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ABSTRACT

The FastScape landscape evolution model is a powerful, user-friendly tool that
can be used in concert with catchment-wide cosmogenic '’Be erosion/denudation
rates to assess states of dynamic equilibrium in landscapes set in different tectonic
and climatic environments. FastScape computes chi (), a proxy for steady-state
river channel elevation, at different model times for a given landscape supplied by
raster DEMS. Chi values indicate areas or regions of equilibrium or
disequilibrium within a given model domain, and not between domains in
different geographic study areas. Chi values are sensitive to DEM domain size and
base level, cell resolution, and time, thus, chi values can only be meaningfully
compared between catchments within a given domain. Mean, non-zero chi values
are higher with larger domain size and for coarser DEM cell size. Cross-
comparison of chi values between domains with equal surface areas would only be
accurate if the same base-level elevation, cell resolution, and domain size were
used. Chi can be used to ascertain if anomalously high '°Be erosion rates are
affected by the addition of youthful sediment from landslides, debris flows, or
glaciation of river catchments or tributary basins; in this study, glacial settings
with high erosion rates show no relationship to chi values. For unglaciated
tributary basins in a given catchment, chi values are related to cosmogenic '’Be
erosion rates in the following ways: (1) basins in equilibrium have chi values that
remain constant with increasing cosmogenic erosion rates; (2) basins in
disequilibrium have an inverse relationship between chi values and erosion rates
in a setting where erosion is driven predominantly by precipitation; and (3) basins
in disequilibrium have a positive correlation between chi values and erosion rates

in a setting where tectonic uplift is the dominant force driving erosion.
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CHAPTER 1: Introduction

Topography is one of the key factors that control many natural processes of interest to
humans. Natural hazards, such as floods and mass movements (e.g., debris flows, landslides,
etc.) are often directly related to the topography of an area. Steep slopes and cliffs are prone
to mass movements. Watersheds with large drainage areas and steep river gradients are prone
to destructive floods (Hengl and MacMillan, 2009; Pike, 2000). While the public and media
tend to focus on the natural hazards that result from topography, geoscientists have long been
interested in the natural processes that create it. The advancement in recent decades of
geomorphometry, the common ground of Earth Science and Geographic Information Science

(GISc), provides powerful tools to geoscientists for advanced analysis of topography.

An amalgam of earth science, GISc, mathematics, engineering and computer science, the
field of geomorphometry has been revolutionized by the production of high-resolution,
gridded topographic data, like those in triangulated irregular networks (TINs) and raster
digital elevation models (DEMs) (Hengl and Evans, 2009; Hengl and MacMillan, 2009; Pike,
2000; Pike et al., 2009; Rasemann et al., 2004). Rapid advances in GISc along with growth in
computing power, speed and memory, have promoted the increased the expansion of

geomorphometry into the Earth sciences (Evans, 2012).

1.1 Landscape Evolution Models

Landscape evolution models try to emulate the processes that form ridgelines, valleys, and
plains. On upper slopes of catchments, water currents are weak and dispersive, and hillslope
processes dominate, forming convex-up profiles. On lower slopes, water flow merges and
focuses, and river profiles become concave (Chen et al., 2014). Geomorphometry has been
incorporated into the development and use of landscape evolution models and has increased
our understanding of large-scale tectonic and earth-surface processes (Bishop, 2007;
Codilean et al., 2006; Coulthard, 2001; Gerya et al., 2013; Goren et al., 2014; Pazzaglia,
2003; Refice et al., 2012; Temme et al., 2011; Tucker and Hancock, 2010). Landscape
evolution models are used to study the complex spatio-temporal interactions among surface
processes, tectonic forcing, and climatic conditions. These models now often include river
basin’s dynamic response to lateral erosion in the x and y dimensions, in addition to incision
and deposition in the z dimension (Braun and Willett, 2013; Chen et al., 2014; Goren et al.,
2014; Hancock et al., 2013; Tucker and Hancock, 2010; Willett et al., 2014; Wohl, 2014).



Dynamic aspects of river networks include channels that shift laterally or expand upstream,
drainage divides that migrate across a region, and river-capture events whereby flow from
one river is rerouted in a new direction and added to a new river basin (Willett et al., 2014).
These processes result in a constantly changing ‘map’ of river networks over time and
ultimately, networks that respond to perturbations in order to establish equilibrium between

isostatic or tectonic uplift and river erosion (Braun et al., 2014).

Codilean et al. (2006), Tucker and Hancock (2010), and Chen et al. (2014) have reviewed
existing models used to study long-term landscape evolution in the geosciences. Codilean et
al.’s (2006) review addressed fundamental issues covered by each model, including the
implementation of the various algorithms on numerical grids. A modeler should consider grid
type (e.g., structured versus unstructured grids, such as DEMs versus TINs) and the grid
resolution (e.g., cell size) when implementing a model algorithm. Each of these has
considerable effect on model results (Codilean et al., 2006; Gerya et al., 2013; Kim et al.,
2014).

The continuous topography of the domain in a landscape evolution model is approximated
through digital terrain models in the form of regular or irregular grids (Codilean et al., 2006;
Tucker and Hancock, 2010). Using x, y, and z dimensions, a raster DEM or TIN surface
approximates topography exhibiting local minima (e.g., sinks, pits), local maxima (e.g.,
peaks), and surface specific elements, such as ridge lines, course lines (e.g., valleys, ravines),
passes, breaklines, contours, slope lines, and plains within a DEM domain (Hengl and Evans,
2009). Regular grids include structured rectilinear meshes like those found in raster DEMs
(Figure 1a), and irregular grids include irregular triangles or unstructured, Voronoi polygons
(Figure 1b and c). Though grid choice affects the method used to solve governing equations
and their results solved, most landscape evolution models still use either raster DEMs or

TINs (Codilean et al., 2006; Hengl and Evans, 2009; Hengl and MacMillan, 2009).



Figure 1. Schematic diagrams illustrating (a) a finite difference model discretized with a structured, rectilinear
mesh; (b) a finite element model discretized with an irregular triangular network (TIN); and (c) a finite volume
method discretized with irregular Voronoi polygons [modified from (Bogdon, 2013).



1.2 Numerical Models and Mesh Types

The computational modeling of any physical process includes the following steps:

* problem definition,
* mathematical model, and
* computer simulation.

Earth-surface geoscientists are primarily interested in defining problems that involve the
interactions between climate (precipitation) and tectonics (uplift), and the results they have
on topography over time. The translation of real physical processes into a mathematical
representation of those processes lies in the capability of the geoscientist to distinguish and
isolate relevant processes that operate within a system, while ignoring others, such that the
model itself is relatively easy to understand, implement and interpret, yet still remains a valid

representation of reality (Codilean et al., 2006; Peir6 and Sherwin, 2005).

Mathematical modeling of a problem involves definition of the governing equations, such as

Equation 1:
I=KA"S" Eq. (1),

where [ is fluvial incision (a function of elevation, or height, with time), K is a dimensional
coefficient of erosion, 4 is catchment area (directly related to channel discharge), S is channel
gradient, and m and n are constants. This equation is the simplest, general form describing the
rate of fluvial incision as a function of stream power, unit stream power, or basal shear stress
(Codilean et al., 2006; Whipple and Tucker, 1999). It models how erosion in and by a river
channel increases with increasing drainage area (e.g., precipitation and, thus, discharge) and

increasing slope.

Governing equations, like Equation 1, ‘idealize’ the physical reality of the problem of
interest, and in most cases, must be solved numerically, rather than analytically. Numerical
models, such as the finite difference method (FDM), finite element method (FEM), and finite
volume method (FVM) are used to determine solutions to the governing, partial differential
equations in landscape evolution models (Tucker and Hancock, 2010). Before a model can be
solved with one of the above methods, its domain must be discretized. Cell-based flow-

routing algorithms, the foundation of landscape evolution models, are fundamentally linked



to a spatial discretization scheme. Discretization, or the selection of grid type, is somewhat
dependent on the numerical method used in a model. Most often, the FDM discretizes the
domain into structured rectangles or squares, and the FEM discretizes into unstructured
triangular elements. The FVM can use rectangles or triangles, but most often it uses

unstructured Voronoi polygons (Bogdon, 2013).

The finite difference method uses structured rectilinear grids/meshes to solve the strong or
differential form of the governing equations. In the FDM, functions are represented by their
values at certain grid points and derivatives are approximated by local Taylor expansion
through differences in these grid-point values. Raster DEMs are very suitable as initial
(elevation) conditions in landscape evolution models that employ the finite difference
method. Elevations in raster DEMs are stored in a uniform spatial structure with a single
characteristic cell size, and a landscape’s geometry is represented by a matrix of heights (z)
for plan coordinates (x, y) in a given domain (Codilean et al., 2006; Hengl and Evans, 2009;
Longley and Goodchild, 2005). Rectilinear grids are easy to understand, and have
conservative solutions that are easy to calculate; however, the finite difference method and
rectilinear meshes do have some disadvantages. Rectilinear grids cannot be efficiently refined
around areas of interest, such as areas with steep topography or cliffs, or at model boundaries
(Bogdon, 2013; Hengl and Evans, 2009; Peir6 and Sherwin, 2005). Evenly spaced grids
under-sample areas with more complex topography (e.g., very steep slopes, cliffs, and fault
lines). Likewise, structured grids over-sample smooth or flat topography. Rectilinear mesh
grids also typically require more computational overhead to keep track of the neighborhood
of data around each cell and they make it more challenging to compute accurate gradients
(slopes) during computations because data points often fail to fall on a regular grid (Kim et

al., 2014).

Re-projection of a raster DEM can lead to a loss of accuracy, because the initial grid loses its
regular structure depending on the new projection. Furthermore, distances between raster
DEM cell centers in cardinal and diagonal directions have a negative impact on the precision
of many hydrological models in which raster DEMs are used (Hengl and Evans, 2009;
Longley and Goodchild, 2005). Use of an equal-area projection or, if the domain is small

enough, a UTM projection helps minimize these effects.

The FEM and FVM use the integral form of governing equations and unstructured elements

such as triangles and polygons to discretize model domains. The FEM and FVM are better



suited than the FDM to deal with complex geometries in multi-dimensional problems, as
integral formulations do not rely on any special mesh structure (Peir6 and Sherwin, 2005).
The FEM approximates solutions to differential equations with boundary conditions by using
variational methods to minimize an error function and produce a stable solution. The FEM
connects many simple element equations over many small subdomains in order to
approximate the more complex differential equation over the larger domain of the entire
problem (Peird and Sherwin, 2005). Like the FDM and FEM, the FVM calculates values at
discrete locations on a mesh. The mesh can be either structured or unstructured. The finite
volume refers to the small volume around each node point (Figure 1). Volume integrals are
conservative and evaluated as fluxes (Peir6 and Sherwin, 2005). This numerical method is
gaining traction in its application, particularly in the field of fluid dynamics (Bogdon, 2013),
but landscape evolution models still tend to use either FDM or FEM.

Unstructured TIN meshes, used in FEM landscape evolution models, have the advantage that
they are easily generated and tailored to the specific topography of areas of interest. Most
importantly, the TIN structure varies the density of sampled points, and therefore the size of
triangles, so they can be adjusted to reflect the relief of the surface being modeled. Typically,
more points with smaller spacing are used in areas of higher relief or rougher surfaces. TINs
also use larger spacing where relief if more subdued or smoother. TINs more accurately
depict steep cliffs, fault lines, and other discrete and/or abrupt changes in elevation, using the
same number of points as mesh grids (Hengl and Evans, 2009; Kim et al., 2014; Longley and
Goodchild, 2005). The vector-based TIN structure represents a land surface as contiguous
non-overlapping triangular elements with apices at given points. Following Delaunay’s
criterion, triangles are positioned so that they are closest to those with angles of similar
values (Deren and Xiao-Yong, 1991; Okabe and Yamada, 2001; Peuquet, 1984). Though
based on point raster DEMs with x, y, and z coordinates, TINs instead store data in a
topological, vector data structure that manages information about the nodes comprising each
triangle and the neighbors of each triangle (Hengl and Evans, 2009; Longley and Goodchild,
2005).

A second major advantage of irregular meshes is that they are self-adapting within a
landscape evolution model (Codilean et al., 2006; Tucker et al., 2001). The resolution of the
mesh automatically varies anywhere on the landscape model as a function of the model’s

surface-process rates at that locality. Thus, where rates of landscape evolution (e.g., erosion)



are high, such as on steep hillslopes or stream knick-points, the TIN mesh resolution becomes
finer so as to capture increased detail of the topography at that locality. Conversely, at
locations where rates of change are low, the mesh resolution adapts to a coarser mesh. This is
computationally more efficient than running the whole model with a high-resolution domain,
represented by a raster DEM, which would be necessary to accurately characterize the

localities.

The disadvantage that accompanies this adaptability is that irregular meshes have a much
more complex data structure, and therefore require more complex algorithms and more
computational storage space; if not configured properly, landscape evolution models using
self-adapting TIN meshes can be computationally more intensive models than using raster
DEMs (Codilean et al., 2006). The mesh type used in a numerical model affects the
computational demands of the model, as well as the accuracy of its results. Although the
vector TINs versus raster DEMs debate is still unresolved, in most applications, raster DEMs

are used as a standard (Gerya et al., 2013; Hengl and Evans, 2009; Kim et al., 2014).

Realistically, geoscientists do not write their own algorithms each time they wish to study the
geodynamics of a region. Most often, a geoscientist chooses from readily available software
that has been developed around a specific numerical method, and thus specific mesh type.
Selection of which landscape model to use is based not only on the specific question being
posed, but on the accuracy, if not popularity, of the model in a geoscientist’s field of
research. It is rare that a geoscientist chooses which of the above numerical methods or mesh
type is used in a landscape evolution model (Bogdon, 2013), unless they write a new model

algorithm.

1.3 Mesh Resolution

Though geoscientists may be limited in their choice of numerical technique and/or mesh type,
they have more options when it comes to the mesh resolution they employ in their models.
Cost and coverage/extent of DEMs are usually the first, and often limiting, factors to consider
in the selection process, and they are often the limiting factors. Fortunately, NOAA NCEI
(National Oceanic and Atmospheric Administration, National Centers for Environmental
Information [formally known as the National Geophysical Data Center]), USGS EROS
(United States Geological Survey, Earth Resources Observation and Science Center), and

NASA (the National Aeronautics and Space Administration) in cooperation with both the



National Geospatial-Intelligence Agency (NGA) and The Ministry of Economy, Trade, and
Industry of Japan (METI) offer free, global or near-global coverage DEMs with cell sizes
ranging from 30 m to 9.3 km. Freely available, finer resolution DEMs (3-m to 30-m cell
sizes) are available for the contiguous United States land topography and for selected areas in
Alaska through the USGS National Elevation Dataset (NED) (Farr et al., 2007; METI NASA,
2012; NOAA NCEI, 2015; USGS, 2015; USGS EROS, 2012). Finer resolution DEMs,
including those created through LiDAR surveys are often available, but for limited areas and

often at cost.

Terrain analysis, particularly distinguishing valleys from hillslopes, is a fundamental step in
landscape evolution models (Braun and Willett, 2013; Goren et al., 2014; Pelletier, 2013;
Willett et al., 2014). Drainage network extraction methods often rely on contributing area or
length and user-defined thresholds that define the transition from hillslope to valley floors in
DEMs (Braun and Willett, 2013; Giannoni et al., 2005; Goren et al., 2014; Hancock and
Evans, 2006; Montgomery and Dietrich, 1992; O’Callaghan and Mark, 1984; Pelletier, 2013;
Tarolli and Dalla Fontana, 2009; Tribe, 1991, 1992; Willett et al., 2014). Hillslope-to-valley
transitions become more obvious as DEM grid size decreases due to the better representation
of hillslope morphology (Tarolli and Dalla Fontana, 2009). According to Montgomery and
Foufoula-Georgiou (1993), even moderately steep topography requires at maximum a 30-m
DEM resolution to accurately depict the hillslope-valley transition. Though finer-resolution
DEMs may capture topography more realistically than coarser-resolution DEMS, it is
important that geoscientists also consider computer resources when selecting a DEM (mesh)
resolution. Finer-resolution DEMs require more computing resources than coarser
resolutions, when being used in landscape evolution models. DEMs that are most commonly
used in landscape evolution models are the 90-m SRTM (Shuttle Radar Topography Mission)
and 30-m ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)

images.

1.4 Motivation for this Thesis

Various surface processes act on and shape the Earth's surface on a wide range of temporal
and spatial scales. These processes include fluvial and glacial incision, transport and
deposition, aeolian processes, hillslope processes and karst formation. Rates of landscape
evolution are primarily established by the efficiency of river incision in a region, particularly

in tectonically active areas with relatively large mean slopes. In such environments, channel



incision generates slopes, which destabilize over time, and causes mass movement by
gravity-driven processes. The sediment resulting from these gravity-driven processes is then
deposited in a river channel, where flowing water acts as the main transport agent toward
lower elevations (Whipple, 2004; Whipple and Tucker, 1999). Most landscape evolution
studies have mainly studied the balance of erosion and incision in the negative vertical
dimension (-z) and uplift/exhumation in the positive vertical dimension (+z) (Chen et al.,
2014; Codilean et al., 2006; Whipple, 2004; Wohl, 2014). When these processes are in
balance with one another, a landscape is said to be in dynamic equilibrium (Braun et al.,
2014; Bull, 1991; Gilbert, 1877; Hack, 1975; Sklar and Dietrich, 1998; Whipple, 2004;
Whipple and Tucker, 1999).

Earth-surface scientists have long searched for a metric that distinguishes the tectonic signal
from the climate signal in topography, whether it is in equilibrium or not. Recently, Willett et
al., (2014) published a paper introducing chi ()), a quantitative proxy for steady-state river
channel elevation derived from a landscape evolution model. In their paper, Willett et al.
(2014) use chi to produce present-day snapshots of the dynamic state of river basins in China,
Taiwan, and the southeastern United States, and to evaluate whether or not these regions are

in dynamic equilibrium.

Though the Willett et al. (2014) study convincingly shows where regions or select areas of
regions are in equilibrium, the study did not specify whether absolute chi values can be used
to quantify states of equilibrium between different regions, or if driving forces of erosion —
precipitation and tectonism — can be distinguished. This thesis aims to investigate whether
absolute chi values can be used to characterize the state of equilibrium for regions with vastly

different present-day tectonic and climate settings.



CHAPTER 2: Aims and Objectives

FastScape is one of several landscape evolution models that computes the dynamic response
of river basins to the presence or absence of isosatic/tectonic forcing and varying climatic
conditions (Braun and Willett, 2013). It is also the numerical model that is the basis for the
calculation of chi in Willett et al. (2014). In this study, chi results are calculated for (1) a
region in the desert climate and passive continental margin of Namibia, and (2) a region in
the central Himalaya, where active mountain building and a wet, monsoonal climate

dominate.

Willett et al. (2014) have already investigated the sensitivity chi to various concavity (m/n)
parameters and earth-surface parameters, in addition to uplift and precipitation rates. This
thesis mainly focuses on domain size (e.g., number of cells and surface area within a domain)
and grid resolution (e.g., 90-m SRTM vs. 30-m ASTER), and how they affect resultant

FastScape chi values in the Namibia and Himalaya study areas.

An obvious parameter that is missing from the list above is mesh type (e.g., raster DEM
versus TIN surface). Willett et al. (2014) use a combination of the FastScape (Braun and
Willett, 2013) and Divide-and-Capture (DAC; Goren et al., 2014) algorithms to calculate
present-day chi values for their study areas. The numerical component of the Divide and
Capture (DAC) landscape evolution model used in Goren et al. (2014), and subsequently in
Willett et al. (2014), is based on the FastScape model and equations, but DAC uses a TIN and
Delaunay triangulation to represent topography during execution of the FastScape algorithm.
Braun and Willett (2013) note that the FastScape algorithm does not depend on the position
of the nodes used to describe the landscape and that nodes can be positioned at the corners of
a regular rectangular mesh or not. A user-friendly version of the DAC code, however, is not
yet readily available (L. Goren, pers. comm., 2014), whereas the code for mesh-grid based
FastScape is provided upon request (Braun, 2013). Chi-value calculations were added to the
FastScape algorithm in August 2014 (J. Braun, pers. comm., 2014), and are based on the chi
(x) equations derived by Willett et al. (2014). As presently coded, FastScape uses raster
DEMs as topographic input.

In addition to the sensitivity of chi to model domain parameters, this thesis also investigates
the extent to which chi is sensitive to the actual rate at which landscapes are changing.

Namibian and central Himalayan landscapes are eroding at widely different rates (e.g., 10’
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m/Ma and 10° m/Ma, respectively). Comparison of their chi values tests how useful the new
chi-value metric is (Willet et al., 2014) by evaluating whether chi simply acts as (a) an
'on/off' metric for dynamic equilibrium, or (b) a metric that indicates ‘degrees’ of landscape

evolution.
Three possible outcomes will be explored:

* Namibia and the central Himalaya are each in dynamic equilibrium: y-values
will be very similar (essentially the same) for (a) both regions, and (b) throughout the

drainage networks in each region.

* Namibia or the central Himalaya is in dynamic equilibrium, the other is not: y-
values will be the same throughout the drainage networks in the equilibrated region.
The region in disequilibrium will exhibit y -values that vary significantly within its

drainage, and that are significantly different from y-values in the equilibrated region.

* Neither Namibia nor the central Himalaya is in dynamic equilibrium: y-values
will vary significantly (a) throughout the drainage networks in each region, and (b)
vary significantly between regions due to the different tectonic settings (active vs.

passive).

Relationships between published, basin-wide cosmogenic '’Be erosion rates and chi values
are also explored for specific basins in Namibia and central Himalaya river catchments to
determine if there is any correlation between erosion rates and chi values. Because basins
with lower chi values will migrate and increase their drainage area at the expense of basins
with higher chi values (Willett et al., 2014), it is hypothesized that basins in disequilibrium
with higher cosmogenic '’Be erosion rates will have lower average chi values in a setting
where erosion is dominated by precipitation. In a setting where uplift is the dominant driving
force, a positive relationship between chi values and '’Be erosion rates is expected for basins
in disequilibrium, because chi is directly related to increases or decreases in elevation (Figure
2). Basins that are in equilibrium are expected to have constant chi with increasing '°Be

erosion rates.
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Figure 2. Schematic diagram of landscape erosion in precipitation- and uplift-dominant

settings.
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CHAPTER 3: Background and Literature Review

Landscape evolution is commonly studied from the perspective that river-channel incision
controls topography. Migrating drainage divides in and between catchments drive the
evolution of river networks in the vertical and horizontal directions over time. The actual
state of a landscape may be transient in nature and may reflect the effects of erosive and

transport processes that occur on different time scales (Chen et al., 2014).

Through the use of complex mathematical expressions of fluxes (e.g., geomorphic transport
laws), landscape evolution models, and newer geochronologic methods (e.g., cosmogenic
dating), geoscientists can quantify surface-process rates and sequential topographic changes
through time (Wohl, 2014). Quantification of processes and rates highlights the large-scale,
long-term links among climate, tectonics, and erosion and the role of rivers in landscape

evolution.

3.1 FastScape

FastScape is a landscape evolution model, which uses the stream-power law, a regular,
rectangular mesh, and the single-flow-direction approximation of O’Callaghan and Mark
(1984) to calculate discharge (¢) as a function of time and space. Almost all landscape
evolution models route water and sediment down the path of the steepest slope (Figure 3)
using this method or an adaptation of it (Codilean et al., 2006). In the process of calculating
elevation and chi values as the landscape evolves, land-surface characteristics (e.g., elevation
and slope) are determined by FastScape in order to accurately route flow (Braun and Willett,
2013; Goren et al., 2014; Willett et al., 2014). FastScape performs a watershed analysis to
determine catchment areas and stream networks; it extracts hydraulic attributes of base level,
flow directions, flow paths, and accumulated flow (upstream drainage area) from a specified

DEM.

FastScape calculates new elevations for each cell in a model domain as it evolves the
landscape over time. To make it easier to visualize the FastScape model, animations have
been created to show topographic evolution over 50 Ma of model time for two small domains
in Namibia and the central Himalaya (Animations 1 to 4; found at

cassandrafenton.blogspot.de). Namibia experiences much lower precipitation and uplift rates

than does the central Himalaya, and erosion in Namibia occurs on a much smaller scale. This
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difference is clear, particularly when comparing Animations 2 and 4, which show a fairly
stable Namibian landscape, in contrast to a rapidly uplifted and subsequently, heavily eroded
central Himalaya. Notice in Animation 4 that headward erosion of rivers into the highlands is

driving the overall lowering of the topographic surface.

Once elevations are calculated, FastScape computes chi based on the resultant topography
and drainage network (Braun, 2013; Braun and Willett, 2013). Chi values are based on the
geometry and dynamic state of a river network at any given time step in the model (Willet et

al., 2014).

In 2013, Braun and Willett presented the new FastScape algorithm. It solves the basic
stream-power equation, which governs channel incision and landscape evolution, through a
network of nodes in x and z space. The rate of channel incision (0z/0¢) is directly proportional

to the hydraulic shear stress (7) exerted by a river onto a channel bed

Figure 3. Schematic diagram of a DEM showing relative heights (h;;) for each pixel and the direction of water flow
(black arrows) along steepest slopes. FastScape creates a regular finite-difference grid from this file where each
pixel represents a node (n;;) with height (h;;). The total number of grid points (np) is determined by nx and ny,
which are the number of cells in the east-west and north-south directions. In this diagram nx and ny are both 5. In
the cases of Namibia 4101 and Himalaya 4101 nx and ny are both 4101.
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T=ke¢"S" Eq. (2)

where ¢ is either total discharge or discharge per unit channel width, S is local slope, and & is
a constant (Whipple and Tucker, 1999). It follows that overall change in incision will be the

difference between uplift (U) and erosion of the channel bed:

oz

—=U-KA"S" Eq. (3

py q. 3)

where z is elevation, A4 is the contributing drainage area and K is a factor that varies based on
lithology, mean annual precipitation of a region, channel width, flood frequency and channel
hydraulics, and m and n are positive empirical constants (Whipple and Tucker, 1999).

Because parameters total discharge (¢) and A are related, ¢ can be substituted for 4 in

Equation 3, resulting in the following equation (Braun and Willett, 2013):
—=U-K,¢"S" Eq. (4)

where ¢ is the product of drainage area (4) and precipitation rate or, in the case of spatially
variable precipitation, the surface integral of the precipitation rate over the drainage area A

(Braun, 2013; Braun and Willett, 2013).

Slope is the first-order derivative of elevation (z), thus, Equation 4 is actually a nonlinear
transport/advection equation with a spatially variable transport velocity that can be rewritten

as follows (Braun and Willett, 2013; Willett et al., 2014):

0z az\"

—=U-K,p"|— Eq. (5).

ot 9 (c?x) q(3)

This type of equation is very difficult to solve numerically because the solution typically

requires small time increments and/or complex finite difference schemes to assure stability

and accuracy (Braun and Willett, 2013; Tucker and Hancock, 2010).

Braun and Willett (2013) presented a new algorithm, which computes discharge (¢) that is an
O(n,) rather than O(n,f ) computational problem and is adapted to parallel computing
architecture; the number of operations needed to determine a solution varies as n, rather than
n,’, where n, is the number of grid points in the model domain. It can thus be used to solve

Equation 5 on grids containing 10® nodes on a laptop computer and, potentially, up to 10"
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nodes on a large multi-processor computer (Braun and Willett, 2013). Furthermore, Braun
and Willett (2013) incorporate a more stable and more accurate implicit method to integrate
Equation 5. This guarantees that much larger time steps can be used, further increasing the
overall computational efficiency of the method. Computation time increases linearly with the
number of points used to discretize the landscape of interest. The model uses an implicit
scheme for the time integration of Equation 5, and is thus unconditionally stable; accuracy of

the model is not lost at the expense of using large time steps (Braun and Willett, 2013).

Willett et al. (2014) also use the stream-power incision law in their chi model; however, they

present the equation as a function of drainage area (4) rather than discharge (¢):

9z az\"
—=U-K A"|— Eq. (6).
it f (é‘x) q. (6)

When uplift and erosion are spatially and temporally constant, the steady-state solution of Eq.

6 becomes the following:

W)=z, +| 2| Eq. (7
(X)) =2, KA, X q. (7)

where z; 1s the river network’s base-level elevation at x = x;. The chi value () is an integral

function of position x in the channel network, such that:

dx Eq. (8)

where A4 is an arbitrary scaling area and the integration is performed upstream from base
level (xp) to position x. If uplift or erosion varies in space and/or time, and these variations are
known, the solution for elevation (z) and for chi ()) can still be obtained through equations 7

and 8 (Willett et al., 2014).

3.1.1 FastScape’s Finite Difference Method

In FastScape, the landscape of interest is represented as a series of nodes (n,) with elevations
(h) in x-y space and n,, of the nodes fixed at base level (Figure 3). When a raster DEM is used
to define initial topography, FastScape assigns starting elevations (4;;) to each node with x-y

coordinates. To execute the FastScape algorithm, it is first necessary to create an array of
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nodes (Figure 4) that represent the flow path of water to base level, and then to determine
how those nodes are ordered (Figure 5), such that discharge can be calculated by
progressively adding the contribution of each node to the total stream discharge or its
contributing area to the total drainage area (Braun and Willett, 2013). The calculation of chi
() 1s subsequent to the calculation of discharge or drainage area, based on the relationships

of these variables as described in the equations above.

FastScape computes neighbors for each node, and determines which neighbor node defines
the steepest descent/slope. This neighbor node is called the receiver node of node i and is
noted r(i) (Figure 3 and Figure 4). Each node has a single receiver, except base-level nodes
(b:), which have none. Local minima in the landscape correspond to nodes that are their own
receiver (7(7) = 7). Nodes that contribute discharge or area to node i are called donor nodes
(D) (Figure 3) for j=1,---,d; where d; is the number of nodes having i as a receiver and thus
r(Di,j)=i. The number of donor nodes to node i is limited by the number of neighbors to node
i. A rectangular grid makes it simple to compute the list of neighbors (N;;, for j=1,---,n)),
where n; is the number of neighbors connected to i (Braun and Willett, 2013; O’Callaghan
and Mark, 1984).

Once the stack of receiver node information r(i) for each node i is calculated, the stack is
inverted (Figure 5) into a list of donor nodes (e.g., a donor array D;;). An array (d;) of the
number of donors per node is also built for each node i. This information is stored in a single
dimension array D; and an index array o;. Each node has only one receiver and thus can only
be in one donor array and only appear once in that array. This ensures that the list of donor

nodes can be stored in an array of length n, (Braun and Willett, 2013).
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Figure 4. Nodal representation of the flow path of water for an arbitrary landscape (modified from (Braun and
Willett, 2013). Nodes (circles) are connected by solid and dashed lines. Solid blue lines indicate the connections
between nodes that follow the steepest descent. Blue arrows indicate the direction of water flow. Dashed lines
represent the connections between nodes, but which are not used to construct the flow-path network. Node b
represents base level. The yellow node r(i) is the receiver node from node | (magenta circle). Nodes D; 1 and D; >
form the list of donor nodes to node i. Numbers in the figure are in an arbitrary order. Ordering of the nodes for
FastScape calculations are shown in Figure 5.

To create the donor array D(i,j) for node i, d; is initialized to zero for i = 1,...,n, and the

receiver information for node i is used (Figure 3), where:

d=d;+1 fori=1,...,n, Eq. (9).

The list of donors for all nodes is stored in an array of dimension n. The array d; is then
transformed into an index array J;, which contains the location of the donor array for node i

in an array of dimension 7, such that:
6, u=n,+1 Eq. (10)

0,=0,,-d, fori=n,,...,1,-1 Eq. (11).

The donor array for node i is built according to:

D(8,,+w,,)=i  fori=1,..,n,  Eq.(12)
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and
fori=1,....n, Eq. (13)

where w; 1s an integer working array initialized to zero and vector (D) of length n,, contains

the donor information D;;:
fOI‘j: 1,...,5i+]-5[ Eq (14)

FastScape then creates a vector stack s(i) that contains the list of nodes from 1 to 7, and in the
specific node order (Figure 5) that FastScape uses to perform computation of discharge (¢)

and to solve the governing landscape evolution equation (Equation 5).

The FastScape algorithm begins its discharge computations at nodes that have no donors,
such that the inverted stack starts at the top of a catchment and proceeds downhill following
the receiver-node information, which define the water flow path (Figure 5). Thus, FastScape
calculates the contribution of each node to the discharge (or drainage area), ending with the
total discharge (or drainage area) at node i. At confluences, the inverted stack jumps to the
top of the subcatchment of each of the tributaries where FastScape systematically and
progressively computes the contribution to discharge from these subcatchments before

proceeding to the next node i, beyond the confluence (Braun and Willett, 2013).

Using the inverted stack, the computation of the discharge or drainage area is based on the

following equations:
¢(i) = a(i)v(i) fori=1,...,n, Eq. (15)

P(r(si) = p(r(s@)) + ¢(s(0))  fori=n,,...,1,-1 Eq. (16)
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Inverted

Stack (s(7)) Stack (s(7))

node i for node i for
1 i=1 10 i=np,
2 9

3 8

4 7

5 6

6 5

7 4

8 3

9 2

10 i=np, 1 i=1

Figure 5. Schematic diagram of node order in the stack and the inverted stack (modified from (Braun and Willett,
2013). Blue arrows indicate the flow path of water in the downhill direction. (a) Stack nodes are ordered from the
receiving nodes at base level (e.g., node 1) to the upstream nodes, where it is noted which nodes receive from
other nodes (i.e., Node 1 is the receiving node for Nodes 2, 5, and 9). (b) After the stack has been inverted, the
resulting order starts with donor nodes at the tops of catchments (e.g., Nodes 1, 3, 4, 7, and 9). All upstream
nodes are processed before computations ‘move downstream.’
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where ¢(i) is the discharge at node i, v(i) is the net precipitation rate over the catchment area
a(i) upstream of node i. The precipitation rate v(i) can vary spatially within a region (Braun

and Willett, 2013), but in the case of uniform precipitation, the following equation holds true:
A(i)=ali) fori=1,...n, Eq. (17)
A(r(s(i))) = A(r(si) + A(s(@)  fori=n,,...,1,-1 Eq. (18).

Note that in the case of a rectangular mesh, such as that used in this study, a(i) = 4x % Ay for

all 7 and the drainage area can be computed by integer summation (Braun and Willett, 2013).

oh(i)
ot

q,(i) = a(i)¢

fori=1,...,n, Eq. (19)

q,(r(s(i)) = q,(r(s()) + q,(s(®)) fori=n,,...,1,-1 Eq. (20).

(Braun and Willett, 2013) then use a simple first-order finite difference scheme to compute
both the spatial derivative (the slope) of the height field (Equation 21) and its time derivative
(the rate of change of landscape height; Equation 22):

dh(i) _ h() = h(r(i))
ox - Ax.

1

Eq. (21)

oh(i) _ R (@) - h' (i)

Eq. (22
Jt At a-(22)

where 4x; is the distance between node i and its receiver (i), and A4t is the time step in the
algorithm. The right-hand sides of Equations 21 and 22 are substituted into Equation 5, such
that

ht+At(l-) _ ht(l) _

= _KAm
e

l

h' (i) - h’(r(i)))"
Eq. (23),

which is the explicit first-order finite-difference scheme to solve the stream-power equation

(Equation 5). The right-hand term of the equation (and thus the slope) is computed at time z.

The implicit form of the finite difference method, as used by FastScape, where the right-hand

side term is computed at time #+A4¢ is as follows:
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R G = (r()) )
Ax,

1

ht+At(i) _ ht(l) -
At -

KA” Eq. (24).

Equation 24 ensures much greater stability and allows much larger time steps 4¢ (Braun and

Willett, 2013).

3.2 Understanding Chi (x)

River networks shape landscapes into ridges and valleys as rivers incise through bedrock.
Within a river catchment, basin geometries are created by the configuration of these valleys
and ridges, where an area of land is bounded by ridgelines acting as drainage divides. Surface
water collects in basin headwaters and flow downstream to a single point of lower elevation
along a stream or river channel. Channel geometry, channel slope, and network topology
adjust towards a balance between tectonic or isostatic uplift and erosion. Climatic conditions,
such as temperature and precipitation, and the erodibility of the rock type(s) in a region play a
major role in this dynamic river-network reorganization (Braun and Willett, 2013; Goren et

al., 2014; Willett et al., 2014; Yanites and Kesler, 2015).

Most studies of river systems tend to focus on the balance of uplift and erosion in the vertical
direction (z) within existing river channels, and they assume that the map-view of basin
geometry remains more or less fixed in time (Kirby and Whipple, 2012; Pritchard et al.,
2009; Willett et al., 2014). Willett et al. (2014) integrate the view that drainage divides are
mobile and they migrate accordingly across landscapes in the x- and y- directions as they
adjust towards equilibrium elevations and positions. Furthermore, Willet et al. (2014) suggest
that a landscape that is in equilibrium will have stationary drainage divides. Chi, as defined
by Equation 8, is the quantitative proxy introduced by Willett et al. (2014) that helps
visualize equilibrium and disequilibrium in a drainage network and allows for prediction of

ridgeline migration.

Chi is limited to the analysis of river channels (Willett et al., 2014), and its values are
calculated at each point in a stream moving from base level to headwaters. Chi values are
lowest at base level and highest in headwaters for any given catchment (Figure 6). In order
for a river network to be in geometric equilibrium in map view, chi values on either side of
drainage divides throughout the network must have equal values. Conversely, maps showing

different chi values on either side of divides indicate a river network that is in disequilibrium.
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Figure 6. Oblique 3D ArcGlobe view of chi values for drainage networks in the Namibia 4101 domain as
calculated by FastScape at the 25 Ma time step. The blue region in the upper left-hand corner represents the
Atlantic Ocean and base level in this model. Notice that chi values are lowest (blue) near base level and then
increase moving upstream towards the Great Escarpment in the bottom of the image.

Basins with lower chi values will migrate and increase their area at the expense of basins

with higher chi values (Willet et al., 2014).

Where two stream-flow paths originate at a common drainage divide and end at a common
base level, their steady-state elevation profiles may differ depending on the topologic and
geometric structure of the river network. Notice the lower and higher chi values along the
shared drainage divide of Basins I and II, respectively, in Figures 7 and 8. The steady-state
elevation (chi) of the channel head in Basin II is higher than that of the channel in Basin I; the
divide is not stable. The river network will adjust itself laterally and vertically until the
difference in steady-state elevations of the channel heads is zero, at which point, equilibrium
will have been achieved (Willett et al., 2014). In effect, Basin I will erode into the headwall
slopes, forcing the ridgeline to migrate towards Basin II. This, in turn, causes the overall

lowering of the ridgeline elevation.
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Figure 7. Map view of two drainage basins with chi values in their respective river networks. The straight black
line in (a) is that which the elevation profile in Figure 8a is drawn along. The dashed black line in (b) represents
the drainage divide between Basins | and Il based on present-day geometry. The solid black line indicates the
divide’s position after 25 Ma of FastScape model time. Arrows indicate the direction of basin expansion and
divide migration.

Figure 7 illustrates the migration of the drainage divide between Basins I and II. After 25 Ma
of model time, the drainage divide has migrated towards and into Basin II. This has the effect
of increasing the basin area and channel length of the former and decreasing the basin area
and channel length of the latter. When chi values are equal on either side of the divide,
ridgeline migration will stops and a stable drainage divide will be achieved. Even after 25 Ma
of model time, the chi values in Basins I and II are still significantly different and indicate
disequilibrium (Figure 7). The difference in chi values predict that with further modeling,

Basin I will continue to expand at the expense of Basin II until equilibrium is achieved.
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Figure 8. FastScape results for an area in the Himalaya 4101 domain after 25 Ma of model time with. (a) An
elevation profile across the drainage divide between Basins | and I, as shown in Figure 7a and (b) a 3D oblique
ArcGlobe view of the drainage divide and the chi values of Basins | and Il on either side of it. The blue region in
this image represents sky and does not represent base level.

3.3 Basin-Wide Cosmogenic "°Be Erosion Rates

Cosmogenic nuclides, such as 3He, 10Be, MC, ZINe, A1, and *°Cl, are produced by spallation
reactions induced by high-energy nucleons, secondary thermal neutron capture reactions, and
muon-induced reactions (Gosse and Phillips, 2001). The production of in-situ terrestrial
cosmogenic nuclides is dominantly controlled by the flux of galactic cosmic rays (with
energies >100 MeV) through the Earth’s atmosphere (Cerling and Craig, 1994). This flux of
nucleons (primarily protons and alpha-particles) is modulated by the strength of the Earth’s
magnetic field; during periods of weaker magnetic strength, the flux is higher. Secondary
neutrons responsible for cosmogenic nuclide production at the Earth’s surface are created

during nucleonic interactions between galactic cosmic rays and elements in the Earth’s upper
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atmosphere. These secondary particles penetrate rocks, striking target atoms (e.g., O, Mg, Si,
etc.) and cause spallation reactions that produce terrestrial cosmogenic nuclides (Gosse and
Phillips, 2001). Cosmogenic '°Be is the most commonly used and it is regularly measured in

quartz-bearing lithologies.

The production rates of these nuclides in rocks are highest at the Earth’s surface (e.g., 0-4 cm
depth) and are dependent not only on the Earth’s magnetic field strength, but also on the
latitude and elevation where the rock sample of interest is located. Production rates increase
with increasing latitude, where the modulation of the Galactic cosmic-ray flux by the
geomagnetic field is weaker, and with increasing elevation, where there is “less atmosphere”
to be penetrated by secondary particles before reaching Earth’s surface (Gosse and Phillips,
2001; Dunai, 2010). Because neutrons, which cause most nuclide production, attenuate with
depth, sample depth affects production rates. Generally, with increasing depth, the production
rate of a cosmogenic nuclide decreases exponentially (Gosse and Phillips, 2001).
Topographic shielding, as well as erosion, burial, and cover (i.e. soil, snow, dust, etc.) also
affect the concentrations of cosmogenic nuclides in a given rock/mineral sample by
decreasing production or shielding the rock entirely from production at all. Production rates
of cosmogenic nuclides are reported relative to sea-level and high-latitude, and scaling
factors are calculated for each sample site based on elevation and latitude (Gosse and
Phillips, 2001). Shielding factors based on surrounding topography and sample depth are also

determined and used to correct production rates.

Cosmogenic '’Be concentrations in amalgamated quartz-rich sediment samples collected at
basin outlets can be used to determine denudation/erosion rates of river. This amalgamation
approach assumes that the quartz grains in the amalgamation originate in all parts of a
catchment, that each grain records the '“Be concentration starting at the time it spent at its
source until its sample-collection-time position, and that each grain thus records the erosion
rate at its source. The amalgamation of quartz grains acts as a catchment-average erosion
rate. For example, quartz grains that originate in a slowly eroding source within the
catchment will have higher 'Be concentrations. Conversely, rapidly eroding landforms
within a catchment will produce sediment more quickly, thus the grains spend less time on
slopes and in stream basins, and thus they have lower cosmogenic '’Be concentrations
(Bierman, 1994; Bierman and Nichols, 2004; von Blanckenburg, 2005; Cockburn and
Summerfield, 2004; Granger et al., 1996; Granger and Schaller, 2014).
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The average cosmogenic nuclide concentration in well-mixed stream sediment yields the
average erosion rate in a catchment, as long as the following assumptions hold true: (1)
sediment is supplied at a rate that is proportional to the erosion rate; (2) the mineral being
analyzed (e.g., quartz) is evenly distributed throughout the entire catchment; and (3) the
cosmogenic nuclide in question was or were absent prior to erosion and exposure of the
source (bed)rock at the Earth’s surface (Bierman, 1994; Bierman and Nichols, 2004; von
Blanckenburg, 2005; Cockburn and Summerfield, 2004; Granger et al., 1996; Granger and
Schaller, 2014).

The production rate of '’Be within a catchment, or basin, is determined using scaling factors
and topographic shielding factors related to the drainage basin characteristics, such as
elevation, relief, and roughness of terrain. Scaling factors for basin-wide, cosmogenic '*Be
erosion-rate studies are calculated by delineating the watershed and integrating elevation and
latitude upstream of a cosmogenic sample site within a given basin. DEMs, typically 90-m or
30-m in resolution, are used to calculate a basin’s mean elevation (von Blanckenburg, 2005;
Codilean, 2006; Schaller et al., 2001). Codilean (2006) presents a GISc method based on
relief shadow modeling to calculate the proportion of the incoming cosmic radiation that is
shielded by a sample site’s surrounding topography also using DEMs. The method is suitable
for implementation in any GIS system with raster capabilities, as well as in landscape

evolution models.
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CHAPTER 4: GISc Methods and FastScape Input Parameters

4.1 GIS Methods

Study areas in Namibia and the central Himalaya (Figures 9 and 10) were selected that
encompass basins with reported cosmogenic ''Be erosion rates (Figures 11 and 12;
Andermann, 2011; Bierman et al., 2007; Codilean et al., 2008, 2014; Godard et al., 2012;
Wobus et al., 2005). NASA SRTM (Shuttle Radar Topographic Mission) 90-m DEMs of the
study areas were downloaded as GeoTIFF files from the CGIAR-CSI Digital Elevation
Database v4. CGIAR. ASTER GDEMs (30-m cell size) were also downloaded for study
areas from the Japan Space Systems website (METI NASA, 2012).

NASA SRTM digital elevation data that is currently being distributed by NASA/USGS
contains no-data voids where water or dark, heavy shadows prevented the quantification of
elevation during data collection. These voids, though typically small, cause the DEM data to
be less useful (CGIAR-CSI, n.d.), particularly in cases of hydrological modeling or numerical
modeling (e.g., FastScape Chi). Researchers at CGIAR-CSI further process original SRTM
DEMs in order to fill in the no-data voids through production of vector contours and points,
and the re-interpolation of these derived contours back into a raster DEM. Interpolated DEM
values are then used to fill in the original no-data voids within the SRTM data (CGIAR-CSI,
n.d.). ASTER GDEMs are not void-filled.

SRTM DEMs were loaded into ArcGIS (version 10.2.2) and mosaics made to create
continuous DEM coverage of the areas of interest. Mosaics were also made of ASTER
GDEMs. To test the effect domain size has on chi values, two domain sizes, were selected
from the SRTM DEMSs. The first domain contains 4101 cells x 4101 cells in study areas
Namibia 4101 and Himalaya 4101. Subset domains of 1601 cells x 1601 cells of Namibia
4101 and Himalaya 4101 were created (Namibia 1601 and Himalaya 1601; Figures 11 and
12). The numbers 4101 and 1601 specify the number of cell rows (ny) and cell columns (nx)

in each domain in FastScape.
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Figure 9. SRTM (90-m) shaded relief maps of present-day (a) Namibia and (b) study area Namibia 4101. The
extent of Namibia 4101 is marked in map (a) by a dashed-line box. Streams are indicated by thin black lines.
Inland water data was provided by (DIVA-GIS, 2015). All Namibia maps in this study are projected in the WGS84
UTM Zone 33S coordinate system.
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Figure 10. SRTM (90-m) shaded relief maps of the present-day (a) central Himalaya Mountains in Nepal and (b)
study area Himalaya 4101. The extent of Himalaya 4101 is marked in map (a) by a dashed-line box. Black lines
and white polygons indicate present-day streams and glaciers, respectively. Inland-water and 2010 glacier data
were provided by (DIVA-GIS, 2015) and the (International Centre for Integrated Mountain Development
(ICIMOD), 2015). All Himalaya maps in this study are projected in the WGS84 UTM Zone 45N coordinate
system. Though the Himalaya are an active mountain range, fault lines were not mapped because uplift is treated
as uniform in the FastScape model in this study.
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Figure 11. Present-day shaded relief, 90-m SRTM maps of study areas (a) Namibia 4101 and (b) Namibia 1601
with drainage basins (gray outlines) and associated cosmogenic’oBe sample sites (Codilean et al., 2008, 2014;
Matmon et al. with Bierman, Kyle Keedy Nichols, 2007; Nichols, 2007).
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Two other domains (Namibia ASTER and Himalaya ASTER; Figure 13) were created from
ASTER GDEMs with the same areas as those specified in Namibia 1601 and Himalaya 1601.
The computer available during this study could not allocate enough memory to run FastScape
with 30-m data for the larger areas covered by Namibia 4101 and Himalaya 4101, thus only
the smaller subset domain was run with the finer 30-m resolution. Because the cell size is
smaller, the number of cell columns and rows increased to 4794 and 4747 for Namibia
ASTER and Himalaya ASTER, respectively. Square domains were used in this study (nx =

ny), but FastScape can model rectangular domains as well (nx # ny)

All DEMs were projected in the appropriate WGS84 UTM projected coordinate system for
Namibia (Zone 33S) and the central Himalaya (Zone 45N). The Sink (Spatial Analyst), Fill
(Spatial Analyst), Flow Direction (Spatial Analyst), and Flow Accumulation (Spatial Analyst)
tools were used to ensure that input DEMs used in the FastScape model have no sinks and
continuous stream networks. Data were then exported as ESRI BIL (Band Interleaved by
Line) files. FastScape uses the BIL file to help define the x (longitude), y (latitude), and z
(elevation) geometry of the area to be modeled. In UTM projection, DEM latitudes and

longitudes, as well as elevations, are stored as meters.

During initiation of FastScape computations, the first column and row are skipped as
FastScape defines the rectilinear grid used in the finite difference method solution. Resultant
chi-value and elevation DEMs are returned with 4100 columns and 4100 rows, and 1600
columns and 1600 rows, for the larger and smaller domains, respectively. The same occurs
with Himalaya 4101 and Himalaya 1601 domains. This slightly changes the cell size in each
of the new DEMs created by FastScape. To compare elevation and chi values produced from
the Namibia 4101 and Himalaya 4101 domains to FastScape results produced in the Namibia
1601 and Himalaya 1601 domains, the larger domains were georeferenced and clipped to the
same domain size as the smaller domains. Then they were resampled to the cell sizes of the
smaller domains. The clipped Namibia 4101 and Himalaya DEMs were resampled using the
Resample (Data Management) tool in ArcGIS and the nearest neighbor resampling

technique.
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4.2 FastScape Input Parameters

The FastScape algorithm requires user input to characterize the land surface that will be
modeled/evolved. Table 1 and Appendix A list parameters used in FastScape input files for

study areas in Namibia and the Himalaya.

4.2 1 Initial Conditions and Basic Geometry (Defining Domain and Cell
Sizes)

First, FastScape requires in this case initial topography and definition of the basic geometry
of the model domain. These initial conditions are supplied through information taken from a
raster DEM. The DEM data used to define the initial topography in FastScape must be stored
in a binary, direct access file as the number of columns (nx), rows (ny), and elevation (z)
values (Figure 3). Values can be either real or integer numbers, as long as the lengths (e.g.,
two, four, or eight bytes) are specified (Braun, 2013; Braun and Willett, 2013). In this study,
reprojected WG84 UTM ESRI BIL data are band 32-bit signed integer files with one band.
The basic geometry of the model domain is further delimited by parameters x/ and y/, which
give the total length in meters in the east-west and north-south directions, where x/ and y/ are
both equal to nx and ny times the cell size (Table 1; Figures 3, 11, 12, and 13; Appendix A).

Cell-size information is found in the metadata of each BIL file.

4.2.2 Geomorphic Settings: Uplift, Precipitation, and Cosmogenic '°Be
Erosion Rates

Climatic and tectonic information in the study areas must be specified in the model.
FastScape input parameters include variables for varied or uniform precipitation and uplift
rates (Table 1). If rates vary in space, the user must specify the uplift and/or precipitation
rates at the four corners of the model domain (Figure 14). Values are specified for
precipitation_vl, precipitation v2,... and/or for uplift vi, uplift v2..., in a counter-
clockwise manner, starting from the lower left-hand corner of the domain. If the rates are
uniform, only one rate (precipitation vl and/or uplift vI) must be specified. Units in

FastScape are in m/yr.
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Table 1. Values used in FastScape input files for Namibian and Himalayan study areas (Appendix A).
Footnotes below summarize the variables, which are discussed in greater detail in the text and in the
FastScape User Guide (Braun, 2013).

NAMIBIA HIMALAYA NAMIBIA HIMALAYA NAMIBIA HIMALAYA
4101 4101 1601 1601 ASTER ASTER

Number of threads/cores
to use
num_threads' 8 8 8 8 8 8
Initial Topography
restart’ -2 -2 -2 -2 2 2
convert’ little endian | little endian little endian | little endian little endian | little endian
DEM NAMBILbil | N4101.bil NSMAL.bil | HSMAL.bil NASTLDbil HASTLbil
Basic Geometry
nx’ 4101 4101 1601 1601 4794 4747
ny’ 4101 4101 1601 1601 4794 4747
xl° 368117.31 375914.33 143710.27 146754.17 143754.00 146787.12
yl’ 368117.31 375914.33 143710.27 146754.17 143754.00 146787.12
Time Steps
di 100000. 100000. 100000. 100000. 100000. 100000.
nstep’ 500 500 500 500 500 500
nfreq"® 50 50 50 50 50 50
Fluvial Erosion Law
law'"" 2 2 2 2 2 2
m" 0.4 0.4 0.4 0.4 0.4 0.4
n" 0.9 0.9 0.9 0.9 0.9 0.9
k- 0.1e-05 0.1e-05 0.1e-05 0.1e-05 0.1e-05 0.1e-05
Boundary Conditions
Boundary condition™ 0001 1000 0001 0001 0001 0001
Precipitation
precipitation_n" 1 0 0 0 0 0
precipitation_vi'® 0.005 * 1.0 0.2 1.0 0.2 1.0
precipitation v2'° 0.25 * -- -- -- -- --
precipitation_v3'® 0.45 * -- -- -- -- --
precipitation_v4'® 0.005 * -- -- -- -- --
Uplift Rate

~0.01 ~0.01 ~0.01
uplift n"’ 0 (See Footnote | 0 (See Footnote | 0 (See Footnote

18) 18) 18)
uplift vi'® 0.010e-03 - 0.010e-03 - 0.010e-03 -
uplift v2"® -- -- -- -- -- --
uplift v3"™® -- -- -- -- -- --
upliﬁ‘)/4]8 -- -- -- -- -- --

Plotting Options"

plot chi

plot DEM

plot rate

vik"

— = o [ —

— = o [ —

— = o [ —

— = o [ —

— = o [ —

— = o [ —

Note: -- indicates the parameter is not applicable. * See text for details.
' Number of threads/processors to be used during the FastScape run to speed up processing time. Limited to the

number of threads/processors on the computer in use.

2 When restart is set to -1, a binary 16-bit signed integer DEM file with nx*ny integer*2 numbers is used to
define the initial topography in the FastScape model. When restart = -2 the DEM file is a binary 32-bit signed

integer with nx*ny integer*4 numbers.

3 Raster data exported as a ESRI BIL file has a little endian byte order. This information is found in the .hdr file
accompanying the .bil file.
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*Number of grid points in the x-direction (e.g., columns).
> Number of grid points in the y-direction (e.g., rows).
%Length of domain model in east-west direction (longitude). Equal to nx*cell size (using UTM projection in
meters). In the respective UTM projections for the original Namibian and Himalayan SRTM DEMs, cell sizes
are 89.72681625 and 91.66406561 m, respectively. In the respective UTM projections for the original Namibian
and Himalayan ASTER GDEMs, cell sizes are 29.98623302 and 30.92208078 m, respectively.
" Length of domain-model in north-south direction (latitude). Equal to ny*cell size (using UTM projection in
meters). In the respective UTM projections for the original Namibian and Himalayan DEMs, cell sizes are
89.72681625 and 91.66406561 m, respectively. In the respective UTM projections for the original Namibian
and Himalayan ASTER GDEMs, cell sizes are 29.98623302 and 30.92208078 m, respectively.
¥ Time-step length (years)
? Number of time steps
1% Specifies the frequency of FastScape output files.
"'Specified fluvial erosion (incision) law to be used: 1 = the unit stream-power law, assuming a linear slope
dependence (where n=1); 2 = the general unit stream-power law. See text for details. The default setting for law
is an implicit finite-difference implementation of the partial differential equations. When -1 or -2 are used, the
explicit form of the finite-difference implementation is used.
12 The discharge exponent (m) and the slope exponent (1) in the fluvial erosion-law equations.
"> The K coefficient in the fluvial erosion-law equations.
“Boundary condition value is a 4-digit integer, where each integer corresponds to the bottom, right, top, and
left sides (boundaries) of the domain model (Figure 14): 0 = reflective boundary; 1 = base-level boundary where
height (h) is set to 0; see text for more detailed explanation.
'3 Precipitation function: 0 = constant for every cell; 1 = resulting precipitation function is a bilinear
interpolation of the v1, v2, v3, and v4 values (Figure 14) inside the domain.
' precipitation rate (m/year).
"7 Uplift function: 0 = constant; 1 = resulting uplift function is a bilinear interpolation of the v1, v2, v3, and v4
values (Figure 14) inside the domain.
'8 Uplift rate (m/year). For Namibia, this value was set at 0.010e-03 m/yr based on isostatic uplift rates reported
in (Stollhofen et al., 2014). The uplift rate for the Himalayas is based on the following Fortran code and an
initial uplift rate of ~0.01 m/yr for the central Himalaya (Lavé and Avouac, 2000, 2001). After 100,000 years,
the uplift rate decreases from 0.005 m/yr to 0.010e-03 m/yr, the same as that of Namibia:

!/uplift start/

uplift=0.010

if (time.gt.l.e5) uplift=uplift/1000.

!/uplift stop/
' Output files are printed every nfreq for specified variables. In this case, results for time- and space-dependent
¥, topography, and erosion rates are printed in .bmp images, .dem files, and .vtk files. These can be viewed with
software such as ArcGIS, QGIS, and Paraview.
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Figure 13. Present-day shaded relief, ASTER GDEMs (30-m) of study areas (a) Namlbla ASTER and (b)
Himalaya ASTER with drainage basins (gray outlines) and associated cosmogenic "“Be sample sites
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Figure 14. A schematic diagram illustrating the location of FastScape algorithm parameters in relation to the
initial topography and boundary conditions.

Namibia is located on the southwestern coast of Africa (Figure 9) along a passive continental
margin, where tectonic activity is minimal and weathering and erosion are the dominant
surface processes. Passive margin geomorphology is produced by positive and negative
feedback between uplift from crustal tectonics -- horizontal crustal extension, flexural
loading and unloading, mantle-convection heat flow, and pre-existing lithospheric structures -
- and Earth-surface processes, such as denudation and sedimentation, which are controlled by
climate. Isostatic response to denudation helps shape Namibia’s topography, which is
characterized by a wide coastal plain pediment to the west, a steep coast-parallel Great
Escarpment, and rolling highlands east of the escarpment (Figure 15) (Bierman and Caffee,
2001; Van der Wateren and Dunai, 2001). Elevation ranges from sea level to 2554 meters
(Figure 9). According to Stollhofen et al. (2014) Namibia has been experiencing an uplift rate
of 0.0012 £ 0.005 cm/yr for the past ca. 2.5 Ma. Where the Great Escarpment is not a
distinct, massive feature, it is dissected, and the transition from the hyper-arid, coastal Namib
Desert to the humid highlands is more gradual. Precipitation along the coast is approximately
5 cm/yr, whereas the highlands above the escarpment receive between 25 cm/yr in the
southeast and 45 cm/yr in the northeast (Bierman and Caffee, 2001). Basins of interest to this

study (Codilean et al., 2008, 2014; Bierman et al., 2007) drain to sea level in the east.
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Figure 15. An oblique ArcGlobe view of a 90-m SRTM of Namibia 4101. The elevation scale (1 to 2543 m) and
scale colors are the same as those in Figure 9b. A vertical exaggeration of 7 is used to demonstrate the steep
transition in topography that occurs at the Great Escarpment. ArcGlobe does not display scales or legends.

The Himalaya are a mountain chain that has been experiencing active mountain-building for
the past ~20 Ma due to a continent-to-continent collision between India and Eurasia (Dupont-
Nivet et al., 2010; Molnar and Tapponnier, 1975). The chain is one of the youngest and
highest mountain ranges on Earth. The mountains extend approximately 2500 km from east
to west between India and China (Figure 10). High relief characterizes the Himalaya, with
elevations that range from ~200 m in the low-lying Ganges Plains to 8850 m peaks in the
Higher Himalaya. This change in elevation occurs over a short ~250-km distance in a roughly
north-south direction. The Tibetan Plateau, which borders the Higher Himalaya to the north
exhibits low relief, but has overall elevations greater than 5000 m. The region of interest for
this study (Himalaya 4101; Figures 10 and 16) is an area in the central Himalaya of Nepal.
Basins of interest to this study (Andermann, 2011; Godard et al., 2012; Wobus et al., 2005)
have headwaters on the Tibetan Plateau and in the Higher Himalaya that drain to the Ganges
Plains in the south, where the waters join the Ganges River. Active uplift is occurring in the
central Himalaya at a rate of ~50 - 150 cm/yr (Lavé and Avouac, 2000, 2001; Scherler et al.,
2014), which is two to three orders of magnitude greater than the weak uplift occurring in
Namibia. Precipitation rates in the Himalaya are an order of magnitude higher than rates in

Namibia.
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Figure 16. An oblique ArcGlobe view of a 90-m SRTM of Himalaya 4101. The elevation scale (54 m to 8800 m)
and scale colors are the same as those in Figure 10b. A vertical exaggeration of 5 is used. ArcGlobe does not
display scales or legends.

Mean precipitation rates range from 120 cm/yr to 210 cm/yr for small Himalayan basins,
whereas larger, main-stem basins have mean precipitation rates of 50 to 100 cm/yr (Table 2;

Andermann, 2011).

In FastScape models of the Namibia 4101, Namibia 1601, and Namibia ASTER domains, a
uniform uplift rate of 0.000010 m/yr was selected (Stollhofen et al., 2014); every cell in the
DEM has the same uplift rate. Because the area of Namibia 1601 and Namibia ASTER is
significantly smaller and mostly in the wetter regions of Namibia, a uniform precipitation rate
of 0.200 m/yr was set for both models. Namibia 4101 was first run with a uniform
precipitation rate of 0.200 m/yr to compare these results to those produced by FastScape
modeling of Namibia 1601 and Namibia ASTER. A second Namibia 4101 model run used
precipitation rates based on drier conditions along the coast (precipitation vI and v4 = 0.005
m/yr) and wetter conditions in the northeast (precipitationv_3 = 0.45 m/yr) and southeast
(precipitation v2 = 0.25 m/yr) (Table 1; Figure 14; Bierman and Caffee, 2001). A bilinear
interpolation of these v/, v2, v3, and v4 values inside the domain was computed by

FastScape.

A uniform precipitation rate of 1 m/yr was used in the Himalaya 4101, Himalaya 1601, and
Himalaya ASTER models. A tilted uplift rate, with a slightly higher rate on the northern

boundary than on the southern boundary, was initially prescribed as the uplift parameter in
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FastScape. This would have been simplified version of differential uplift in the High
Himalaya and Tibetan Plateau relative to the Ganges Plain; however, with this tilted uplift,
FastScape was not able to resolve local minima problems, nor was it able to create a fully
connected stream network, on which calculation of representative chi values relies. The uplift
rate for each of the three Himalaya models was, thus, defined using a Fortran script within
FastScape (Table 1) that initiated a uniform ‘pulse’ of uplift for the first 100,000 years at a
rate of 0.010 m/yr. Approximately 1000 m of elevation was initially added to the Himalaya
landscape in this manner. From that point in time onward, uplift was decreased to the same
slow uplift as that Namibia experiences due only to denudation and isostasy. Similar to
models run in Willett et al. (2014) this ‘pulse’ uplift helps force river basin reorganization, in

order to see the effect on chi values in this study.

Table 2. Summary of precipitation, uplift, and cosmogenic "°Be erosion rates of study areas in

Namibia and the central Himalaya.

Present-Day Average Published ""Be

Elevation Elevation Precipitation Rate Uplift Rate Erosion Rates
(m) + Standard (cm/yr) (cm/yr) (m/Ma)
Deviation
(m)

Namibia 0-2554 1107 £ 500 5-45 0.0012 3-18
Central Himalaya 58 - 8800 3051 +2212 50-210 5-150 214 - 6689

Erosion rates are not input parameters required by FastScape, but presenting published
cosmogenic '’Be erosion rates here for select basins in Namibia and the Himalaya (Table 2)

helps provide further perspective on the different geomorphic settings found in these regions.

Based on cosmogenic '’Be in quartz-bearing bedrock, dry-river, stream-channel samples, and
desert-surface samples, Bierman and Caffee (2001) inferred that the Namibian landscape
(e.g., the Namib Desert, the Great Escarpment, and the adjacent Namibian highlands) has
been in topographic steady-state characterized by slow erosion for at least the past million
years. They also suggest that their cosmogenic data do not support a model of significant and

on-going escarpment retreat.

Cosmogenic '’Be data from stream and river sediment indicate that the Namibian landscape
is eroding more rapidly than exposed bedrock outcrops (~3 m/Ma), and that the Great
Escarpment is eroding more rapidly (~16 m/Ma) than the basins in the highlands (~5 m/Ma)
or on the coast plain (~8 m/Ma) (Bierman and Caffee, 2001). Bierman and Caffee (2001)

further conclude that Namibian erosion rates have reached a steady state and have not been
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changing over long periods of time. Codilean et al. (2008; 2014) report erosion rates that
range from 4 to 18 m/Ma for small catchments in Namibia, and determine a slope-erosion
rate relationship, which indicates catchments that have erosion rates that are slope dependent

are not in topographic steady state.

As expected, erosion rates in the more humid and tectonically active Himalaya are
significantly different than those in more arid and tectonically inactive Namibia (Table 2).
Cosmogenic '"Be erosion rates (~90 to ~7400 m/Ma) reported for 69 select central Himalaya
catchments (Andermann, 2011; Godard et al., 2012; Wobus et al., 2005) are two to three
orders of magnitude higher than those reported for Namibia catchments. The Himalaya is
experiencing ongoing denudation that accompanies active uplift. The range has also
experienced glacial erosion and still has many active glaciers (Figure 10). Different camps of
geoscientists argue that the Himalaya are or are not in a state of dynamic equilibrium
(Andermann, 2011; Dortch et al., 2011; Finnegan et al., 2008; Godard et al., 2012, 2014;
Henck et al., 2011; Hirschmiller et al., 2014; Kirby et al., 2003; Kirby and Harkins, 2013;
Ouimet et al., 2010, 2009; Reynhout, 2011; Scherler et al., 2014; Vance et al., 2003). Lavé
and Avouac (2001) argue that erosion (denudation) rates in the central Himalaya balance high
rates of tectonic uplift through bedrock landsliding, which is in turn, driven by fluvial
incision. The debate has not been resolved and continues to be a hot topic in Earth-science

research.

4.2.3 Fluvial Erosion Law

In its current version, FastScape includes fluvial erosion laws, but no hillslope processes
equations (Braun, 2013; Braun and Willet, 2013). Users can select from the following
governing equations corresponding to the (1) unit stream-power law assuming linear slope
dependence (n = 1; Equation 25); (2) unit stream-power law (Equation 26); and (3) the £ — q
model of Davy and Lague (2009):

ah m

oh man

E = - f¢ S Eq. (26)
oh men , 9
o~ K9S Y0, Eq. (27)
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where Oy and Q,, are sedimentary and water discharge, respectively. In this study, the unit
stream-power law is used (Eq. 26) in concert with Ky, m, and n values (Table 1) similar to
those used by Willet et al. (2014). Exhaustive sensitivity testing on these variables (m/n = 0
to 0.60) showed that m/n values of 0.35 to 0.50 were optimal for calculating chi in their study
areas (Willet et al., 2014).

4.2.4 Boundary Conditions: Setting Base-Level

Boundary conditions for each FastScape model are set with a 4-digit integer. The first,
second, third and fourth integers corresponding to the bottom, right, top, and left sides
(boundaries) of the model domain (Figure 14). FastScape offers four types of boundary
conditions represented by the integers 0, 1, 2, or 3 (Braun, 2013).

When a boundary is set at 0, the boundary is reflective, meaning that no water flux passes
through the boundary. The boundary nodes have a limited number of neighbors (N(i,j)) to
which they can potentially drain. There is an exception to this condition: If the opposite
boundary is also set at 0, a periodicity is assumed between the opposing boundary sides. The
two opposite sides of the mesh communicate with each other in such a way that nodes on one
boundary have nodes on the other boundary as neighbors. In this way, water that flows across

one boundary must ‘reappear’ on the other boundary (side) (Braun and Willett, 2013).

A boundary set at 1 is set at base level, and the boundary’s height is fixed through the entire
model run. When adjacent boundaries are each set at 2, all but the corner are defined as
reflective; the corner they share is set at base level (4(b;) = hy(?)). A boundary set at 3 defines,
all but the center of the boundary at base level. The rest of the boundary is reflective.

Rivers in the areas of interest flow predominantly to the east in Namibia and to the south-
southwest in the Himalaya. Except for Himalaya 4101, the left boundary of each domain is
defined as the base-level boundary condition in the FastScape models of Namibia and
Himalaya. The base-level boundary condition for Himalaya 4101 is set at the bottom, because
of the position of the major stream draining the basins in the area with respect to the DEM

coverage.

4.2.5 Local Minima and Time Steps

Though the FastScape model begins its analysis with a depressionless DEM, local minima or

‘sinks’ are sometimes created during computation due to how the x (longitude), y (latitude),
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and z (elevation) values respond to uplift and precipitation parameters — the driving forces in
the algorithm. If these sinks are not nodes on a model boundary, they create closed basins,
which exist in the digital topography, but not in reality. The closed basins disconnect stream
networks, and create their own base levels (z.;) to which cells in a given catchment will drain.
Subsequently, chi values calculated for a closed basin are relative to z., rather than z;, which

1s defined at one or more of the model boundaries.

FastScape computes discharge based on the principle of water conservation. When the
algorithm encounters a sink node that is not situated along a boundary, the node is read as a
local minimum, meaning its elevation is lower than that of all its neighbor nodes. This node
drains the discharge through a point that is not on a model boundary, and thus that
precipitation/discharge does not reach base level. Minima are likely to arise in areas of the
modeled landscape that are flat and where random perturbations have been added by
FastScape in order to seed drainage network growth, and thus, connectedness (Braun and

Willett, 2013).

Though FastScape offers a computational solution, where the user can specify a situation
where evaporation or infiltration compensates for precipitation that does not reach a model
boundary, this is not the most realistic choice for the Namibia and the Himalaya models.
Instead, the second computational solution offered by FastScape is used. In this case, the
algorithm finds a path for water to flow toward a model boundary by forming one or a series
of ‘lakes,” and determines the ‘sill’ of each lake, where water will flow from its lowest
elevation. By specifying that all modeled precipitation must drain through the model
boundaries, Braun and Willett (2013) ensure that FastScape behaves in a predictive manner,

rather than becoming significantly dependent on the formation of local minima.

During the ordering phase in construction of the stack, FastScape tags each node with a
catchment number c(i) denoting the base-level node to which it inevitably drains. When a
node is identified as self-draining, the tag is assigned a negative number. FastScape then
identifies all nodes with negative catchment numbers and that have a neighbor with a positive
catchment number. In this manner, FastScape is able to select the node that is the lowest in
elevation and identify the neighbor as the sill of the catchment. This sill is then forced by the
algorithm to become the receiver node of the local minima, and all nodes in that catchment
are assigned to the positive catchment of the sill node. The sink nodes will then drain into a

neighboring node, rather than draining themselves (Braun and Willett, 2013). Not all sinks
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can be dealt with in just a single pass of the algorithm, as there will be cases where nodes
with negative catchment numbers still have no neighbor nodes with positive catchment

numbers; iterations of the algorithm are required.

As FastScape continues in successive iterations, the sills are eroded, sinks are removed, the
number of negative catchment nodes decreases, until finally, the algorithm converges, and the
digital stream networks become fully connected. It is important to note that the rate of
convergence is difficult to predict and is highly dependent on the digital landscape geometry.
Braun and Willett (2013) state that the maximum number of iterations is likely bounded by
the square root of 7, in rectangular grids, and that in most cases only the first several time

steps of the model run are affected by local minima.

This is not the case for the Namibia and Himalaya models. Up to 10,000 time steps (at dt =1,
100, and 1000 years) using either the implicit or explicit solution of the finite difference
method for each model still produced local minima and disconnected stream networks. It is
only with larger time steps of df = 10,000 or 100,000 and after >25 Ma of model time that a
connected stream network, and thus connected chi network is created. This is a significant
period of time, whether model or geologic in nature, which causes significant changes to the
landscape (e.g., erosion of ridge divides, approaching stream capture in some drainages).
Thus, FastScape analysis of Namibia and Himalaya models cannot reasonably calculate a

network of y values for the present-day topography.
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CHAPTER 5: RESULTS

A total of 50 Ma model time was needed in FastScape to remove local minima and create
fully connected stream networks in Namibia 1601 and Himalaya 1601, thus results for all
domains, including the ASTER domains are first presented for the 50 Ma time step, in order
to compare chi values. Results for the 25 Ma results for Namibia 4101 and Himalaya 4101

are then presented.

5.1 FastScape Results after 50 Ma (model time)

Elevations in the present-day Namibia 4101 domain range from 0 m to ~2540 m. DEMs in
the Namibia 1601 (90-m cell size) and Namibia ASTER (30-m cell size) domains, which are
located further inland and on the Great Escarpment have present-day elevations ranging from
~590 to ~2350 m and ~570 to ~2360 m, respectively. For the first part of this study, uniform
precipitation and uplift rates of 0.20 m/yr and uplift rate of 0.010e-03 m/yr, respectively,
were used in each Namibia model domain. Base level is set at sea level for Namibia 4101,
whereas base level is set at 587 m and 567 m for Namibia 1601 and Namibia ASTER,
respectively. These are the lowest elevations found along the western boundary of each
domain. After 50 Ma of FastScape model time, Namibia 4101 elevations range from 0 to
~2350 m and associated non-zero chi values are between 3 m and ~79,000 m. After 50 Ma,
Namibia 1601 and Namibia ASTER elevations range from 587 to ~2600 m and 569 to ~2410
m, respectively. Associated non-zero chi values for these domains are between 3 and ~57,000

and between 1 and ~32,000, respectively (Table 3; Figures 17, 18, 19, and 23).

Elevations in the present-day Himalaya 4101 domain (58 — 8800 m) are considerably higher
than those in the present-day Namibia 4101 region. The Himalaya 1601 (90-m cell size) and
Himalaya ASTER (30-m cell size) domains have present-day elevations ranging from ~130
to ~8050 m and ~130 to ~7980 m, respectively. With the uniform, ‘pulsed’ uplift rate of
0.010 m/yr for the first 100,000 years of the FastScape model, approximately 1000 m of
elevation was added to range of elevations after the first 100,000 years of the Himalaya

models. A precipitation rate of 1 m/yr did not create
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Figure 17. Comparison of topography from a 90-m shaded-relief DEM produced after 50 Ma (a) by FastScape
and (b) present-day, shaded-relief topography for the Namibia 4101 study area. Chi values are also shown
overlying the 50 Ma topography. Precipitation and uplift values used in FastScape input (Table 1) are listed.
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Figure 18. FastScape chi-value and topographic, shaded-relief 90-m DEM results after 50 Ma for the (a) Namibia
1601 study area compared to (b) results clipped from the Namibia 4101 domain. Precipitation and uplift values
used in FastScape input (Table 1) are listed.
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Figure 19. Comparison of FastScape chi values and topography from (a) a 90-m shaded-relief DEM produced
after 50 Ma by FastScape for the Namibia 1601 domain, and (b) a 30-m shaded-relief DEM topography for the
Namibia ASTER domain. Precipitation and uplift values used in FastScape input (Table 1) are listed.
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enough erosion to keep elevations from becoming unrealistically high when a uniform uplift
rate had been used throughout the entire model run. The ‘pulsed’ uplift rate was used to
create an uplift scenario that somewhat mimics active uplift and that is significantly different
to that used in the Namibia model. Base-level elevations of 58, 128, and 127 are set for
Himalaya 4101, Himalaya 1601 and Himalaya ASTER, respectively. These are the lowest
elevations found along the western boundary of each domain. After 50 Ma of FastScape
model time, Himalaya 4101 elevations changed to a range of ~1560 to ~6230 m, with
associated non-zero chi values that are between 3 m and ~129,000 m. After 50 Ma, elevations
in Himalaya 1601 and Himalaya ASTER domains range from 128 to ~7250 m and 127 to
~7240 m, respectively. Associated non-zero chi values for these domains are between 3 and

~58,000 m and between 1 and ~37,000 m, respectively (Table 3; Figures 20, 21, 22, and 23).

Table 3. Elevation and non-zero chi-value results from FastScape after 50 Ma and 25 Ma model time.
For the purpose of comparison, uniform precipitation rates of 0.2 and 1 m/yr, and uniform uplift rates
of 0.00010 m/yr and 0.010 (pulsed) m/yr were used for the Namibia and Himalaya domains,
respectively listed below.

Average
Average Non-Zero
DEM | Domain Elevation Elevation Range of Chi Values
Results after 50 Ma Cell Area Initial After 50 + Standard Non-Zero + Standard
of model time Size 1o* Elevation Ma Deviation Chi Values Deviation
in FastScape (m) km?) (m) (m) (m) (m) (m)

Namibia 4101 ~90 13.6 0-2543 0-2353 1084 + 613 3-78,978 28,828 + 13,564

Namibia 4101 ~90 2.1 587 - 2351 96 - 2337 1300 + 488 6696 - 78,978 | 33,628 + 11,771
(results clipped to

Namibia 1601 extent)

Namibia 1601 ~90 2.1 587 -2351 587 - 2595 1672 £ 426 3-57,382 12,820 +9,513

Namibia ASTER ~30 2.1 567 - 2356 569 - 2412 1343 £ 920 1-31,931 10,753 £ 5,515

Himalaya 4101 ~90 14.1 58 - 8800 1057 - 6228 | 2554 + 1598 3-128,699 48,582 + 21,625

Himalaya 4101 ~90 2.2 128 - 8052 1557 - 4098 1583 + 66 13,554 - 42,468 + 13,429
(results clipped to 112,611

Namibia 1601 extent)

Himalaya 1601 ~90 2.2 128 - 8052 128 - 7251 604 + 504 3-58,187 19,780 + 8,454
Himalaya ASTER ~30 2.2 127 -7977 127 - 7243 1342 £ 920 1-36,587 12,993 + 5,727
Results after 25 Ma

of model time
in FastScape

Namibia 4101 ~90 13.6 0-2543 0-2458 1190 + 524 4 —82,961 27,762 + 14,329

Namibia 4101* ~90 13.6 0-2543 0-2651 1211 + 485 4-90,925 32,085 + 13,783

Himalaya 4101 ~90 14.1 58 - 8800 1307 -7092 | 3161 +1918 3-122,349 42,123 £19,612

Note: * bilinear interpolation of precipitation rate was used in this model. See Table 1 for details.
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Figure 20. Comparison of topography from a 90-m shaded-relief DEM produced after (a) 50 Ma by FastScape
and (b) present-day, shaded-relief topography for the Himalaya 4101 study area. Chi values are also shown
overlying the 50 Ma topography. Precipitation and uplift values used in FastScape input (Table 1) are listed.
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Figure 21. FastScape chi-value and topographic, 90-m shaded-relief DEM results after 50 Ma for the (a)
Himalaya 1601 study area compared to (b) results clipped from the Himalaya 4101 domain. Precipitation and
uplift values used in FastScape input (Table 1) are listed.
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Figure 22. Comparison of FastScape chi values and topography from (a) a 90-m shaded-relief DEM produced
after 50 Ma by FastScape for the Himalaya 1601 domain, and (b) a 30-m shaded-relief DEM topography for the
Himalaya ASTER domain. Precipitation and uplift values used in FastScape input (Table 1) are listed.
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Figure 23. Distribution of FastScape chi values for Namibia and Himalaya domains for a model time of 50 Ma.
The chi-value distribution colors are based on the graduated colors used to symbolize chi values in Figures 17 to
22.

5.1.1 Effect of Domain Size on Chi Values

The resampled, clipped Namibia 4101 and Himalaya 4101 FastScape DEMs are shown in
Figure 18b and 21b, respectively. Fifty-Ma elevations from the Namibia 1601 DEM were
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subtracted from the resampled, clipped 50-Ma Namibia 4101 elevations. Likewise, elevations
from the 50-Ma Himalaya 1601 DEM were also subtracted from the resampled, clipped 50-

Ma Himalaya 4101 elevations. Results are show in Figures 24 and 25.

Shades of blue indicate areas where Namibia 1601 elevations are higher than those of the
clipped Namibia 4101 after 50 Ma model time (Figures 18 and 24), and where Himalaya
1601 elevations are higher than those of the clipped Himalaya 4101 (Figures 21 and 25).
Shades of orange indicate areas where more erosion and incision has occurred in the clipped
Namibia 4101 and clipped Himalaya 4101 domains, resulting in elevations that are lower
than those in the Namibia 1601 and Himalaya 1601 domain, respectively. Ninety-nine
percent of cells in the Namibia elevation-difference (Figure 24) have a negative elevation
difference and 95% of the cells in the central Himalaya elevation-difference raster (Figure
25) have a positive elevation difference. This indicates that the clipped Namibia 4101 area
underwent significantly more erosion in 50 Ma than did the same area in the Namibia 1601
domain. Clipped Himalaya 4101 experienced significantly more net uplift than did Himalaya

1601 over the same time period.

The most significant differences in Namibia erosion occur along the Great Escarpment, major
river channels, and model boundaries (Figures 18 and 24). Erosional patterns are more
dendritic and have more extensive headward erosion into regions of higher elevation on the
east side of the clipped Namibia 4101 area, in comparison to erosion in the Namibia 1601
domain (Figure 18). Differences in amounts of erosion in the Namibia domains are likely due
to a lower, sea-level base level and greater total drainage areas in the full Namibia 4101
model than in the Namibia 1601 model. After 50 Ma, the clipped Namibia 4101 has a
minimum elevation of 96 m, which is 491 m lower than the minimum elevation (e.g., 587 m)
in that area before FastScape modeling. The minimum elevation, which is also base level, for
Namibia 1601 is the same before and after FastScape modeling (Table 3). Mean elevations of

clipped Namibia 4101 and Namibia 1601 are ~1300 m and ~1670 m, respectively.

In contrast, the clipped Himalaya 4101 area shows significantly more uplift over 50 Ma
compared to the same area in the Himalaya 1601 domain (Figures 20, 21, and 25). This is
corroborated by elevations listed in Table 3. Mean elevations of clipped Himalaya 4101 and

Himalaya 1601 are ~1580 m and ~600 m, respectively, after 50 Ma of FastScape modeling.
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The clipped Himalaya 4101 region also showed more lateral and vertical erosion than that
experienced by the Himalaya 1601 area over 50 Ma of model time (Figure 21). The clipped
area shows significantly more modeled erosion of the Greater Himalaya and Tibetan Plateau.
The minimum elevation of clipped Himalaya 4101 increased from 128 m to ~1560 m over 50
Ma, even though this domain lost nearly half of its maximum elevation, decreasing from
~8050 m to ~4100 m in that same time. Minimum elevations for before-and-after Himalaya
1601 domains stayed the same, at a base level of 128 m. The maximum elevation only

decreased by 800 m (Table 3; Figure 21).

Chi values are significantly different for larger domains (e.g., Namibia 4101 and Himalaya
4101) than for the smaller subset domains (e.g., Namibia 1601 and Himalaya 1601). For the
full Namibia 4101 domain, non-zero chi ranges from 3 to ~79,000 m. Non-zero chi values in
the clipped Namibia 4101 area range from ~6700 to 79,000 m (Table 3; Figures 18 and 23).
Namibia 1601 has non-zero chi values of 3 to ~57,000 m. Similarly, non-zero chi values
(~13,000 - 113,000 m) in the clipped Himalaya 4101 area are higher than those for the same
area in the Himalaya 1601 domain (3 - ~58,100 m; Table 3; Figures 21 and 23). FastScape
analysis indicates that maximum and mean, non-zero chi values are larger for larger domain
sizes within given domains in Namibia and in the central Himalaya (Table 3). Himalaya 4101
yielded higher maximum and mean, non-zero chi values than those in the Namibia model at
the 50 Ma time step; however, smaller domains yielded very similar maximum chi values of
~57,000 and ~58,000 for both the Namibia 1601 and Himalaya 1601 model domains,
respectively, despite their very different uplift and precipitation rates. Mean chi values and
their standard deviations are, however, lower for Namibia 1601 (~13,000 £+ 10,000 m) than

for Himalaya 1601 (~20,000 + 8,000 m).

Though Namibia 4101 and Himalaya 4101 both have model domains defined by nx = ny =
4101, the actual area of those domains are different (Table 3) because of different cell
resolutions of input DEMS. Namibia 4101 and Namibia 1601 domains have initial cell sizes
of 89.73 m x 89.73 m. Similarly, Himalaya 4101 and Himalaya 1601 domains start with a
resolution of 91.66 m x 91.66 m (Table 1). The surface area within the Himalaya 4101 (e.g.,
~141,000 km®) is 4.2% greater than the area within the Namibia 4101 domain (e.g., ~136,000
km?). Though the mean chi values produced for Himalaya 4101 (~49,000 + 14,000 m; +
standard deviation) are on average higher than those calculated for the Namibia 4101 domain

(~29,000 £ 14,000 m; + standard deviation), it is likely that they would be more similar, such
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as chi values in the Namibia 1601 and Himalaya 1601 domains, if the total domain areas

were equal.
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uplift = 0.01x10° m/yr

Figure 24. Positive and negative elevation differences between Namibia 1601 and Namibia 4101 for the
1601x1601 domain extent after 25 Ma.

5.1.2 Effects of Cell Size on Chi Values

To examine the effect that grid resolution has on the calculation of chi, FastScape was used to
analyze the same domain (e.g., Namibia 1601) but with two different cell sizes. Namibia
1601 and Namibia ASTER cover the same geographic extent in Namibia (Figures 11 and 13)
as does Himalaya 1601 and Himalaya ASTER in the central Himalaya (Figures 12 and 13).
Namibia 1601 and Himalaya 1601, however, have a coarser resolution (~90-m cell size) than

that of Namibia ASTER and Himalaya ASTER (~30-m cell size).
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Figure 25. Positive and negative elevation differences between Himalaya 1601 and Himalaya 4101 for the
1601x1601 domain extent after 25 Ma.

After 50 Ma of model time, Namibia 1601 and Namibia ASTER have non-zero chi values
that range from 3 to ~57,000 m and 1 to ~32,000 m, respectively. The non-zero chi values
resulting from the FastScape analysis of Himalaya 1601 and Himalaya ASTER are 3 to
~58,000 m and 1 to ~37,000 m, respectively. FastScape analysis of finer resolution raster
DEMs results in lower chi values than those calculated with a coarser resolution for the same
domain. Again, FastScape evolution of the smaller subset domains returned maximum chi
values (~32,000 m and ~37,000 m) and mean chi values (~11,000 and ~13,000 m) for
Namibia ASTER and Himalaya ASTER that are very similar, despite differences in
precipitation and uplift rates. ASTER domains have the same surface area as the Namibia

1601 and Himalaya 1601 domains (~160,000 km?; Table 3).

Results from FastScape analysis of Namibia 1601 and Namibia ASTER have cell sizes of
~90 m and ~30 m, respectively, as do results from Himalaya 1601 and Himalaya ASTER.

Without resampling rasters to a larger or smaller cell size, which adds uncertainty to chi
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values, a direct pixel-by-pixel comparison of the nature of erosion in the two models cannot
be made. Qualitatively, it 1s shown in Namibia (Figure 19) that erosion is broader in extent,
affecting hillslopes as much as stream beds, at the finer 30-m resolution, and erosion appears
to be more dendritic and stream-channel incision in nature at the coarser 90-m cell resolution.
Conversely, Himalaya erosion appears to be broader in extent at the coarser 90-m cell

resolution (Figure 22).

5.1.3 Model Time Effect on Chi Values

As landscape evolves through FastScape modeling, chi values vary with model time and with
changes in channel elevations, catchment areas, and channel length (Figures 17, 19, and 26 to
40). Maximum, non-zero chi values for Namibia 4101 (uniform precipitation) decreased from
~83,000 m to ~79,000 m, and mean, non-zero chi values decreased from ~28,000 = 14,000 m
(£ standard deviation) to ~29,000 £+ 14,000 m (+ standard deviation) between 25 Ma and 50
Ma, respectively (Table 3; Figures 17, 26, and 27). Mean elevations and standard deviations
for Namibia 4101 are ~1200 + 500 m and ~1100 £ 600 m at 25 Ma and 50 Ma, respectively.
Maximum elevations were ~2400 m and ~2350 at 25 Ma and 50 Ma, respectively.

Maximum and mean, non-zero chi values for Himalaya 4101 increase from ~122,000 m and
~42,000 £ 20,000 m (£ standard deviation), respectively, at 25 Ma to ~129,000 m and
~49,000 £ 22,000 m (+ standard deviation), respectively, at 50 Ma (Table 3; Figures 19, 32,
and 33). Mean elevations and standard deviations for Himalaya 4101 are ~3200 + 2000 m
and ~2600 = 1600 m at 25 Ma and 50 Ma, respectively. Maximum elevations for this domain

at these time steps are ~7100 m and ~6200 m, respectively.

5.2 FastScape Results after 25 Ma (model time)

FastScape analysis of the larger domains, Namibia 4101 and Himalaya 4101, resulted in fully
connected stream and chi networks by the 25 Ma time step. The original aim of this study
was to compute ‘present-day’ chi values for Namibia 4101 and Himalaya 4101. Because
significantly less change occurs in each landscape over 25 Ma compared to change occurring
over 50 Ma of model time, the elevation and chi results for the 25 Ma time steps are
presented here to compare chi values with basin-wide cosmogenic '’Be erosion rates in the

Namibia 4101 and Himalaya 4101 regions.

Chi values are dependent on domain size, thus, it is important to use larger domains so that

values across a region can be directly compared to assess relative states of dynamic
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equilibrium or disequilibrium within a model domain. The computer available for this study
was not able to allocate enough memory for FastScape evolution of ASTER GDEMs for the
4101-cell x 4101-cell domain size, thus only 25Ma FastScape results for Namibia 4101 (90-
m cell size) and Himalaya 4101 (90-m cell size) are presented here. The finer resolution was
more resource intensive. FastScape elevation results after 25 Ma for Namibia 4101 and
Himalaya 4101 were resampled using the nearest-neighbor technique to set the cell sizes to
those of the original DEMs. Present-day topography was subtracted from these resampled

rasters to visualize the changes in landscape over 25 Ma of model time.

The precipitation rate for the Namibia 4101 model was adjusted to correspond more closely
to arid conditions (0.05 m/yr) on the Namibian coast and wetter conditions (0.25 to 0.45
m/yr) on the highlands inland of the Great Escarpment (Table 1; Bierman and Caffee, 2001).
FastScape creates a bilinear interpolation of these rates across the domain (Braun, 2013).
Figures 26 to 31 illustrate differences in elevation between present-day topography and 25-
Ma FastScape topographies in Namibia 4101, as well as chi values at the 25-Ma time step.
Table 4 lists chi values and cosmogenic '’Be erosion rates of present-day basins within the

Omaruru, Swakop, and Gaub River catchments in the Namibia 4101 domain (90-m cell size).

Shades of blue in Figure 28 indicate areas where positive net elevation gain has occurred over
25 Ma of FastScape model time. Shades of orange to red indicate areas more affected by
erosion and with a net loss of elevation. Cell values in the Namibia 4101 elevation-difference
raster range from -1205 m to 251 m with a mean elevation difference and standard deviation
of 103 + 132 m. Eighty-three percent of cells in the raster have an elevation gain (Figure 28).
Ninety-eight percent of cells with negative elevation differences have values greater than -
500 m. The scale for Figures 28 to 31 were set to a range of -500 m to +500 m to most clearly
visualize the positive and negative elevation differences between FastScape topographic
results at 25 Ma and present-day topography for Namibia 4101. Shades of blues and oranges

were otherwise too pale to see clearly, using a scale of -1205 m to +1205 m.
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Figure 26. An oblique ArcGlobe view of a FastScape results for Namibia 4101 after 25 Ma of model time. The
elevation scale (0 to 2651 m) and scale colors are the same as those in Figure 27a. A vertical exaggeration of 7

is used to demonstrate the steep transition topography that occurs at the Great Escarpment. ArcGlobe does not
display scales or legends. ArcGlobe does not display scales or legends.

The maximum, non-zero chi value and maximum elevation for Namibia 4101 using a bilinear
interpolation of precipitation rates is ~91,000 and ~2650 m, respectively, at the 25 Ma time
step. These values are higher of than those for Namibia 4101 (uniform precipitation) at 25
Ma (~83,000 m and ~2400 m, respectively) when a uniform precipitation rate was used in
FastScape. Mean elevations (+ standard deviations) for both precipitation-rate models are
~1200 + 500 m at the 25-Ma time step. The mean, non-zero chi value resulting from the
bilinear rate is ~32,000 & 14,000 m (+ standard deviation). Uniform precipitation resulted in a
lower mean chi value (~29,000 + 14,000 m; + standard deviation) for Namibia 4101 at the
25-Ma time step (Table 3). Lower precipitation rates lead to a decrease in erosion in
FastScape modeling, which allows higher landforms to persist, even with slow uplift rates.
When the uniform precipitation rate of 0.2 m/yr was used across the Namibia 4101 domain,
erosion was stronger, causing subsequent lowering of elevation, and thus a lower maximum

chi value for that domain model.
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Figure 27. Comparison of topography from a (a) 90-m shaded-relief DEM produced after 25 Ma by FastScape
and (b) present-day shaded-relief topography for the Namibia 4101 study area. Chi values are also shown
overlying the 25 Ma topography. Bilinear interpolation of four different precipitation values is used along with a
uniform uplift rate in FastScape input (Table 1).
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Figure 28. Positive and negative elevation differences (a) between Namibia 4101 after 25 Ma and present-day
Namibia 4101 topography. The same elevation differences are (b) shown with basins in the Omaruru, Swakop,
and Gaub River catchments. Basins of interest are based on present-day topography.
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Figure 29. Positive and negative elevation differences (a) between Namibia 4101 after 25 Ma and
present-day Namibia 4101 topography for the Omaruru River catchment, with (b) associated
FastScape chi values and (c) associated basins. White circles indicate cosmogenic “Be sample sites.
Erosion rates (m/Ma) are in red.
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Figure 30. Positive and negative elevation differences (a) between Namibia 4101 after 25 Ma and present-day

Namibia 4101 topography for the Swakop River basins, and (b) associated FastScape chi values.
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Figure 31. Positive and negative elevation differences (a) between Namibia 4101 after 25 Ma and present-day
Namibia 4101 topography for the Gaub River basins, and (b) associated FastScape chi values.
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Differences in elevation between present-day topography and the 25-Ma FastScape
topography in Himalaya 4101, as well as chi values at the 25-Ma time step are shown in
Figures 32 to 40. Table 5 lists chi values and cosmogenic '°Be erosion rates of present-day
basins within the Marsyangdi, Bhudi-Gandaki, Trishuli, Bhote Koshi, and Tama Koshi
catchments within the larger Himalaya 4101 domain (90-m cell size). Uniform precipitation
and uplift rates of 1 m/yr and 0.01 m/yr were used for results presented at the 25 Ma time

step for the Himalaya 4101 domain (Figures 32, 33 and 34).

Figure 32. An oblique ArcGlobe view of a FastScape results for Himalaya 4101 after 25 Ma of model time. The
elevation scale (1307 m to 7092 m) and scale colors are the same as those in Figure 33a. A vertical
exaggeration of 5 is used. ArcGlobe does not display scales or legends.

Shades of blue in Figure 35 indicate areas where positive net elevation gain has occurred over
25 Ma of FastScape model time. Shades of orange to red indicate areas that are more affected
by erosion and have a net loss of elevation. Cell values in the Himalaya 4101 elevation-
difference raster range from -1250 m to 6310 m, with a mean elevation difference and
standard deviation of -110 = 1178 m. Thirty-three percent of cells in the raster have a
negative elevation difference (Figure 35a). The scales in Figure 35 to 38 were adjusted to a

range of -6310 m to +6310 m, in order to best visualize the net positive and negative
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elevation changes that occurred during FastScape modeling over 25 Ma in Himalaya 4101. A

mean elevation difference of 2389 + 6280 m is calculated this elevation range.

Non-zero chi values for Himalaya 4101 at 25 Ma range from 3 to ~122,000 m with a
corresponding elevation range of ~1300 to ~7100 m, respectively. Mean elevation (&
standard deviation) increased from 3100 + 2200 to 3200 + 1900 m between present-day and
25-Ma time-step topographies. Original elevations before FastScape evolution of the
landscape ranged from ~60 to ~8800 m. This indicates there was substantial uplift in the
Himalaya domain accompanied by erosion of higher landforms, and thus, significant loss of

higher elevations.

5.3 Chi Values and "°Be Erosion Rates

A true test of the chi-erosion-rate hypotheses presented at the end of Chapter 2 would include
chi values calculated for present-day topography, as '°Be erosion-rate samples were collected
from present-day river basins. During this study, however, it was not possible to calculate chi
values for the present-day, because FastScape did not remove local minima and create fully
connected stream networks until after > 25 Ma of model time. It is important to note,
however, that Namibian '°Be erosion rates are integrated over timescales ranging from 10° to
10° years ago until the present-day (Bierman and Nichols, 2004), and it is likely that basin
geometries have changed over the past 10° to 10° years in both Namibia and the Himalaya.
Cosmogenic '’Be concentrations in Himalaya stream sediment measure catchment-scale
erosion rates integrated over the past the 10% — 10° years (von Blanckenburg, 2005; Godard et
al., 2014). In general, the slow uplift and low precipitation values (bilinear precipitation
values; Table 1) used to mimic present-day climate in the Namibia 4101model resulted in
slow erosion, such that basin geometry did not change drastically from today’s geometry to
basin geometry 25 million model years into the future. FastScape modeling of Himalaya

4101, on the other hand, resulted in significant changes to basin geometries.
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Figure 33. Comparison of topography from a (a) 90-m shaded-relief DEM produced after 25 Ma by FastScape
and (b) present-day shaded-relief topography for the Himalaya 4101 study area. Chi values are also shown for
the 25 Ma topography. Precipitation and uplift rates used in FastScape input (Table 1) are listed.
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Figure 36. FastScape chi values and shaded-relief DEM after 25 Ma of model time in the Himalaya 4101 domain. Yellow, magenta, and blue circles indicate positions of “Be samples sites and
associated drainage basins (black lines) in the Marsyangdi, Bhudi Gandaki, Trishuli, Bhote Koshi, and Tama Koshi catchments from Andermann (2011), Godard et al. (2012), and Wobus et al.
(2005), respectively
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Figure 35. Positive and negative elevation differences (a) between Himalaya 4101 after 25 Ma and present-day
Himalaya 4101 topography, and (b) same elevation difference shown with basins in the Marsyangdi, Bhudi
Gandaki, Trishuli, Bhote Koshi, and Tama Koshi catchments. Basins of interest are based on present-day
topography. The scale represents the elevation difference in both maps.
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Figure 36. Positive and negative elevation differences (a) between Himalaya 4101 after 25 Ma and present-day
Himalaya 4101 topography for the Marsyangdi River basins from Godard et al. (2012), and (b) associated
FastScape chi values. White circles indicate cosmogenic '°Be sample sites. (c) Erosion rates (m/Ma) (in red) are
shown for main-stem basins. Sample numbers were too long to include in the figure, and can be found in Table
5.
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Figure 37. Positive and negative elevation differences (a) between Himalaya 4101 after 25 Ma and present-day
Himalaya 4101 topography for the various basins sampled by (Godard et al., 2012), and (b) associated
FastScape chi values. White circles indicate cosmogenic '~Be sample sites. (c) Erosion rates (m/Ma) are shown
in red. Sample numbers were too long to include in the figure, and can be found in Table 5.
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Figure 38. Positive and negative elevation differences (a) between Himalaya 4101 after 25 Ma and present-day
Himalaya 4101 topography for the Bhudi Gandaki River basins from Wobus et al. (2005), and (b) associated
FastScape chi values. White circles indicate cosmogenic ""Be sample sites. White text list sample numbers and
associated "°Be erosion rates.
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Figure 39. Shaded-relief DEM and chi values for Himalaya 4101 after 25 Ma in the Marsyangdi River basins from
Godard et al. (2012). Blue circles and white circles indicate cosmogenic "%Be sample sites from glaciated main
stem river basins (black outlines) and unglaciated tributary basins (white in black outlines), respectively. White
text list sample numbers and associated "Be erosion rates. Rates for main-stem samples are shown in Figure
36.
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Figure 40. Shaded-relief DEM and chi values for Himalaya 4101 after 25 Ma in the Trishuli River basins from
Andermann (2011). Blue circles and white circles indicate cosmogenic %Be sample sites from glaciated main
stem river basins and unglaciated tributary basins (white outlines), respectively. White text list sample numbers
and associated "°Be erosion rates.
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5.3.1 Namibia 4101: Results for Uniform Uplift and Bilinear Interpolation
of Precipitation

Published '’Be erosion rates from three major river catchments, the Omaruru, Swakop, and
Gaub, in Namibia (Codilean et al., 2008, 2014; Bierman et al., 2007) are compared with
mean, non-zero chi values calculated within those catchments (Figures 41 and 42).
Cosmogenic '’Be sample site were collected either from main-stem or tributary basins, and
are associated with present-day basin geometries. These same geometries were used to

extract non-zero chi values for each basin (Table 4).

Basins in the Omaruru catchment have mean, non-zero chi values ranging from ~25,000 to
~65,000 m and '’Be erosion rates ranging from 8.69 to 11.81 m/Ma (Table 4; Bierman et al.,
2007). Erosion rates overlap within uncertainty, giving the Omaruru River catchment an
average '’Be erosion rate of 9.96 + 1.08 m/Ma (+ standard deviation). Basins in the Swakop
catchment have erosion rates ranging from 6.88 to 13.55 m/Ma, with an average '°Be erosion
rate and standard deviation of 10.51 £+ 1.80 (m/Ma). Mean, non-zero chi values in the Swakop
basins range from ~11,000 to ~39,000 m. Erosion rates for the two catchments are within

uncertainty and indistinguishable from one another (Figure 41).

Cosmogenic '’Be sample 01280 from the Omaruru catchment and samples S337s, and S216s
from the Swakop catchment were collected at the mouths of tributary basins, which,
according to FastScape analysis, have expanded their basin areas mostly in their headwaters
after 25 Ma. Extraction of chi values based on present-day geometry does not include this
increase in drainage area, nor the associated lower chi values associated with lower elevation
channels. If these additional chi values were included in the basin statistics, chi values for the
01280, S337s, and S216s basins would be lower than values listed in Table 4 and shown
Figure 41. As such, these samples are considered outliers during assessment of whether there
is a relationship between mean, non-zero chi values and '°Be erosion rates. Similarly, sample
S2591c from the Swakop catchment records '’Be erosion rates for a small basin, which after
25 Ma of FastScape analysis, has lost a considerable amount of higher ground to lateral
expansion of a lower elevation main stem bed. This increase in lower chi values has
decreased the mean, non-zero chi value, such that sample S259Ic is also excluded as an

outlier (Figure 41).
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Removing the Omaruru and Swakop outliers from a trend analysis results in much smaller
ranges of mean, non-zero chi values for both catchments. Basins in the Omaruru and Swakop
catchments have mean chi values and standard deviations of ~28,000 + 2000 and ~28,000+
3000 m, respectively, and chi-value ranges of ~6000 and ~7000 m, respectively (Table 4;
Figure 42).

The Omaruru and Swakop catchments have indistinguishable '’Be erosion rates and mean chi
values and all basin data points fall within an error ellipse (mean + 2 standard deviations),
except for outliers. Basins with similar chi values, particularly at ridgelines separating the
basins, are considered to be in a state of dynamic equilibrium (Willett et al., 2014). Based on
FastScape chi values and measured '’Be erosion rates, the Omaruru and Swakop catchments
are eroding slowly and the basins within the Omaruru catchment are in equilibrium with one
another. It can be argued that the Swakop basins show a weak inverse correlation between chi
values and erosion rates, indicating the catchment is approaching equilibrium (Figure 41).
This is in agreement with conclusions drawn by Bierman et al. (2007) and Nichols (2007) for
the same catchments. Bierman et al. (2007) and Nichols (2007) state that the Omaruru and
Swakop rivers basins (Figures 29 to 31) are in a state of dynamic equilibrium, thus, the
Namibia landscape is evolving through slow but uniform landscape erosion. The Omaruru
and Swakop are in more subdued topography, where the Great Escarpment is more dissected.
Erosion may perhaps be in equilibrium with uplift in this region of Namibia, but the basins in

the Gaub River catchment to the south show a different behavior.

Overall, erosion rates in the Gaub catchment are low, but the steeper Great Escarpment zone
is eroding more rapidly than the more subdued topography of the sloping coastal plain or the
upland plateau (Figures 26, 27, and 28). Codilean et al. (2008, 2014) report that basins in the
Gaub catchment, which straddle the Great Escarpment, have varying '’Be erosion rates
ranging from 3.85 to 18.02 m/Ma (Table 4; Figure 31). In general, the erosion is occurring at
rates of ~8 and ~5 m/Ma on the coastal plain and highland plateau respectively, and ~16

m/Ma on the escarpment itself (Codilean et al., 2008, 2014).
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Figure 41. Mean, non-zero chi values in relation to associated "°Be erosion rates for basins in the Omaruru,
Swakop, and Gaub River basins in the Namibia 4101 domain after 25 Ma of FastScape model time. The blue line
indicates all samples that are within or touching the error ellipse created by the average mean chi values for the
Omaruru and Swakop basins and their average "9Be erosion rates.
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Figure 42. Mean, non-zero chi values and associated "9Be erosion rates listed for tributary basins by sample
number in a downstream direction along the Gaub River. Results are from FastScape modeling of the Namibia
4101 domain after 25 Ma.
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Table 4. Published cosmogenic B¢ erosion rates and maximum, minimum, and mean chi values for basins with
the Omaruru, Swakop, and Gaub River catchments in Namibia.

1()Be
°Be Erosion Basin
°Be Erosion Rate Basin Basin Mean
River Sample Rate Uncertainty | Minimum | Maximum | Chi
Author Catchment | Number | (m/Ma) (m/Ma) Chi (m) Chi (m) (m)
Bierman et al.
(2007) Omaruru 01280 10.12 1.08 7,505 72,543 | 65,038*
0149l 8.69 0.98 11,855 42,395 24,959
0149 10.29 1.12 8,769 72,543 | 26,733
01710 10.55 1.16 10,302 72,543 | 27,361
01950 11.03 1.21 12,202 72,543 | 27,586
02690 9.07 1.01 17,051 56,082 28,586
02690t 11.81 1.31 17,238 72,543 30,568
0291n 8.76 0.96 18,786 56,082 31,038
0299s 9.31 1.00 19,139 41,137 25,906
Bierman et al.
(2007) Swakop S160t 12.67 1.38 11,877 53,986 | 24,479
S184s 11.42 1.21 7,132 60,714 | 24,712
S216s 13.55 1.48 28,110 43,844 | 38,822*
S259Ic 9.71 1.07 11,396 11,396 | 11,396*
S259s 10.64 1.19 10,505 60,714 25,921
S279sn 11.30 1.21 12,462 55,120 | 27,408
S3300 10.22 1.08 22,037 44,029 31,483
S333s 9.05 1.01 14,303 60,714 28,158
S3370 8.47 1.87 38,349 38,349 | 38,349*
$337s 12.26 1.29 17,167 14,900 | 28,567
S3930 6.88 0.75 19,913 43,844 31,272
S397s 10.13 1.14 20,098 47,546 29,938
S6s 10.39 1.14 4 85,449 25,800
Codilean et al.
(2008; 2014) Gaub N3E 6.29 0.70 36,521 53,317 43,968
N3F 9.59 1.08 38,055 57,694 45,902
N2G 15.75 1.75 27,898 45,363 35,173
N2C 18.02 2.05 25,978 41,476 | 32,813
N2A 16.59 1.92 22,553 49,261 35,074
N2B 16.95 1.92 22,525 48,696 33,418
N2D 16.70 1.99 26,141 39,312 | 31,304
N2F 15.76 1.78 26,915 45,090 35,502
N3A 3.85 0.44 35,812 43,891 38,679
N3B 6.00 0.70 33,987 45,528 39,026
N3C 6.51 0.74 34,930 54,116 | 43,172

Note: * indicates samples that are considered outliers when calculating a non-zero chi value relationship with

. . .
measured cosmogenic '"Be erosion rates. See text for details.

Mean, non-zero chi values in the Gaub basins range from ~31,000 to ~46,000 m/Ma, and

. . . 1 . . .
basins with higher '°Be erosion rates have lower mean, non-zero chi values (Figure 41).

Trend analysis shows that there is an inverse relationship between '°Be erosion rates and chi

values with correlation coefficients (R’) of 0.70 and 0.87 for '’Be data reported in Codilean et
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al. (2014) and Codilean et al. (2008), respectively. The correlation coefficient is 0.79 if both

1 . .
Gaub '°Be erosion-rate data sets are combined.

Codilean et al. (2008; 2014) conclude that catchments in which erosion rates are slope
dependent are not in topographic steady state; landscapes in disequilibrium have steeper
slopes that erode more quickly. Chi values decrease in a downstream direction in the Gaub
catchment (Figure 42). Chi is directly related to elevation, and thus to slope. Landforms that
create higher elevations within a landscape often have steeper hillslopes due to hillslope
erosion and channel incision. Basins in the Gaub River catchment have overall higher mean
chi values than basins in the Omaruru and Swakop catchments, indicating the Gaub

catchment is in disequilibrium relative to catchments to its north.

5.3.2 Himalaya 4101: Results for Uniform Uplift and Precipitation

Published '°Be erosion rates from the Marsyangdi, Bhudi Gandaki, Trishuli, Bhote Koshi,
and Tama Koshi catchments in the central Himalaya (Andermann, 2011; Godard et al., 2012;
Wobus et al., 2005) are compared with mean, non-zero chi values calculated by FastScape
within those catchments (Figure 43). Cosmogenic '°Be sample sites were either from main-
stem or tributary basins, some of which have active glaciers (Andermann, 2011; Godard et
al., 2012; Wobus et al., 2005). Present-day basin geometries were used to extract non-zero
chi values for each basin (Table 5). Mean, non-zero chi values are compared with

cosmogenic '’Be erosion rates for basins with reported erosion rates (Figures 44 to 47).

After 25 Ma of FastScape model time, basins in the Marsyangdi, Bhudi Gandaki, and Trishuli
River catchments in the western part of the Himalaya 4101 domain have overall lower chi
values (<57,000 m; shades of blues and purples) than basins of the Bhote Koshi, Tama Koshi,
and Jhikhu Khola catchments in the east (>63,000 m; shades of oranges and yellows; Figure
34). In the east-west direction, the transition occurs primarily between the Trishuli and Bhote
Kashi catchments, indicating that with continued landscape evolution, the Bhote Kashi
catchment will lose area to the Trishuli catchment as basins with lower chi values expand into

areas with higher chi values (Willett et al., 2014).

Reported cosmogenic '°Be erosion rates are, in general, much higher in main-stem river
sediments collected from basins with active glaciers than erosion rates of sediment collected
from unglaciated tributaries to the main rivers. '’Be erosion rates of the main-stem rivers in

the five catchments range from ~1100 m/Ma to ~7900 m/Ma, except for sample NP_Als
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from the main-stem Trishuli River, which has a reported erosion rate of 533 m/Ma (Figure
43; Andermann, 2011; Godard et al., 2012; Wobus et al., 2005). There is no correlation
between mean, non-zero chi values and '’Be erosion rates in basins with glaciers in their

headwaters (Table 5; Figure 43).

Main-stem Marysangdi River basins have '’Be erosion rates ranging from 3266 to 7946
m/Ma and mean, non-zero chi values range from ~22,000 to ~50,000 m. Reported '’Be
erosion rates range from 2349 to 4100 m/Ma for sediment samples collected from the main-
stem Bhudi Gandaki River. Mean, non-zero chi values in these Bhudi-Gandaki basins range
from ~31,000 to ~47,000 m. 'Be erosion rates along the main-stem Trishuli River range
from 533 to 4671 m/Ma, but are in general >2000 m/Ma. Corresponding basins have mean

chi values ranging from ~28,000 to 47,000 m.

There are only 3 reported '°Be erosion rates for the main-stem Bhote Koshi and Tama Koshi
Rivers. Rates range from ~3000 m/Ma in the Tama Koshi catchment to ~3500 m/Ma in the
Bhote Koshi catchment (Table 5; Figure 43). Non-zero chi values are ~30,000 — 106,000 m in
the one sampled basin in the Tama Koshi catchment. Non-zero chi values range from
~57,000 m to ~115,000 m in the two sampled basins of the Bhote Koshi catchment, with
mean chi values of ~84,000 and ~69,000 m.
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Table 5. Published cosmogenic Be erosion rates and maximum, minimum, and mean chi

values for basins with the Marsyangdi, Bhudi Gandaki, Trishuli, Bhote Koshi, and Tama

Koshi River catchments in the central Himalaya.

™Be Erosion
°Be Rate Basin Basin Basin
River ’Be Sample Erosion Uncertainty Minimum Maximum Mean Chi
Author Catchment Number Rate (m/Ma) (m/Ma) Chi (m) Chi (m) (m)

Tributary to

Wobus et Bhudi

al. (2005) Gandaki 01WBS5 241.44 29.34 27,664 37,677 31,684
Bhudi
Gandaki 01WBS6 470.09 55.72 26,441 44,823 34,043
Bhudi
Gandaki 01WBS7 663.33 106.95 25,694 42,746 33,543
Bhudi
Gandaki 03WBS1 1138.24 151.08 27,945 35,615 31,404*
Bhudi
Gandaki 03WBS2 266.38 30.57 29,824 39,175 33,767
Bhudi
Gandaki 01WBS3 284.07 37.92 23,224 38,191 30,377*
Bhudi
Gandaki 01WBS2 281.97 36.85 23,282 51,852 40,265*
Bhudi
Gandaki 01WBS1 261.89 32.77 22,364 39,677 30,537

Andermann

(2011) Main stem
Bhote Koshi NP080912A 1115.18 133 57,286 115,353 84,238
Bhote Koshi NP080913A 3501.82 407.13 58,652 87,564 69,351
Bhudi
Gandaki Arr_3A 4100.23 856.24 20,059 66,447 39,537
Bhudi
Gandaki Arr_3B 4361.49 629.87 18,443 59,043 33,430
Bhudi
Gandaki Arr 4 2438.97 326.52 18,332 59,508 34,020
Bhudi
Gandaki NP_A39s 3052.66 603.9 24,242 75,323 46,801
Marsyangdi NP081016A 6689.39 1593.5 24,905 74,771 46,601
Tama Koshi NP080913B 2969.75 433.73 30,363 105,766 76,215
Trishuli Arr 2 2151.3 307.52 21,155 54,702 34,851
Trishuli CAJ 7 2028.13 262.83 27,980 81,038 46,634
Trishuli NP_A10s 3205.73 571.41 27,621 108,332 45,588
Trishuli NP A12s 4671.82 796.11 29,902 68,378 45,190
Trishuli NP_A14s 2537.86 356.6 30,585 51,090 39,901
Trishuli NP A18s 3840.52 700.27 23,063 62,155 33,538
Trishuli NP A1ls 533.22 81.59 24,208 65,362 40,705
Trishuli NP A20s 2326.19 531.36 22,954 37,889 28,310

Andermann

(2011) Tributary to
Jhiku Khola NP080924A 213.89 24.05 59,806 85,343 71,683
Bhudi
Gandaki NP_A23s 958.16 121.7 26,008 42,746 33,651
Tama Koshi NP080929A 266.55 31.63 56,367 79,740 66,748
Trishuli NP_A16s-| 1593.77 301.17 29,382 49,561 37,650
Trishuli NP_A16s-Il 1521.7 258.93 29,382 49,561 37,650
Trishuli NP_A3s 567.33 70.87 25,156 54,109 35,460
Trishuli NP_A5s 990.55 116.09 25,096 57,823 39,347
Trishuli NP_A9s 350.83 37.11 29,293 55,715 38,879
Main Stem

Godard et Marsyangdi NEPO006 4207.08 648.77 17,159 31,989 22,318
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al (2012)

Marsyangdi | NEP065 4411.97 585.80 19,544 38,661 26,243
Marsyangdi | NEP106 7433.97 1211.71 22,021 42,602 28,964
Marsyangdi | NEP124 6766.98 977.23 28,367 74,865 48,412
Marsyangdi | NEP139 3266.39 500.61 33,374 74,865 51,123
Marsyangdi | NEP140 3993.00 539.09 33,601 74,865 50,754
Marsyangdi | NEP151 3767.54 521.42 37,804 74,771 53,004
Marsyangdi | NEP171 6671.55 852.76 25,463 42,405 30,589
Marsyangdi | NIB-975-03 5101.70 618.93 26,062 64,987 38,960
Marsyangdi | \g.975.04 5934.86 918.28 26,813 74,865 47,480
Marsyangdi | \B.975-06 4879.44 578.37 27,066 74,865 48,047
Marsyangdi | \B.975-09 3973.95 635.14 29,965 74,865 49,179
Marsyangdi | NIB-975-19 7945.61 1157.76 31,396 74,865 50,395
Marsyangdi | NIB-975-20 7628.87 1142.59 31,176 74,865 49,654
Marsyangdi | NIB-975-36 3390.02 408.37 17,337 41,783 23,702
Marsyangdi | NIB-975-52 5740.95 793.29 21,124 34,253 25,383
Tributary to

Marsyangdi

Glaciated NEP138 2807.87 333.35 33,471 73,584 51,375
Glaciated NIB-975-10 5912.93 755.25 31,258 70,948 46,512
Glaciated NIB-975-21 1555.32 207.47 31,099 66,494 45,815
Unglaciated | NEP003a 1155.78 143.61 17,055 64,394 36,302
Unglaciated | NEP030a 88.04 10.28 19,404 51,030 35,137
Unglaciated | NEPogoa 740.10 94.08 21,297 58,897 38,535
Unglaciated | NEPogga 371.18 43.77 22,659 49,277 33,637
Unglaciated | \Ep11ga 4255.15 548.57 27,092 61,723 41,539
Unglaciated | \g.975-02a 3293.53 791.78 26,190 55,661 38,978
Unglaciated | \g.975-37a 1327.62 155.85 17,213 64,499 36,439
Unglaciated | \g.975-44a 2175.99 257.25 23,370 65,298 39,324

Note: * indicates samples that are considered outliers when calculating a non-zero chi value relationship with

. . .
measured cosmogenic '"Be erosion rates. See text for details.
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Figure 43. Mean, non-zero chi values and associated "%Be erosion rates for basins in the Marsyangdi, Bhudi
Gandaki, Trishuli, Bhote Koshi, Tama Koshi, and Jhikhu Khola basins in the Himalaya 4101 domain after 25 Ma
of FastScape model time.
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5.3.2.1 Himalaya Tributaries

Tributary basins in the central Himalaya that were sampled by Andermann (2011), Godard et
al. (2012), and Wobus et al. (2005) for '“Be erosion studies were selected mainly because
there are no glaciers present in the headwaters. Erosion rates for unglaciated tributaries show
some variation with mean, non-zero chi values in the Marsyangdi and Bhudi Gandaki. Mean
chi values in Trishuli River tributary basins remain relatively constant with increasing '’Be

erosion rates (Table 5; Figures 44 to 47).

Mean chi values (~34,000 to ~42,000 m) for tributary basins to the Marsyangdi River
increase with increasing erosion rate (88 to 4255 m/Ma). This direct relationship has a
correlation coefficient (R”) of 0.74 (Figure 44). Mean chi values and '°Be erosion rates for
these tributary basins also decrease in a downstream, north-to-south direction along the river

(Figure 45).

Cosmogenic '"Be erosion rates in Bhudi Ghandaki tributaries vary from 241 to 1138 m/Ma
(Figures 44 to 47). Associated mean chi values range from ~30,000 to ~41,000 m. There is a
very weak positive correlation (R* = 0.28) between mean chi values and increasing '’Be
erosion rates (Figures 44 and 46); however, three samples were removed from the trend
analysis. '’Be erosion rates start around 250 m/Ma, increase along the Bhudi Gandaki with
increasing distance downstream and to the south, and then drop abruptly to a constant value

of ~250 m/Ma again. Mean chi values are relatively constant, except for basin 01WBS2.

The cosmogenic samples in these Bhudi Gandaki tributaries were taken at the mouths of
valleys, where they meet the main stem Bhudi Gandaki. Migration of the main stem Bhudi
Gandaki in the FastScape model has occurred in an easterly direction (Figures 34 and 38),
thus, the confluences of tributary streams and the main stem have also migrated eastward.
Calculation of mean chi values for the present-day tributary basin geometries excludes new,
lower chi values associated with this basin migration. This migration does not effect basin
03WBS?2, as that basin is located eastward of the main stem Bhudi Gandaki. Basins most
affected include 03WBSI1 and 01WBS3. These values are also considered outliers when
calculating a correlation between mean chi values and '’Be erosion rates for tributaries to the
Bhudi Gandaki River. In addition, basin 01 WBS2 has lost more than half of its drainage area
to a basin that expanded northeastward and captured a stream (Figure 38). The present-day

basin geometry includes this stream capture, and thus, includes higher chi values during
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calculation of a mean chi value for this basin. Basin 01WBS2 is considered an outlier when

. . e 1 .
correlating mean chi values with '°Be erosion rates.

Mean chi values in tributary basins of the Trishuli catchment remain constant with '“Be
erosion rates (Figures 44 and 47). Mean chi values range from ~35,000 to ~39,000, with an
average value of ~39,000 = 1500 m (+ standard deviation). There is much greater range in

erosion rates (351 to 1594 m/Ma), but chi values do not vary with increasing erosion.

Migration of the main stem Trishuli River occurred over 25 Ma of FastScape modeling
(Figures 34 and 40). Near basin NP_A3s, the main-stem river migrated eastward, thus, lower
chi values associated with migration of the tributary mouth are not included in the calculation
of a mean chi value for present-day basin geometry. Furthermore, this basin experienced loss
of drainage area in its headwaters to a basin to the northwest. Higher chi values from the
adjacent basin are within the boundary of the basin’s present-day geometry, and are, thus,
included in the mean chi value. There is a small amount of expansion of the basin’s western
margin into adjacent basin; however, these higher chi values are not contained within the
present-day geometry. The mean chi value of basin NP_A3s is overestimated because of
these changes to the basin geometry and chi values. Upstream of this basin, the main stem
Bhudi Gandaki migrated westward. Small stretches of tributary streams with lower chi values
associated with this migration are excluded from mean chi values calculated for basins
NP _AS5s and NP_A16sl &-II. The mean chi values may be slightly overestimated. Because
all basins have potentially excluded both lower and higher chi values from the present-day
basin geometries, all chi values are included in the correlation between mean chi values and

1 .
Be erosion rates.

Figure 47 illustrates that erosion rates of Trishuli tributaries decrease in a downstream
direction along the main-stem river. Tributaries, however, were only sampled in the southern
part of the Trishuli catchment. Chi values in the southern part of the catchment show that
basins there are in equilibrium with one another, but in the northern part, the catchment is in
disequilibrium to its north and east. Expansion has occurred in the northeast, as well as a
stream capture with expansion to the north (Figures 34 and 40). Were there erosion rates
reported for unglaciated basins in this northern part of the Trishuli catchment, they might
reflect differential erosion between basins in the north and south, and thus disequilibrium

within the catchment, as reflected in higher chi values in the north.
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Mean chi values of tributaries to the Marsyangdi, Bhudi Gandaki, and Trishuli Rivers
overlap, but Bhudi Gandaki basins have the lowest mean chi values. This catchment is
positioned between the Marsyangdi and Trishuli catchment, should, theoretically expand into

the adjacent basins with continued landscape evolution.

Overall, '’Be erosion rates of tributary basins to the Marsyangdi and Trishuli Rivers are
highest upstream and they decrease progressively downstream and to the south. Mean chi
values also decrease, from north to south, for Marsyangdi basins. Mean chi values decrease,
but only slightly, from north to south in the Bhudi Gandaki catchment. Mean chi values for
the Trishuli basins remain relatively constant in a north-to-south direction. In the eastern part
of the central Himalaya study area, there appears to be a weak to moderate direct relationship
between mean chi values and increasing erosion rates. This is in stark contrast to the inverse
relationship between mean chi values and erosion rates in FastScape analysis of Namibia

4101.

There is only one '’Be sample each for the tributaries to the Tama Koshi and Jhiku Khola
Rivers, so no relation can be drawn between erosion rates and mean chi values on a
catchment-wide basis. Cosmogenic '’Be erosion rates (213 and 266 m/Ma; Table 5) are
similar to other rates for non-glaciated tributaries elsewhere in the central Himalaya (Figure
44), but mean chi values (~67,000 and ~72,000 m) are higher than chi values of catchments

to the west.
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Figure 44. Mean, non-zero chi values and associated "%Be erosion rates for tributary basins in the Marsyangdi,
Trishuli, Bhote Koshi, Tama Koshi, and Jhikhu Khola basins in the Himalaya 4101 domain after 25 Ma of
FastScape model time.
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Figure 45. Mean, non-zero chi values and associated "9Be erosion rates listed for tributary basins by sample
number in a downstream direction along the Marsyangdi River. Results are from FastScape modeling of the
Himalaya 4101 domain after 25 Ma.
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Figure 46. Mean, non-zero chi values and associated "9Be erosion rates listed for tributary basins by sample
number in a downstream direction along the Bhudi Gandaki River. Results are from FastScape modeling of the
Himalaya 4101 domain after 25 Ma.

92



Figure 47. Mean, non-zero chi values and associated "9Be erosion rates listed for tributary basins by sample
number in a downstream direction along the Trishuli River. Results are from FastScape modeling of the Himalaya
4101 domain after 25 Ma.
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CHAPTER 6: DISCUSSION AND CONCLUSIONS

FastScape erosion is driven by the stream-power law and is directly related to discharge.
FastScape chi is dependent on elevation, base level, and catchment area (Equations 7 and 8)
Because absolute chi values at the higher-elevation, uppermost reaches of a catchment

depend on the catchment area of the basin at base level, chi is very sensitive to domain size.

Subset domains (1601 cells x 1601 cells) yield significantly lower chi values for the same 90-
m cell size and same area of interest within a bigger domain (4101 cells x 4101 cells). Subset
domains result in lower chi values due to smaller differences between z(x) and z,, and
decreases in total drainage area (~20,000 km’ vs. ~140,000 km?). Namibia 1601 and
Himalaya 1601 have very similar areas (~20,000 km?) and maximum chi values (~58,000 m);
however, Himalaya 1601 has a mean chi value (~20,000 £ 9,000 m) that is higher than that of
Namibia 1601 (~13,000 = 10,000 m). Himalaya 4101 has 4% more total area than Namibia
4101, and the mean chi value in the former (~42,000 = 20,000 m) is higher than that in the
latter (~28,000 + 14,000 m).

For example, Namibia 4101 covers approximately 136,000 km” and has a base level set at 0
m. The subset Namibia 1601 domain covers approximately 21,000 km” and base level is set
at 587 m. Some catchments are truncated on the top, right, and bottom boundaries of the 1601
model domain, and are thus smaller in size than those same catchments in Namibia 4101.
Truncated basin areas are thus not part of the chi calculations for Namibia 1601. For the same
uniform precipitation rate in FastScape, the Namibia 4101 domain has ~6.5 times as much
surface area, and thus 6.5 times as much precipitation ‘collected’ in the model that must be
routed to base level in order to maintain conservation of water (Braun and Willett, 2013). If
base level is set at sea level, chi will be higher than a chi value calculated by FastScape for
the same position in the same network where base level starts at 500 m. Comparison of the
clipped Namibia 4101 and Namibia 1601 results (Figure 18) shows much more extensive
lateral erosion of hillslopes in the former than in the latter. The mean elevation (~1300 m) in

the former is also lower than in the latter (~1700 m).

Similar differences are seen when comparing erosion patterns and amounts between clipped
Himalaya 4101 and Himalaya 1601 (Figure 21); mean elevations are, however, ~1600 m and
~600 m, respectively. Higher precipitation rates in the central Himalaya drive more rapid

erosion than that seen in Namibia modeling.
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Chi values are directly related to elevation, and they are higher for the same area with
increasing DEM resolution. Chi values are lower in the Namibia ASTER and Himalaya
ASTER (30-m cell size) domains than in the Namibia 1601 and Himalaya 1601 domains (90-
m cell sizes). Coarser 90-m cells in a DEM capture more variation in elevation within a cell
than does a 30-m cell size. Given the sensitivity of chi to domain size, using a finer resolution
will not necessarily improve the usefulness of absolute chi values in assessment of states of

equilibrium in a landscape.

Because of FastScape chi’s sensitivity to domain size, base level, and cell resolution, absolute
chi values cannot be directly compared between different regions (e.g., Namibia 4101 and
Himalaya 4101) to assess comparative states of landscape equilibrium. Relationships between
mean, non-zero chi values and '’Be erosion rates, however, can be compared within each
domain. FastScape chi-value results in combination with '“Be erosion rates indicate that
northern Namibia catchments, in more subdued topography, are in or approaching
equilibrium, where chi values are constant or have a weak inverse correlation with increasing
'"Be erosion rates. Constant mean chi values in basins can be either high or low in nature, but
if they do not vary with '°Be rates, those basins are in equilibrium (Figure 48). In contrast,
catchments, like the Gaub River, which cross the steep Great Escarpment in the south of
Namibia, are not in equilibrium. According to FastScape results erosion in Namibia is
predominantly driven by precipitation, as uplift rates are minimal. Where disequilibrium
occurs in this climatic and tectonic setting, chi values are inversely proportional to reported

1 . . .
%Be erosion rates for tributary basins.

In contrast, the central Himalaya experience precipitation and uplift rates that are one to three
orders of magnitude higher than rates in Namibia. Main-stem basins which have glaciers
present in their headwaters have 1Be erosion rates that are ~1100 to ~8000 m/Ma, whereas,
'Be erosion rates in unglaciated tributary basins are between ~90 and ~5900 m/Ma in this
climatic and tectonic setting. FastScape does not incorporate glacial or hillslope processes
into its algorithm. Model erosion is driven solely by precipitation, uplift, and the stream-
power law (Equation 5), thus the FastScape landscape derived after 25 Ma of model time is
driven by channel migration and incision. FastScape chi values help identify anomalously
high 'Be rates that are likely related to the addition of youthful glacially-derived sediment
with low '’Be concentrations to main-stem rivers. Godard et al. (2012) conclude that '’Be

erosion rates in the main stem Marsyangdi River are significantly impacted by the addition of
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young, glacially derived sediments, which agrees with the findings of this study. There
appears to be no relationship between main-stem erosion rates, which are likely affected by
glaciers, and basin, mean chi values. Though erosion rates in unglaciated Marsyangdi River
tributaries overlap high erosion rates from glacier-fed, main-stem rivers, the higher rates
correlate directly with higher chi values in the tributary basins (Figures 44 and 45). It can be
argued that the moderate to weak, positive relationship between chi values and '’Be erosion
rates in the Marsyangdi and Bhudi Gandaki tributary basins indicate that these basins are in
disequilibrium, and that this disequilibrium may be explained by differential uplift in the
north and south of the central Himalaya. Reported erosion rates are higher in the north than in
the south, as are uplift rates (Andermann, 2011; Godard et al., 2012, 2014; Wobus et al.,
2005). Godard et al. (2014) report a trend of higher erosion rates in the northern central
Himalaya and progressively lower erosion rates in the south; along a north-south transect
across the central Himalaya, average erosion rates increase significantly from 500 m/Ma in
the Lesser Himalayas to ~1000 m/Ma across the Physiographic Transition, and then finally to
~2000 to 3000 m/Ma in the Higher Himalayas (Godard et al., 2012). They infer that
differential uplift in the north and south are the primary control on erosion rates, with

precipitation having a second order influence.

Chi values of the Trishuli tributaries appear to indicate that these basins in the southern part
of the catchment are in equilibrium. Differential chi values in the northern part of the Trishuli
catchment, however, indicate strong disequilibrium with a catchment to the north and the
Bhote Koshi catchment to the east. In fact, FastScape models a stream capture by the Trishuli
catchment, where it has rerouted a river from the northern catchment into the Trishuli River
(Figure 40). There are not yet reported '’Be erosion rates for the northern Trishuli catchment

to corroborate this.

Chi values alone provide a visual ‘snapshot’ of a landscape at a given model time, which
indicate whether parts or the whole of a landscape within the model domain are in a state of
equilibrium (Willet et al., 2014). Using chi values in combination with cosmogenic '’Be
erosion rates is shown to be a powerful approach to investigate states of equilibrium. Chi
values also provide an independent assessment of '’Be erosion rates, such that glacial settings
with high erosion rates show no relationship to chi values. This would likely be true in basins
affected by young mass movements, such as landslides and/or debris flows (Kober et al.,

2013; Salcher et al., 2014).
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Furthermore, chi values remain constant with increasing '’Be erosion rates for unglaciated
tributary basins in equilibrium. An inverse relationship between chi values and '°Be erosion
rates in unglaciated tributary basins indicate disequilibrium in a setting where erosion is
driven predominantly by precipitation. Positive correlations between chi values and '“Be
erosion rates indicate disequilibrium in a setting where erosion is dominated by tectonic uplift

(Figure 48).

Figure 48. Schematic diagram of relationships between chi-value and "“Be erosion rates in basins/regions of
uplift-dominant disequilibrium (orange line), precipitation-dominant disequilibrium (red line), and equilibrium (blue
dashed and blue solid lines).
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CHAPTER 7: FUTURE OUTLOOK

FastScape uses raster DEMS in its modeling. It is possible that the local-minima problem
may result from the use of a regular, rectangular grid, and that using a TIN surface may
eliminate the local-minima problem earlier in FastScape modeling. It would be useful to
model the Namibia 4101 and Himalaya 4101 domains using TIN surfaces to test whether
‘present-day’ chi values can be calculated. Because a certain amount of model time is needed
in order to remove local minima, ‘present-day’ (e.g., < 10 ka) is defined in terms of geologic

time on the timescale of mountain-building process (>10 Ma).

Cosmogenic '’Be samples are collected from mainstream and tributary stream sediments in
present-day streambeds. Stream networks migrate laterally and vertically in the FastScape as
landscape evolves in FastScape model time. Thus, after 25 Ma of FastScape modeling,
sample locations (e.g., GPS locations recorded during '°Be studies) might no longer be
located in a streambed, but perhaps on a hill slope or ridgeline. Building off this study, it
would be to useful estimate the location of the present-day cosmogenic sample site in future
FastScape stream networks, and compute new catchments for each of the '’Be samples. One
could then compare the drainage area of the present-day catchments to the future drainage
area and compare losses or gains of area with '°Be erosion rates. In theory, basins with higher
erosion rates should have increased their catchment size, and basins with lower rates might
have lost catchment area, or have increased their catchment sizes but with smaller increases
than basins with higher erosion rates. If no significant change to basin geometry occurred,
this would indicate dynamic equilibrium. More accurate mean, non-zero chi values could be
extracted from FastScape basin geometries and compared to '°Be erosion rates. Also, the chi
value of a point on the landscape will have a longer averaging timescale than that of
cosmogenic '’Be erosion rates. For example, the Namibian landscape changed on the order of
only 1 or 2 m over the time recorded by the '’Be in river- sand samples (Bierman et al., 2007;
Codilean 2008; 2014). This means that the way points will plot on a mean chi vs. '“Be
erosion-rate plot, might not depend so much on the '°Be rate, but on the evolution history of
their catchments. Catchment geometries might have been very different prior to the time

interval captured by '’Be signatures in sediment samples.
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Landscapes in other geomorphic, tectonic, and climatic settings, as well as geographic
locations, which also have reported cosmogenic '°Be erosion rates, should be analyzed in
order to further test the relationship between chi values and '’Be erosion rates and their

combined use to assess whether disequilibrium is driven by climate or by tectonics.
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Appendix A

FastScape Input Files

as viewed in Eclipse
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FastScape.in

1 FastScape Input File for NAMIBIA 4101 uniform precipitation (NAMBI.bil; 4/22/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = NAMBI.bil
10
11 Basic geometry (x1 = 4101 * 89.76281625, yl = 4101 *89.76281625)
12

13 nx = 4101

l4ny = 4101

15x1 = 368117.3094413
16yl = 368117.3094413
17

18 Time stepping

19

20dt = 100000

21l nstep = 500

22 nfreq = 50

23

24 Incision law

25

261law = 2

27m =  ©.400000

28n = 0.9

29kf = ©.10000E-05

30

31 Boundary conditions

32

33 boundary_condition = 0001
34

35 Precipitation

36

37 precipitation_n =1

38 precipitation_vl = 0.200
39

40 Uplift rate

41

42 uplift_n = ©

43 uplift_vl = ©.010E-03
44

45 Plotting options

46

47 plot_all = ©

48 plot_topo = ©

49 plot_rate =1

50 plot_catchment = ©
51 plot_slope = ©
52plot_chi =1

53 plot_DEM = 2
54vtk = 1

55

56
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FastScape.in

1FastScape Input File for NAMIBIA 4101 Bilinear Precipitation (NAMBI.bil; 4/22/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = NAMBI.bil
10
11 Basic geometry (x1 = 4101 * 89.76281625, yl = 4101 *89.76281625)
12

13 nx = 4101

l4ny = 4101

15x1 = 368117.3094413
16yl = 368117.3094413
17

18 Time stepping

19

20dt = 100000

21l nstep = 500

22 nfreq = 50

23

24 Incision law

25

261law = 2

27m =  ©.400000

28n = 0.9

29kf = ©.10000E-05

30

31 Boundary conditions

32

33 boundary_condition = 0001
34

35 Precipitation

36

37 precipitation_n =1
38 precipitation_vi1
39 precipitation_v2
40 precipitation_v3
41 precipitation_v4
42

43 Uplift rate

44

45 uplift_n = ©

46 uplift vl = ©0.010E-03
47

48 Plotting options

49

S50 plot_all = ©

51 plot_topo = @
52plot_rate =1

53 plot_catchment = 0@

54 plot_slope = @
55plot_chi = 1
2

0.00500
0.25
0.45
0.005

56 plot_DEM =
57vtk = 1

58

59
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FastScape.in

1FastScape Input File for HIMALAYA 4101 (N4101.bil; 6/3/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = N4101.bil
10
11 Basic geometry (x1 = 4101 * 91.66406561, yl = 4101 *91.66406561)
12

13nx = 4101

l4ny = 4101

15x1 = 375914.33306661
16yl = 375914.33306661
17

18 Time stepping

19

20dt = 100000.

21l nstep = 500

22 nfreq = 250

23

24

25Incision law

26

27 law = 2

28m = 0.4

29n = 0.9

30kf = ©.1E-05

31

32 Boundary conditions

33

34 boundary_condition = 1000
35

36 Precipitation

37

38 precipitation_n = @

39 precipitation_vl = 1.0
40

41

42 Uplift rate

43

44 | Juplift_start/

45 uplift=0.010

46 if (time.gt.l.e5) uplift=uplift/1e00.
47 ! /uplift_stop/

48

49 plot_all = ©

50 plot_topo = @

51 plot_rate = 1

52 plot_catchment = ©

53 plot_slope = @
54 plot_chi =1
2

55 plot_DEM =
56 vtk = 1

57

58
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FastScape.in

1FastScape Input File for NAMIBIA 1601 (NSMAL.bil; 4/22/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = NSMAL.bil
10
11 Basic geometry (x1 = 1601 * 89.76281625, yl = 1601 *89.76281625)
12

13 nx = 1601

l4ny = 1601

15x1 = 143710.2688163
16yl = 143710.2688163
17

18 Time Stepping

19

20dt = 100000

21l nstep = 500

22 nfreq = 50

23

24 Incision law

25

261law = 2

27m =  ©.400000

28n = 0.9

29kf = ©.10000E-05

30

31 Boundary conditions

32

33 boundary_condition = 0001
34

35 Precipitation

36

37 precipitation_n =1

38 precipitation_vl = 0.200
39

40 Uplift rate

41

42 uplift_n = ©

43 uplift_vl = ©.010E-03
44

45 Plotting options

46

47 plot_all = ©

48 plot_topo = ©

49 plot_rate =1

50 plot_catchment = ©
51 plot_slope = ©
52plot_chi =1

53 plot_DEM = 2
54vtk = 1

55

56
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FastScape.in

1FastScape Input File for HIMALAYA 1601 (HSMAL.bil; 5/31/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = HSMAL.bil
10
11 Basic geometry (x1 = 1601 * 91.66406561, yl = 1601 *91.66406561)
12

13nx = 1601

l4ny = 1601

15x1 = 146754.1690416
16yl = 146754 .1690416
17

18 Time stepping

19

20dt = 100000.

21l nstep = 500

22 nfreq = 50

23

24

25Incision law

26

27 law = 2

28m =  0.400000

29n = 0.9

30kf = ©.10000E-05

31

32 Boundary conditions

33

34 boundary_condition = 0001
35

36 Precipitation

37

38 precipitation_n = @

39 precipitation_vl = 1.0
40

41

42 Uplift rate

43

44 | Juplift_start/

45 uplift=0.010

46 if (time.gt.l.e5) uplift=uplift/1e00.
47 ! /uplift_stop/

48

49 Plotting options

50

51plot_all = @

52 plot_topo = @

53plot_rate = @

54 plot_catchment = ©

55plot_slope = @
56 plot_chi =1
2

57 plot_DEM =
58vtk =1

59

60
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FastScape.in

1FastScape Input File for Namibia ASTER (NASTI.bil; 4/30/2015)

2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = NASTI.bil

10

11 Basic geometry (x1 = 4794 * 29.98623302, yl = 4794 *29.98623302)
12
13 nx
14 ny
15 x1
l6yl
17
18 Time Stepping

19

20dt = 100000

21 nstep 500

22 nfreq 50

23

24 Incision law

25

261law = 2

27m = 0.4

28n = 0.9

29 kf = 0.1E-05

30

31 Boundary conditions

32

33 boundary_condition = 0001
34

35 Precipitation

36

37 precipitation_n = 0@

38 precipitation_vl = 0.200
39
40
41 Uplift rate
42
43 uplift_n = ©
44 uplift vl = 0.010E-03
45
46 Plotting options
47
48 plot_all = o
49 plot_topo = ©

50 plot_rate = 0

51 plot_catchment = @

52 plot_slope = @
53plot_chi =1
2

4794

4794
143754.00109788
143754 .00109788

54 plot_DEM =
55 vtk = @
56

57
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FastScape.in

1FastScape Input File for Himalaya ASTER (HASTI.bil; 5/31/2015)
2

3 Number of threads/cores to use

4

5 num_threads = 8

6

7 restart -2

8 convert = little_endian

9DEM = HASTI.bil
10
11 Basic geometry (x1 = 4747 * 30.92208078, yl = 4747 * 30.92208078)
12

13nx = 4747

l4ny = 4747

15x1 = 146787 .11746266
16yl = 146787.11746266
17

18 Time stepping

19

20dt = 100000.

21l nstep = 500

22 nfreq = 250

23

24

25Incision law

26

27 law = 2

28m =  0.400000

29n = 0.9

30kf = ©.10000E-05

31

32 Boundary conditions

33

34 boundary_condition = 0001
35

36 Precipitation

37

38 precipitation_n = @

39 precipitation_vl = 1.0
40

41

42 Uplift rate

43

44 | Juplift_start/

45 uplift=0.010

46 if (time.gt.l.e5) uplift=uplift/1e00.
47 ! /uplift_stop/

48

49 Plotting options

50

51plot_all = @

52 plot_topo = @

53plot_rate = @

54 plot_catchment = ©

55plot_slope = @
56 plot_chi =1
2

57 plot_DEM =
58vtk = ©

59

60
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