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[1] Geological observations of mantle flow-driven dynamic
topography are numerous, especially in the stratigraphy
of sedimentary basins; on the contrary, when it leads
to subaerial exposure of rocks, dynamic topography must
be substantially eroded to leave a noticeable trace in the
geological record. Here, we demonstrate that despite its
low amplitude and long wavelength and thus very low
slopes, dynamic topography is efficiently eroded by fluvial
erosion, providing that drainage is strongly perturbed by
the mantle flow driven surface uplift. Using simple scaling
arguments, as well as a very efficient surface processes
model, we show that dynamic topography erodes in direct
proportion to its wavelength. We demonstrate that the recent
deep erosion experienced in the Colorado Plateau and in
central Patagonia is likely to be related to the passage
of a wave of dynamic topography generated by mantle
upwelling. Citation: Braun, J., X. Robert, and T. Simon-Labric
(2013), Eroding dynamic topography, Geophys. Res. Lett.,
40, doi:10.1002/grl.50310.

1. Introduction
[2] Dynamic topography is the surface expression of

mantle convection, resulting from the topographic load
necessary to balance the viscous stresses originating from
mantle flow at the base of the lithosphere [Hager et al.,
1985]. Revisiting poorly understood aspects of the geologi-
cal record combined with sophisticated modeling of mantle
flow has recently led to renewed interest in constraining
and quantifying the dynamic contribution to surface topog-
raphy [Mitrovica et al., 1989; Gurnis et al., 2000; Conrad
and Gurnis, 2003; Forte et al., 2007; Hartley et al., 2011].
A summary of recent investigations on the subject can be
found in Braun [2010].

[3] Understanding and constraining present and past
dynamic topography is critical to evaluate its contribution
to global and local sea-level changes [Moucha et al., 2008;
Conrad and Husson, 2009], decipher unexplained parts
of the geological record such as the occurrence of broad
continental inundation [Gurnis, 1993] or uplift [Bertelloni
and Gurnis, 1997; Gurnis et al., 2000]. Most interestingly
perhaps, studying dynamic topography has revealed rather
unexpected links between the dynamics of the Earth’s deep
interior and its surface components, such as potential
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perturbation to oceanic circulation [Poore and White, 2011],
large scale continental drainage reorganizations [Shephard
et al., 2010] or the formation of major geomorphic features
such as the Grand Canyon [Karlstrom et al., 2008].

[4] Interestingly, quantifying the amplitude and scale
(extent) of present-day dynamic topography is rather dif-
ficult as it depends on a good knowledge of crustal and
lithospheric structures, necessary to compute the isostat-
ically compensated contribution to surface topography,
as shown in the variability of past and recent estimates
[Bertelloni and Gurnis, 1997; Gurnis et al., 2000; Moucha
et al., 2007; Steinberger, 2007; Heine et al., 2008; Conrad
and Husson, 2009]. Consequently, the amplitude and tim-
ing of dynamic topography might be better constrained by
interrogating the past, whether it is through the sedimentary
[Mitrovica et al., 1989; Heine et al., 2008], geomorpholog-
ical [Hartley et al., 2011] or thermochronological record
[Flowers and Schoene, 2010], as the time-integrated effect
of mantle flow is less sensitive to our knowledge of crustal
thickness.

[5] However, in part due to its transient nature, and in part
to its relatively low amplitude (<1000 m), a direct record
of dynamic topography is difficult to obtain the resulting
uplift leads to subaerial exposure of rocks, as our tools
for constraining paleo-elevations remain rather imprecise
[Rowley, 2007; Peppe et al., 2010] and our best hope of
documenting past dynamic topography requires that it be
eroded to produce a sedimentary or geomorphologic record
or reset thermochronological system by exhumation-induced
rock cooling. Interestingly, the very nature of the dynamic
topography (low amplitude, long wavelength and slowly
changing) makes it, apparently, unlikely to be affected by
erosion [Braun, 2010], which requires large slopes and rapid
uplift to be efficient.

[6] In this paper, we will show that, contrary to this view,
dynamic topography is in many situations a transient fea-
ture and, using the most widely accepted parameterization of
fluvial erosion, we will demonstrate that it is likely to be effi-
ciently eroded away by surface processes and, consequently,
permanently recorded in a measurable way in the geological
record. To achieve this, we will use a recently developed sur-
face processes model (FastScape; Braun and Willett [2013])
that is highly efficient and can thus be used to study the ero-
sion of very large scale (� 1000 km) surface topography at a
resolution (<1000 m) that is sufficient to capture local slopes
and drainage evolution.

2. Fluvial Erosion and Dynamic Topography
[7] Although mantle flow is relatively steady over tens to
hundreds of millions of years, and the dynamic topography
that it creates should therefore remain unchanged over the
same periods of time, the relative motion of tectonic plates
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Table 1. Numerical Model Parameter Valuesa

Parameter Value

Kf 4.7 � 10–6 to 10–7 m0.2/yr
m 0.4
n 1
KD 0, 0.01, 0.1, 1 m2/yr
E 1011 Pa
Te 20 km
� 0.25
�c 2800 kg/m3

�a 3200 kg/m3

aAll experiments are 50 Myr in duration, with an initial 10 Myr phase of
uplift and establishment of the dynamic topography followed by a 40 Myr
period of migration of the plate at a rate of 25 km/Myr.

with respect to the underlying mantle can cause dynamic
topography—as experienced by an observer attached to the
moving surface plates—to be transient [Gurnis et al., 1998],
as shown in numerous recent studies of reconstructed past
dynamic topography [Moucha et al., 2009]. To illustrate this
point, let us parameterize, to first order, the dynamic topog-

raphy caused by a mantle plume or upwelling of width 2�
beneath a plate that moves at a velocity v in the x-direction
by the following Gaussian function:

z(x) = z0e–(x–vt)2/�2
(1)

where z0 is the maximum amplitude of the dynamic topog-
raphy, and t, is time. The resulting rate of uplift/subsidence
is given by

Pz(x) = v
@z
@x

= –
2vz0(x – vt)

�2 e–(x–vt)2/�2
(2)

which implies that the surface is uplifted in front of the
plume and subsides behind it at a rate that is proportional to
the plate velocity (� 10 cm/yr) and modulated by the slope
of the topography (� 10–3).

[8] Because it is driven by mantle flow, dynamic topog-
raphy must remain relatively unchanged (to balance the
viscous stress applied at the base of the lithosphere) even
if it is eroded away. The characteristic time for adjustment
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Figure 1. (a) Time integrated erosion computed from the landscape evolution model using different dynamic topog-
raphy wavelength (2�), showing the direct, quasi-linear dependency on wavelength, as suggested by equation 4. Here,
Kf = 4.7 � 10–6. The two curves on top of Figure 1a show the initial and final position and shape of the imposed vertical
stress at the base of the plate for the case (� = 250 km); Total volume eroded over the passage of the “wave” of dynamic
topography (b) as a function of imposed wavelength and (c) various values of the diffusion coefficient, KD, and (d) as a
function of dynamic topography amplitude (no diffusion).
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Figure 2. Geomorphic evolution of the Colorado Plateau and dynamic topography. (a) Shaded DEM of the Colorado
Plateau; white contour curves draw the present-day dynamic topography with 50 m intervals [Moucha et al., 2009]; the red
arrow represent the movement of the dynamic topography swell in the last 30 My; diamonds, squares and stars represent
minimum apatite (U-Th)/He ages, respectively, from Lee, [2008]; Lee et al., [2011], Flowers et al., [2008] and Hoffman,
[2009]; Hoffman et al., [2011]; the red line AA is the transect used to build Figures 2c and 2d; Blue curves represent the
drainage network; grey lines mark states boundaries. (b) Zoom of the area included in the white square from the Figure 2a
showing the drainage inversion from west to east happening in the upper part of the Fremont River; blue arrows show
present day drainage direction, dashed line marks zone with drainage reorganization. (c) Projection of the minimum apatite
(U-Th)/He ages along the transect AA showing a decrease of the ages following the displacement of the wave of dynamic
topography. (d) Evolution of the dynamic topography since 25 Ma along the transect AA extracted from the global model
Tx07v2 from Moucha et al., [2009].

of dynamic topography to surface erosion is set by astheno-
spheric viscosity, and is thus similar to glacial rebound time
(1 – 5 � 104 years). This means that, on geological time
scales, a kilometer of dynamic topography could lead to sev-
eral kilometers of erosion. The limit is set by the deflection
of the crust-mantle boundary that would create a gravita-
tional stress equivalent to the viscous mantle stress, given by
zMoho � z0�c/(�m – �c) � 7z0, where z0 is surface deflection
(and erosion) and �c and �m are crustal and mantle densities,
respectively.

[9] With this in mind, let us now consider how much a
river network can erode from the surface of a continent that
is subjected to a “wave” of dynamic topography. For this,
we will apply the basic stream power law [Howard and
Kerby, 1983] that states that fluvial erosion, Pe, is propor-
tional to drainage area, A, and local slope S: Pe = Kf SnAm to
the topographic profile depicted by equation (1). The param-
eters n and m are not well constrained but their ratio is better
known (n/m � 2) as it controls the steady-state profile or
“concavity” of river channels [Whipple and Tucker, 1999].
The value of Kf depends on climate and lithology and is quite
variable. Drainage area is known to vary as a distance to
topographic divide, d, according to: A = kdh [Hack, 1960]
where k and h are constant and h � 2. Assuming that ero-
sion does not affect dynamic topography and that the divide
therefore remains located on top of the “passing” plume, we
can write the following:

Pe = K
ˇ̌
ˇ̌– 2z0

�

x – vt
�

e–( x–vt
� )2

ˇ̌
ˇ̌n |x – vt|mh

=
2Kzn

0
�2n |x – vt|n+mhe–( x–vt

� )2
(3)

where K = Kf km. Integrating this expression over time,
we obtain the total, maximum erosion, e, that the continental

surface experiences, which after some algebra (see Support-
ing Information A) gives:

e =
Z +1

–1
Pe(x=0) dt /

zn
0�

1+mh–n

v
=

zn
0�

v
(4)

as 1 + mh – n � 1, demonstrating that erosion of dynamic
topography increases linearly with its wavelength. This is a
consequence of the strong dependence of drainage area on
�, which dominates over its control on slope.

3. Numerical Modeling
[10] This result depends on several assumptions, namely

that the dynamic topography controls the geometry of the
drainage system and that the slope that sets the erosional
efficiency is the regional slope. Both assumptions need to
be tested. To do this, we have used a recently developed
and highly efficient algorithm [Braun and Willett, 2013] to
solve the stream-power law on an evolving plan-form topo-
graphic corridor of dimension 3000�300 km, moving on top
of a region of mantle upwelling represented by a Gaussian
shaped vertical stress applied at the base of a thin elastic
plate linked to the surface evolution model. We have com-
puted the resulting evolving topography and time-integrated
erosion for three values of the half-wavelength of the topog-
raphy, � =125, 250 and 500 km. The value of the other
model parameters are given in Table 1 and the Supporting
Information B as well as a description of the basic ingre-
dients of the model. The results are shown in Figure 1a as
maps of total erosion showing an increase in maximum and
mean total erosion with increasing wavelength (�) as well
as plots of total eroded volume as a function of topographic
wavelength (Figures 1b and 1c). They also show a weaker
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dependency of erosion on dynamic topography amplitude,
z0, as suggested by equation (4). The 1D geometry used
in these models has been chosen to verify the analyti-
cal solution (equation 4); numerical model runs performed
using a more realistic circular geometry for the Gaussian-
shaped vertical stress lead to a stronger dependency on
� as e / �1.3.

[11] This result clearly demonstrates that dynamic topog-
raphy, despite the small slopes that it engenders, is
very amenable to surface erosion by fluvial processes,
because fluvial erosion rate depends on drainage area and
dynamic topography is capable of controlling drainage net-
work geometry to cause an amplification of discharge.
In the model experiments shown in Figure 1a, the main
drainage divide position is completely controlled by the
dynamic topography, as the initial topography is assumed
to be flat, but, under natural conditions, the existence
of a strongly entrenched drainage network predating the
phase of dynamic topography, i.e., resulting from a pre-
vious phase of uplift and erosion, may override this con-
trol and prevent the reorganization of drainage. Thus,
the mechanism proposed here to efficiently erode long-
wavelength dynamic topography is not universal and
episodes of uplift (or subsidence) associated with mantle
flow may, in some cases, be difficult to decipher from the
geological record.

4. Evidence from the Geological Record
[12] In the following section, we present two examples
of documented surface uplift associated with a wave
of dynamic topography that strongly perturbed surface
drainage patterns, which, following our model, explain why
they resulted in substantial erosion over a broad area as
documented by low temperature thermochronometry.

[13] Moucha et al. [2009] and Robert et al. [2011] pro-
pose, from backwards in time global convection modeling,
the passing of a wave of dynamic topography through
the Colorado Plateau to explain the 1400 m present-day
mean altitude. The consequences of the wave propagation
are best described in three phases: (i) global plateau uplift
between 30 and 15 Ma; (ii) tilting of the plateau to the east
between 15 and 5 Ma, and (iii) a back tilt of the western
part of the plateau to the west since 5 Ma [Robert et al.,
2011]. The Colorado River controls the main drainage of the
Colorado Plateau; it is currently flowing from the northeast
to the southwest, following the dynamic uplift wave
propagation direction, and thus probably controlled by the
mantle time-evolution. Even if the course of the Colorado
River and its drainage system are not well constrained before
5 Ma, some elements argue for a strong drainage pertur-
bation and reorganization in the last 30 Ma, perturbations
that can be explained by the passing of a wave of dynamic
uplift. These pieces of evidence include the following:
(1) Before 30 Ma, the general flow was to the north [Holm,
2001]; (2) The presence of lake paleo-sediments in the
plateau interior dated from 16 to 5 Ma [Spencer et al.,
2008]; (3) There is no evidence of Colorado Plateau sed-
iments in the Gulf of California prior to 5.3 Ma [Dorsey
et al., 2007]; (4) Sudden increase in water flow, associ-
ated with the integration of the Lower Colorado River by
lake fill and potential spill [House et al., 2008]; (5) Locally,
there are perturbed drainage networks with the presence
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Figure 3. Geomorphic evolution of the Central Patagonia
and dynamic topography. (a) Shaded DEM of central
Patagonia; white contours show predicted present-day
dynamic topography with 125 m intervals; red arrow repre-
sents the movement of the dynamic topography swell for the
last 10 My; Diamonds and circles represent apatite Fission
Tracks and (U-Th)/He ages from [Thomson et al., 2010;
Haschke et al., 2006; Guillaume et al., 2013]; blue lines
represent drainage network. (b) Projection of the apatite
(U-Th)/He ages along the transect AA showing a decrease of
minimum ages following the northward displacement of the
wave of dynamic topography and a major increase of
ages north of the present-day location of the wave
of dynamic topography. The gray line highlights the trend of
minimum ages.

of reused paleo-drainage, indicating inverse flow directions
[see Figures 2a and 2b]. Low-temperature thermochronolog-
ical data (such as (U-Th)/He on apatite) provides constraints
on the timing of about 1 to 2 km of denudation from the
top of the Plateau [Flowers et al., 2008; Lee, 2008; Lee
et al., 2011; Hoffman, 2009; Hoffman et al., 2011] and
suggests an increase in total erosion from the southwest
to the central Plateau [see Figure 2c], which may corre-
spond to a wave of erosion induced by the propagation
of a pulse of dynamic topography (Figures 2c and 2d). It
demonstrates that dynamic topography may lead to signifi-
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cant erosion, of amplitude equal or larger to the amplitude of
the topography, in association with a main reorganization of
drainage patterns.

[14] The Chile Triple Junction episodically migrated
northward during the past 14 Ma from 54ıS to its present-
day position at 46ı30S, as several, almost trench-parallel
spreading segments entered the subduction. This migration
resulted in the opening of an asthenospheric window below
Patagonia, inducing a disturbance in the regional mantle
flow and the northward migration of a wave of dynamic
topography uplifting the overriding plate [Breitsprecher
and Thorkelson, 2009; Scalabrino et al., 2009; Guillaume
et al., 2009]. The northward displacement of this wave of
dynamic topography is clearly correlated to (i) a young-
ing in bedrock low-temperature cooling ages towards higher
latitudes (46ıS to 48ıS) corresponding to a wave of late
Cenozoic erosion along the eastern flank of the Central
Patagonian Andes (Figure 3; [Guillaume et al., 2013]);
(ii) the increased height of the orogenic divide at these
latitudes (Figure 3; [Thomson et al., 2010]); (iii) the mod-
ification of the drainage network in the eastern foreland
since at least the late Miocene [Guillaume et al., 2009].
All of these observations support substantial erosion of the
dynamic topography enhanced by the reorganization of the
drainage system, despite the relatively high preexisting relief
and entrenchment of preexisting valleys.

5. Discussion
[15] The total amount eroded from the landscape follow-

ing the passage of a wave of dynamic topography is linearly
dependent on the assumed value for the erosional parameter
(or constant) Kf. This parameter is relatively poorly con-
strained, but some quantitative estimates exist such as those
obtained by directly dating magmatic intrusion along the
East coast of Australia and measuring how they are affected
by erosion [van der Beek and Bishop, 2003], or the propa-
gation of knickpoints to form hanging valleys in the French
Alps [Valla et al., 2010]. For values of n = 1 and m = 0.4
as assumed in this study, Kf varies between 5 � 10–7 and
1�10–5 m–0.2 y–1. Using a similar range of values, we predict
from a range of model runs that, locally, erosion of a 1000
km wide and 1000 m high wave of dynamic topography can
reach several thousands of meters (see results Figure 1), well
enough to reset low-temperature thermochronological sys-
tems such as He in apatite or even fission track in apatite.
The volumes of sediments that are generated are also very
large, between 1013 and 1014 m3 (see results Figure 1),
such that the resulting sedimentary deposits should be easily
identified in the geological record.

[16] We demonstrated here that large scale, low ampli-
tude topography can easily be eroded away if one considers
the opposing contributions from slope and drainage area in
the expression of the stream power law for fluvial erosion.
Previous work on the subject often considered that large-
scale continental erosion is a transport-limited process that
is better represented by a diffusion equation [Moretti and
Turcotte, 1985]. Under this hypothesis, total integrated ero-
sion following the passage of a wave of dynamic topography
scales as the inverse of the wavelength of the topography
(see Supporting Information C) and one is led to con-
clude that dynamic topography is unlikely to be affected

by erosion. However, such an approach is difficult to justify
theoretically as diffusive transport takes place at the scale of
a hillslope and not that of a continent. Adding a diffusion
term to the basic erosion law,

Pe = Kf SnAm + KD
@2z
@x2 (5)

with values for KD, the diffusivity, derived from hillslope
measurements [Martin, 2000], i.e., in the range 0.01 to
1 m2 yr–1, leads to a substantial reduction in total eroded
volume but does not affect the scaling of erosion with wave-
length of dynamic topography (see Figure 1c), unless very
large and unreasonable values of the diffusivity are assumed
(> 1 m2 yr–1).
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