University of Kentucky

UKnowledge
Theses and Dissertations--Earth and
Environmental Sciences

Earth and Environmental Sciences

2022

Influence of Bedrock Erodibility on Orogen Evolution in Collisional
Systems and Implications for Geodynamic Models
Stephanie Ann Sparks
University of Kentucky, saspark2@asu.edu
Author ORCID Identifier:

https://orcid.org/0000-0002-1693-8576

Digital Object Identifier: https://doi.org/10.13023/etd.2022.247

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Sparks, Stephanie Ann, "Influence of Bedrock Erodibility on Orogen Evolution in Collisional Systems and
Implications for Geodynamic Models" (2022). Theses and Dissertations--Earth and Environmental
Sciences. 93.
https://uknowledge.uky.edu/ees_etds/93

This Master's Thesis is brought to you for free and open access by the Earth and Environmental Sciences at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Earth and Environmental Sciences by
an authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Stephanie Ann Sparks, Student
Dr. James Ryan Thigpen, Major Professor
Dr. Michael McGlue, Director of Graduate Studies

INFLUENCE OF BEDROCK ERODIBILITY ON
OROGEN EVOLUTION IN COLLISIONAL SYSTEMS
AND IMPLICATIONS FOR GEODYNAMIC MODELS

________________________________________
THESIS
________________________________________
A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Science in the
College of Earth & Environmental Sciences
at the University of Kentucky

By
Stephanie Ann Sparks
Lexington, Kentucky
Director: Dr. James Ryan Thigpen, Professor of Earth & Environmental Sciences
Lexington, Kentucky
2022

Copyright © Stephanie Ann Sparks 2022
https://orcid.org/0000-0002-1693-8576

ABSTRACT OF THESIS
INFLUENCE OF BEDROCK ERODIBILITY ON
OROGEN EVOLUTION IN COLLISIONAL SYSTEMS
AND IMPLICATIONS FOR GEODYNAMIC MODELS

Theoretical and numerical geodynamic models of continental collisional systems
often involve, either explicitly or implicitly, a necessary yet complicated dependence
between tectonics and erosion; however, the exact nature of these relationships remains
elusive and controversial. In such models for the Himalayan-Tibetan (H-T) collisional
orogen, surface processes are theorized or in some cases required to play an essential role
in modulating critical processes active in the evolution of that system. To investigate, at
least to first order. these interactions between climate and tectonics, we generate a
simplified landscape evolution model of an actively uplifting orogenic wedge acted upon
by surface processes. We vary parameters in the equations governing landscape evolution
and make observations of the topographic evolution response in the active orogen. We use
comparisons with the topography of the modern HT system, along with measured thrust,
uplift and erosion rates, to establish erodibility parameter (K) values consistent with
observations from the modern Himalayan-Tibetan (HT) orogenic system. These values are
then used to assess the viability of uplift and erodibility conditions required in current HT
geodynamic models, including crustal channel flow. We find that for uplift rates consistent
with convergence rate data from the Himalaya (5 mm yr-1), a reasonable value for the
erodibility constant (K) is 1.25 x 10-5 m-1 yr-1, as it yields a maximum elevation similar to
those in the modern HT system (~6.7 km). Using this value of K, we find that only uplift
rates in the range of 4-7 mm yr-1 can lead to development of maximum topography in the
range of that observed in the modern HT system (5-8 km). Because of this, we conclude
that uplift rates as high as 13 mm yr-1, which are required in the Miocene crustal channel
flow models, would require a pronounced changed in erodibility (>2.5 x 10-5 m-1 yr-1), likely
manifested as a major climate shift that drives substantially increased precipitation.
Because observations in the HT system do not currently support such a climatic shift, it is
possible that the cessation of channel flow at the HT front may have been driven by a
previously unrecognized change in tectonic style or geodynamic mechanism for shortening
accommodation.
KEYWORDS: Continental collision, numerical modeling, landscape evolution, surface
processes, geodynamics.
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1.1

BEDROCK ERODIBILITY AND OROGEN EVOLUTION IN
COLLISIONAL SYSTEMS

Introduction
In studies of the Himalayan-Tibetan (HT) collisional orogen (Fig. 1.1), substantial

controversy regarding the mechanisms that govern shortening accommodation and orogenscale mass redistribution have persisted for decades. Two models, critical wedge theory
(Elliott 1976; Chapple 1978; Davis et al. 1983; Dahlen 1990) and crustal channel flow
(Beaumont et al., 2004), represent fundamentally distinct mechanisms for accommodating
shortening in collisional systems. As such, they have traditionally been viewed as mutually
exclusive incompatible endmembers (Bollinger et al. 2006; Robinson et al. 2006; Kohn
2008) or as mechanisms that operate within temporally or spatially distinct parts of orogens
(Larson et al. 2010; Jamieson and Beaumont 2013; Cottle et al. 2015; Parsons et al. 2016a).
Resolution of this controversy remains at the center of continental tectonics research, as
both of these mechanisms have been proposed for numerous collisional systems throughout
the world (Beaumont et al. 2004; Godin et al. 2006 and references therein). Although work
remains to reach such a resolution, the predicted reliance of both mechanisms on very
specific interactions between climate and tectonics may provide fundamental constraints
for evaluating both models. Specifically, surface processes are theorized or in some cases
even required by model solutions to play an essential role in modulating other critical
processes such as controlling the rate and spatial distribution of crustal exhumation (e.g.,
Beaumont et al. 2004) and/or influencing crustal dynamics by controlling the surface shape
and taper of the orogenic wedge (e.g., Dahlen 1990). Although the interplay between
climate and tectonics remains enigmatic (Burbank et al. 2003; Dadson et al. 2003; Wobus
et al. 2003; Whipple 2009; Adams et al. 2020), an increased understanding of these
1

interactions and how they might influence either channel flow or critical wedge tectonics
may provide some constraints on the applicability of these models in the HT system.
In the channel flow hypothesis, rheologically weak lower- to-middle crust behaves
like a viscous fluid flowing through a channel bounded by rigid but deformable crustal
material (Fig. 1.2a; Beaumont et al., 2004; Jamieson et al. 2004). Lateral flow of the crustal
channel is achieved via: (1) a gravitationally-induced lateral lithostatic gradient and/or (2)
shear stress induced by the relative motion of the bounding plates (Grujic 2006). In this
system, shortening is accommodated by removal of material out of the collision zone via
lateral flow. The original channel flow models (Beaumont et al., 2004; Jamieson et al.
2004) reproduce a number of seemingly unrelated features observed in the HT system, such
as the inverted metamorphic sequence structurally above the Main Central thrust (MCT;
Swapp and Holister 1991; Hubbard 1996; Vannay and Grasemann 2001),
contemporaneous slip on the MCT and the South Tibetan detachment (STD) bounding the
high-grade core of the orogen, and the ubiquitous presence of migmatites and anatectic
plutons with the Greater Himalayan sequence (Weinberg et al. 2016 and references
therein). However, the cessation of slip along the MCT and STD structures that bound the
theorized channel in the last ~15 Ma requires a mechanism to turn off the orogen-normal
crustal flow. In the original HT1 model (Beaumont et al. 2004), this is accomplished by a
pronounced reduction in erosion rate at the topographic break where the channel tip
emerges (Fig. 1.3), from 1.3 cm yr-1 at 39 Ma model time (corresponding to peak channel
flow) to 0.3 cm yr-1 at 54 Ma model time (corresponding to present-day).
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Figure 1.1 Geological map of the Himalayan-Tibetan orogenic system, (modified from
Parsons et al., 2016b).
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Figure 1.2 End-member geodynamic models for orogen evolution in collisional systems
– (a) the channel flow hypothesis model and (b) the critical taper mechanical model (see
text for details). SZ: Subhimalayan Zone, LHS: Lesser Himalayan Sequence, MCT: Main
Central Thrust, GHS: Greater Himalayan Sequence, STD: South Tibetan Detachment,
THS: Tethyan Himalayan Sequence (modified from Cottle et al., 2015).
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Figure 1.3 Schematic diagram of the channel flow hypothesis model – the bulk
underthrusting lithosphere is rheologically stratified and thermal-mechanical coupling is
represented by the existence of isotherms (solid lines). A schematic velocity profile
represents channelized flow and the 750°C isotherm is highlighted to indicate the
temperature at which partial melt initiates (weak crustal channel). The extruding crustal
block is where the material moves outward due to focused surface denudation which is
controlled by surface slope and orographic precipitation at the topographic front. The
channel is bound by a thrust-sense decoupling horizon below and a normal-sense
decoupling horizon (“detachment”) above (modified from Godin et al., 2006).

Figure 1.4 Schematic diagram of the steady-state critical taper model in a doubly-vergent
wedge – the pro-wedge has the geometry and stress solution corresponding to minimum
taper angle and retro-wedge is steeper and corresponds to maximum taper angle. Material
transport is driven by accretionary flux (FA) and erosional flux (FE) with vertical and
horizontal components u and v, respectively. One underlying plate slides below another
at the S-point and topography is modeled as the function h(x) (modified from Willett and
Brandon, 2002).
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The invocation of this drastic erosion reduction to essentially shut the channel off
is justified by Jamieson et al. (2004) via an examination of geochronological data that are
interpreted to reflect a reduction in Greater Himalayan sequence exhumation rates during
the last 15 Ma (e.g., White et al. 2002; Vannay et al. 2004) and comparison of the presentday model erosion rates with those observed in the HT system (e.g., Burbank et al. 1996;
Galy and France-Lanord 2001; Finlayson et al. 2002). Despite this justification, it remains
unclear: (1) if these incredibly high erosion rates (>1.3 cm yr-1) required for channel
development are reasonable for the HT system (or any other large collisional system) and
(2) if the available data from the HT system still support such a drastic erosion reduction.
Additionally, if the system transitions from channel flow to critical wedge behavior at the
front of the HT system during the last 15 Ma, would this shift in erosional conditions be
compatible with this shift in crustal-scale geodynamics? Also, if the uplift rates in the
frontal HT thrust sheets remain relatively constant during this time, what magnitude of
climatic shift would be necessary to drive this erosion reduction and is such a shift
supported by observations in the HT system?
In the critical taper model, the orogen evolves to a wedge geometry during
collisional shortening, with wedge dimensions and taper dependent on the relative
magnitude of mass efflux driven by erosion at the wedge surface and mass influx into the
wedge as a result of accretion and crustal underplating (Fig. 1.2b; Davis et al. 1983; Dahlen
1990). The wedge has a critical taper angle (Fig. 1.4) that is dependent on the frictional
strength of the basal detachment and the internal strength of the wedge material. In a
predominantly steady-state critical wedge, thrusts form in a broadly foreland-propagating
sequence, wherein the wedge critical taper is generally maintained, and shortening is
5

accommodated by sliding of the basal wedge along the master detachment (Davis et al.
1983; Dahlen 1990). In this scenario, wedge growth can occur via material accretion either
to the base or toe of the wedge, with the former resulting in wedge thickening and an
increase in taper angle and the latter resulting in wedge lengthening and reduction of the
taper angle. Critical taper can also be increased by out-of-sequence thrusting to drive
wedge thickening (Davis et al. 1983; Dahlen 1990). With respect to surface processes,
because mass efflux at the surface is driven by erosion and exhumation, the critical wedge
model should, theoretically, respond to changes in taper angle in a predictable manner (e.g.,
Carrapa 2009), and thus the interactions between uplift rate (tectonics) and climate
(erosion) should exert a first-order control on these systems.
In the context of the HT system, the critical wedge model has been applied via
tectonic restoration (DeCelles et al. 2001; Robinson et al. 2006) and as thermal-kinematic
models (Bollinger et al. 2006; Kohn 2008; Herman et al. 2010) with a historical perspective
that critical wedge and channel flow models are incompatible end members. More recently,
multiple studies have alternately proposed that either: (1) both geodynamic mechanisms
may operate simultaneously yet in spatially distinct parts of the larger composite orogenic
system, or (2) both mechanisms are present yet they operate during temporally distinct
intervals, wherein the orogen progressively develops through stages dominated by midcrustal channel flow followed by shallow thrust stacking and duplex development (Fig.
1.5). Alternately, it is possible that following the onset of continental convergence, the
orogen evolved from a small, cold orogen assuming a doubly-vergent wedge geometry to
a large, hot orogen exhibiting channel flow-type behavior as the internal temperature of the
orogen increased during ongoing collision (e.g., Jamieson and Beaumont 2013). However,
6

this would still require a mechanism (currently erosion reduction) to shut down channel
flow in the last 15 Ma and transition to critical wedge behavior, a problem which is
currently unresolved.
Although continued work, including more advanced geodynamic modeling, may
be required to resolve this multi-decade dilemma, the dependence of both models on
surface processes, topographic evolution, and climate may provide an opportunity to place
new constraints on the style of shortening accommodation in the HT system. In this
contribution, we use integrated uplift and surface process numerical modeling with data
and observations from the HT system to examine key questions related to the channel
flow/critical wedge debate, including: (1) Is the very high erosion rate (~1.3. cm yr-1)
required to maintain channel flow in the HT1 model appropriate for the HT1 system, or
would an erosion rate that high actually lead to complete denudation of the topographic
break that is presumably responsible for focusing erosion and establishing the long
wavelength lithostatic gradient? (2) Do the most recent data and observations from the HT
system support the climatic transition prescribed by the HT1 model, wherein erosion is
reduced by ~1.0 cm yr-1 during the past 15 Ma? (3) Theoretically, what type of geodynamic
and/or kinematic response should we expect in the frontal Himalaya if the system
undergoes the transition from channel flow to critical wedge behavior whilst
simultaneously experiencing a drastic reduction in erosion rate? (4) How do the outcomes
of (1) and (2) influence what we know about the development of the South Asian monsoon,
and its influence on the erosion of both the interpreted channel front and the critical wedge
dynamics that presumably occur structurally beneath the Main Central thrust (channel
base)?
7

SZ

THS
LHS
GHS
Indian Subcontinent

Figure 1.5 Schematic diagram of composite orogenic system – multiple orogenic
domains with contrasting tectonic processes (e.g. channel flow and critical taper) may be
active simultaneously and perhaps dynamically coupled such that changes in boundary
conditions in one domain affects deformation processes in another. SZ: Subhimalayan
Zone, LHS: Lesser Himalayan Sequence, GHS: Greater Himalayan Sequence, THS:
Tethyan Himalayan Sequence (modified from Parsons et al., 2016a).
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1.2

Background
1.2.1

Geologic Setting

The HT orogenic system (Fig. 1.1) results from continental collision of India and
Asia beginning 45-55 Ma (Garzanti and Van Haver 1988; Rowley 1996, 1998; Hodges
2000; DeCelles et al. 2004; Zhu et al. 2005; Yin 2006; Green et al. 2008). Plate
reconstructions show that since the onset of convergence, collision rates have slowed from
59-83 mm a-1 to 44-57 mm a-1 at ~15 Ma and then to 34-44 mm a-1 since ~8 Ma (Molnar
and Stock 2009). The most recent geodetic studies indicate a current convergence of 18-21
mm a-1 (Ader et al. 2012). Continental collision since the Eocene has resulted in accelerated
deformation of the lithosphere, presumably as the Tibetan plateau grew southward (Molnar
and Stock 2009 and references therein).
The Himalayan front is located along the southern flank of the HT system and is
comprised of four distinct tectonostratigraphic sequences as well as their bounding
structures (see reviews in Hodges 2000; Yin 2006; Cottle et al. 2015 and references therein)
that extend from NE to SW normal to the orogen. South of the Indus-Tsangpo suture
(Searle et al., 1997), which is interpreted as the boundary between Indian and Asian crust,
the

Tethyan

Himalayan

Sequence

(THS)

represents

the

structurally-highest

tectonostratigraphic component in the HT system and, as such, it is interpreted as the upper
crustal lid. This sequence consists of unmetamorphosed to low-grade Paleozoic to
Mesozoic passive-margin sedimentary units of the Tethys Ocean which were subsequently
deformed into a southward verging fold-and-thrust belt. The THS is bounded to the south
by the South Tibetan Detachment (STD), a top-to-the-north system of normal-sense brittle
faults and ductile shear zones (Burg 1983; Burchfiel et al. 1992). South of and structurally
beneath the STD is the Greater Himalayan Sequence (GHS), which represents the highgrade metamorphic core of the orogen. This sequence is composed of late Proterozoic to
Paleozoic metasedimentary and meta-igneous rocks with early-to-middle Miocene
9

leucogranites and exhibits a complex deformational history (Hodges, 2000; Yin, 2006;
Kohn, 2014). The base of the GHS is marked by the Main Central Thrust (MCT) zone,
which is a crustal-scale south-vergent thrust fault.
In the zone proximal to the MCT, upward-increasing metamorphic grade across the
upper LHS and MCT into the hanging wall has been observed (Vannay and Grasemann,
2001) and isograds are telescoped in the western Himalaya and North Himalayan gneiss
domes (Yin, 2006). While the precise definition of the MCT is a subject of intense debate,
we follow the definition of Searle et al. (2008) wherein the MCT represents the major
ductile shear zone separating hanging wall rocks of the GHS from footwall rocks of the
structurally-lower Lesser Himalayan Sequence (LHS). The unmetamorphosed-toamphibolite facies LHS in the footwall of the MCT is bound to the south by the Main
Boundary Thrust (MBT). For simplicity, we define the subjacent Subhimalayan Zone (SZ)
as part of the deformed Cenozoic foreland basin of the orogen, which is bound by the MBT
to north and to the south by the presently-active Main Frontal Thrust (MFT). Defining the
location of these major structures as well as smaller regional structures and their
relationships at depth has remained as a point of great controversy (Yin, 2006). However,
regional heterogeneity in the thermal, deformational, and exhumation histories of rocks
within each of the four tectonostratigraphic sequences defined above has been recognized
(Montomoli et al., 2013; Cottle et al., 2015) and metamorphic and deformational studies
of the orogen highlight that these fault-bounded sequences experienced broadly different
P-T-t histories (Kohn 2014).
1.2.2

Channel flow vs. critical wedge debate and the influence of climatetectonic interactions

Despite the historical view that the channel flow and critical wedge models are
incompatible end-members, recent studies (Larson et al., 2010; Jamieson and Beaumont
10

2013; Cottle et al., 2015; Parsons et al., 2016a) proposed that either: (1) both geodynamic
mechanisms may operate simultaneously yet in spatially distinct parts of a larger composite
orogenic system or (2) both mechanisms are present yet they operate at temporally distinct
intervals, wherein the orogen progressively develops through stages dominated by midcrustal channel flow followed by shallow thrust stacking and duplex development (Fig.
1.5). Alternately, it is possible that following the onset of continental convergence, the
orogen evolved from a small, cold orogen assuming a doubly-vergent wedge geometry to
a large, hot orogen exhibiting channel flow-type behavior as the internal temperature rose
during long-lived collision as described, as hypothesized by Jamieson and Beaumont
(2013). However, this would also require a migration back to critical-wedge style
shortening at the Himalayan front. Regardless of the scenario that is chosen, the mechanism
active at each stage in orogen evolution is presumably dependent upon local to regional
scale kinematic (plate boundary velocity), rheological conditions (as a function of orogen
dynamic and thermal evolution), and climate and erosion, all of which are likely to be
transient in both space and time (Cottle et al. 2015; Parsons et al. 2016a) and provide
feedbacks to one another.
Interactions between climate and tectonics and the associated geomorphic
responses in the Himalaya and elsewhere remain a matter of intense scientific debate (e.g.,
Whipple 2014). Orogenic landscape evolution and its associated characteristic
morphologies can often be interpreted to result from settings dominated by changes in
either climatic setting or tectonic activity (Whipple and Meade 2004; Whipple 2009;
Godard et al. 2014; Adams et al. 2020). Climate controls on erosion are of particular
interest in active mountain ranges like the Himalaya when it comes to resolving the
ongoing debate regarding the nature of interaction between climate and tectonics. One
proxy for climate used in many studies is rainfall-derived erosion rates of non-glaciated
landscapes (Burbank et al., 1996; Vance et al., 2003; Heimsath and McGlynn, 2008; Cook
et al., 2018; Leland et al. 2020). Additionally, the South Asian monsoon plays a significant
11

role in the intensity and spatial distribution of precipitation through time in the region and
proxies for monsoon activity, including precipitation, chemical weathering, and
sedimentation rates have been studied in great detail (e.g., Clift et al. 2008 and references
therein). With respect to the problem being examined here – the climatic and erosional
constraints on channel flow and critical wedge models of collisional shortening – it is
critical to understand the potential feedback between the deformational behavior of the
crust (potentially the whole lithosphere?) and mass redistribution due to surface processes
such as erosion and hillslope diffusion.

1.3

Methods
1.3.1

Modeling Plan

To understand the relationship between tectonics and erosion in collisional systems
as it applies to the two models of orogen evolution outlined above, we have implemented
a numerical modeling approach that integrates landscape evolution models (LEM) with
observations from the HT system. Our primary objective is to evaluate the viability of the
extremely high erosion rates (~1.3 cm yr-1) required to sustain channel flow in the original
HT1 model (Beaumont et al. 2004). We also evaluate how changes in uplift rates may
influence changes in erosion rate and the development of steady-state topography, which
may be required for (1) establishing a critical wedge steady-state at the front of the
Himalayan system in the last 15 Ma, and (2) influencing the focusing of extreme climate
in the frontal Himalaya (e.g. Wobus et al., 2003).
Here, modeling is completed using the Landlab modeling suite (Hobley et al. 2017;
Barnhart et al. 2020), which incorporates the FastScape fluvial stream power algorithm
(Braun and Willett 2013; Cordonnier et al. 2019; Yuan et al. 2019) and a linear diffusion
12

hillslope model. In these models, the upper catchment slopes where drainage area and thus
flow are limited are dominated by hillslope processes and fluvial stream power is weak and
dispersive (Chen et al. 2014). As upstream drainage area increases due to the coalescence
of fluvial networks, stream processes begin to dominate erosion in the fluvial channel
(Whipple 2004; Whipple and Tucker 1999). Additionally, the incising fluvial channel sets
the local hillslope gradient upon which the rate of hillslope diffusion, generally manifest
as mass wasting, is dependent. Hillslope processes are commonly represented by a linear
diffusion model (Ahnert 1967),
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Equation 1

where h is topographic elevation, t is time, and Kd is a hillslope sediment transport
coefficient. Fluvial erosion is often represented by the stream power law model (Whipple
and Tucker 1999), which in its simplest form relates erosion rate to channel shear stress,
precipitation rate (p), drainage area (A), and channel steepness (S) by
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Equation 2

where U is uplift rate, Kf is the fluvial erosion coefficient, and m and n are exponents. The
stream power law is useful in this form to infer uplift from river longitudinal profiles or
model topography at the catchment scale; however, many modifications have been made
to better quantify other parameters such as the role of detachment versus transport limited
systems may play in controlling the rate of erosion during uplift (Whipple and Tucker
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2002; Davy and Lague 2009). To account for this, Davy and Lague (2009) provide an
additional term to the stream power law,
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Equation 3

where K’ is an erosion efficiency coefficient, m and n are exponents, vs is the net settling
velocity of sediment grains, and d* is the ratio between sediment concentration near the
riverbed interface and the average concentration over the water column.
The FastScape stream power model (Braun and Willett 2013, Yuan et al. 2019)
incorporates an efficient algorithm for solving the stream power law and is ideally suited
for relatively large model simulations. FastScape solves equation (3) above, which takes
into account sediment deposition. Solutions are calculated using an implicit scheme that
guarantees unconditionally stable time integration, thus allowing large time steps to be
used without compromising numerical stability.
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Figure 1.6 Schematic of modeling setup and the relationship to HT system – the model
consists of a 125 x 200 km rectangular grid with an E-W trending fault 20 km north of
the southern boundary which approximates an active frontal thrust as in the HT system
(e.g. the Main Frontal thrust) along which uplift occurs. As the thrust uplifts the
landscape at a prescribed rate (1-15 mm yr-1) the hanging wall surface will be acted upon
by surface processes.

15

The base model for the numerical simulation consists of a 125 x 200 km rectangular
grid. In both model phases, we define an E-W fault trending 20 km north of the southern
boundary of the model along which uplift of the topography will occur (Fig. 1.6). This
boundary is intended to approximate an active frontal thrust in the HT system. In the
channel flow interpretations, the model boundary will approximate near surface brittle
motion on the Main Central thrust that is presumed to be linked to the basal boundary of
the channel at depth. Thus, motion on the Main Central thrust is interpreted to simulate
motion of the underlying channel material (e.g., Beaumont et al. 2004). As the thrust uplifts
the landscape at a prescribed rate, the uplift hanging wall surface will experience an
erosional response based on the prescribed erosional parameters and as a function of the
uplift generated relief. In the models, which evaluates the viability of the high erosion rates
required to sustain channel flow (~1.3. cm yr-1) in the HT1 model, this interplay between
uplift and erosion should provide a critical model constraint. This is because the uplift will
produce the relief necessary to focus erosion at the topographic break in the HT system,
however, if erosion rates are too high, it will rapidly denude the topography and thus limit
the development of a topographic break.
In these models, we vary the value of K (commonly referred to as the erodibility
constant) while keeping other parameters (uplift rate, stream power exponents, fault dip
angle) constant and monitor the maximum elevation achieved as well as the degree of
topographic evolution towards steady state after a fixed model run time (30 Ma), however
results can be extracted at any time after the model reaches topographic (and presumably
flux) steady-state. K is used as a proxy for rates of erosion for this study as other factors
that determine K – for example, lithology, sediment size, as well as other bedrock
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properties – are assumed to remain relatively constant. The implications of this assumption
are discussed in Section 1.5.1. When referred to as erodibility, the constant of the stream
power law is inferred to include such effects of bedrock strength; therefore, we prefer to
use the more precise terminology: erosivity to refer to effects of climate (including rainfall
and associated discharge variations) for the constant K.
Because total crustal contraction across the Himalaya is calculated at ~17.5 ± 2 mm
yr-1 (e.g., Bilham et al. 1997) and most of the contraction is accommodated along shallowly
dipping faults (<25°), we estimate that the vertical component of fault slip, manifested as
uplift, is likely ~5 mm yr-1. This uplift rate is used in the first modeling phase. In the second
modeling phase, we vary the uplift rate between 1-15 mm yr-1 to further evaluate this model
parameter.

1.4

Results
1.4.1

Variable erodibility modeling

The first phase of modeling was focused on examining how erodibility coefficient
(K) values influence the development of topography in the thrust wedge at the front of the
HT orogenic system. Specifically, this modeling phase was designed to determine a range
of K values that might best approximate the present-day erosional conditions in the HT
system, and those values are then used in the next modeling phase focused on evaluating
the impact of variable uplift on topographic evolution. To isolate the influence of K, all
models in this first phase were run with the same uplift rate and model duration.
Because the present-day uplift rate in the HT system can basically be approximated
as the vertical component of shortening accommodation along major thrusts in the orogenic
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wedge, the estimated uplift rate can be calculated from known values of fault slip rate and
fault dip magnitude. In the HT system, the Main Frontal thrust is currently accommodating
most of the slip along the Main Himalayan fault system. Although modern slip estimates
for the Main Frontal thrust range from 9-21 mm yr-1 (e.g., Burgess et al. 2012), most studies
(e.g. Bilham et al. 1997) consider a slip rate of ~15 mm yr-1 to be a reasonable median slip
rate for Quaternary motion on the Main Frontal thrust. For a fault dip of ~20°, a slip rate
of 15 mm yr-1 should yield a vertical motion component of ~5.5 mm yr-1. Thus, in these
baseline erodibility studies, we use an uplift rate of 5 mm yr-1 for the thrust wedge. Faster
and slower uplift rates, resulting from presumed faster and slip rates on the Main Frontal
thrust, are evaluated in the second modeling phase.
Implicit in this model design is the assumption that the Himalayan thrust front,
including the High Himalaya, is basically in a topographic steady state, where uplift and
erosion rates are approximately equal. This assumption is applied often, including in
studies of modern HT erosion (e.g., Adams et al. 2020) and in tectonic scale Coulomb
wedge studies (Hilley and Strecker 2004). If valid for the modern HT system, this
assumption allows the present-day topography, and particularly the maximum elevation,
to constrain the reasonableness of these models for approximating Himalayan topographic
and erosional conditions. Apart from models with the lowest K values (slowest erosion),
the long model duration of 30 Ma relative to the hypothesized total collisional duration of
~50 Ma (Searle et al. 1990; Rowley 1996; Najman et al. 2010) was sufficient for our models
to reach this quasi-equilibrium. Comparisons between the maximum model elevation
attained at steady-state and the range of maximum elevations along the length of the HT
system (~5-8 km) could then be compared to determine the appropriate K values for the
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second phase of modeling examining varying uplift. Future modeling efforts will focus on
transient changes to both uplift rate and erodibility (as a function primarily of climate and
precipitation) and the subsequent timescales required to (re)establish steady state.
Fourteen models were run in this first phase, with K varied from 1.00 x 10-6 (slowest
erosion) to 1.00 x 10-4 m-1 yr-1 (fastest erosion). All model results are shown in Table 1.1
and Figures 1.7 and 1.8. Two models with the lowest K values (1.00-1.50 x 10-6 m-1 yr-1)
did not reach erosional/topographic steady state, as indicated by the continued presence of
the headward migrating knickpoint scarp (Fig. 1.9) at a model time of 30 Ma, and
accordingly those models are not further considered in this study. Three models with K
values ranging from 2.00-5.00 x 10-6 m-1 yr-1 yield maximum elevations of 43,740-16,668
m, respectively, the lowest elevation of which is still approximately double the maximum
elevation observed in the modern HT system (~8 km). It should be noted that none of the
models presented in this study consider the isostatic response of increasing topography, but
rather, elevation is dependent solely on the competing effects of uplift and erosion. In a
natural system that is isostatically compensated, maximum elevations would be reduced,
with the magnitude of reduction related to lithospheric conditions. However, because the
HT system presently involves a continental crustal thickness of >65 km (Jackson 2002;
Koulakov et al. 2015), isostatic adjustments due to increasing surface elevations are likely
to be relative to the entire lithospheric thickness. Models with K values of 7.50 x 10-6, 1.00
x 10-5, 1.25 x 10-5, and 1.50 x 10-5 m-1 yr-1 yield maximum elevations of 10,459 m, 8,115
m, 6,743 m, and 5,112 m, respectively, similar to those observed in the modern HT system.
Four models with K values ranging from 2.00-7.50 x 10-5 m-1 yr-1 yield maximum elevations
of 4,182-1,112 m. A final model with the highest K value of 1.00 x 10-4 m-1 yr-1 yields a

19

maximum elevation of 787 m. Based on these results, we chose a K value of 1.25 x 10-5 m1

yr-1 for the second phase of uplift modeling, as it yields a maximum elevation ~6.7 km,

which represents a representative average of the maximum topography observed along the
HT system (5-8 km).
For the second phase of modeling, we focus on investigating the effect of variable
uplift rate on the development of maximum topography in the thrust wedge at the front of
the HT orogenic system. Specifically, this modeling phase was designed to determine how
a range of uplift rate values might influence the development of maximum topography in
the HT system whilst holding the K value constant. In the first modeling phase, K was
varied in order to establish reasonable values for this parameter in the modern HT system,
with the critical qualifying assumption that uplift rates were on the order of ~5 mm yr-1 and
the topography was in steady-state (i.e., erosion rate = uplift rate). However, multiple
studies have proposed much faster slip rates (e.g., Kohn et al. 2004) and erosion rates (e.g.,
Beaumont et al. 2004) prior to modern times, so this modeling phase was designed to
examine the development of topography under these higher slip rate conditions. In this
second modeling phase, we use a constant K value of 1.25 x 10-5 m-1 yr-1, determined in the
previous modeling phase to best approximate modern HT erosion rates, and a constant
model duration of 30 Ma. Once again, the model duration is chosen to allow the model
ample time to reach steady state.
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Figure 1.7 Results of variable erodibility study – erodibility K is varied from 1.00 x 10-6
(slowest erosion) to 1.00 x 10-4 m-1 yr-1 (fastest erosion). Two models with the lowest K
values (1.00-1.50 x 10-6 m-1 yr-1) did not reach erosional/topographic steady state at
model time of 30 Ma and are excluded from this set. Models with K values of 7.50 x 106, 1.00 x 10-5, 1.25 x 10-5, and 1.50 x 10-5 m-1 yr-1 yield maximum elevations of
10,459 m, 8,115 m, 6,743 m, and 5,112 m, respectively, similar to those observed in the
modern HT system.
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Figure 1.8 Results of variable erodibility study) – selected models are shown at a
narrower topography range to better see topographic development in these models.
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Figure 1.9 Models showing existence of headward migrating knickpoint scarp – steadystate has not been reached by 30 Ma as indicated by the existence of a transient
“erosional wave” which continues to propagate through the landscape. This results in an
uplifted plateau region not equilibrated to fluvial incision as a knickpoint migrates
headward.
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Table 1.1 Results of variable erodibility study
Erodibility
Uplift rate
Model
Erosional/topo Max. elevation
(K, m1-2m yr-1)
(U, mm yr-1)
duration (t,
steady state
(m)
Ma)
1.00 x 10-6
5
30
no
1.50 x 10-6
5
30
no
2.00 x 10-6
5
30
yes
43,740
2.50 x 10-6
5
30
yes
35,474
-6
5.00 x 10
5
30
yes
16,668
-6
7.50 x 10
5
30
yes
10,459
-5
1.00 x 10
5
30
yes
8,115
-5
1.25 x 10
5
30
yes
6,743
-5
1.50 x 10
5
30
yes
5,112
-5
2.00 x 10
5
30
yes
4,182
-5
2.50 x 10
5
30
yes
3,194
-5
5.00 x 10
5
30
yes
1,642
7.50 x 10-5
5
30
yes
1,112
1.00 x 10-4
5
30
yes
787
1.4.2 Variable uplift modeling
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Using the same simple relationship between the horizontal convergence rates
estimated for the HT system and the vertical component of uplift along a fault dipping at
approximately 20°, the lower and upper bounds for uplift rate are calculated to be ~3 and
~8 mm yr-1, respectively. In this modeling phase, we expand this range of uplift rates to 115 mm yr-1 in 1 mm yr-1 increments to account for the hypothesized range of convergence
rates through time (i.e. Burgess et al., 2012; Kohn et al. 2004) as well as higher rates of
uplift that correspond to rapid erosion rates (~13 mm yr-1) proposed during peak channel
flow at 39 Ma model time in the HT1 model of Beaumont et al. (2004). As a reminder,
implicit in the assumption of steady-state topography is that erosion rate must equal uplift
rate, thus creating the necessity of testing higher uplift rates like those apparently required
by the HT1 model.
Fifteen models were run in this phase and model results are provided in Table 1.2
and Figure 1.10. As in the previous phase, results are reported as maximum elevations for
the modeled HT system, to allow comparisons between model results with different
parameters. As a reminder, maximum elevations measured along the length of the modern
HT system generally range from 5-8 km in modern times, but they are interpreted to have
varied considerably throughout the entire history of the HT collision (Prell and Kutzbach,
1992; An et al., 2001; Liu and Yin, 2002; Abe et al., 2003; Kitoh, 2004). At the slowest
uplift rates (1-3 mm yr-1), maximum steady state topography ranges from 2315-4252 m. At
faster uplift rates (4-6 mm yr-1), maximum elevations range from 5417-7344 m, similar to
the maximum elevations observed in the modern system. At even faster uplift rates of 710 mm yr-1, maximum elevations range from 9256-12329 m. Finally, at the fastest uplift
rates of 11-15 mm yr-1, which would include the uplift rates required for peak channel flow
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in the HT1 model (~13 mm yr-1) of Beaumont et al. (2004), maximum elevations range
from 14782-17169 m.
Since the maximum elevations determined in the uplift modeling phase of the study
are inherently dependent on the erodibility, which was determined for an assumed modern
uplift rate, we perform a final phase of modeling in which we seek to determine the
relationship between erodibility and maximum elevation at high erosion rates as proposed
in previous studies for peak channel flow (Beaumont et al., 2004). In constraining
erodibility under those proposed conditions, we seek to determine the self-consistency of
the channel flow model and if necessary, provide alternative explanations for development
of topography through time in the HT orogenic system.
In the final phase of modeling, six models were run with a fixed uplift rate of 13
mm yr-1 whilst varying erodibility (K) from 1.25 x 10-5 (slowest erosion) to 5.00 x 10-5 m-1
yr-1 (fastest erosion). All model results are shown in Table 1.3 and Figure 1.11. In the model
with the lowest K value (1.25 x 10-5 m-1 yr-1), which were determined to best approximate
the modern erosional conditions in the first phase of modeling, uplift rates of 13 mm yr-1
produced maximum elevations of 15,410 m, essentially double the modern maximum
observed elevations. Models with K values of 1.50 x 10-5 and 2.00 x 10-5 m-1yr-1 yield
maximum elevations of 12,399 m and 9,783 m, respectively. Models with the highest K
values (fastest erosion) of 2.50 x 10-5, 2.00 x 10-5, and 5.00 x 10-5 m-1 yr-1 yield maximum
elevations of 8,017 m, 6,479 m, and 3,691 m, respectively.
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Figure 1.10 Results of variable uplift study - Based on the results of the variable
erodibility constant, we chose a K value of 1.25 x 10-5 m-1 yr-1 for the second phase of
uplift modeling, as it yields a maximum elevation ~6.7 km, which represents a
representative average of the maximum topography observed along the HT system (5-8
km). Uplift rates are varied between 1-15 mm yr-1 in 1 mm yr-1 increments to account for
the hypothesized range of convergence rates through time (i.e. Burgess et al., 2012; Kohn
et al. 2004) as well as higher rates of uplift that correspond to rapid erosion rates (~13
mm yr-1) proposed during peak channel flow at 39 Ma model time in the HT1 model of
Beaumont et al. (2004).
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Table 1.2 Results of variable uplift study
Erodibility
Uplift rate
Model
1-2m
-1
-1
(K, m yr )
(U, mm yr )
duration (t,
Ma)
-5
1.25 x 10
1
30
-5
1.25 x 10
2
30
-5
1.25 x 10
3
30
-5
1.25 x 10
4
30
-5
1.25 x 10
5
30
1.25 x 10-5
6
30
1.25 x 10-5
7
30
-5
1.25 x 10
8
30
-5
1.25 x 10
9
30
-5
1.25 x 10
10
30
-5
1.25 x 10
11
30
-5
1.25 x 10
12
30
-5
1.25 x 10
13
30
-5
1.25 x 10
14
30
-5
1.25 x 10
15
30
1.4.3

Erosional/flux
steady state
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

Max.
elevation
(m)
2,315
3,204
4,252
5,417
6,387
7,433
9,256
9,885
10,831
12,329
14,782
15,530
15,410
17,495
17,169

Modeling rapid uplift (U = 13 mm yr-1) and erosion in the HT1 channel
flow model
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Figure 1.11 Results of variable erodibility at an uplift rate of 13 mm yr-1 – six models are
run varying erodibility (K) from 1.25 x 10-5 (slowest erosion) to 5.00 x 10-5 m-1 yr-1
(fastest erosion). In the model with the lowest K value (1.25 x 10-5 m-1 yr-1), which were
determined to best approximate the modern erosional conditions in the first phase of
modeling, uplift rates of 13 mm yr-1 produced maximum elevations of 15,410 m,
essentially double the modern maximum observed elevations. Models with K values of
1.50 x 10-5 and 2.00 x 10-5 m-1yr-1 yield maximum elevations of 12,399 m and 9,783 m,
respectively. Models with the highest K values (fastest erosion) of 2.50 x 10-5, 2.00 x 10-5,
and 5.00 x 10-5 m-1 yr-1 yield maximum elevations of 8,017 m, 6,479 m, and 3,691 m,
respectively.

Table 1.3 Model results for variable erodibility at an uplift rate of 13 mm yr-1
Erodibility
Uplift rate
Model
Erosional/flux
Max.
(K, m1-2m yr-1)
(U, mm yr-1)
duration (t,
steady state
elevation
Ma)
(m)
1.25 x 10-5
13
30
yes
15,410
1.50 x 10-5
13
30
yes
12,399
-5
2.00 x 10
13
30
yes
9,783
-5
2.50 x 10
13
30
yes
8,017
-5
3.00 x 10
13
30
yes
6,479
-5
5.00 x 10
13
30
yes
3,691
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1.5

Discussion
1.5.1

Steady state assumption in the modern HT system

Because our model results include the implicit assumption that a steady state has
been reached between erosion rates and uplift rates, it is important to assess the validity of
this assumption and whether or not it can be reasonably applied to the modern-day HT
orogenic system. To do this, we examine datasets that investigate uplift and erosion rates
separately. First, we assess the spatial and temporal variation in interpreted convergence
rates that we use to derive uplift rates for the HT orogenic system. Next, we consider the
complexities of fault geometry in the Himalayan orogenic wedge and how they could
potentially complicate the simple trigonometric relationship used to derive uplift rates.
Lastly, we examine geomorphic and geo- and thermochronological indicators of erosion
rate that are independent of uplift rates in the HT system.
Most studies that utilize GPS velocity data to constrain modern convergence rates
along strike for the HT orogenic system agree that faults accommodate a narrow range of
9-23 mm yr-1 of the modern total horizontal shortening (e.g., Burgess et al. 2012). Within
this range, most studies agree on maximum modern rates of 20 mm yr-1 in the central parts
of the HT system in Nepal and ~23 mm yr-1 in the eastern end of the HT system in Bhutan
and east India (Bilham et al. 1997; Larson et al. 1999; Ader et al. 2012; Burgess et al. 2012;
Grandin et al. 2012). These variations are commonly attributed to anticlockwise rotation
of India relative to the Australian plate (Molnar and Tapponier 1978) as well as
complexities in strain partitioning along multiple structures at the western (Nanga Parbat)
and eastern (Namche Barwa) syntaxes of the HT system (Fig. 1.1; Seeber and Pecher 1998;
Devachandra et al. 2014). With these complexities noted, our focus is on the central
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Himalayan region, where the majority of geodynamic models are also focused. In this
region, most studies agree (Bilham et al. 1997; Larson et al. 1999; Ader et al. 2012; Burgess
et al. 2012; Grandin et al. 2012) that fault accommodated shortening is ~20 mm yr-1, which
is consistent with the slip rates we use to derive uplift rates in the current study. Therefore,
the uplift rates used in the first phase of this study results should be consistent with modern
HT convergence rates, assuming that simplified kinematic relationships between slip along
the basal decollement and rates of vertical uplift are also correct.
If the total fault accommodated convergence rate (~20 mm yr-1) for the frontal
Himalaya is considered correct, it is necessary to assess the validity of the model used to
relate this horizontal fault slip to vertical uplift, which is dependent on the geometry and
kinematics of active structures in the HT system. As discussed previously, it is generally
understood that the Main Himalayan thrust accommodates underthrusting of the Indian
Plate beneath Tibet (Fig. 1.6). The current surface expression of this structure, the Main
Frontal thrust, is the active structure upon which the current HT thrust system is built. In
addition to the Main Frontal thrust, other major thrusts identified in the HT system include
the Main Boundary thrust and the Main Central thrust. Although the rate and timing of slip
along each of these structures continues to be debated, they are inferred to follow a broadly
foreland-propagating sequence of slip timing, with the southern and most forelandpositioned Main Frontal thrust accommodating modern slip (e.g., Avouac 2015).
Additionally, we assume that the Main Frontal and Main Himalayan thrusts dip to the north
at ~20°, but this may be a simplification of the actual fault architecture. Several alternate
hypotheses have been proposed for the growth of the HT orogenic wedge, including
imbricate thrusting, a ramp in the MHT, and out-of-sequence thrusting (Bollinger et al.,
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2006; Herman et al., 2010; Elliott et al., 2016). Despite this, we consider such complexities
to be less impactful over the longer-term evolution of this system (>30 Ma), although we
recognize that future modeling efforts should focus on the impact that these more complex
kinematic scenarios may play in the topographic development of the HT system.
With the model uplift rates and fault kinematic assumptions considered, the final
component of the steady state assumption is the comparison of modeled and observed
erosion rates in the HT system. For this comparison, we consider studies that examine both
modern and longer-term paleo-erosion in the HT orogenic system. Studies of erosion in
HT rivers spanning modern-to-million-year timescales yield rates of <1 to >10 mm yr-1.
Cosmogenic exposure dating of abandoned bedrock strath terraces along the Indus River
in the northwestern part of the HT system yield erosion rates of 2-12 mm yr-1 (Burbank et
al. 1996). Similarly, incision of folded fluvial terraces in the Siwalik Hills (frontal HT
system) of central Nepal yield maximum incision rates of ~10 mm yr-1 (Lave and Avouac
2000). Studies that use HT-derived sediments from the Bengal and Ganges-Brahmaputra
fans generally yield erosion rates of 0.5-2 mm yr-1 (Gabet et al., 2008; Olen et al., 2015;
Marc et al., 2019; Lenard et al., 2020), however these rates represent catchment averages
that are expected to be significantly lower than rates measured in actively uplifting parts at
the topographic front of the HT system. Additionally, Galy and France-Lanord (2001) used
a chemical budget approach to demonstrate that studies examining fluvial sediment flux
often underestimate erosion rates by up to 50%. In summary, although erosion rates clearly
vary across the Himalaya, the erosion rates chosen for our models (manifest as steady state
uplift rates) clearly fall within the average range of rates reported by multiple studies that
span multiple erosion proxies.
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1.5.2 Glacial vs. fluvial incision in the HT system
Another major consideration for our model results is that they only consider hillslope
diffusion and stream-power fluvial incision and thus they do not account for glacial
incision, which is clearly important in the HT system (e.g., Brocklehurst and Whipple,
2007; Spotila, 2022). However, comparative studies that examine the relative efficacy of
erosion in systems dominated by glacial versus fluvial incision in both the HT system (i.e.,
Burbank et al., 1996; Vance et al., 2003; Heimsath and McGlynn, 2008; Cook et al., 2018;
Leland et al. 2020) as well as in global datasets (Koppes and Montgomery 2009) indicate
that fluvial incision can be as fast, or even faster than glacial incision in high-relief systems.
Thus, although we acknowledge that glacial incision plays a major role in the bulk erosion
of the HT system, we argue that bulk erosion rates derived from our models that only
consider fluvial incision and hillslope diffusion can still provide insight for orogen scale
erosion rates.

1.5.3

Interplay between erosion, uplift, and the development of HT topography

In the second modeling phase, the key objective was to understand the interaction
between uplift rate and the development of steady state topography. Not surprisingly, the
results show a positive correlation between the rate of uplift and the limit of maximum
steady state topography; however, this is critically important, because it indicates a
necessary co-dependence between rapid steady-state erosion and rapid uplift over tectonic
timescales. Implicit in the stream power law is the one-way coupling between fluvial
channel incision rate and drainage steepness, which is primarily controlled by relief that is
produced via tectonic uplift. This interplay between channel incision and uplift also acts to
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set the hillslope angle in fluvial drainages, which is the primary control on the rate of
erosion due to hillslope diffusion (e.g., mass wasting). What is also likely obvious is that
rapid uplift must sustain these rapid erosion rates or else the system topography (or relief)
should be quickly lowered, thus further altering the dynamic interplay between these
mechanisms.
In our models, this dynamic between uplift rate and maximum sustained topography
at steady state yields an approximately linear relationship (Fig. 1.12). For the K value used
in our uplift modeling phase (1.25 x 10-5 m-1 yr-1), only uplift rates in the range of 4-7 mm
yr-1 lead to development of maximum topography comparable to that observed in the
modern HT system (5,417-9,256 m), which not only highlights the pronounced sensitivity
of this interplay but requires that even small changes (1-3 mm yr-1) in uplift rate must be
modulated either with changes in the K value (and thus erosion rate) or changes in the
magnitude of relief developed in the frontal HT system (e.g., Adams et al. 2020). For
example, in the HT1 model of Beaumont et al. (2004), an erosion rate of 13 mm yr-1 will
thus require an uplift rate of 13 mm yr-1, provided that the frontal HT system maintains
topographic steady state during peak Miocene channel flow. For the fixed K value used in
our uplift study and an uplift rate of 13 mm yr-1, maximum steady state topography reaches
>15 km, almost double the maximum elevation now preserved in the HT system. Even if
the isostatic response is considered, this maximum topography far exceeds any estimates
for the paleo-HT system. Because of this, it is necessary to either: (1) impose a higher
erodibility constant (K) which may be associated with lithology, climate, incision process,
or some combination, or (2) a change in tectonic style or geodynamic mechanism for
shortening accommodation. If we assume that orogen-normal crustal channel flow similar
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in style to that simulated in the HT1 model of Beaumont et al. (2004) was operating during
the Miocene, thus eliminating (2) above, this would require a change in K that is most
likely a function of climate, as other variables encompassed in K (essentially lithology or
incision process) are unlikely to vary in the natural system.
In the final phase of modeling, in which uplift was held constant at 13 mm yr-1 and
K was systematically increased, reducing the maximum topography to values observed in
the modern-day HT system requires an increase in K to a value of at least 2.50 x 10-5 m-1
yr-1 (8,017 m). A model with a K values of 3.00 x 10-5 m-1 yr-1 also yields a maximum
elevation (6,479 m) similar to those in the modern HT system. the model with the
maximum K value of 5.00 x 10-5 m-1 yr-1 results in development of maximum elevation of
3,691 m. Although this maximum elevation is lower than the modern observed range (5-8
km), some studies have proposed that the frontal HT system had a relief of ~4 km during
parts of its history (e.g., Molnar et al. 1993). Regardless, the final phase of modeling
indicates that the erodibility in the models that best approximate the modern erosion rates
(1.25 x 10-5 m-1 yr-1) must essentially be doubled to produce topographic relief similar to
the modern expression but at uplift rates of 13 mm yr-1. Because it is unlikely that
fundamental changes in lithology or incision process could drive such a change in the K
value, such an increase likely requires a fundamental and substantial change in climate,
and specifically an increase in climate-modulated erosion. Such changes, including the
development of focused erosion at the topographic front, are commonly invoked as the
mechanism for initiation of mid-to-lower crustal channel flow in the Beaumont et al. (2004)
models. Specifically, in the HT1 model of that study, the development of that topographic
break leads to focused erosion peaking at a maximum rate of 13 mm yr-1 during Miocene
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channel low, followed by a drastic reduction to erosion rates of only 3 mm yr-1 at the end
of model time. This pronounced reduction, presumed by Beaumont et al. (2004) to have
occurred from Miocene to modern times, drives cessation of channel flow.
1.5.1

Long-term (Miocene-recent) climatic conditions in the HT system

As demonstrated by the models presented here, climate-modulated erosion would
likely have to be reduced by at least 50% from Miocene to recent in order to maintain the
5-8 km topographic break observed in the modern HT system, which is also similar to the
relief of the HT orogenic front in the Beaumont et al. (2004) models. However, it remains
unclear if data from the HT system support such a pronounced change in the long-term
erosional history. In Jamieson et al. (2004), the Miocene-recent erosion reduction is
attributed to studies by White et al. (2002) and Vannay et al. (2004). In White et al. (2002),
the reduction in erosion rate starting at ~17 Ma is inferred from detrital thermochronology
of foreland sediments, however the maximum interpreted Miocene exhumation rates from
that study are only ~5 mm yr-1. Similarly, Vannay et al. (2004) reported Miocene
exhumation rates of ~2.2 mm yr-1, slowing to Quaternary rates of ~1.0 mm yr-1, for Greater
Himalayan sequence rocks structurally above the Main Central thrust. In both studies,
although exhumation rates are interpreted to slow since the Miocene, maximum
exhumation rates are significantly less than the 13 mm yr-1 required for Miocene channel
flow in the HT1 model (Beaumont et al. 2004).
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Figure 1.12 Relationship between uplift rate and maximum topography – a positive
correlation exists between uplift rates and maximum topography in the variable uplift
study models.
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Although the two studies above show possible decreasing erosion rates from
Miocene-recent, both of those studies were focused exclusively on the Greater Himalayan
sequence, in the structurally highest parts of the HT system. Contrastingly, studies focused
on whole orogen erosion actually indicate a potential increase in erosion rates from
Miocene-recent. In the Bengal and Nicobar fans, which represent the primary depocenters
for HT-derived sediments of the Ganges-Brahmaputra River system, analysis of IOPD
cores indicate an increase in sediment accumulation rates from ~10 Ma to present (McNeill
et al. 2017). Herman et al. (2013) use inversion of thermochronological data to conclude
that erosion rates in mountainous regions have increased since ~6 Ma and include a more
rapid increase since ~2 Ma. For the Himalayan region, they find that while rates have been
consistently high over the past 8 Ma, they have also increased in higher-elevation glaciated
regions during the past 4 Ma. Additionally, Zhang et al. (2001) report a ~2-4 Ma increase
in sedimentation rates and sediment grain sizes in mountainous regions worldwide.
Combined, these studies indicate that: (1) there is limited evidence that rates as high 13
mm yr-1 occurred in the HT system in the Miocene, (2) if there is a reduction in erosion
rates from Miocene-recent, it is only recorded in the structurally highest parts of the HT
system and even then, those rates do not exceed ~5 mm yr-1, and (3) whole orogen erosion
rates have potentially accelerated from Miocene-recent.

1.5.2

Implications for geodynamic models

We find that the uplift rates required to maintain and subsequently shut off channel
flow as in the HT1 model are inappropriate for the HT system, because such drastic changes
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in uplift rate and subsequently erosion rates at erosional steady state are not supported by
available data, as discussed in the previous section.
However, if, for example, the HT system transitions from channel flow to critical
wedge behavior at the front of the HT system, the observed shift in erosional conditions
could be compatible with a shift in crustal-scale geodynamics. Specifically, increases in
erosion rates – if insufficient to exhume a thermally-weakened viscous crustal channel –
could potentially instead result in a change in the critical taper angle as is predicted by the
critical taper model. This change in critical taper angle could cause shallow thrust stacking
and duplex development, which is consistent with observations in the HT system.
Specifically, an increase in erosion rates has been attributed to out-of-sequence thrusting
which evidences that active deformation has focused north of the Himalayan deformation
front (Wobus et al., 2005).

1.6

Conclusion
We find that while the interdependence between climate and tectonics remains

complex, we present sets of conditions for simulated landscapes affected by rock uplift,
erosion, and rock erodibility that result in topographic development consistent with
observations in the HT orogenic system. Namely we find that for uplift rates consistent
with convergence rate data from the Himalaya (5 mm yr-1) a reasonable value for the
erodibility constant K value is 1.25 x 10-5 m-1 yr-1, as it yields a maximum elevation ~6.7
km. Further, using this value of K, only uplift rates in the range of 4-7 mm yr-1 lead to
development of maximum topography comparable to that observed in the modern HT
system. We assess the validity of our steady-state assumption and find that modern
convergence rates along strike indicate a narrow range of 9-23 mm yr-1 for total horizontal
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shortening and the erosion rates chosen for our models fall within the average range
reported. Also, we argue that bulk erosion rates derived from our models that only consider
fluvial incision and hillslope diffusion can still provide insight for orogen scale erosion
rates. For example, we find that the interplay between erosion, uplift, and the development
of HT topography requires either a change in the erodibility constant or change in tectonic
style or geodynamic mechanism for shortening accommodation. Therefore, we propose
that uplift rates required to maintain and subsequently shut off channel flow – as is
proposed for some current models – are inconsistent with the HT system. In conclusion we
propose that a shift between channel flow and critical taper dynamics is most consistent
with observations related to interactions between climate, erosion and tectonics.
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