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Topography Clarifies the Tectonic History of the Corinth
Rift and Reveals a Channel Steepness Threshold
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CNRS, Université de Paris, Paris, France, *Now at Consejo Superior de Investigaciones Cientificas (CSIC), Instituto de
Ciencias del Mar (ICM), Passeig Maritim de la Barceloneta, Barcelona, Spain

Abstract Landscape evolution models that invert topography for rock uplift can improve our
understanding of both tectonic and geomorphic processes when properly constrained with data. Here we
present a flexible, data-driven Bayesian approach to invert fluvial topography for tectonic and geomorphic
model parameters and apply it to a case study, the uplifting footwall of the Corinth Rift, Greece. We invert
transient river profiles and up-flexed marine terraces to resolve seven unknown parameters in a regional-
to-flexural uplift tectonic model and the stream power incision model. The best-fit tectonic parameters
are consistent with independent data and predict block uplift rates of ~0.1 mm yr™" that changed to
flexural uplift rates of ~1.6 mm yr~' at ~0.6 Ma, as the master normal fault initiated. Similarly, the
best-fit geomorphic parameters predict sediment flux consistent with the offshore record and erodibility
consistent with previous studies. However, the drainage area exponent, m, of ~2, and slope exponent, n

, of ~7, are unusually high, indicating a threshold channel steepness where fluvial topography is largely
insensitive to rock uplift rate >0.05 mm yr'. Analysis indicates channels narrow to accommodate
enhanced uplift rates, but channel narrowing only partially explains our results, suggesting that other
processes not accounted for in the generic stream power model are also relevant to bedrock river incision
in Corinth. Our results help clarify the tectonic and geomorphic evolution of the Corinth Rift, have
important implications for studies that invert topography for rock uplift histories, and provide insight into
potential limitations of some long-term river incision models.

Plain Language Summary Landscapes are influenced by many factors, including climate,
land motion, and the strength of rocks. To understand and reproduce the evolution of landscapes,
scientists use numerical models to approximate the physics that shape topography. Armed with these
mathematical techniques, it is, in principle, possible to “unwind” the current landscape to understand
the history of past events and processes that shaped it. In this work, we present models that use data from
rivers and uplifted fossil beaches to understand the history of vertical land movement and the physical
processes that gave rise to a well-known site in the north of the Peloponnese, Greece. Our results provide
specific insight into the study area and, more generally, have important implications for the processes
that erode and transport sediment from continental settings. Our models are flexible and can include
other types of data that may be important in other sites. Our findings highlight several key questions that
merit further research to understand the processes that control the long-term evolution of continental
landscapes.

1. Introduction

A fundamental goal of tectonic geomorphology is the quantitative extraction of tectonic and geomor-
phic signals from topography. Earth surface process models predict landscape response to tectonic forc-
ing whereby topography, erosion rates, and sediment production transiently adjust to changes in tectonic
boundary conditions (Beaumont et al., 1992; Howard et al., 1994; Koons, 1989; Tucker & Slingerland, 1996;
Whipple & Tucker, 1999). Empirical studies of many tectonically active landscapes have backed up model
predictions and show that topography steepens, and erosion rates increase in areas experiencing more rapid
rock uplift (Cyr et al., 2010; DiBiase et al., 2010; Harkins et al., 2007; Kirby & Whipple, 2001, 2012; Ouimet
et al., 2009; Miller et al., 2013; Safran et al., 2005; Snyder et al., 2000). Furthermore, studies have shown
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that changes in the base level fall rate (e.g., a shift in rock uplift rate) generate knickpoints that migrate
upstream, translating the base level signal throughout the landscape (Berlin & Anderson, 2007; Crosby &
Whipple, 2006; Gallen, 2018; Gallen et al., 2013; Miller et al., 2013). These modeling and empirical studies
show that landscapes, and especially river networks, are sensitive recorders of tectonic activity (e.g., Kirby
& Whipple 2012).

Inspired by this research, a growing body of literature uses landscape evolution equations to invert topogra-
phy for rock uplift histories (e.g., Fox et al. 2014; Glotzbach, 2015; Goren et al., 2014; Pritchard et al., 2009;
Roberts & White, 2010; Rudge et al., 2015). These studies mostly rely on the detachment-limited stream pow-
er incision model to predict the long-term evolution of river networks. This model approximates bedrock
incision rate as the product of a power law of upstream drainage area (a proxy for discharge) and a power
law of local channel slope scaled by a constant of erodibility (Howard, 1994; Howard & Kerby, 1983; Whip-
ple & Tucker, 1999). Many of these studies assume that the power-law exponent on slope, n, is 1 to linearize
the inverse problem, allowing for the application of efficient linear inverse theory (Fernandes et al., 2019;
Fox et al. 2014; Goren et al., 2014; Rudge et al., 2015). Nonlinear inversions have also been applied in several
cases (Croissant & Braun, 2014; Glotzbach, 2015; Pritchard et al., 2009; Roberts & White, 2010).

Other studies use similar techniques together with geological constraints to calibrate and vet earth surface
process models (Barnhart et al., 2020a, 2020b, 2020c). These studies have used the stream power model,
as well as other more sophisticated expressions for landscape evolution, in an effort to broaden our un-
derstanding of the specific equations and dominant earth surface processes needed to explain particular
aspects of observed topography (Barnhart et al., 2020a, 2020b, 2020c). These studies are thus usually less
concerned with resolving the uplift pattern or the underlying tectonic or geodynamic processes.

Several studies jointly invert topography for tectonic and geomorphic variables using nonlinear inversions
(e.g., Croissant & Braun, 2014; Glotzbach 2015). Croissant and Braun (2014) test the ability of a nonlinear
inversion of topography to constrain parameters in the stream power model from synthetically derived
landscapes generated with known parameters. They also apply this approach using a digital elevation mod-
el (DEM) from the Southern Alps of New Zealand to constrain the stream power parameters and a simple
tectonic model of rock uplift. Croissant and Braun (2014) demonstrate that significant parameter trade-offs
exist that make it difficult to constrain the stream power model when inverting topography alone. Glotz-
bach (2015) uses a similar inversion technique but incorporates geological observables, including low-tem-
perature mineral cooling histories and measurements of cosmogenic nuclides in river sands, formally into
the inversion. Glotzbach (2015) shows that rock uplift history and stream power parameters can both be
resolved with this data-driven approach, yet, when the analytical data is removed from the inversion, the
history of uplift cannot be accurately recovered. These studies thus show that nonlinear inversions of to-
pography coupled with geological data can provide meaningful insight into both tectonic and earth surface
processes.

Here we present a new Bayesian approach to invert fluvial topography and field data for tectonic and ge-
omorphic model parameters simultaneously. The method utilizes the stream power incision model and
longitudinal river profiles and can flexibly incorporate different types of geological data to constrain the in-
version, such as erosion rates, marine and river terraces, and sediment flux records. We apply this approach
to shed light on the tectonic and geomorphic processes governing the evolution of the uplifting southern
margin of the Corinth Rift in central Greece (Figure 1).

Our case study focuses on the eastern portion of the southern margin of the Corinth Rift, Greece (Figure 1).
This intracontinental rift is ideal for our investigation, for it is very well studied, and the wealth of existing
data can both inform our inversion and allow detailed comparisons between model predictions and geo-
logical constraints not used in the inversion. The general aspects of the tectonic evolution of the rift are un-
derstood. A protracted period of distributed extension and concomitant, slow regional uplift was followed
by rapid establishment of the current rift bounding fault and flexural uplift of the southern rift margin at
~2-0.6 Ma (Armijo et al., 1996; Brasier et al., 2011; de Gelder et al., 2019; Ford et al., 2007, 2017; Nixon
et al., 2016; Rohais et al., 2007). The recent spatial and temporal pattern of flexural uplift is recorded, at least
since ~0.4 Myr, by a spectacular, well-preserved suite of marine terraces along the eastern edge of the rift
(Figures 1 and 2; Armijo et al., 1996; de Gelder et al., 2019). Whereas the cumulative effect of lithospheric
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Figure 1. Location, tectonic setting, and simplified geology of the study
area. (a) Map of the topography and bathymetry of the Corinth Rift. The
white frame shows the area of interest for this study with the four drainage
basins outlined in red. The drainage basins were delineated upstream

of obviously alluviated lower reaches based on inspection of satellite
imagery. The upper right inset shows a simplified tectonic map of the
Mediterranean with some of the major plate boundaries noted. The small
red box shows the location of the map in (a). (b) Shaded relief map with
simplified geology of the eastern portion of the Corinth footwall, which we
refer to as the Eastern Sector, as highlighted by the white frame in (a). The
Eastern Sector drainage basins and rivers studied are also shown. Marine
terraces shown as mapped by de Gelder et al. (2019).

flexure along the entire rift margin is recorded in its topography, its riv-
ers record the associated change in the rate of uplift as a series of large,
upstream-migrating fluvial knickpoints (Figure 2e; Ferndndez-Blanco
et al., 2019, 2020). In this study, we take advantage of the transient river
profiles, in conjunction with the suite of marine terraces, to refine the
tectonic evolution of the eastern portion of the southern margin of the
Corinth Rift, and learn more about how river systems respond to tectonic
perturbations.

Our study has two primary goals. Our first goal is to better resolve the
initiation time of the modern rift bounding fault by extending the history
of rock uplift further back in time than is possible with the marine ter-
race record. Our second goal is to constrain the stream power parameters
that are needed to predict the topographic evolution, erosion rates, and
sediment flux of the southern rift margin through time. Through this in-
vestigation, we demonstrate that valuable information on both tectonic
and geomorphic processes can be retrieved from nonlinear data-driven
inversions of fluvial topography.

2. Background
2.1. Tectonic and Geologic Setting

The Corinth Rift is the fastest-extending intracontinental rift among those
that accommodate lithospheric stretching in the Aegean. Extension in
the Aegean occurs due to the retreat of the subducting African slab and,
more recently, due to changes in the regional stress field imposed by the
southwestward propagation of the North Anatolian Fault into the north-
ern Aegean (Armijo et al., 1996; Jolivet & Brun, 2010; Jolivet et al., 2013;
Le Pichon et al., 1981). The present-day Corinth Rift is an asymmetric
half-graben with a steep, high-relief southern flank and a gentle, low-
er-relief northern flank (Figure 1). The rift is controlled by a ~130 km
long, ~60° northward dipping composite normal fault system composed
of 10-25 km long en echelon segments (Figure 1; e.g., Armijo et al., 1996;
Fernandez-Blanco et al., 2019; Gawthorpe et al., 2017). This contemporary
master fault system reaches, ad minimum, the base of the seismogenic lay-
er (Armijo et al., 1996; Bell et al., 2017; Fernandez-Blanco et al., 2019), and
is here termed the Corinth Fault System (CFS). The CFS initiated in the re-
cent geologic past (~2-0.6 Ma) based on evidence that is discussed below.

The Corinth Rift strikes obliquely to the structural grain of the Hellenide
nappes that stacked and thickened the crust during Eocene-to-Late Mio-
cene accretion associated with the Hellenic Subduction Zone (e.g., Bon-
neau, 1984; Jolivet & Brun, 2010). The Hellenide units in Corinth consist
of deformed phyllites, ophiolites, flysch, and carbonates that now form
“basement” rock surrounding the modern rift (Armijo et al., 1996). Base-
ment rocks are cut by the steep CFS, that uplifts in its footwall lightly

deformed, weakly lithified, and poorly indurated basin-fill sediments, consisting of interbedded lacustrine,
fluvial sands and silts, fan-delta conglomerates, and marine marls of Plio-Pleistocene age (e.g., Armijo
et al., 1996; Ori, 1989). This stratigraphy primarily reflects glacio-eustatic variations in a confined setting
that resulted in lacustrine environments during sea-level lowstands and deposition of marine sediments
during sea-level highstands (e.g., Collier, 1990; de Gelder et al., 2019).

2.2. Fault Initiation and Earlier Uplift History

The establishment of the CFS caused rapid flexural uplift of the footwall and demarcates a geological-
ly-recent (<2 Ma) transition from a pre-CFS regional uplift history (e.g., Armijo et al., 1996; de Gelder
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Figure 2. Geologic and geomorphic evidence of recent deformation associated with slip on the Corinth Rift master
fault (CFS) in the Eastern Sector. (a) Map of Euclidean distance from the CFS fault trace (in black) as a warm-to-cool
color scheme, and the studied drainage basins as white polygons. River networks of the four studied drainage basins
are shown as lines colored according to each drainage basin; the gray portions of the river networks were excluded
from our analysis because they flow over different rock units than the majority of the basin. Paleoshoreline angles of
the four most prominent and extensive marine terrace levels (mapped by de Gelder et al., 2019) are shown as circles,
and colored according to their estimated ages: 123.5 + 8.5 ka (blue); 240 + 6 ka (green); 326 + 9 ka (orange); and

409 + 16 ka (red). (b, c, d) Show the elevation, total rock uplift, and rock uplift rate, respectively, for the four marine
terrace inner paleoshoreline angles shown in (a), plotted as a function of Euclidean distance from the fault. Note the
up-flexed deformation of the marine terraces. (e) Shows longitudinal river profiles of the stream network used in the
data analysis colored according to the drainage basin networks shown in a (gray portions excluded from our analysis as
noted above). Note the large knickpoint in the river profile at ~20 km upstream.

et al., 2019; Fernandez-Blanco et al., 2019, 2020). Relevant to our study is the uplift history of the eastern
portion of the southern rift margin that is currently bound by the Xylokastro Fault segment, which we sim-
ply refer to as the “Eastern Sector” (Figure 1). A broad time range for the onset of the Eastern Sector fault
segment from ~2,000 to 800 kyr is inferred from onshore stratigraphy related to a series of uplifted fan deltas
(Gawthorpe et al., 2017). Linear extrapolation of the Late Pleistocene marine terraces (Armijo et al., 1996;
de Gelder et al., 2019) and dated calcite cement in terrace deposits (Causse et al., 2004) imply fault initiation
at <1,000 kyr. The up-flexed marine terraces in the CFS footwall provide an age of ~700-600 kyr for the in-
itiation of the Xylokastro Fault (Armijo et al., 1996; de Gelder et al., 2019). A similar onset time of 800-600
kyr is estimated from the coalescence of offshore depocenters in the CFS hanging wall (Nixon et al., 2016).
Depositional ages and U-Th dating of tufa in uplifted fan deltas suggests fault onset between ~700 and 600
kyr (Brasier et al., 2011; Ford et al., 2007, 2017; Rohais et al., 2007). Based on the age of uplifted deltas, the
up-flexed marine terraces, and the deepest offshore sediments, de Gelder et al. (2019) infer that ~60%-70%
of the deformation associated with the CFS structure occurred in the last ~610 ka.

Estimates of the uplift rates and patterns relating to the period of distributed extension preceding the estab-
lishment of the CFS are more difficult to constrain due to a lack of necessary observables. Using a mechan-
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ical model of lithospheric deformation calibrated with the Eastern Sector marine terraces, Armijo
et al. (1996) suggested a modest regional uplift rate of ~0.2 mm yr~' before initiation of the CFS.
Turner et al. (2010) estimated similar contemporary rates of isostatically driven regional uplift that
might apply to pre-CFS uplift rates. However, structural and sedimentological evidence shows that
normal faults in the southern rift margin progressively migrated northward to their current position
(e.g., Armijo et al. 1996; Ford et al., 2017; Sorel, 2000). These observations imply a variable pattern of
uplift in the footwall of the present-day CFS before its establishment. Nonetheless, based on the pre-
vious lines of evidence and terrestrial facies in small basin deposits, the uplift rates during preceding
modern fault initiation were likely between 0 and 0.3 mm yr~' (e.g., Turner et al., 2010).

2.3. Marine Terraces and Pleistocene Rock Uplift History

The eastern portion of the southern rift margin preserves a spectacular suite of up-flexed Pleistocene
marine terraces (Figures la, 2a, 2b, 2¢, and 2d). These terraces cut broad abrasion platforms and
paleo-sea cliffs into the Plio-Pleistocene basin fill and are typically associated with 2-6 m of erosion-
ally resistant, well-cemented beach and coastal deposits (Armijo et al., 1996; de Gelder et al., 2019).
Recently, de Gelder et al. (2019) identified 16 unique terraces using high-resolution digital surface
models to update and revise the original mapping by Armijo et al. (1996) (Figure 1b). Several geo-
chronological constraints based on U-Th dating of corals preserved in terrace deposits yield ages
consistent with the timing of glacio-eustatic highstands (Collier et al., 1992; Dia et al., 1997; Leeder
et al., 2003). These findings align with physical models for marine terrace construction whereby
terraces form during periods of relative sea-level stability (e.g., equal rates of rock uplift and sea
level rise) and are abandoned during relative sea-level fall (Anderson et al., 1999). Accordingly, age
determination of undated terraces can be achieved through correlation of the elevation of marine
terrace inner shoreline angles (ISA) (the position considered the best estimate of paleo-sea level)
to the timing of known glacio-eustatic highstands (e.g., Gallen et al., 2014; Lajoie, 1986; Merritts &
Bull, 1989; Ott et al., 2019).

Using the existing geochronological data and this approach, de Gelder et al. (2019) confidently es-
timate the ages of the four most extensive and well-preserved terraces as 123.5 + 8.5 ka, 240 + 6 ka,
326 + 9 ka, and 409 + 16 ka Figures (2a, 2b, 2¢, and 2d, Table S1). Using these correlations, de Gelder
et al. (2019) show that the rates of rock uplift in the Eastern Sector of Corinth Rift exponentially
decay from ~1.3 mm yr~" for sites closest to the CFS to ~0.3 mm yr~' over a distance of ~25 km, con-
sistent with the earlier work by Armijo et al. (1996). The exponential deformation pattern recorded
by these terraces is consistent with models of lithospheric flexure of a broken plate Figures (2a, 2b,
2¢, and 2d; Armijo et al., 1996; de Gelder et al., 2019; Nadai, 1963). Extrapolation of this flexural
uplift pattern to the fault trace suggests maximum footwall uplift rates of 1.6-1.7 mm yr~* (de Gelder
et al., 2019).

2.4. Climate

Watkins et al. (2018) recently compiled a series of data sets to synthesize the climate history in
Corinth over the last ~130 ka that we summarize here. Records from contemporary (ca. 1950-2000)
weather stations indicate mean annual temperature and mean annual precipitation of ~14.5°C and
~400-800 mm yr~', respectively (Figure S1; Hijmans et al., 2005). Paleoclimate in the region is large-
ly deduced from pollen records and global circulation models (GCMs). The pollen record shows some
increasing aridity during the last glacial maximum (LGM) and alternating cool/drier and warmer/
wetter periods further back in time (Tzedakis, 1999; Tzedakis et al., 2002). The GCMs indicate that
mean annual temperature and mean annual precipitation during the LGM ranged between ~8.8 and
9.6°C, and between 716 and 977 mm yr~ ", respectively. Considering the imprint of global climate
change on the geomorphic record in Corinth (e.g., marine terraces associated with glacio-eustacy),
the pollen records and GCMs suggest that regional climate over the last ~130 ka remained relatively
stable. Given the lack of records of terrestrial climate prior to this period, we make the simplifying
assumption that climate has been roughly stable over the Quaternary.

GALLEN AND FERNANDEZ-BLANCO 5o0f 29



Y Yed N | o
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005651

ADVANCING EARTH
AND SPACE SCIENCE

2.5. Fluvial Geomorphology

As for many tectonically active mountain river systems, most channel reaches in Corinth can be char-
acterized as bedrock rivers, i.e. rivers with bedrock channel walls and patches of alluvium and bed-
rock in the active channel that reflect elevated sediment transport capacity relative to sediment supply
(Whipple, 2004; Zondervan et al., 2020). Nearly all of the major river systems in Corinth exhibit large
knickpoints or knickzones in their longitudinal profiles interpreted to reflect the ongoing adjustment of
the river channels to the change in uplift rate associated with the establishment of the CFS (Figure 2e;
Demoulin et al., 2015; Ferndndez-Blanco et al., 2019, 2020). Within the knickzones, river valleys are gen-
erally narrow relative to downstream reaches and form gorges in some locations (Karymbalis et al., 2016;
Zondervan et al., 2020). Upstream and downstream of knickzones, river valleys widen slightly and are
more alluviated relative to reaches within the knickzone (e.g., Seger & Alexander, 1994; Zondervan
et al., 2020).

2.6. The Stream Power Model, Fluvial Topography, and Empirical Calibration

The detachment-limited stream power model (Howard & Kerby, 1983; Howard, 1994; Whipple & Tucker, 1999)
is most appropriate for bedrock rivers and is, therefore, applicable to river systems in Corinth. This model is
justified by empirically derived scaling approximations between upstream drainage area and variables rele-
vant to the magnitude of shear stress along the channel bed imparted by streamflow, such as discharge and
channel geometry (e.g., width). The goal of the stream power model is to capture the idea that bedrock erosion
rate is a power law of excess shear stress on the channel bed cast as (Howard, 1994; Tucker & Bras, 2000);

£ = ke(rs - rc)a, T, > 1T, (1)
or as (DiBiase & Whipple, 2011; Lague et al., 2005):
&= ke(rs“ - rc“), T, > 7T, )

where ¢ is the vertical incision rate into bedrock, 7; and 7. are the basal and critical shear stresses, respec-
tively, k. is a constant describing the efficiency of erosion, and a is an exponent related to the dominant
incision process (Whipple et al., 2000). Using the empirical scaling approximation mentioned above, it is
possible to arrive at a simplified empirical model for the long-term rate of river incision into bedrock, E,
designed to capture the essence of the above equations:

E = KA"S" 3)

where K is a constant that describes erodibility, A is the drainage area (a proxy for discharge), S is the local
channel slope, and m and n are positive constants.

The erodibility constant incorporates a number of factors such as bedrock properties, mean runoff, and oth-
er hydrologic variables. The m and n exponents describe characteristics of hydrology, hydraulic scaling, and
incision process. The ratio of these exponents apparently covaries, as most empirical studies of equilibrium
river profiles find values between ~0.3 and 0.7, and theoretical considerations suggest that their ratio falls
between ~0.4 and 0.6 (e.g., Kirby & Whipple, 2012). Equation (3) is perhaps the most widely used model
for long-term river incision, and we use it in our inversion of fluvial topography; however, we recognize
its limitations and return to the assumptions made by this model, such as width-drainage area scaling
and the potential influence of sediment and incision thresholds on empirically calibrated parameters (cf.
Lague, 2014), in the discussion.

Fluvial topography can be linked to rock uplift, U, through the stream power incision model, by solving
Equation 3 for local channel slope and comparing it to the empirical scaling between local channel slope
and upstream drainage area for graded, equilibrated river channels (e.g., Kirby & Whipple, 2001, 2012;
Snyder et al., 2000; Wobus et al., 2006). Equilibrated river profiles exhibit a power-law scaling between local
channel slope and upstream drainage area, commonly referred to as Flint's law, defined as (Flint, 1974;
Hack, 1957; Morisawa, 1962):
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S = kA" 4)

where k; is the steepness index, and @ is the channel concavity index. Solving Equation 3 for local channel
slope yields a similar power-law relationship between local channel slope and upstream area, suggesting
that (Kirby & Whipple, 2001, 2012; Snyder et al., 2000; Wobus et al., 2006):

1

and,

O=mln (6)

At steady-state, E = U in Equation 5, which highlights how the channel steepness index relates topographic
form to erosion rate and rock uplift rate. The m to n ratio, # (a.k.a. the channel concavity index), is thought
to be insensitive to tectonic perturbations. Given this, @ is often fixed to a value of ~0.5 to derive a normal-
ized steepness index kg, that is also equal to the term on the right-hand side of the equation in Equation 5
(Kirby & Whipple, 2012; Wobus et al., 2006).

Equations 3 through 6 also provide a way to empirically calibrate the stream power model, by combining
analysis for fluvial topography with incision rate or erosion rate data. The m to n ratio can be estimated
empirically in several ways, such as a power-law regression through slope-drainage area data (e.g., Wobus
et al., 2006) or via analysis of x-transformed river profiles (Perron & Royden, 2013). The stream channel
metric, X, is the path integral of the inverse of upstream drainage area raised to an exponent equal to the m
to n ratio. The y transformation effectively linearizes river profiles in plots of x versus elevation, known as
x-plots, making kg, the slope of a x-plot.

After the m to n ratio is determined, the normalized steepness index is calculated for a river reach or an
entire drainage basin via a normalized power-law regression of slope-drainage area data or linear regression
of a x-plot. To determine K, m, and n, a series of incision or erosion rates are measured, usually from dated
river terraces or basin average erosion rates derived from cosmogenic nuclides, for river reaches or drainage
basins, respectively, that are assumed to be in quasi-equilibrium. A power-law regression through the E and
ksn data is then used to determine K and n (Equation 5), and m is derived from the assumed m to n ratio
(Equation 6).

2.6.1. Estimates of the Erodibility Parameter, K

Calibration of the stream power model from river systems globally suggests the erodibility parameter,
K, varies over four to five orders of magnitude (Harel et al., 2016; Hilley et al., 2019; Stock & Montgom-
ery, 1999). It is important to note that the particular value of K is dependent on values of m and n, such that
Kvalues determined for different m and n values are not directly comparable. A simple way to conceptualize
this point is based on Equation 5. If we assume the same river profile concavity (i.e., fixed m to n ratio) for
a steady-state river, then K =Uk,™". From this, if we assume an uplift rate of 1 mm yr ', a steepness index
of 100 m, and a constant m to n ratio with assumed n values of 0.5, 1, and 2, Kis 1 x 10~ m'™™ yr‘l, 1x
107° m'">™yr™, 1 x 1077 m'>™ yr™" for each n value, respectively. This has two implications relevant to
this study. First, K values must be “normalized” to reference m and n values for comparison, and, second,
the range of K used in our inverse model priors (discussed below) can be much greater than the typically
observe range for the dependence of K on a given m and n value.

Several studies calibrate versions of the stream power erodibility parameter for river systems in Corinth,
assuming that m = 0.5 and n = 1. Pechlivanidou et al. (2019) use volumes of offshore sediment deposited in
the Gulf of Corinth to calibrate a landscape evolution model that predicts sediment flux from the rift mar-
gins. They place bedrock lithology into three broad categories based on slope and elevation, and iteratively
solve for the erodibilities that, based on the stream power model, best produce the observed sediment vol-
umes. Their analysis finds that K varies from ~1.5 x 10 to 4 x 107 m'™™ yr™!, the higher values being rep-
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resentative of lithological units comparable to those in the catchments studied here. Zondervan et al. (2020)
conducted a detailed field investigation of the Vouraikos River, a river basin westward of the Eastern Sector.
These authors use hydraulic geometry, calculations of bank-full discharge, and estimates of the contempo-
rary rock uplift velocity to determine erodibility for several rock units incised by the river. The incision mod-
el calibrated by Zondervan et al. (2020) is a variant of the stream power model that explicitly accounts for
channel geometry and discharge, which in our equations are represented by a scaling relationship between
both variables and drainage area. Converting their erodibility to stream power units assuming that m = 0.5
and n = 1yields a value of K of ~6 x 10~ m'~™ yr™" for rock types comparable to those in the Eastern Sector.

2.6.2. Estimates of the Drainage Area Exponent, m, and the Slope Exponent, n

There are only a few empirical estimates of m and n in the literature, and, to our knowledge, m and n have
not been empirically calibrated in Corinth. Lague (2014) used the empirical approach described in Section 2.6
to determine m and n values for ten globally distributed data sets thought to be at least locally in steady-state
and found that m ranges from ~0.5 to 2 and n from ~1 to 4. Harel et al. (2016) conducted a global analysis
of cosmogenic beryllium-10 (**Be)-derived basin average erosion rates and DEMs to calibrate stream power
parameters empirically. Using a fixed concavity of 0.5, they report a mean (£ 1o) m of ~1.35 (£ 1.45) and a
range of ~—4.5to 4.5, and a mean (+ 10) n of ~2.7 (% 2.9) and a range of ~—9 to 9. The large spread in values
from this analysis is likely due to the fact that they include transient landscapes and measurements from ba-
sins that span geologic, tectonic, and environmental diversity (e.g., variations in rock type, uplift rate, climate,
and rainfall) that can affect empirical calibrations of this kind. Owing to these complexities, global means and
associated 1o uncertainties reflect a more conservative and reasonable range of n and m values.

Hilley et al. (2019) also applied this empirical approach to calibrate the stream power model using '°Be-de-
rived basin average erosion rates and k, measurements from drainage basins floored by granitic bedrock in
tropical climates. The 14 basins included in their analysis span a range of erosion rates from ~5 x 10™> mm
yr' to ~7 mm yr~', and they show that k, is relatively constant for erosion rates >~0.03 mm yr~". Hilley
et al. (2019) then use a global compilation of '°Be-derived erosion rates and an analysis of digital topogra-
phy to support this finding showing that there is a threshold steepness index where fluvial topography is no
longer sensitive to changes in erosion rate. They use this evidence to suggest that there are limitations in our
current understanding of channel incision processes. We note that the general insensitivity of k, to changes
in erosion rate above this threshold is indicative of extremely high n values and might result from processes
that are not explicitly accounted for in the generic stream power model.

3. Materials and Methods

In this study, we combine a simplified tectonic model for the geologically-recent evolution of the Corinth
Rift with the stream power incision model, incorporating data from deformed marine terraces and river
profiles in a Bayesian framework that inverts for free parameters in each model. We model the rock uplift
history and evolution of the four drainage basins in the Eastern Sector (Figures 1 and 2). We select this lo-
cation for its impressive marine terrace record and because the river basins are largely contained within a
single geologic unit (Figure 1). Below, we first describe the data sets and forward models used for our analy-
sis. We then highlight the key modeling assumptions required to set up the inverse problem in a simplified,
tractable framework. Finally, we detail our inverse modeling approach.

3.1. Data sets

We use TopoToolbox 2 and ChiProfiler to model surface hydrology and define channel networks and pro-
files on a 20 m horizontal-resolution SPOT5 DEM (Figures 1 and 2e; Gallen & Wegmann, 2017; Schwang-
hart & Scherler, 2014). The channel network was delineated as areas draining 5 km?, and no smoothing was
conducted to augment the channel geometry. We restricted our analysis to locations upstream of areas with
visual evidence of thick alluvial fill along a Holocene coastal platform to ensure that the studied rivers are
characterized by bedrock channels (Figure 1).

Our study uses marine terrace inner shoreline angle (ISA) elevations for the four most prominent and
well-studied terrace levels (Figure 2). We calculated rock uplift from the measured terrace ISA elevations,
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Sta ge 1 the estimated ages, and the sea-level elevation at the time of terrace for-
w mation, as reported by de Gelder et al. (2019) (see Table S1 for marine
(= (a) terrace data). We determined total rock uplift since terrace formation and
if f * * f f * * * * * * * f uplift rate. We calculate rock uplift by subtracting the modern terrace
) elevation from sea level elevation at the time of terrace formation, and

Figure 3. Simplified two-steps uplift history of the footwall across the
Corinth Rift southern margin. (a) Initial, uniform uplift pattern. (b)

divide this value by the terrace age to obtain uplift rate. We use a Monte
Carlo routine to determine uncertainties in both calculations Figures (2c

(b) and 2d).
F Ootwall

3.2. Forward Models

Below we describe the two models used in our study, a tectonic model
that defines the spatial and temporal history of rock uplift, which is also
used to approximate rock uplift recorded by marine terraces, and a geo-
morphic model that determines the evolution of fluvial topography.

Distance

Flexural pattern of footwall uplift after master fault (CFS) initiation.

3.2.1. Tectonic Model—From Regional to Flexural Uplift

Our tectonic model is based on the recent geological history of Corinth
reviewed above, and assumes a simple two-stage uplift history: an initial period of spatially uniform region-
al (block) uplift, followed by a period of flexural uplift associated with a normal fault (Figure 3). The second
phase of uplift in our model assumes that uplift rates vary spatially only with respect to distance from the
modern fault trace and do not vary along strike, despite reported evidence (Fernandez-Blanco et al., 2020).
The simplified model set up acts to capture the first-order across-strike uplift history of the southern rift
margin during the Quaternary (Armijo et al., 1996; de Gelder et al., 2019).

The first phase of regional uplift is modeled with a single, spatially uniform uplift rate (Figure 3a). The
second phase of flexural uplift is described by analytical solutions for flexure of a broken plate (Figure 3b;
Nadai, 1963):

d d
U(d) = Uexp| — |cos| — 7
where d is the distance from the broken segment, here defined as the trace of the CFS, Uyis the uplift rate at
the fault, and A is the flexural parameter defined as:

1/4
3

h 3(pw - £.)g(1-77)

where E is Young's modulus, T, is the effective elastic thickness of the lithosphere, p,, and p. are the mantle
and the crustal density, respectively, g is the acceleration due to gravity, and v is Poisson's ratio. We assume
standard values for E, p,,,, o, and v that are listed in Table 1, leaving four unknown parameters in our tecton-
ic model: the initial block uplift rate U, the final uplift rate at the fault trace Uy, the effective elastic thickness
of the lithosphere T,, and the timing that flexural uplift initiated ¢;,,. When the flexural rigidity is low, uplift
rate in this model can go slightly negative at some distance from the fault. In our modeling, if values go
negative, we set them to zero to avoid potential issues with the geomorphic forward model. This is justi-
fied by studies that report slow amounts of regional uplift not accounted for in our modeling (e.g., Turner
et al., 2010). However, for thoroughness, we conducted several inversions without the positive uplift con-
dition that are briefly discussed in the results section and presented in full in the supporting information.

To simulate modeled marine terrace rock uplift at the end of a given model run, we calculate the cumulative
amount of rock uplift for each modeled terrace by integrating the modeled uplift history over a duration equiv-
alent to the age of the observed terraces. If the terrace age is older than the transition from block uplift to flex-
ural uplift that is set by ¢, it is first uplifted uniformly and then uplifted and deformed with the flexural uplift
pattern. The total amount of uplift is then compared to the total rock uplift calculated for each terrace based on
the terrace age, its current elevation, and the elevation of sea level at the time of terrace formation (Figure 2c).
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Table 1
List of Parameters Used in the Inverse Model with Assigned Values or Range of Priors

Symbol Description Units Units used in model ~ Value (scalar) or priors (range)
Tectonic model

E Young's modulus ML'T? kgm™ yr? 7% 10"

Om Density of the mantle ML kgm™ 3,300

Pe Density of the crust ML kgm™® 2,700

g Acceleration due to gravity LT ms™ 9.81

Te Effective elastic thickness L m 1,000-10,000

v Poisson's ratio 0.25

A Flexural parameter L m Calculated

U, Initial block uplift rate LT myr 1x107*-5x 107"

Ur Final uplift rate at fault LT myr’ 5%x107*-3x 107

tint Initiation of flexural uplift T yr 5% 10°-1.5 x 10°
Stream power model

K Erodibility mi2mrt m' 2" yr ! 1x107°-1x 107"

A Upstream drainage area L m® Calculated

S Local channel slope Calculated

m Drainage area exponent 0.1-20

n Slope exponent 0.5-20

E Incision rate LT myr Calculated

3.2.2. Geomorphic Model—The Stream Power Model

We use the detachment-limited stream power model (Howard, 1994; Howard & Kerby, 1983; Whipple &
Tucker, 1999) to simulate the evolution of fluvial topography through time. We combine the tectonic model
with the stream power model in Equation 3 in a continuity equation to describe the evolution of the river
network elevation, z:

dz

” = U(x,t) — KA(x)m S(x,t)n

©)
In this model, U is determined as a function of space (x) and time (¢) based on our two-stage tectonic model
described above, and A is calculated based on the modern river network derived from the DEM and as-
sumed to be fixed in time. There are three unknown parameters, K, m, and n, and we assume that each is
spatially uniform and does not change in time (see Section 3.2.3 for further discussion regarding these and
other assumptions). S is also technically unknown, but it is calculated based on assumed and unknown pa-
rameters. We note that by calibrating this forward model as done here, the derived values of K, m, and n are
entirely empirical and do not necessarily reflect the process-based stream power parameters used in studies
such as Whipple et al. (2000) and Lague (2014) (cf. Gasparini & Brandon, 2011).

The Bayesian inverse method adopted here requires hundreds of thousands to millions of iterations to con-
verge on a solution. To reduce computational time, we solve Equation 9 using the implicit finite difference
scheme of Braun and Willett (2013), which is stable with large timesteps, with a timestep of 25,000 years.
Such a large timestep introduces some inaccuracies in modeling the transient river profile evolution be-
cause the Courant-Friedrichs-Lewy condition for knickpoint propagation is not completely satisfied (Braun
& Willett, 2013). However, the average errors associated with this large of a timestep are <10 m (Figure S2).
We further assess the impact of the forward model step sizes by inverting a series of forward models generat-
ed with known parameters that are summarized in Section 3.2.4 and detailed in the supporting information.

For each model run, we select a suite of unknown parameter values and use them to generate an initial river
profile assuming a steady-state with the initial block uplift rate. We then impose flexural uplift and let the
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Table 2

Summary and Primary Model Assumptions and Their Justifications

Assumption

Justification

1. Simple two-stage uplift history

There is compelling evidence for protracted slow uplift rates prior to initiation of the modern

master fault, but uplift was likely spatially variable (e.g., Ford et al., 2016). After initiation
of the present-day master fault, rock uplift in the footwall has been dominated by flexure
(Armijo et al., 1996; de Gelder et al., 2019; Fernandez-Blanco et al., 2019, 2020)

2. Isostatic rebound due to erosion is negligible Although not entirely correct, this is not a bad approximation, given fast extension rates of ~10

mm yr~ (Avallone et al., 2004; Billiris et al., 1991) and comparatively low basin average
erosion rates between 0.1 and 0.55 mm ylr’1 (Pechlivanidou et al., 2019; Watkins et al., 2018)

3. Spatially and temporally uniform erodibility The analysis is restricted to a single geologic unit, inside which there is little topographic evidence

4. Fixed drainage area

5. Sea level fluctuations

of strong changes in erodibility or large spatial variation in mean annual precipitation
(Figures 1 and S1). Temporal variations in erodibility are difficult to vet, but several
paleoclimate studies suggest a relatively steady climate in this region over the late Quaternary
(e.g., Watkins et al., 2018). Without additional evidence, we make the simplifying assumption
of temporally constant erodibility, but acknowledge this is a limitation of our approach

Drainage divides in the area likely undergo some mobility as evidence by windgaps (Seger &
Alexander, 1994; Zelilidis, 2000). In an effort to reduce the impact of divide motion, we
restrict our analysis to large drainage areas (>5 km?)

Previous studies and our own modeling (Figure S4) show that sea level variations will result in
second-order noise in river profile evolution (even under "extreme"” circumstances), but that
the first-order tectonic signals of interest will remain preserved in river profiles

river profile evolve according to Equation 9 for a time duration determined by ¢;,.. Because flexural uplift
can back tilt a river due to more rapid rock uplift toward the outlet (e.g., Fernandez-Blanco et al., 2020), we
impose a condition that forces the river profile to maintain a consistent flow direction to the outlet. This
condition is conceptually similar to valley aggradation. For simplicity, we do not change erodibility in this
segment of the modeled profile. We assess the quality of the model fit by comparing the resultant modeled
fluvial topography to the observed fluvial topography.

We use the best-fit parameters recovered from the inversion to run forward models that predict sediment
flux and erosion rates from each basin for comparison with data from Corinth. To predict these values
from our one-dimensional incision model, we assume complete coupling between the river channel and
adjacent hillslopes. This assumption allows us to assign erosion rates and determine sediment production
at the catchment scale. We calculate the sediment production rate for each node in the river channel as the
product of the local erosion rate and the difference in drainage area between that node and the next node
upstream. These values are summed to determine sediment flux per unit time, and averaged, after weighing
for drainage area, to calculate catchment average erosion rates at each time step in the model.

3.2.3. Modeling Assumptions

It is important to acknowledge and justify a number of assumptions that go into our forward model: (1)
a simple two-stage uplift history described by initial block uplift followed by flexural uplift along the CFS
where rivers are in steady-state with the initial uplift conditions and transiently evolve to the imposed signal
of flexural uplift; (2) isostatic rebound due to erosional unloading is negligible; (3) spatially and temporally
uniform erodibility; (4) fixed drainage area for each basin, and (5) sea-level fluctuations have little impact
on river profile evolution. For thoroughness, we discuss our primary assumptions in detail below and list
them in Table 2, along with summaries of our rationalizations and justifications of a given assumption. We
readily acknowledge that the natural system is not a perfect “sandbox” experiment, and we have worked
to reduce the number of complicating factors to ensure that the assumptions needed for this exercise are
reasonably well justified. Moreover, should these assumptions be inaccurate or incorrect, the best-fit model
residuals will exhibit systematic patterns that can be evaluated in the context of a given assumption. In
addition to the justifications given below, we return to the validity of some assumptions in the discussion of
the modeling results. We also emphasize that we are working with a relatively simple geomorphic model,
the detachment-limited stream power incision model, and we readily acknowledge its limitations. Howev-
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er, we choose this model for its widespread use in studies of bedrock channels, river profile analysis, and
landscape evolution modeling.

3.2.3.1. Simple Two-Stage Uplift History

Our assumption of a two-stage uplift history is based on the previous work in the Corinth Rift that indi-
cates a period of slow and steady uplift before the initiation of the CFS, and flexural uplift of the southern
footwall thereafter (Armijo et al., 1996; Bell, 2008; de Gelder et al., 2019; Fernandez-Blanco et al., 2019;
Gawthrope et al., 2017). It is difficult to reconstruct the earlier uplift history in space and time, but previous
studies indicate that the crust was slowly extending (extension rates = 1 mm yr™") (Ford et al., 2013) along
several normal faults (e.g., Gawthrope et al., 2017; Ori, 1989). These results suggest that the assumption of
spatially uniform uplift is not entirely correct. While imperfect, we still consider that it is a decent first-order
approximation over the relatively-small length scales of the river systems considered here (<50 km). We
further assume that the river profiles are in steady-state with this initial block uplift field. This is a neces-
sary simplification to perform the inverse modeling exercise because there is little information available to
otherwise reconstruct the paleotopography needed to constrain the initial condition.

Flexural uplift after the onset of the CFS is an assumption that is easier to justify, based on the previous
studies of deformed marine terraces and fluvial systems within the study area that are described in detail
above (Armijo et al., 1996; de Gelder et al., 2019; Fernandez Blanco et al., 2019, 2020). While there are
some subsidiary normal faults south of the main fault, they are inactive, or at most, their activity is low
and offsets small, such that the approximation of a single rift bounding fault is reasonably appropriate (e.g.,
Bell et al., 2017; de Gelder et al., 2019). Furthermore, it is clear from the deformed marine terraces that the
dominant direction of variability in uplift rate is perpendicular to the fault strike (Armijo et al., 1996; de
Gelder et al., 2019). However, as noted by Fernandez-Blanco et al. (2019, 2020) and consistent with me-
chanical models for fault growth, there is a long-strike variability in the footwall uplift rate associated with
fault growth and propagation. We neglect along-strike variations, owing to the relatively small along-strike
dimension of our study area (~20 km). This inference is supported by an analysis of residuals between ob-
served and modeled terrace elevations (conducted by fitting Equations 7 and 8 to the marine terraces) that
shows no systematic along-strike variation (Figure S3).

3.2.3.2. Isostatic Rebound due to Erosion is Negligible

The lithosphere will rebound isostatically due to erosional unloading, and this signal will be dampened and
modified by the rigidity of the lithospheric plate (Watts, 2001). In the case of Corinth, this effect is likely
to be small relative to the tectonically induced uplift. High extension rates, ~15-10 mm yr ' (Avallone
et al., 2004; Billiris et al., 1991) result in fast footwall uplift rates, >1.5 mm yr ' (Armijo et al., 1996; de
Gelder et al., 2019). Basin average erosion rates derived from the sedimentary record in Corinth are on the
order of 0.10-0.55 mm yr~! with most < 0.30 mm yr~" (Pechlivanidou et al., 2019; Watkins et al. 2018), such
that erosional rebound is only a fraction of the total footwall uplift rate. The tectonic rates, thus, dominate
footwall uplift in the Corinth Rift margin, with erosion playing only a minor role, suggesting that this sim-
plifying assumption is reasonable.

3.2.3.3. Spatially and Temporally Uniform Erodibility

In an attempt to best ensure spatially uniform erodibility, we restrict our analysis to a single geology unit,
which consists of a package of interbedded marl, siltstone, sandstone, conglomerate, and conglomeratic fan
deltas. Obviously, this unit is not homogenous, but over the length scales considered, the heterogeneity is
probably small and likely negligible. This assertion is supported by river profiles and hillslope gradient maps
that do not show distinct stepped morphologies (beyond those artifacts in the DEM) that are commonly
observed in horizontal or subhorizontal strata with strong differences in erodibility (Figures 2e and S1).
Furthermore, several other geomorphic studies assume that comparable units within Corinth maintain spa-
tially and temporally uniform erodibility and generate results that mimic geological observations (Pechliva-
nidou et al., 2019; Watkins et al., 2018; Zondervan et al., 2020). As noted above, there are small amounts of
valley aggradation upstream in the river network associated with back tilting due to flexural uplift (Fernan-
dez-Blanco et al., 2020), but such deposits are spatially limited. We make the simplifying assumption that
these units do not significantly affect channel erodibility in our model, but recognize this is a limitation of
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our approach. Spatial variations in rainfall might also affect erodibility as cast here, but mean annual precip-
itation shows only minor differences throughout the study area (Figure S1; Hijmans et al., 2005).

It is difficult to evaluate the assumption of temporally invariant erodibility, which would presumably be
mainly related to climate-induced changes in discharge and sediment supply. Regional climate in the study
area has remained relatively consistent over the last ~130 ka, despite large swings in global climate (Watkins
et al., 2018). The proxies and models used to demonstrate relatively stable climate are not sensitive to, or
do not consider, potentially important climatic variables, such as storminess; however, Watkins et al. (2018)
suggested climate variations since 130 ka resulted in temporal variations in sediment flux on the order of
10%-20%. Nonetheless, due to the absence of records preceding this period, and to simplify our analysis, we
assume that erodibility has been temporally constant in the study are over the duration recorded by the river
systems. While somewhat limiting, we note that Pechlivanidou et al. (2019) made a similar assumption and
was able to reproduce geological observables using the stream power model in Corinth.

3.2.3.4. Fixed Drainage Area

Considering the active nature of the tectonics and geomorphology in Corinth, it is likely that there is some
lateral movement of drainage divides in the study area. For example, drainage divides might be slowly
migrating in response to footwall tilting. Studies of topography and stratigraphy show evidence of past
river capture events, and the two most westward basins in the study area preserve windgaps along pres-
ent-day southern-most divides, which are indicative of drainage area exchange (Seger & Alexander, 1994;
Zelilidis, 2000). However, given the difficulty of reconstructing the initial drainage basin size and divide
motion history, we make the simplifying assumption of static drainage networks to make the inverse prob-
lem tractable.

Whipple et al. (2017) showed that typically river response times are much faster than divide migration rates,
such that rivers can remain faithful recorders of tectonic activity in conditions with slow and steady divide
migration. Nonetheless, we recognize the evidence of divide migration from the geologic record needs to
be considered, as past drainage area exchange can affect the inverse modeling of river profiles. Such effects
are most pronounced at low drainage areas near the moving divide, given that the impact of drainage area
gain or loss on a particular point in the river profile is proportional to the ratio of the area gained or lost rel-
ative to the drainage area at that specific point (Whipple et al., 2017). Thus, the channel reaches with larger
drainage area are less affected compared to those with smaller drainage area. Based on these considerations,
we attempt to minimize the effects of drainage area exchange by using a relatively large drainage area of 5
km’ to define our river networks.

3.2.3.5. Sea Level Fluctuations

Previous studies show that sea level rise and fall affect river profiles if the base level fall signal can propa-
gate upstream to higher elevations faster than a subsequent sea level rise. This effect is maximized in highly
erodible rocks, at low uplift rates, and with gently sloping coastlines (Snyder et al., 2002). In the case of
Corinth, while previous studies suggest rocks flooring the rivers in the studied basin are relatively erodible
(Zondervan et al., 2020), the uplift rates are extremely rapid, and the coastline is bound by a steep fault scarp
or steep shelf, suggesting that the river profile might be spared the effects of sea level fluctuations. This
assumption is supported by river profiles that do not preserve evidence of multiple knickpoints associated
with sea-level change and river channels that are primarily cut into bedrock, rather than alluviated, along
most of the river length (Figure 2e).

To further evaluate this assumption, we ran simulations with the stream power incision model, sea level
variations inspired by Milankovitch periodicities, and a simple one-dimensional wave-cut platform model
(Anderson et al., 1999; Snyder et al., 2002). The results, presented in the Supporting Information for brevity
(Figure S4), show that sea level fluctuations have minimal impact on the first-order characteristics of river
profile evolution, even with erodible rocks and high rates of wave cutting. This model set up is designed to
amplify a sea level signal, and in reality, this signal is buffered by alluviation in lower reaches. This process
is not included in our inverse models, which is why we exclude the lower alluviated potions of the channels
from our analysis. Collectively, this exercise suggests that our simplifying assumption of static sea level is a
reasonable approximation.
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3.2.4. Inverse Model

We adopt a Bayesian framework to invert for seven unknown parameters (four tectonic—the initial uplift
rate, U, the final uplift rate at the fault, Uy, the fault initiation time, ¢, and the effective elastic thickness, T,
and three geomorphic—the erodibility, K, the drainage area exponent, m, and the slope exponent, n) in our
forward model. We chose Bayesian inference for its flexibility in nonlinear inverse problems. Bayes' theorem
states that the probability of the model, M, given the data, d, which is known as the posterior probability
distribution or more simply the posterior, P(MId), is proportional to the product of the likelihood of the data
given the model, P(dIM), and the probability of the model, which is known as the prior probability distribu-
tion function or more simply the prior, P(M), of the model (Bayes & Price, 1763):

P(M1d)oc P(dI M)P(M) (10)

We use a Markov chain Monte Carlo (MCMC) routine using the Metropolis-Hastings algorithm to popu-
late the posterior probability distribution (Aster et al., 2019; Metropolis et al., 1953). This approach works
by drawing a suite of parameter values based on a prescribed prior distribution using a random walk of a
given step size and then using those parameters to run a forward model to compare the model result to the
data using a likelihood function. In this case, we use so-called “uninformative” priors that are drawn from
a broad parameter range with uniform probability. The prior ranges in our study are based on knowledge
of the geological history of the study area and parameter values reported elsewhere. Table 1 lists the prior
probability ranges for the seven free parameters in the forward model used in our inversion. We also ran
several models with wider priors for the erodibility that range from 1 x 107 to 1 x 10~ m*>™ yr™. This
analysis is presented in the supporting information and was conducted for two reasons. First, as noted
above, K is dependent on m and n and our wide range of priors for m and n permits such a wide range of K,
and, second, it allowed us to explore the sensitivity to priors on inverse model convergence.

The Gaussian-likelihood function is a common choice to determine the posterior and is the product of
the variance-weighted squared residual. The log-likelihood is often used to avoid issues with precision as-
sociated with taking the product of very small numbers, and is the likelihood function that we use in our
simulations where:

tog(P(d 1 m)) & ~—= 3 (0, &} / & an
i=1

where o is the observed data, e is the corresponding expected or modeled value, and o is the uncertainty
represented as the standard deviation (Aster et al., 2019). Vertical uncertainties on the DEM used to extract
the river profile data are typically on the order of several meters, and here we assign errors of 5 m (25% of
the horizontal resolution) to each data point. For the marine terraces, we incorporate uncertainties in the
measured elevation, the elevation of sea level at the time of terrace formation, and the terrace age using a
Monte Carlo routine to determine total rock uplift since terrace formation (Figures 2b, 2c, and 2d; Table S1).

Our inversion uses two different data sets to define the posterior distributions of the seven free parameters:
longitudinal river profile elevations and the total rock uplift derived from each marine terrace. Based on the
equation above, each data point is treated equally with respect to its given uncertainty. As such, the river
profiles will influence the inversion more strongly than marine terraces simply because there are more river
profile data points (n = 7,195) than marine terrace data points (n = 297). Since there is no reason to think
that the river profile data are an order of magnitude more important than the marine terrace data, we im-
pose a weighting such that both data sets are considered equally in our likelihood function.

To ensure convergence of the MCMC on the posterior, we ran 15 individual chains with 3.3 million itera-
tions each. Each of the 15 chains took approximately 21 days or ~500 computational hours on a single Intel
Xeon E5-2680 v3 core to complete the more than three million model iterations. Chains were initially start-
ed randomly within the prior probability range, but due to slow convergence into the optimal parameter
space, a common issue with the Metropolis-Hastings sampler, we selected initial parameter values random-
ly from a smaller range about the maximum a posteriori (MAP) solution, which represents the most likely
or best-fit solution, from the preceding Markov chains. The random walk step size was manually adjusted
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Figure 4. Observed versus best-fit model data. (a) Observed and modeled river profiles. Note that the observed and modeled river profiles from all four basins
are shown in this figure. (b) Map view of the misfit between observed and modeled river profile elevations, with a histogram of the misfits (inset). (c) Observed
and model marine terrace elevations plotted as a function of Euclidean distance normal to the master fault. The average age of each terrace is noted in the
legend. (d) Map view of the misfit between observed and modeled marine terrace elevations with a histogram of the misfits (inset).

to achieve acceptance ratios between ~20% and 50%, with most chains having an acceptance ratio of ~40%,
which suggests the MCMC is optimally tuned (Gelman et al., 2013). The burn-in period is the time it takes
the chain to converge on the optimal solution region in the multi-dimensional space, which here typically
consisted of 300,000 iterations and was discarded before generating the posterior. We did not include two
chains into our population of the posterior distributions; one chain that did not converge into the high like-
lihood zone and another chain that demonstrated slow convergence, finding the high likelihood region after
~1 million iterations (Figure S5). After discarding the burn-in, the posterior was generated by thinning to
avoiding autocorrelation by selecting every 1,000th model of each of the remaining 13 chains. The parame-
ters from this thinned population were then used to quantify the posterior probability distribution for each
of the seven parameters in our forward model.

We ran a series of simulations to test the inverse model and evaluate the impact of the time step size cho-
sen in the forward models. We use a short time step (100 yr) to generate simple transient river profiles and
synthetic “marine terraces” with known parameters. We then invert the known models using the Bayesian
scheme outlined above with forward model timesteps of 1, 10, and 25 kyr (and detailed in the supporting
information). The Bayesian inversion recovers model parameters well. The distribution of model posteriors
contains the true solution in all cases, regardless of the time step size chosen for the forward model (Fig-
ures S6, S7, and S8). For most cases and parameters, the MAP solution is near the true solution. One excep-
tion occurs when n = 1 in the true solution, where there is a systematic drift of K and the initial uplift rate
with the chosen forward model step size. This analysis gives confidence the inversion method can recover
model parameters reasonably with the large timestep size used here.
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4. Results
4.1. Model Fits and Forward Model Predictions

The MAP or best-fit solution fits both the river profiles and marine ter-

0.2

races well (Figure 4). The best-fit tectonic parameters are U; = 0.105 mm
yr !, Uy=1.64 mm yr~', tin, = 598 kyrs, and T, = 2.35 km, and the best-fit
geomorphic parameters are K = 1.45 X 1077 m'*™ yr_l, m = 2.04, and n
= 6.98. The river profile elevation residuals range from ~—120 to 60 m
and define a right-skewed distribution with a mean + 1o of -3 + 31 m
and a median of ~-8 m (Figures 4a and 4b). The largest misfits occur at

high elevations and low drainage areas near the channel network heads,
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and moderate misfits exist along the knickzones (Figures 4a and 4b). The
inversion favors the data-dense areas spanning the knickzones over the
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data-sparse regions near channel heads, which represent only < 5% of the
fluvial channel data set. This leads to high residuals near channel heads
. (Figure 4c). However, recognizing that these misfits are important in in-
terpreting our results, we discuss them in detail in Section 5.2.3.2.2. The
residuals for the marine terraces have a range of approximately + 50 m
about a mean of -2 + 20 m with a median value of ~-7 m (Figures 4c and
1 4d). The highest misfits are noted for terraces closest to the fault; moder-
ate positive and negative misfits are generally observed at intermediate
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Figure 5. Forward model predictions determined using the best-fit (MAP)
solution. (a) Drainage basins and river networks used in the forward
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30 40 and long distances from the fault, respectively (Figures 4c and 4d).

The results from the best-fit forward model predict sediment flux that
ranges from 1.5 to 67 X 10° m* yr"1 and catchment average erosion rates

model, where the river network of each basin is colored differently. (b) between 0.04 and 0.18 mm yr_l (Figures 5a, 5b, and 5c). The model re-
Sediment flux and (c) basin average erosion rate for each drainage basin sults also show a variable sediment flux and erosional response among
run over a 600 kyr period and colored according to the associated river the four studied catchments (Figures 5a, 5b, and 5c). Three of the basins

networks shown in (a). Note the variable response of each basin. (d)
Modeled river profile evolution in three timesteps with the observed
profiles in the gray for reference. This simulation shows only the largest
drainage basin to simplify the presentation of the results.

show reductions in sediment flux and erosion rate in response to flexural
uplift, and the easternmost basin exhibits an increase.

We also use the forward models to explore the evolution of fluvial topog-
raphy in the Corinth Rift footwall using the best-fit parameters. We run
a model for the longitudinal profile of the Asopos River (River 1), the
largest drainage basin in our study area (Figures 1b and 5d). Despite a substantial change in the spatial and
temporal pattern of rock uplift, total fluvial relief remains approximately constant. The river profile gener-
ates a large knickpoint, and fluvial relief increases slightly downstream of the knickpoint, in the lower ~15
km of the river network, yet, a small decrease in relief is observed in the headwaters (Figure 5d). Note that
while the rock uplift becomes spatially variable after fault initiation, the mean uplift rate of the basins does
not change substantially and actually declines in some basins (cf. Figure 5c).

4.2. Parameter Values and Posterior Distributions

All of the parameter posterior distributions define narrow regions within the wide range of the priors (Fig-
ures 6 and S5, Tables 1 and 3). Interestingly, despite the tight distributions, the MCMC finds a bimodal
distribution of acceptable models in the parameter space. One posterior mode is narrower with a slightly
higher likelihood and contains the MAP solution. The other high-likelihood zone is wider, with a marginal-
ly lower likelihood that is sampled more by the MCMC (Figures 6 and S5).

For the tectonic parameters, T, and Uyare largely determined by the marine terrace data and have very tight
distributions about means of 2.37 km and 1.63 mm yr_l, respectively, and MAP values of 2.35 km and 1.64
mm yr~’, respectively (Figure 6, Table 3). The timing of the transition from block uplift to flexural uplift (fi,)
and U; are entirely determined by the river profiles because they record information from a time before the
construction of the oldest terrace. The posterior distributions for ¢, and U; are wider, with mean values of
560 kyr and 0.13 mm yr, respectively, and MAP values of 598 kyr and 0.105 mm yr ", respectively (Figure 6
and Table 3).
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Table 3

Summary of Inverse and Forward Model Results and Parameter Values Reported in the Literature

Parameter name

Parameter
symbols and units

Value in this study (MAP*

solution [rangeb]) Values in other studies Key references

Initial uplift rate

Final uplift rate at the fault

CFS initiation time in the Eastern
Sector

Effective elastic thickness

Erodibility constant (general)®

Erodibility constant (Corinth)*

Drainage area exponent®

Slope exponent’

Sediment flux®

Erosion rate®

U, (mm yr™") 0.105 0-0.3 Armijo et al. (1996) and
[0.1-0.2] Turner et al. (2010)
U (mm yr ) 1.64 1.6-1.7 Armijo et al. (1996) and
[1.60-1.66] de Gelder et al. (2019)
tine (kyrs) 598 600-2,000 Armijo et al. (1996), Brasier et al. (2011),
[500-663] de Gelder et al. (2019),
Ford et al. (2007, 2017),
Nixon et al. (2016), and
Rohais et al. (2007)
T, (km) 2.35 2.0-2.5 Armijo et al. (1996)
[2.32-2.42]
K(m'™2"yr ™) 1x 1078 1x107-1x 1077 Stock and Montgomery (1999)
[1x1077*-1 x 107>7"]
K(m'™yr ™) N/A ~1.5%107%-6 x 107° Pechlivanidou et al. (2019) and
[1.6 X 107°-6.2 X 10| Zondervan et al. (2020)
m 2.04 ~0.25-3 Harel et al. (2016) and
[1.57-2.16] Lague (2014)
n 6.98 ~0.5-6 Harel et al. (2016) and
[5.20-7.40] Lague (2014)
N/A (m® yr™?) 1.5-67 x 10° ~1-80 x 10° Pechlivanidou et al. (2019) and Watkins
et al. (2018)
N/A (mm yr™) 0.04-0.18 ~0.1-0.55 Pechlivanidou et al. (2019) and Watkins

et al. (2018)

*MAP - maximum a posteriori. "Our reported range of values recovered from the inversion posterior. Note that this range is much smaller than the prior ranges
presented in Table 1 highlighting the narrow range of the optimal parameter space. “Our reported values are relative to our recovered m and n values. These
from Stock and Montgomery (1999) are the reported range from their analysis of globally distributed streams. *Erodibility from our values assuming m = 0.5
and n = 1 for comparison with the cited studies. See text for details on this conversion. *Range of values shown is for typically reported values. ‘Range of values
shown is for typically reported values. 8Values not solved for inversion but derived from MAP solution from the inversion. "Values not solved for inversion but
derived from MAP solution from the inversion.

The geomorphic parameters strike a balance between fitting the uplift history defined by the marine terrac-
es and the transient morphology of the river profiles. The mean and MAP value for the erodibility constant,
K, are ~3.98 x 1077 m'?™ yr ! and ~1.45 x 107" m" 2™ yr™', respectively. Mean and MAP values for m and
n are 1.88 and 2.04, and 6.43 and 6.98, respectively (Figure 6 and Table 3).

The parameters show some interesting tradeoffs and covariance. Values of m and n, show a strong linear
covariation with a consistent ratio of 0.3 (Figure 6); recall that the ratio of m to n is the river profile concav-
ity, 0. This value is on the lower end of typically observed river profile concavity, but it is consistent with
the concavity for the studied rivers in Corinth calculated using traditional slope-area and y analysis. There
is also a strong linear covariation between both m and n and U; and a nonlinear correlation with these pa-
rameters and K (Figure 6). Linear covariation is also observed between Uyand T, and Uyand t;,, (Figure 6).
Nonlinear covariation is noted between U; and K (Figure 6). All other parameters appear weakly correlated
or uncorrelated (Figure 6). We note that these results are generally consistent with other inverse model
results, presented in the Supporting Information, that allow for (1) wider priors on the erodibility constant
(Figure S9) and (2) models that allow the flexed uplift pattern to go negative (Figure S10). These findings
indicate that the inversion results are robust.

GALLEN AND FERNANDEZ-BLANCO

17 of 29



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2020JF005651

U (mmyr?)
0.105
U, (mmyr?)
1.64
1.7
VO
1.6
Timing (Myr)
0.596
&
£ 06108 -
=
0.5 T, (km)
25 2.35
R NI
2.3
log,,(K)
-6.84
— -6
&
ED _7 % 9
m
2.04
2
m
1.5 n
6.98
7
n
6
5
0.1 0.15 0.2 1.6 1.7 05 0.6 23 24 25 -7 -6 1.5 2 5 6 7
U, U, Timing T, log10(K) m n

Figure 6. Matrix plot of the posterior probability distributions from the Markov chain Monte Carlo inversion. The
bivariant plots show the two-dimensional probabilities between parameters that highlight their covariance with one
another. The maximum a posteriori (MAP) solution for each parameter is noted by the gray dot, and the parameter
value is given in the upper-right corner of each upper diagonal plot, which shows the relative marginal posteriors
associated with each model parameter.

5. Discussion
5.1. Tectonic Parameters

Parameters resolved for the tectonic model are consistent with results from previous studies. This finding is
perhaps not surprising for the final uplift rate at the fault trace, Ur=1.64 mm yr~', and for the effective elas-
tic thickness, T, = 2.35 km, for they both rely heavily on the marine terrace data that is also used for previous
estimates. Using the same terrace sequence as this study and a finite element model for rift development,
both Armijo et al. (1996) and de Gelder et al. (2019) estimate maximum footwall uplift rates of ~1.6-1.7 mm
yr~'. Armijo et al. (1996) also recovered a rigid layer thickness of ~10 km, which translates into a T, between
2.0 and 2.5 km, in line with our determination (Table 3). The offshore sedimentary record in the hanging
wall, both from cores and geophysics, suggests similarly rapid slip rates and flexural wavelengths (de Gelder
et al., 2019; McNeill et al., 2019).

Estimates of the initial rock uplift rate, U; = 0.105 mm yr’l, and the timing of flexural uplift onset, t;,, = 598
kyr, are less well-resolved than the other two tectonic parameters, as they are almost entirely determined
by the river profile elevation data. Our estimated range of U; between 0.1 and 0.2 mm yr™", is consistent
with previous studies that suggest a regionally averaged rock uplift rate of 0-0.3 mm yr~" (Table 3; Armijo
et al., 1996; Turner et al., 2010). The lower end of the posterior range is determined by the prior, but the
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MAP solution is well within the prior range (Figure 6; Tables 1 and 3). The largest misfits between the
observed and modeled profiles are noted near the channel heads (Figures 4a and 4b). As noted above,
these large misfits are largely due to the fact that low drainage areas near the channel heads account for
<5% of the data in the fluvial network; the inversion is strongly controlled by the data-dense region along
the knickzone. However, this systematic residual pattern also highlights a number of potentially relevant
processes not accounted for in our model, such as spatially variable rock uplift rate before fault initiation,
drainage reorganization, or spatially variable stream power parameters (see discussion below). Nonetheless,
the model fits most of the river profiles well, and the misfits are small, suggesting that our simple model acts
to capture the first-order evolution of the footwall of the CFS.

The timing of fault initiation has been a topic of interest in Corinth for decades (e.g., Fernandez-Blan-
co, 2019). Our model results suggest an onset of flexural uplift (¢,,) between ~500 and 660 kyr ago, with a
best-fit of ~600 kyr. These ages are generally younger yet overlapping with that in several previous studies
(Figure 6 and Table 3). Previous age estimates range from ~2,000 to 600 kyr (Armijo et al., 1996; Brasier
et al., 2011; de Gelder et al., 2019; Ford et al., 2007, 2017; Gawthorpe et al., 2017; Nixon et al., 2016; Rohais
et al., 2007). Our results favor the younger end of this range for the Eastern Sector, which is consistent with
interpretations of other studies (de Gelder et al., 2019; Nixon et al., 2016). Our results do not support an
onset timing >~660 kyrs, but it is important to note that our modeling reflects the timing of the transition
to a pure mode of rapid flexural uplift. In other words, the CFS in the Eastern Sector might have initiated
earlier, and footwall uplift rates were slow and/or similar to the background rate before accelerating to con-
temporary rates at ~600 kyr ago.

While we consider that our ¢, estimates are reliable, there are some factors that might bias modeled initia-
tion times based on our assumptions and approach. Changes in drainage area through divide migration will
affect discharge, and thus stream power, at a given point downstream. Such changes will alter knickpoint
migration rates and the temporal scaling of the river profile. These processes are not accounted for by our
model but can impact the derived initiation time of faulting; an expansion or contraction of the drainage
basin would decrease or increase the calculated initiation time, respectively. The use of several drainage
basins serves to reduce these effects if drainage area exchange were lateral between basins, thus buffering
the impact of reorganization of a single basin. As discusses earlier, there is evidence of past drainage area
exchange (Seger & Alexander, 1994; Zelilidis, 2000). We attempt to minimize these effects in our analysis
by defining channel heads at relatively large drainage areas. We think the consistency between our inferred
fault initiation timing and independent estimates is compelling evidence suggesting minimal impact of
drainage reorganization on the inversion approach, at least at the timescales considered here.

5.2. Geomorphic Parameters
5.2.1. Comparison of Forward Model Results with Previous Studies

Sediment flux of rivers draining the gulf and basin average erosion rates along its margins are useful ob-
servables for comparison with our forward model predictions. To our knowledge, two studies have esti-
mated sediment flux to the Gulf of Corinth since the initiation of the present-day rift bounding fault (CFS)
(Pechlivanidou et al., 2019; Watkins et al., 2018). Sediment flux estimated by these studies come from the
stratigraphic record and calibrated models of landscape erosion, and range from ~1 x 10’ to 80 x 10° m?
yr~!, with catchment average erosion rates that range between ~0.1 and 0.55 mm yr ™", with most reported
values <0.3 mm yr . These studies generally focus on the Late Quaternary history of sedimentation into
the gulf, and they provide an order-of-magnitude estimate on sediment flux and erosion rates since the
initiation of the CFS.

Our model results of sediment flux range from 1.5 X 10’ to 67 X 10° m® yr™*, and catchment average erosion
rates between 0.04 and 0.18 mm yr~* (Figures 5a, 5b, and 5c) are in line with previous studies (Table 3).
Again, this consistency emphasizes that the calibrated model parameters can predict geologic observables
and gives confidence that the parameters recovered are reasonable. The variable sediment flux and ero-
sional response of the basins is nevertheless a surprising outcome (Figures 5a, 5b, and 5c). The reduction
in sediment flux and erosion rate in the three westernmost basins is not unexpected; the rock uplift rate
decreases away from the outlet as the flexural signal reduces uplift rates relative to the initial condition,

GALLEN AND FERNANDEZ-BLANCO 19 of 29



Y Yed N | o
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005651

ADVANCING EARTH
AND SPACE SCIENCE

OApenn%e Mts., Italy (Cyr e% alI., 2010)

@ San Gabriel Mts., USA (DiBiase et al., 2009)

@ Andes, Bolivia (Safran et al., 2005)

O NE. Tibet, China (Harkins et al., 2007)

@ E. Tibet, China (Ouimet et al., 2009) o

@ Appalachian Mts., USA (Miller et al., 2013) /..,/., » <
| 7
o % o @

600
%
N

10°

490
Normalized steepness index (m®°)

200

n=1.53

Normalized steepness index (m®°)

> e® 00 n=250 — -n=154|.
s ° — -n=233 — .-n=213f—
° — -N=176 == n=6.98)
9% _ 000 2000 10! 10 10°
Basin-averaged erosion rate (m Ma™) Basin-averaged erosion rate (m Ma™)

Figure 7. Basin average erosion rate (E) versus the normalized steepness index (k). (a and b) Show a compilation

of basin average erosion rates derived from measurements of the concentration of beryllium-10 in quartz-rich

fluvial sands versus the basin average ks, for drainage basin thought to be in steady-state (data are from Kirby &
Whipple, 2012). (a) Is a linear representation of the data, and (b) is the same data with logarithmic axes. The dashed
lines show the best-fit power-law regression through each data set, and the power-law exponent is noted and represents
the slope exponent n in the stream power incision model. The bold black line shows the theoretical relationship
between E and kg, using the best-fit parameters from the inversion of the rivers in the Eastern Sector of the Corinth Rift.

and the net result of this uplift pattern is to reduce sediment flux and erosion rates. This result is consistent
with that from Pechlivanidou et al. (2019). In contrast to this general pattern, the easternmost basin shows
an increasing trend (Figures 5a, 5b, and 5c¢). This response is due to the shape of the eastern basin, which is
wider near the outlet than its three western neighboring basins. This deviation in basin shape allows for a
larger area to experience higher uplift rates near the fault and acts to elevate sediment flux and erosion rate
from this basin.

This simulation shows that the sediment flux and erosional response of a catchment depend on the inter-
action between the spatial pattern of uplift and the shape of the drainage basin. These factors can result in
a sediment flux response that is highly variable for adjacent catchments exposed to the same forcing. We
nevertheless recognize that these models are not perfect realizations of the actual sediment flux patterns
and that dynamic adjustments in basin shape are likely for drainages responding to a change in uplift rate.

The subdued topographic reaction of the river network to the change in uplift regime is also somewhat sur-
prising (Figure 5d). Given that the uplift rate at the fault is ~1.6 mm yr~', one might expect a large increase
in fluvial relief. While a modest increase in relief occurs within the knickzone, elevations in the headwaters
decline. This response is mostly due to the fact that the studied basins are several kilometers away from
the fault trace, and uplift rates decline exponentially away from the fault. As a result, the mean uplift rates
within the basins before and after fault initiation are similar and even fall in some cases (cf. Figure 5c).
However, the highly nonlinear relationship between erosion rate and channel steepness predicted by large
m and n values also play a role in contributing to the muted topographic response to changes in rock uplift
rate, particularly within the knickzone proximal to the fault trace. This latter finding has obvious implica-
tions for the interpretation of tectonic signals from topography, and we discuss it in detail in Section 5.2.3.

5.2.2. Erodibility (K)

Stock and Montgomery (1999) showed that the erodibility constant varies over a range of 4-5 orders of
magnitude, and our results fall roughly within this broad range (Table 3). Previous studies that calibrate K
in Corinth using versions of the stream power model assume that m = 0.5 and n = 1 and report values that
range from ~1.5 X 10°to 6 x 10 m'>™ yr_l (Pechlivanidou et al., 2019; Zondervan et al., 2020). Because
the value of K is sensitive to m and n, our results are not directly comparable to these studies. For a more
direct comparison, we calculate a transformed, or normalized, K based on our best-fit results assuming m
= 0.5 and n = 1. For this exercise, we assume a range of uplift rates from 0.2 to 1 mm yr™" and calculate the
theoretical steady-state river profile using the MAP solution. We then calculate the K value needed to match
the predicted fluvial relief assuming m = 0.5 and n = 1 and find a range of erodibility from ~1.6 x 107° to

GALLEN AND FERNANDEZ-BLANCO 20 of 29



AL .
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005651

ADVANCING EARTH
AND SPACE SCIENCE

102

ksn (mOvQ)

10
10!

o (m°®)

k

10°

Figure 8. Normalized steepness index, ks,, and normalized width index,
k., analysis for trunk channel reaches spanning the transient knickzone.
(a) Map of the river network with the analyzed reaches highlighted in
blue. (b and c) Show ks, calculated using a reference concavity ,; of

0.45 and 0.30, respectively, in increments of 500 m streamwise distance,
plotted against the best-fit model incision rate. The two different references
concavities used to calculate kg, are based on the commonly used value
(0.45) for comparison with other studies and the best-fit value from the
inverse model (0.30). (d) k,,, calculated every 500 m and using a reference
channel wideness exponent of 0.50 plotted against the best-fit modeled
incision rate.

~6.2 X 107 m' ™ yr™". These results are consistent with the previously
reported range of erodibility estimates known for the area for comparable
rock types (Table 3; Pechlivanidou et al., 2019; Zondervan et al., 2020).

5.2.3. Drainage Area (m) and Slope (n) Exponents

While the m to n ratio recovered in this study is consistent with theory
and empirical investigations, their absolute values are abnormally high
relative to those from the existing literature. The m and n values for the
Eastern Sector indicate a highly nonlinear scaling between channel steep-
ness and erosion rate that predicts fluvial topography is relatively insen-
sitive to rock uplift rates exceeding ~0.05 mm yr~". This is perhaps not an
unexpected finding given that there is little change in fluvial topography
(i.e., channel steepness) along the knickpoint face despite a strong gradi-
ent in rock uplift rate (Figures 2 and 4). The important implications that
these parameters have for the long-term evolution of river profiles, and
interpretations of tectonics drawn from fluvial topography, encourage
the thorough discussion attempting to interpret these parameters that
follows. Below, we place our findings in a broader context by comparing
them to those from the literature to date and vet potential explanations
for high m and n values for the Corinth Rift, and generally.

5.2.3.1. Comparison with Previous Studies

To our knowledge, there exist no calibrations of m and n for Corinth riv-
ers, but the global compilations described in Section 2.6 provide some
basis for comparison (Table 3). Lague (2014) showed m ranged from ~0.5
to 2 and n from ~1 to 4, and Harel et al. (2016) reported means (+ 10)
of ~1.35 (+ 1.45) and ~2.7 (% 2.9) for m and n, respectively. Our best-
fit m and n values of 2.04 and 6.98, respectively, are high relative to the
compilations of Lague (2014) and Harel et al. (2016); for example, only
5% of the >1,200 n values reported by Harel et al. (2016) are greater than
7 (Table 3).

We highlight the unusual nature of the m and n parameters recovered
from river profiles in the Eastern Sector of Corinth through a comparison
with a compilation of published erosion rate and k;, data for drainage ba-
sins assumed to be in steady-state (Kirby & Whipple, 2012) (Figure 7). In
their analysis, Kirby and Whipple (2012) calculate kg, using a m to n ratio
of 0.45 for five different regions, and power-law regressions through these
data indicate that m ranges from ~0.7 to 1.2 and n from ~1.5 to 2.5. Based
on the best-fit stream power parameters from the Corinth Rift Eastern
Sector, we simulate theoretical steady-state river profiles for a range of
uplift rates from 0 to 2 mm yr~" and calculate ki, for these profiles using
an m to n ratio of 0.45, for comparison. Our results deviate from the gen-
eral trends in this compilation and show the high nonlinearity between

ks, and erosion rate, implied by an n of ~7 (Figure 7). Importantly, this analysis nicely illustrates the chan-
nel steepness threshold predicted by the stream power parameters recovered from Corinth; these param-
eters show that fluvial topography in Corinth Rift Eastern Sector is largely insensitive to uplift or erosion

rates >0.05 mm yr~" (Figure 7).

5.2.3.2. Exploring Hypotheses for high m and n Values

The high m and n values recovered here have important implications not only for the long-term evolution of
river profiles in Corinth but also, and more generally, for interpretations of fluvial topography drawn from
river profile analysis elsewhere. To further illustrate this point, we begin by conducting a detailed analysis of
portions of the four trunk channels that span the knickzone (Figure 8a). We first smooth channel elevations
for these portions of the river profile using a 500 m moving window average and calculate the normalized
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steepness index, kg, in 500 m increments. We use two different reference
concavities, 8., the commonly used value of 0.45 for reference with other
studies, and the best-fit concavity from the inversion, approximated to 0.30.
Finally, we plot these results against the best-fit model channel incision
rates (Figures 8b and 8c).

Results show a poor correlation between kg, and channel incision rate.
This poor correlation is not surprising. First, given that the results from
the inversion suggest channel steepness is largely insensitive to increases
in incision rate beyond ~0.05 mm yr~' (Figures 7, 8b, and 8c). Second, the

O 00 local kg, data are noisy because kg, is calculated by taking the derivative

of x-elevation data, which amplifies noise in the elevation data. Based on

10° 9 . these intriguing results, we seek a deeper understanding of the processes
10% . (&%}yr) 10° responsible for this apparent decoupling between channel steepness and

Figure 9. The width-dependent stream power incision model parameter
a

As
[—] S plotted as a function of the best-fit model incision rate. The
w

width-dependent stream power incision model parameter was calculated
assuming Manning (light gray) and Darcy-Weisbach (dark gray) frctional

erosion rate.
Channel Width

We test whether channel width adjustments, which can occur during
transient landscape evolution and are not explicitly accounted for in the
stream power formulation used here, are responsible for the unusually

relationships. Power-law regression of this data provides constraints on the ~ highly nonlinear scaling between channel steepness and erosion rate.

width-dependent erodibility constant K, and slope exponent n,,. See text

for details.

Channel narrowing, along with steepening, acts to locally elevate basal
shear stress imparted by a flow, and thus increases the local incision rate.
Numerous studies show that channels in many tectonically active set-
tings alter their hydraulic geometry, that is, slope and width, in response to spatial and/or temporal changes
in rock uplift rate (Amos & Burbank, 2007; Bender et al., 2019; Cook et al., 2013; Duvall et al., 2004; Finne-
gan et al., 2005; Whittaker et al., 2007).

Particularly, for river channels thought to be graded and in equilibrium with the rock uplift field, channel
width, w, has been shown to scale as a power function of drainage area, A (e.g., Lague, 2014, Montgomery
& Gran, 2001):

w =k, A" (12)

where k,, is the width index scaling constant and b is the width exponent. Typical empirically derived values
with b range between 0.25 and 0.6 (Lague 2014; Montgomery & Gran, 2001; Yanites & Tucker, 2010). To
account for these drainage area-dependent changes in width, the normalized width index, k,,, has been
proposed (e.g., Allen et al., 2013; Lague 2014; Yanites & Tucker, 2010):

ko = wA e (13)

wn

where b, is the reference wideness exponent, which is analogous to the reference concavity used in the
calculation of the normalized steepness index. However, unlike the reference concavity, there is no widely
agreed upon or commonly used value for the reference wideness exponent. Here we follow Lague (2014)
and use a value of 0.5 because it makes k,,,, adimensional.

We use Google Earth™ Imagery and the ChanGeom Matlab scripts (Fisher et al., 2012, 2013) to map ap-
proximate channel width along portions of the four trunk channels studied, from the chosen outlet posi-
tion, through the knickzone, and onto the relict topography above the knickzone (Figure 8a). We emphasize
that channel width measurements presented here should be considered as a first-order approximation, giv-
en that it was difficult to accurately define them in many locations due to vegetative cover along channel
banks. We then calculate and plot k,,, against modeled incision rates calculated in 500 m increments along
the trunk channel reaches where we mapped channel width (Figure 8d).

Results from this analysis show a moderate negative power law correlation between k,, and incision rate
(Figure 8). This relationship indicates that the channels in the Eastern Sector are indeed narrowing to ac-
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commodate more rapid rock uplift rates. The k,,, versus incision rate data define a power law relationship
with an exponent of ~-0.5 for Corinth, which is similar to that shown for various data sets compiled by
Lague (2014); however, the values of k,,, here are about an order of magnitude lower than those reported by
Lague (2014) for comparable incision rates.

To take this analysis a step further, we use our width measurements and best-fit incision model from the
inversion to empirically calibrate a version of the stream power model with explicit inclusion of channel
width (e.g., Deal et al., 2018; Lague, 2014). A simplified version of the width-dependent stream power mod-
el can be described by:

E=K, (—]Es (14)

The subscript w on K and n identify these as width-based equivalents of the erodibility and slope exponent
in Equation 3. The two new parameters, ¢ and £, depend on the frictional relationship used. Assuming a
Manning relationship, & = 3/5 and £ = 7/10 and, assuming a Darcy-Weisbach relation, & = f# = 2/3. These
values suggest that the exponent on the Width-r;ormalized drainage area term is between ~0.86 and 1. To

A\s a
determine K,, and n,,, we first calculate the (—j $ assuming two different — values of 0.86 and 1 and then
w

B

conduct a power law regression through these values and the modeled incision rates (Figure 9). Results
a
B

are not particularly strong, with r-squared values of 0.13 and 0.14, respectively.

show that K, is 9.31 x 107" and 1.53 x 10™"* and n,, is 1.87 and 1.29 for each — value, respectively. The fits

The relatively poor fit between the width-dependent incision parameter and modeled incision rate sug-
gests that channel narrowing partially explains the inverse modeling results. Nonetheless, several relevant
conclusions can be drawn from the channel width analysis. First, this analysis shows the width-dependent
slope exponent n,, is within the typically observed range, suggesting that the effects of channel narrowing
mostly account for the high slope and drainage area exponents in the generic stream power model of Equa-
tion 3. Second, it indicates that, at least for the Eastern Sector of Corinth, channel narrowing appears a
dominant mechanism by which channels adjust their hydraulic geometry to accommodate transient adjust-
ment to tectonic forcing. This finding is consistent with the detailed analysis of channel hydraulic geometry
conducted by Zondervan et al. (2020) in the Vouraikos catchment several tens of kilometers to the west
of the rivers studied here. However, we note that channel width adjustments are dynamic and can sweep
upstream with a migrating knickpoint (e.g. Lague, 2014). It is likely that dynamic width adjustments are at
play in the Corinth rivers, which complicates our width analysis, which only represents a snapshot in time.
We return to this point in the following section of the discussion.

Other Potential Mechanisms

Many other mechanisms are not explicitly accounted for by our models, and that might impact our results
and help explain the high n and m values recovered by the inverse model. For example, sediment flux and
transport are important in bedrock erosion (Attal et al., 2015; Cook et al., 2013; Finnegan et al., 2007; Shobe
et al., 2016; Sklar & Dietrich, 2004; Whittaker et al., 2007). Sediment can act to enhance erosion rate by
providing tools to abrade bedrock, or it can work to inhibit incision by armoring the river bed (e.g., Sklar &
Dietrich, 1998, 2004). Provided full coupling between river channels and adjacent hillslopes, and assuming
local sediment supply to the channels is proportional to the river incision rate, increased sediment supply
might locally elevate erosional efficiency through the delivery of abrading tools. In this case, one would ex-
pect a nonlinear relationship between kg, and erosion rate, that is, as the erosion rate increases, kg, becomes
progressive less sensitive to changes in erosion rate.

The incision model used here also ignores the potential role of incision thresholds, which predict non-
linearity (n > 1) in channel steepness and incision rate relationships (Deal et al., 2018; DiBiase & Whip-
ple, 2011; Lague et al., 2005; Scherler et al., 2017; Snyder et al., 2003; Tucker, 2004; Tucker & Bras, 2000).
Such nonlinearity generally arises because as channel steepness increases, so does the range of floods capa-
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ble of mobilizing channel-armoring bedload. We expect incision thresholds to be relatively low in the East-
ern Sector, given that the highly erodible and friable nature of the generally fine-grained bedrock is likely
to generate small bedload grain sizes. This assertion is supported by grain size measurements from Watkins
et al. (2020), who report median grain size (Dsp) measurements for rivers in the Eastern Sector ranging from
~1 to 20 mm, implying low incision thresholds. Nonetheless, it is likely that incision thresholds and the
distribution of threshold breeching floods play a role in explaining our findings.

An important aspect of interpreting the results comes from the pattern of river network elevation residuals;
the best-fit model fits the data well in the lower reaches within the knickzone but poorly reproduces channel
elevations at low drainage areas above the knickzone (Figures 4a and 4b). Some of this mismatch might be
attributed to factors such as drainage divide migration that are ignored in our modeling. However, it is also
possible that these low-drainage-area misfits are the result of m and n varying along the river channels. In
our case, the recovered m and n parameters are weighted to the knickzone because most data lie within this
transient portion of the river network. The best-fit m and n values, therefore, might not be representative
of portions of the channel network adjusted to the pre-rifting uplift field preserved above the knickzone.

Using a stream power incision model that accounts for dynamic changes in channel width, bank erosion,
a stochastic distribution of floods, and incision thresholds, Lague (2014) showed that the slope exponent n
varies along a modeled river profile during transient landscape evolution (see Figure 7 of Lague, 2014). In
these simulations, channels narrow and steepen within the knickpoint as it migrates upstream. Channel
narrowing and steepening results in a drop in the incision threshold and »n within the knickpoint. Interest-
ingly, in the downstream wake of the passing knickpoint, the re-equilibration response time of the channel
to knickpoint passage results in a concave reach where the slope exponent increases relative to the initial
condition. As noted by Lague (2014), aspects of these simulations need to be vetted with field data; howev-
er, they suggest that n can reach high values downstream of a transient knickpoint. Within the context of
Lague's (2014) numerical models, high » values might simply reflect the downstream re-equilibration phase
in transient channels. If correct, n is spatially variable (and by association m) along channels in Corinth,
which can help explain the high misfits in channel heads above the knickzones (Figures 4a and 4b).

Another possibility is that the detachment-limited stream power incision model is perhaps not the best long-
term landscape evolution model to describe the Eastern Sector rivers. For example, both Tallings (2000) and
Cowie et al. (2008) found that in easily eroded bedrock, similar to that of the Corinth basin-fill units, river
incision proceeds in a manner better approximated by the transport-limited steam power model end mem-
ber relative to the detachment-limited end-member assumed here. Such a hypothesis emphasizes the need
for more detailed, field-based studies of these rivers.

5.3. Implications and Future Work

The most relevant results from our inversion are the predicted fault initiation timing and the high m and
n values in the stream power model. Our research indicates the CFS initiated at ~0.6 Ma in the eastern
portion of the rift. This time of fault initiation aligns with a growing body of literature pinning down the
onset of the rapid and localized Middle Pleistocene rifting in Corinth (e.g., de Gelder et al., 2019; McNeill
et al., 2019; Nixon et al., 2016). Still, further research and new data sets are needed to provide additional
constraints in westward portions of the rift margin. Such studies will ultimately lead to better determina-
tions of the onset time and lateral growth history of the Corinth Fault System, which is time transgressive
along strike (Fernandez-Blanco et al. 2019, 2020).

The high m and n values recovered in our analysis are interesting and have important general implications.
First, they suggest the relationships between fluvial topography and tectonics might be masked in certain
locations. In this study, we are able to show that channel narrowing plays a key role in channel adjustment
to tectonic forcing. While channel narrowing helps partially explain the inverse model results, the weak
correlation between the width-dependent stream power model and incision rates predicted by the best-fit
inverse model suggests that other processes are at play (Figure 9). Although we have not fully explored
the implications of dynamically variable channel width, the high misfits at the channel heads indicate
that it is an important piece to understanding the response of these, and perhaps other, rivers to tectonic
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perturbations (Figures 4a and 4b). The important role of the pattern and rate of tectonic forcing, sediment
and incision thresholds, and dynamic width adjustments must be considered collectively when interpret-
ing these findings. Furthermore, we acknowledge that our findings might indicate the detachment-limited
stream power model is perhaps not the best choice for the rivers in the Eastern Sector, and that other inci-
sion models, such as the transport-limited end member, might better explain the transient evolution of river
networks in this setting.

An important implication of this study is that inversions of fluvial topography using a stream power model
that assumes a slope exponent, n = 1 (Fox et al., 2014; Gallen, 2018; Goren et al., 2014; Pritchard et al., 2009;
Roberts & White, 2010; Rudge et al., 2015), might produce biased and potentially inaccurate results. Goren
et al. (2014) echo these findings, showing uplift histories are biased when using a linear scheme to invert
synthetic topography generated with n # 1. While the assumption of n = 1 is attractive for the use of effi-
cient linear inverse theory, our study shows that this assumption does not apply to the rivers in Corinth.
Our results also emphasize the need to formally incorporate data into the inversion of river profiles; other-
wise, important aspects of the evolution of topography will be missed, and the resultant tectonic histories
possibly biased. In other words, as outlined in Section 2.6, the stream power parameters (i.e., K, n, and m)
that determine how topography responses to tectonic forcing can only be defined by relationships between
topography and erosion or rock uplift rate and not from river profile data alone.

Finally, another important aspect of this study is that it demonstrates the utility of data-driven, nonlinear
inversions of river profiles. Such approaches are flexible and provide an objective framework to test both
tectonic and geomorphic models. We demonstrate how these techniques can inform understanding of tec-
tonic processes by extending the geologic record further back in time than is possible with observations
and geochronology alone. Furthermore, by leaving the stream power parameters as free variables in the
inversion, inverse modeling can pin-point unnoticed parameter values and trade-offs that expand our un-
derstanding of both tectonic and geomorphologic processes.

6. Summary and Conclusions

This paper shows how data-driven Bayesian inversions can be used to address questions in tectonics and ge-
omorphology simultaneously and objectively. Our analysis demonstrates that models based on a data-driven
Bayesian inversion of river profiles can converge on solutions in a multidimensional space, even with unin-
formative priors. Importantly, this technique expands the marine terrace record of the tectonic history of the
Corinth Rift further back in time and suggests that the rapid (~1.6 mm yr™") flexural uplift of the southern
rift margin led by the current master fault was active by ~0.6 Ma. The results from the tectonic model are
consistent with independent lines of evidence for the rift and allow confidence in results from the geomorphic
model that might be perceived as more contentious. While the inversion predicts sediment flux consistent
with independent observations, forward models run with the best-fitting parameters find a channel steepness
threshold where fluvial topography is insensitive to increases in rock uplift rate above ~0.05 mm yr™', as
defined by unusually high values for the drainage area exponent, m, and the slope exponent, n, of 2.04 and
6.98, respectively. We show that channel narrowing, which is not explicitly accounted for in our inversion, is
an important mechanism by which the studied river channels adjust their hydraulic geometry in response to
elevated uplift rates. However, this process only partially explains the high m and n values and high degree
of nonlinearity recovered by the inverse model, and additional mechanisms, such as dynamic channel width
changes, sediment, and incision thresholds, likely play relevant roles. We conclude that nonlinear, data-driven
inversions of fluvial topography are of great use to collectively understand tectonic and geomorphic processes.

Data Availability Statement

The data supporting the conclusions can be obtained from de Gelder et al. (2019) and the figures and tables
presented in this manuscript and Supporting Information. Details on the SPOT5 DEM data used for our analy-
sis are presented in Fernandez-Blanco et al. (2020). These DEM data are under a restrictive academic license
and not open for distribution. The “BayesProfiler” codes developed to conduct the data-driven inversion can
be cited and found at https://doi.org/10.5281/zenodo.4081849 (https://github.com/sfgallen/bayes_profiler).
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