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Abstract

Geologists frequently debate the origin of iconic river canyons, as well as the extent to
which river canyons record climatic and tectonic signals. Fluvial and hillslope processes
work in concert to control canyon evolution; rivers both set the boundary conditions for
adjoining hillslopes and respond to delivery of hillslope-derived sediment. But what
happens when canyon walls deliver boulders that are too large for a river to carry?
Large blocks of rocK derived from resistant hillslope strata have recently been shown to
control the evolution of hillslopes and channels by inhibiting sediment transport and
bedrock erosion. Here we present Blocklab, a 2-D model within the Landlab modeling
toolkit that uses a hyl:)ridp discrete-continuum framework to track block transport
throughout a river canyon landscape in horizontally layered rock. Our model reveals
that internal negative cKannel-hillslope feedbacks contro{erosion dynamics and result in
characteristic planview and cross-sectional river canyon forms. Surprisingly, while the
presence of bl%cks in the channel initially slows incision rates, the subsequent removal
of blocks from the oversteepened channel substantially increases incision rates. This
interplay between channel and hillslope dynamics results in highly variable long-term
erosion rates. These autogenic feedbacks can mask external signals, such as changes in
rock uplift rate, complicating the interphretation of landscape morphology and erosion
Istories.

Rio Grande River, New Mexico
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Canyonlands National Park, Utah Gorges du Tarn, France
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CONCEPTUAL MODEL

A) Shortly after incision through cap rock: Blocks dam soil
Resistant cap rock Blocks move
fractured into blocks and degrade

{

Less resistant underlying rock does not yield blocks

Conceptual model of
canyon evolution in lay-
ered rock. A: When the
cap rock is close enough
to the channel to deliver
large, erosion-inhibiting
grains, canyon evolu-
tion is governed by in-
teractions between un-
steady channel and
hillslope evolution, even
when base-level forcing
is steady in time. Reduc-

Large blocks tion of soil transport by

mantle channel;
unsteady incision

blocks (inset) strongly

o influences hillslope

B) Long after incision through cap rock: form, yielding linear to
Blocks move concave-up hill- slope

Resistant cap rock  and degrade profiles. B: Once the cap
ractured Into blocks Slope break where rock has retreated far

block mantling ends enough from the chan-

the

Less resist'ant underlyfng rock dnés not yield‘hlﬂcks ‘ Few i::-lc}}:ks
enter channel,
steady incision

that blocks no

/ Hillslope not nel . e v
affected by blocks longer in- hibit incision
upon arrival in the
channel, the river in-
cises at a steady rate
(as- suming a steady
forcing), and chan-
nel-adjacent portions of

hillslope become

convex-upward.

NUMERICAL MODEL: MORPHOLOGY

Model output of a river
canyon incised into horizontal
layered rock.

A: Close-up view of model at
100,000 yr. Blocks in the
channel are often larger than
those on the hillslope, illus-

trating that they were trans-
purl*aﬂ from farther up-
stream.

Time series of model
canyon evolution at 100 k.y.,

200 k.y., and 400 k.y. Vertical
plots on the left show channel

profiles. Horizontal plots on
the bottom show cross-section

profiles 150 m upstream.

B) Blocky model run: 1 meter thick block-producing cap rock B:
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C: Contrel run with 1-m-thick

o0 " cap rock with no blocks
”v i V shown at 100 k.y.

B0 = B
==

Fd
=
1

Elesntian|m

[ l=aasion [m]
5

[ 120 [ 1621

Derisnca [m) r:.||;..r.;|;- (L

Dhistarica jm)

C) Control run: 1 meter D) Planform comparison E) Time to steady state comparison| D¢ Comparison of planform

shapes for four blocky and

thick cap rock, no blocks
- ! meter blocky —k— G500 st
9 ) M Upaaeain four control model runs,
n 8 meser biocky [ 41 = 300 m upstream
|- ooty I -8~ Adjacent to baselevel Models are shown at the

equivalent stage of fluvial re-

sponse to base-level fall, not
at the same absolute time.
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E: Comparison of time to
steady-state (1000 yr aver-

aged erosion rates deviate by
. <10% from imposed base-lev-

0.0 0.2 Elﬂfk ”P“'[f*ﬂ] 08 10| el fall rate) fluvial incision for
' runs with different block
sizes.
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NUMERICAL MODEL: EROSION RATES

600 meters Hillslope erosion rate
upstream 10 yr average
___________ —— 1000 yr average -
E." ]
- Channel erosion rate
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0 .
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Erosion rates at three
points along a channel
(red) and on an adja-
cent hillslope (black)
through time. Pink and
gray lines are 10 yr av-
eraged erosion rates;
red and black lines are
1000 yr averaged
rates. £c and th are the
channel and hillslope
erosion rates, respec-
tively.

Block delivery feed-

backs delay the up-
stream propagation of
the baselevel fall
signal “100 k.y.
m?ar ::—hlu:ks r:-
sponse fime. Once ero-
sion commences in the
channel and on an ad-
jacent hillslope,
two-way block deliv-
ery feedbacks cause

1000 yr erosion rates
to deviate significantly

("4x) from imposed
base-level fall rate.
Feedbacks lengthen

the response time of
channel and hillslopes

to base-level perturba-
tion.
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