
the observed relationships are not strongly sensitive to the radius used for hillslope metric 
averaging. In both cases, erosion rate exhibits a strong inverse relationship with hilltop curvature, 
with increasingly negative curvature values associated with higher erosion rates, consistent with 
systematic hilltop sharpening in actively eroding terrain. Positive relationships between erosion 
rate and channel steepness index (𝑘𝑠𝑛) are also preserved across both radii, whereas normalized 
channel width (𝑘𝑤𝑛) maintains only weak correlations with erosion rate. Slope and relief show 
moderate positive relationships that vary somewhat between extraction radii, likely reflecting 
increased local variability at smaller spatial scales. Although the limited number of erosion-rate 
measurements warrants cautious interpretation, the persistence of these relationships across both 
averaging scales suggests that the coupling between fluvial incision, hillslope form, and erosion 
rate is robust within the study area. 
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Supplementary Methods: Hillslope morphometrics and nondimensional hillslope analysis 

We quantified hillslope morphology using slope gradient, hilltop curvature, local hillslope relief, 

and hillslope length extracted from high-resolution digital elevation models. These metrics were 

used to evaluate hillslope form in the nonlinear sediment-transport framework of Roering et 

al. (2007), following applications by Hurst et al. (2012, 2013) and Grieve et al. (2016). This 

analysis provides a nondimensional comparison of hillslope form across the study area and 

allows us to evaluate whether hillslopes are approximately adjusted to local erosion rates or 

instead retain evidence of transient adjustment. 

1. Nonlinear hillslope sediment transport 

The nonlinear hillslope sediment-flux model relates sediment flux to local hillslope gradient as: 𝑞𝑠 = − 𝐷𝑆1 − ( 𝑆𝑆𝑐)2 

where 𝑞𝑠 is volumetric sediment flux per unit contour width, 𝐷 is the hillslope sediment-

transport coefficient, 𝑆 is local topographic gradient, and 𝑆𝑐 is the critical gradient. The negative 
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sign indicates that sediment flux is directed downslope, opposite the positive topographic 

gradient. 

At low gradients, where 𝑆 ≪ 𝑆𝑐, the denominator approaches one and the nonlinear 

expression reduces to the linear diffusion model: 𝑞𝑠 ≈ −𝐷𝑆 

As hillslope gradients approach 𝑆𝑐, the denominator becomes small and sediment flux 

increases nonlinearly. This formulation captures the tendency for soil-mantled hillslopes to 

steepen as erosion rate increases, until hillslopes approach a threshold gradient. 

2. Relationship between hilltop curvature and erosion rate 

At steady state, erosion or base-level lowering is balanced by the divergence of hillslope 

sediment flux. In one dimension, conservation of mass can be written as: 𝐸 = − ∂𝑞𝑠∂𝑥  

where 𝐸 is erosion rate and 𝑥 is horizontal distance along the hillslope. 

Near the hilltop, gradients are low, so the nonlinear transport law reduces locally to the 

linear diffusion form. Because slope is the spatial derivative of elevation, 𝑆 = ∂𝑧∂𝑥 

and hilltop curvature is the second spatial derivative of elevation, 𝐶𝐻𝑇 = ∂2𝑧∂𝑥2 

the steady-state relationship between erosion rate and hilltop curvature becomes: 𝐸 = −𝐷𝐶𝐻𝑇 

Convex hilltops have negative curvature, so larger-magnitude negative hilltop curvature 

corresponds to higher erosion rate if the transport coefficient 𝐷 is spatially uniform. This 

relationship provides the basis for using hilltop curvature as a proxy for relative erosion rate in 

soil-mantled landscapes. 

3. Dimensionless erosion rate 

Roering et al. (2007) define dimensionless erosion rate as: 𝐸⋆ = 2𝐸𝐿𝐻𝐷𝑆𝑐  

where 𝐿𝐻 is hillslope length. Substituting the hilltop-curvature relationship, 𝐸 = −𝐷𝐶𝐻𝑇 
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into the dimensionless erosion-rate equation gives: 𝐸⋆ = −2𝐶𝐻𝑇𝐿𝐻𝑆𝑐  

This form allows dimensionless erosion rate to be calculated directly from topography using 

hilltop curvature, hillslope length, and the critical gradient, without requiring an independently 

specified value of the transport coefficient 𝐷. Because 𝐶𝐻𝑇 is negative for convex hilltops, the 

negative sign yields positive values of dimensionless erosion rate. 

4. Dimensionless hillslope relief 

Dimensionless hillslope relief is defined as: 𝑅⋆ = 𝑅𝑆𝑐𝐿𝐻 

where 𝑅 is hillslope relief, 𝑆𝑐 is the critical gradient, and 𝐿𝐻 is hillslope length. This metric 

compares observed relief to the relief expected for a hillslope of length 𝐿𝐻 approaching the 

critical gradient 𝑆𝑐. Low values of dimensionless relief indicate hillslopes with relief well below 

threshold conditions, whereas values approaching one indicate hillslopes with relief closer to that 

expected for threshold gradients. 

5. Steady-state nonlinear model prediction 

For a one-dimensional steady-state hillslope governed by the nonlinear transport law, the 

predicted relationship between dimensionless erosion rate and dimensionless relief is: 

𝑅⋆ = √1 + (𝐸⋆)2 − ln [1 + √1 + (𝐸⋆)22 ] − 1𝐸⋆  

This equation defines the theoretical steady-state curve in dimensionless erosion-rate and 

relief space. At low erosion rates, hillslopes behave approximately diffusively and dimensionless 

relief increases nearly linearly with dimensionless erosion rate. At higher erosion rates, hillslopes 

approach the critical gradient and increases in dimensionless erosion rate produce progressively 

smaller increases in dimensionless relief. 

6. Critical gradient 

The critical parameter 𝑆𝑐 is a gradient, not an angle. In this study, we use: 𝑆𝑐 = 0.60 

This corresponds to a critical slope angle of: 𝜃𝑐 = tan−1(𝑆𝑐) 

For 𝑆𝑐 = 0.60: 𝜃𝑐 = tan−1(0.60) ≈ 31∘ 
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Because 𝑆𝑐 appears in both dimensionless erosion rate and dimensionless relief, changing 𝑆𝑐 

shifts the absolute nondimensional values. However, applying a single value consistently across 

the study area allows relative comparisons among hillslopes. 

7. Interpretation of dimensionless erosion-rate and relief space 

Observed hillslope values were compared with the predicted steady-state relationship in 

dimensionless erosion-rate and relief space. Hillslopes plotting near the theoretical steady-state 

curve are interpreted as approximately adjusted to local erosion rates under the assumed 

nonlinear transport law. Hillslopes that deviate from the curve may reflect transient adjustment, 

spatial variability in sediment-transport efficiency, lithologic contrasts, or differences in the 

degree of coupling between hillslopes and channels. 

In transient landscapes, hilltop curvature and hillslope relief may respond over different 

timescales. Relief can respond rapidly to channel incision and base-level lowering, whereas 

hilltop curvature may lag as the erosion signal propagates upslope. Therefore, departures from 

the steady-state dimensionless erosion-rate and relief relationship are interpreted as evidence for 

relative hillslope disequilibrium rather than as direct estimates of absolute erosion rate. 

 

 

 

 

 

 

 

 


