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Abstract

Transient evolution and adjustment to changing tectonic and climatic boundary
conditions is an essential attribute of landscapes and characterizing transient behav-
ior is a key to understand their dynamics and history. Developing new approaches to
detect such transience has been explored by various methods, in particular to iden-
tify landscape response to Late Cenozoic and Quaternary climatic changes. Such
studies have often focused on regions of high relief and/or active tectonic activity
where interferences between tectonic and climatic signals might complicate the inter-
pretation of the observations. We investigated the case of the hillslopes of the Serra
do Cip6 quartzitic range in SE Brazil in order to detect and quantify transience in a
tectonically-quiescent landscape over 100 ka timescales. We determined hilltop cur-
vature from a high resolution Digital Surface Model derived from Pléiades imagery

and measured cosmogenic nuclide concentrations (°Be and 26Al) at these hilltop

1


https://doi.org/10.1002/esp.5190

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

sites. We compare both observations with predictions of hillslope diffusion theory,
and observe a distinctive signature of an acceleration of denudation. We performed
a joint inversion of topographic and isotopic data to retrieve an evolution of hillslope
sediment transport coefficient through time. The timing of the increase in denuda-
tion cannot be unequivocally associated with a single climatic event but is consistent
with climatically-modulated important fluctuations in precipitation and erosion in

this area during Middle and Late Pleistocene.

1 Introduction

The Earth surface acts as a major interface between internal and external geodynamics,
and is the focus of many investigations concerning the complex network of processes con-
necting surface processes, tectonics and climate [e.g. Champagnac et al., 2012]. Notably,
a key element of this system is the degree of coupling between climatic variations and
denudation, which is fundamental to assess the strength of many postulated feedbacks
between the atmosphere and the dynamics of weathering, sediment production and trans-
port across continental surfaces. Over short time scales, many observations support the
key role of temperature and precipitation conditions in directly controlling the modes and
rates of weathering of materials transiting through regolith profiles, as well as their ex-
port across and beyond hillslopes domain [e.g. Gaillardet et al., 1999; Hales and Roering,
2005; Gabet et al., 2008; West et al.; 2014]. However, when integrating these processes
over larger spatial and temporal frames, highly contrasting propositions have been made
concerning the actual relationship between surface processes acting on continental relief
and climatic evolution, over the Late Cenozoic. In particular, an important question still
actively debated concerns whether or not Late Cenozoic cooling was associated with a
global increase in denudation rates [e.g. Herman and Champagnac, 2016; Willenbring and

Jerolmack, 2016; Norton and Schlunegger, 2017], suggesting that additional investigations
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using novel methodologies are needed to better resolve denudation variations and transient
landscape dynamics through time.

Regions of high relief or tectonic activity have often been the primary target of studies
focusing on climate-denudation links, using the sedimentary archives resulting from the
erosional fluxes in such areas [e.g. Charreau et al., 2011; Lenard et al., 2020]. However,
important limitations can be encountered in this type of settings, such as high denuda-
tion rates reaching the analytical limits of many measurement methods, or gaps in the
sedimentary records and stochastic events introducing a high degree of variability in the
denudation signal. Additionally, temporal and spatial variations of the tectonic boundary
condition can be difficult to deconvolve from the record and complicate interpretations in
terms of climatic influence on surface processes.

Conversely, areas of low tectonic activity may provide propitious conditions allowing the
investigation of the coupling between climate variations and surface processes. However,
long-duration continental sedimentary archives, spanning several 100s ka or Ma, are of-
ten scarce in such settings so alternative approaches are required to develop longer-term
records of landscape transience and assess its link with climatic evolution [Struck et al.,
2018]. When measuring active denudation, as opposed to paleo-denudation records in sedi-
mentary archives, slow landscape evolution also implies long integration timescales for most
geochronological techniques, such as cosmogenic nuclides, which might provide insights on
the dynamics of surface processes over 100s ka to several Ma. This time frame is at least
one order of magnitude longer to that usually encountered in active orogenic settings.
Terrestrial Cosmogenic Nuclides (TCN) are one of the most widely used tools to constrain
the distribution of denudation rates at the Earth surface over 1 ka-1 Ma timescales [von
Blanckenburg, 2005]. Attempts to recover information on past denudation conditions have
mostly focused on TCN time-series in the sedimentary record. However, combinations of

several cosmogenic nuclides, with different decay constants, offer the possibility to identify
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transient dynamics resulting from changes in denudation rates through time [Mudd, 2016].
For example, the promising °Be-'*C pair has been used to decipher complex dynamics
of surface processes over Holocene time scales [Hippe, 2017; Skov et al., 2019]. The more
common 26Al-1%Be system, which is classically used for burial dating studies, is much less
sensitive to fluctuations of denudation on this time frame [Mudd, 2016], but has been
shown to offer important insights over longer time scales [Knudsen and Egholm, 2018;
Struck et al., 2018], and its actual potential to decipher transient denudation evolution in
slow denudation landscapes needs to be explored more systematically.

Independent of chronological approaches, another way to characterize transience in land-
scapes, resulting from changes in denudation or incision processes, is the study of the
imprint of such perturbations on their morphology. Such approaches has been intensively
used in fluvial systems , with the analysis of river long-profiles [e.g. Roberts and White,
2010; Fox et al., 2015], and the increasing availability of high resolution topographic data
has paved the way for similar developments in the hillslope domain [Roering et al.; 2007;
Hurst et al., 2012, 2013; Grieve et al., 2016b; Mudd, 2016]. Notably, the combination of
TCN data with high resolution hillslope morphological analysis has proven to be a fruit-
ful source of information on landscape dynamics and their response to past perturbations
[Godard et al., 2019].

In this study, we investigated the slowly eroding quartzitic landscapes of the Serra do Cipd
Range in Minas Gerais, Brazil, by performing both high resolution morphometric analysis
and cosmogenic nuclides concentration measurements (1°Be and 2°Al) at hilltop sites. The
observed relationships between these parameters imply an important acceleration of de-
nudation over 100s ka timescales and illustrate a new approach to probe into the transient
dynamics of landscapes as well as expanding our knowledge of Quaternary paleoclimate of

the central-eastern portion of South America.
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2 Theoretical background

We present here the key concepts and ideas supporting our analysis of transient hillslope
evolution in the Serra do Cipé. As reviewed by Mudd [2016], transient dynamics is a fun-
damental attribute of landscapes involving changes in their morphology, sediment fluxes
or rates of denudation, and diagnostic observations can be made on these properties to
identify such transient state in terms of deviation from morphological or erosional steady
states. In the case of hillslopes, insights can be obtained from high resolution morphomet-
ric analysis of their shape or from denudation rates calculated from Terrestrial Cosmogenic
Nuclides (TCN) concentration measurements in bedrock or stream sediments, which are

two types of observations we combine in our study.

2.1 Hillslope erosion formulation

Roering et al. [1999] proposed an hillslope transport model, where sediment flux ¢ is

non-linearly dependant on topographic gradient dz/dz,

 —K(dz/dx)
T (e ) ST W

where K is a transport efficiency, or diffusion, coefficient, 2z is the elevation of the topo-
graphic surface, x the horizontal coordinate and S, a threshold gradient. Numerous field
investigations have supported the validity of this formulation in high relief landscapes [e.g.
Ouimet et al., 2009; DiBiase et al.; 2010]. In part of the landscape where topographic

gradients are small compared to the threshold S, this relationship can simplify as,

dz
qs = _K%7 (2)
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Equations 1 and 2 are Geomorphic Transport Laws [Dietrich et al.; 2003], which can be

combined with a continuity statement,

dqs
dx

= PE, (3)

with £ the rock-to-regolith density ratio and E the long-term denudation rate, which is

equal to rock uplift rate when steady state is achieved. Combining equations 2 and 3 yields,

_ KCur
/B M)

where Cyr is hilltop curvature, the second-derivative of the topographic surface. Equation

E

(4)

4 connects together two fundamental and distinct types of observations, which can be
made about landscapes: measurements of their spatial topographic properties, in this case
Cyr, and measurements of their temporal rate of evolution, in this case erosion rate F.
For a given landscape, assessing whether these two types of observations can be reconciled
within the framework of equation 4 can be used as a test of the underlying steady-state
assumption. It should be noted that equation 4 was derived for the particular case of
a ridge-like hillslope system. In the following, we will rather consider isolated hills and
a radial symmetry for the hillslopes, which implies a slight modification of equation 4

[Anderson, 2002],
KCyr

E =
* 5

: (5)

2.2 Detection of transience from the confrontation of morpho-

metric and TCN data

Terrestrial Cosmogenic Nuclides (TCN) are now routinely used for the determination of

denudation rates in a variety of settings, as their steady-state concentration C' in various
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materials, such as stream sediment or outcropping bedrock, can be related to denudation
rate E with,
P,

C = Z . (6)
with P; the TCN production rate at the surface, p the material density, A; the cosmic ray
attenuation length and A the decay constant for the considered nuclide. Subscripts ¢ refers
to the various production pathways, such as spallation by neutrons or muons capture. The
integration time scale of these denudation rate measurements is usually calculated as the
time required to erode a thickness equivalent to the neutrons attenuation length-scale, or
~60 cm in most situations [von Blanckenburg, 2005]. It results in a wide range of integra-
tion windows from Ma to ka timescales for denudation rates ranging from 1 to 100 m/Ma,
respectively. This dependency of integration time on denudation rates implies that sites
with different denudation rates will respond more or less rapidly, in term of TCN-derived
denudation rates, to perturbations of similar amplitude, and can be used to identify tran-
sient adjustment in landscapes as we illustrate below.

If a local cosmogenic nuclides steady state is achieved at the hilltop scale, the relation-
ship between denudation rate ' and hilltop curvature C'yr is linear and set by equation
5, assuming a spatially constant value for the sediment transport coefficient K (Fig. 1).
Transience resulting from a change in the sediment transport coefficient through time can
be detected by the non-alignment of the E vs Cyr or [*°Be] vs Cyr relationships to the-
oretical steady-state predictions. For the case of a slow denudation landscape, we assume
that hillslope morphology does not change significantly over a 100 ka time-scale, and do

not take into account eventual feedback between denudation and hilltop curvature.
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2.3 Detection of transience from TCN pairs

As discussed by Mudd [2016], independently of morphological considerations, transience in
denudation can also be detected by the use of pairs of cosmogenic nuclides with different
decay constants. “Be-26Al is the most widely used TCN pair, notably in burial dating
applications [Granger and Muzikar, 2001]. However, their decay constant are of the same
order of magnitude, which greatly limit the sensitivity of this system for the identification
of transient adjustment conditions [Mudd, 2016]. Instead, this has oriented research ef-
forts toward the °Be-'*C pair as the most promising system to resolve recent changes in
denudation [Hippe, 2017; Skov et al., 2019; Hippe et al., 2021]. Nevertheless, it should be
noted that in the particular case of slowly eroding landscapes, where the °Be and 26Al
half-lives are comparable with the TCN denudation integration timescale, the amplitude of
the deviation of isotopic ratio away from steady-state denudation predictions can become
analytically resolvable (Fig. 2). This deviation is particularly noticeable for an increase
in denudation rate, as it significantly lowers the ratio below the steady-state denudation
curve. The time-scale of the perturbation being also dependent on the denudation rate, the
transient response can thus be observed over a few 100s ka in the case of slowly evolving

landscapes (1 m/Ma).

3 Settings

Our study area is located in the Serra do Cipd national park, in the highlands of the
Brazilian Southeast. The Serra do Cipé mountain is a narrow (30-km wide) quartzitic
range located in the southern portion of the Espinhaco Range (Fig. 3), which is the most
extensive and continuous Precambrian orogenic belt of the South American Platform and
originated 600 Ma ago during the Brasilian Orogeny [Magalhaes Junior et al., 2015]. The

Espinhago Range is an important hydrographic and landscape divider in South America.
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To the west is located the large hydrographic basin of the Sao Francisco River, which drains
a craton characterized by smooth relief, semi-humid climate, and savanna vegetation. To
the east, drainage is organized around smaller watersheds, such as the Doce and Jequit-
inhona hydrographic basins, that drain a half-orange hills plateau-type landscape, under
humid climate and tropical forests [Salgado et al.; 2019].

After its uplift during the Brasilian Orogeny, the Serra do Cipé has not been subjected to
new orogenic phases and the subsequent erosion of the range resulted in a relief character-
ized by a wide quartzitic plateau (average elevation 1200 m), comprising a large sequence
of ridges, reaching 2000 m in altitude, depressions and dissected fluvial valleys. There are
no evidence of a direct impact of the opening of the South Atlantic on our study area.
Although landscape properties are globally homogeneous across the Serra do Cipd, the
portion of the range that drains towards the Doce River is more dissected than that drain-
ing into the Sao Francisco River.

Nowadays, the climate of Serra do Cipé Range is mesothermal, with Mean Annual Temper-
ature between 18°C-19°C and Mean Annual Precipitation ranging from 1250 to 1550 mm,
as well as dry winters and wet summers. However, there are lines of evidence, from pedo-
logical and geomorphological records, that the region underwent many climatic changes
during the Holocene and late Pleistocene, with occurrences of periods wetter and dryer
than the present-day conditions [Chueng et al., 2019; Barros and Magalhaes Junior, 2020;
Silva et al., 2020].

Due to the great resistance of the quartzite bedrock to erosion, denudation rates are <6
m/Ma [Barreto et al., 2013; Peifer et al., 2020], soils are thin and poor, hosting the typi-
cal vegetation of Campos Rupestres, a high altitude rocky field biome [Magalhaes Junior
et al., 2015]. This combination of slow denudation rates and significant relief is well suited
for the coupling of high-resolution morphometry and cosmogenic nuclides analyses due to

long-integration time scales for denudation, a limited contribution of stochastic events to
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surface processes, a limited storage of erosion products and long relief response timescales.

4 Methods

4.1 General sampling strategy

Our strategy was to select prominent sites on top of soil-mantled vegetation-free hillslopes
(Fig. 4), where the observed denudation rates E and morphological properties such as
hilltop curvature C'yr could be linked into the simple physical framework of equation 5
[Anderson, 2002; Hurst et al., 2012]. The slope of this relationship between E and Cyy is
set by the sediment transport coefficient K and the rock-to-regolith ratio (.

We primarily selected regolith-mantled hilltop sites, with regular morphologies and no
bedrock outcrops (Fig. 4A-B). We sampled quartz fragments resulting from the disman-
tlement of quartz veins embedded in the fine-grained quartzite bedrock and sandy regolith
(Fig. 4C). At some sites, the quartz veins were directly outcropping, but not significantly
protruding over the surface, and the quartz fragments were detached directly from the
veins (Fig. 4D). At other sites, the veins were not directly outcropping, but covered by
10 to 20 cm of regolith. We observed that the quartz veins remain coherent and resistant
during their exhumation toward the surface, whereas the fine grained quartzite bedrock

is converted into sandy regolith. Site O is an exception, where we directly sampled the

outcropping quartzite bedrock.

4.2 Cosmogenic nuclides analysis

Samples for 1°Be and 26Al concentrations measurements were collected at 11 hilltop sites,
by amalgamating 30 to 40 individual quartz vein fragments at the surface (except for site

O). Samples were crushed and sieved to extract the 250-1000 pm fraction, which was sub-

10
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mitted to sequential magnetic separations. The remaining fraction was leached with 37%
HCI to remove eventual carbonate fragments. The samples were then repetitively leached
with HySiFg and submitted to vigorous mechanical shaking until pure quartz was obtained.
Decontamination from atmospheric °Be was achieved by a series of three successive leach-
ings in concentrated HF, each removing 10% of the remaining sample mass [Brown et al.,
1991]. After addition of Be and Al carriers, the samples were digested in concentrated HF.
Be and Al were isolated for measurements using ion-exchange chromatography. °Be/Be
and 26A1/%7 Al measurements were performed at the French AMS National Facility, located
at CEREGE in Aix-en-Provence. All results and technical characteristics of the measure-
ments and calculations are provided in tables 1 and 2.

For reference, and before investigating time-variations in denudation, we compute steady-
state denudation rates (tables 1 and 2), which were calculated with the online calculator
described in Balco et al. [2008] and the nuclide specific LSD scaling scheme of Lifton et al.
[2014], using the CRONUS-Earth calibration dataset [Borchers et al., 2016] for the calcu-
lation of spallation production rates and muon production rates according to Balco [2017].
We used 160 g/cm? for the effective neutron attenuation length in rock, and a density of

2.65 g/cm?. No shielding correction was considered for the hilltop sites we sampled.

4.3 Morphometric analysis

We acquired a triplet of Pléiades images covering our sampling area (Fig. 3B), and used
photogrametric techniques to construct a 1 m resolution Digital Surface Model (DSM) and
perform hilltop curvature calculations. Pléiades satellites provide panchromatic images
with a 0.7 m resolution resampled at 0.5 m pixel size, and have the capacity to acquire
multi-stereo views of a scene during the same orbit [Bernard et al., 2012]. In low vegeta-
tion settings, they provide an efficient and cost-effective alternative to airborne LiDAR to

produce high-resolution Digital Elevation Models over large areas [e.g. Ansberque et al.,

11
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2016]. While this type of imagery, and derived topographic data, has been extensively used
in tectonic geomorphology investigations since the launch of the satellites in 2011, its use
in quantitative process-oriented geomorphological studies is less common [Godard et al.,
2019]. A triplet of Pléiades images was acquired by instrument PHR1A on the 5 of July
2019 over a ~250 km? area, covering the hilltop sites studied here.

The image triplet was processed with NASA AMES Stereo pipeline [Broxton and Edwards,
2008; Moratto et al., 2010] in order to produce a Digital Surface Model (DSM). We used the
Rational Polynom Coefficients (RPC) provided with the images for the internal calibration
of the pushbroom sensor. No Ground Control Points were used during the processing. The
images were first roughly aligned by orthorectification on WGS84 datum using a SRTM
Digital Elevation Model. Low-resolution disparity maps for couples of images were com-
puted to determine coarse correspondence between pixels. Sub-pixel refinement was then
performed using an adaptive window correlator [Nefian et al.; 2009]. The disparity map
was filtered by removing pixels with a value differing from the mean of their neighborhood
by more than 3. The point cloud was triangulated and gridded to produce a 1-m resolution
Digital Surface Model (Figs. 3 and 5).

In order to compute hilltop curvature C'yr, we fitted a quadratic surface to the DSM el-
evation over a circular window centered on the sampling point [Hurst et al., 2012]. The

equation of the surface is,

z=ax® + by’ +cay +dr +ey+ f. (7)

Topographic curvature C'yr is computed as the two-dimensional Laplacian of the quadratic
surface as,

CHT =2a+ 2b (8)

12
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The radius of the analysis window was chosen to be large enough to filter short-wavelength
surface roughness, and small enough to avoid perturbation from the ridge-and-valley to-
pographic signal [Lashermes et al., 2007; Roering et al., 2010; Hurst et al., 2012; Godard
et al., 2016; Grieve et al., 2016a]. In our case, this radius was set at 10 m (Fig. 6). In
order to account for uncertainties on the position of the sampling sites and the influence
of small wavelength topographic fluctuations, we computed Cyr at each pixel within a 10
m radius of the sampling point, and then calculated the mean and standard deviation of

these values.

4.4 Numerical modeling

We predicted the concentrations in 1°Be and Al at the surface by considering the pro-
gressive accumulation of these cosmogenic nuclides during exhumation as a response to
imposed time-varying denudation, using a Lagrangian point of view [Knudsen et al.,; 2019].
We used the CRONUS-Earth calibration dataset [Borchers et al., 2016] and nuclides specific
time-dependent LSD scaling scheme [Lifton et al., 2014], for the calculation of spallation
production rates. Muons production was computed following Model 1A and associated
parameters from Balco [2017]. We used 160 g/cm? for the effective neutron attenuation
length in rock, and a density of 2.65 g/cm?.

The originality of our approach is that the denudation rate E at our sites of interest is
computed from their measured hilltop curvature Cyr according to equation 5. This al-
lows us to impose time-variations in denudation through changes in K, affecting all sites
synchronously, rather than considering the evolution of denudation rates at each site indi-
vidually. In other words, this allowed us to perform a joint inversion of a single K history
to assess the changes in denudation through time, rather than dealing with the 11 inde-
pendent denudation histories at each site separately.

We parameterized the evolution of the sediment transport coefficient K through time as a

13
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two-steps history, which is thus defined by three parameters : (1) the sediment transport
coefficient K during an initial slow denudation phase, (2) the sediment transport coeffi-
cient Ky during a recent faster denudation phase and (3) the transition time 7" between the
two phases. Similar scenarios of hillslope evolution based on a two-steps history for the sed-
iment transport coefficient were explored by Roering et al. [2004] over shorter timescales,
and allowed to capture the impact of a climate changing event while limiting the number of
free parameters. A significant amount of scatter is expected in our dataset, which is usual
in the type of complex natural system we are dealing with. Our forward model is based
on a simplified definition of the problem, which does not account for numerous processes
complicating hillslope dynamics and are not captured by idealized relationships such as
equation 5. Additionally, the two-steps scenario we used is a coarse, but necessary, simpli-
fication of the actual denudation history. Such epistemic uncertainty is not represented by
the measurement errors on either the “Be concentrations or hilltop curvatures. For that
reason, we do not expect the modelled concentrations C,,,q to be able to fit the observed
concentrations Cy,, within these measurement errors. We introduce a residual error o, as
a 4" parameter which is sampled along the ones described above [Laloy et al., 2017], with

a likelihood defined as,

n

L(Kla K27 T) = (Cobs,i - Cmod,i(Kla KQvT))2> ; (9)
=1

)

1 -1
exp | —
V2ro, ( 202 <
where n is the total number of observed TCN concentrations used in the inversion. We used

a standard Monte Carlo-Markov Chain (MCMC) approach to move through the parameter

space and estimate the posterior distributions [Metropolis et al., 1953].
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5 Data

At hilltops, the measured '°Be concentrations range from 0.840.02 to 6.940.1 10° at/g
(Fig. 7A and table 1), which corresponds to steady denudation rates of 64+0.5 to 0.354+0.05
m/Ma, respectively. The 26A1/Be ratios range from 4.440.1 to 6.440.2, with 6 samples
plotting within the erosion island, slightly above the steady state erosion curve (Fig. 7A
and table 2). These samples are evenly distributed over the range of observed °Be con-
centrations. One sample (R) presents an anomalously high ratio, which is impossible to
obtain by TCN accumulation and decay. It is probably affected by an analytical issue on
the determination of the 2"Al concentration, which is significantly higher than the rest of
the dataset (except sample O). Only the 1°Be concentration will be used for this sample
in the following. Finally, 4 samples display ratios clearly below steady-state denudation
predictions, including the 3 samples with the lowest 'Be concentrations.

At our sampling sites, measured hilltop curvatures span an order of magnitude from 0.005
to 0.039 m~! (Fig. 7B and table 3). Denudation rates, calculated under a steady state
assumption, increase with hilltop curvature. We note that sample O is slightly off the gen-
eral trend and corresponds to the only site where we sampled the outcropping quartzite

bedrock, instead of the quartz veins.

6 Discussion

6.1 Interpretation of observed TCN concentrations

The denudation rates calculated under a steady-state assumption span a large range, from
0.5 to 6 m/Ma. Barreto et al. [2013] reported denudation rates of 1.8 to 2.4 m/Ma and 4.0 to
6.3 m/Ma for catchments located in the Sdo Francisco and Doce river basins, respectively.

The global range of denudation rates reported for these catchment wide denudation rates
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is largely overlapping with our local measurements near the drainage divide. We do not
observe systematic gradient in denudation rates at our sites between the two sides of the
divide, as in the results of [Barreto et al., 2013], and the diversity of denudation rates in
our dataset probably reflects an underlying long-standing diversity in hillslope and hilltop
morphologies across the relict landscape of the Serra do Cipé uplands.

Some of our samples present 2°Al/1°Be ratios that are significantly lower than steady-state
denudation predictions (sites Q, M, U and V). Such low ratios are usually interpreted
as reflecting temporary burial of the material [Granger and Muzikar, 2001] where, in the
absence of TCN production, the differential rate of decay between the two isotopes is
progressively lowering the ratio. However, such explanation is highly unlikely for our
samples collected at the top of continuously eroding prominent hilltop sites, where there is
no evidence for any significant potential for long-term storage and burial. Regolith mixing
in slowly eroding soil profiles can also induce a lowering of 26Al1/1°Be ratios below the
steady-state denudation line [e.g. Makhubela et al., 2019]. While this process could explain
the measured ratio at site Q), it is difficult to reconcile with field observations at the other
sites where we directly sampled outcropping veins. Furthermore, these three sites (M, U
and V) display the highest denudation rates, and are eroding almost an order of magnitude
faster than the slowest sites of the dataset. The last possible process to explain the observed
low 26A1/'9Be ratios at sites M, U and V is an increase of denudation rate [Struck et al.,
2018], which would dominantly impact the fastest sites with short integration time scales
(100-200 ka, table 1) and much less the slowest sites, which average denudation over a longer
time-frame (Fig. 2). Independent of any consideration on the morphology of the studied
sites, our TCN data present evidence of transience and acceleration of denudation rates in
the past. The amplitude and timing of such increase is however difficult to constrain from

26 A1-19Be data alone.
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6.2 Relationship between TCN data and hilltop morphology

The relationship between denudation rate E and hilltop curvature Cyr (equation 5) is
not linear (Fig. 7B), as would be expected from hillslope diffusion theory [Anderson, 2002;
Hurst et al., 2012]. No single sediment transport coefficient can explain the data within un-
certainty, and we observe a systematic tendency for the sites with higher denudation rates
(lower integration time scale) to plot on a higher K line, when compared to the slower
ones. In line with our previous observations on the 26Al1/1°Be ratios, this constitutes an
additional evidence for an acceleration of denudation over our area of interest (Fig. 1). We
note that a recent large-scale compilation by Gabet et al. [2021] have also identified non-
linearity in the relationship between C'yr and TCN-derived denudation rates but further
investigations are needed to assess its signification in terms of hillslope dynamics.

In order to obtain more quantitative insights on this postulated acceleration of denuda-
tion, we tested a 2-stage denudation history defined by 3 parameters : the transition time
between the slow and fast periods of denudation and their respective sediment transport
coefficients (Fig. 8). We predicted °Be concentrations at the sites of interest for any
combinations of these parameters, using the measured hilltop curvature (Cyr) to compute
denudation rates evolution through time using equation 5, and perform a MCMC driven
inversion. The sampling of the parameter space is driven by the Metropolis-Hasting algo-
rithm, with an acceptance rate of 32%. We ran 16 independent chains, each 5 x 10°, in
length with a 10 length burn-in phase. The multivariate Potential Scale Reduction Factor
is 1.001 suggesting convergence was achieved [Gelman and Rubin, 1992].

The inversion results support a low initial K value (< 8 x 1075 m?/a), followed by a very
marked increase (5 x 107 to 5 x 107* m?/a). A pronounced trade-off exists between the
onset time of the second phase and the value of its sediment transport coefficient, which
makes it difficult to directly confront these results with climatological and morphological

records. Indeed, both an intense and recent phase with a transition as young as 10 ka or
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a much older up to 1 Ma event with lower sediment transport coefficient could provide
reasonable fits to the data (Fig. 8B). We note that solving for TCN accumulation using an
simplified Eulerian approach [Knudsen et al., 2019] with exponential attenuation profile for
muonic production and a time-independent scaling [Stone, 2000}, instead of the Lagrangian
scheme we used in our reference model, does not substantially modify the outcome of the
inversion (Fig. 9B).

Additional independent constraints can be obtained from the low 26Al1/!9Be ratios of the
fastest denudation sites Assuming an initial K; =4 x 107° m?/a, for each value of Ky we
computed the best transition time 7" allowing to explain both °Be and 26Al concentra-
tions within 1o uncertainty, for each sample independently (Fig. 8A, red lines). For each
of these samples (M, U, V), we observed the same tradeoff between K5 and T as for the
Crr-1"Be inversion of the whole dataset. The lines defining the best K»-T' combinations
for these 2°Al-'"Be data appears to intersect the region of maximum posterior density for
the Cpr-1°Be inversion at a transition time 7" ~ 100 ka. Finally, a joint inversion of Cyr,
10Be and 2°Al data for the whole dataset narrows down the range of probable transition
time and is also consistent with a value close to 100 ka (Fig. 9C). As discussed below,
this time scale for a postulated shift in surface dynamics is in agreement with reported
environmental changes in the area, notably precipitation [e.g. Cruz et al., 2009b].

We note that our results could be affected by the processes occurring during the exhumation
of the quartz fragments sampled at the surface. Notably, a mixing of these fragments in the
regolith layer, rather than the monotonous exhumation toward the surface assumed in our
models, would significantly impact their accumulation of cosmogenic nuclides through time
[Granger et al., 1996; Makhubela et al.; 2019]. As discussed above, we have numerous lines
of evidence that those fragments result from the dismantlement of massive quartz veins,
which remained mostly cohesive during their exhumation history embedded in the regolith,

implying little mixing. The 2°Al/'°Be ratios of most of the high-concentration samples are
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not compatible with a significant mixing of the fragments in the regolith (Fig 7A), with the
exception of sample Q. We also note that our reference model is designed with a constant
density during the exhumation history. In order to test the influence of a change in density
when moving through the regolith for the final stage of exhumation [Struck et al., 2018],
we tested the effect of a 1-m thick layer of density 1.7, and we observed that such mod-
ification does not substantially alter the general pattern retrieved from the inversion for
the various parameters (Fig. 9D). It is important to note that our approach relies on the
hypothesis that hillslope morphology does not change substantially over the investigated
time period, so that there is no feedback between denudation and hilltop curvature, which
is considered constant here. Calculated hillslope response times for the range of very low
denudation rates and sediment transport coefficient considered here are at least several
Ma, supporting the hypothesis of a stable landscape over the time-frame of the climatic

perturbations scenarios we investigate (Fig. 10).

6.3 Comparison with regional climatic and geomorphic records

The two types of observations we made (Crp-1°Be relationship and 26 Al/1°Be ratios) sug-
gest a significant increase of denudation occurring over the last few 100s ka. However, it
is difficult to pinpoint an actual event from each approach alone. Indeed, onset of rapid
denudation as young as a few 10s ka, close to the Last Glacial Maximum, or as old as
800 ka, near the Mid-Pleistocene Transition, provide comparable fits to the Cyp-"Be data
(Fig. 8). We note that we also used a very simplified 3-parameters definition of the evolu-
tion of K, which implies a single step-change and does not allow the possibility of multiple
events or of a gradual change. We tested this type of scenario by mapping the evolution of
the sediment transport coefficient on the §'0 stack of Lisiecki and Raymo [2005], with a
prescribed range of variations. Such evolution of K yields a relationship between C'yr and

10Be concentrations that does not fit the data as well as the abrupt evolution associated
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with the 3-parameters scenarios. However, it still reproduces the general trend and in
particular the fact that it does not correspond to a steady state situation (Fig. 8C, green
line). When considered alone, the 26A1/1°Be ratios of the high-denudation samples also
display a similar tradeoff between T" and K5, but the combination with Cgp-°Be inversion
results significantly narrows down the range of likely age for the onset of the increase in
denudation rates to 100-300 ka (Figs. 8 and S4).

There are lines of evidence supporting important Quaternary fluctuations of precipitation,
temperature and vegetation in SE Brazil [Salgado-Labouriau et al., 1998; Behling, 2002;
Ledru et al., 2005], and in particular in the Espinhago Range [Chueng et al., 2019; Silva
et al., 2020]. For example, precipitation has been shown to be strongly modulated by
orbital fluctuations [Wang et al.; 2007; Cruz et al., 2009a], with some speleothem records
suggesting a wetter climate starting at 70 ka [Cruz et al.; 2009b], a timing comparable
with the transition time inferred from our inversion results. Early and Middle Quater-
nary geomorphological markers, such as river terraces, are often poorly preserved in the
area, but display a strong climatic control on cycles of erosion and deposition [Barros and
Magalhaes Junior, 2020]. The hypothesis that climatic fluctuations is the main driver of
the increase in denudation rates is reinforced by the fact that there was a reduction in in-
traplate tectonic activity beginning in the Middle Quaternary or earlier in the southeastern
highlands of Brazil [Salgado et al., 2016]. This idea of a dominant climatic control is further
reinforced by the non-linear E-C'yr relationship observed in figure 7, which can be consid-
ered as symptomatic of a top-down climatic forcing, where climatically-triggered changes in
precipitation or vegetation modulate hillslope sediment transport coefficient. Conversely, a
bottom-up perturbation associated with tectonically-driven base level changes would pre-
serve the co-linearity of the samples in an E-Cyr plot. While we cannot unambiguously
associate a particular event to our observations of transience in the landscape of the Serra

do Cipd, they probably result from the integration of climatic fluctuations and an increased
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denudation trend over the Late Pleistocene.

6.4 Implications for the detection of transient evolution in land-

scapes

Combining the analysis of detailed high resolution hillslope morphometry with TCN data
is a promising way to investigate landscape dynamics but has been only used in a limited
number of situations [DiBiase et al., 2012; Hurst et al., 2012; Godard et al., 2019, 2020].
Such an approach allows to combine the two types of observation into a physical, process-
based framework, such as equation 5, in order to test the underlying assumption and
evaluate its limitations. Our study illustrates the potential of such an approach to identify
transient dynamics in slowly eroding landscapes, and assess its links with climatically-
driven top-down forcings. We take advantage of the differences in integration timescales of
the two methods: a few 100 ka for TCN concentrations and of the order of 1 Ma for hilltop
curvature measurements (Fig. 10), which allows to unravel time variations in the intensity
of surface processes. Hilltops of the Serra do Cip6 range display several evidences of Late
Quaternary acceleration of erosion, as the relationship between °Be concentrations and
hilltop morphology, as well as the 2Al1/!1%Be ratios, both displaying significant deviation
from steady state predictions. There are however limits to the resolving power of such com-
bination with respect to the details of denudation history that can be retrieved, which are
manifest in the observed trade-offs between parameters (Fig 8A and 9). Using additional
TCN, such 3¢Cl or in situ 1*C might allow to extract more details about the denudation
history. However, in situ *C has not yet been used to investigate such low denudation
settings and modeling studies anticipate important limitations to its resolving power in
such settings [Skov et al., 2019]. 3¢Cl would require target minerals such has carbonates

or feldspars which are not present in the setting we investigated, but might be feasible in
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granitic landscapes. While it does not provide a time-series for the evolution of denuda-
tion, our study illustrates the possibilities and potential of investigating paleo-denudation
of slowly evolving landscapes in addition to the often explored tectonicaly active mountain

ranges.

7 Conclusion

We studied the denudation of hilltop sites in the Serra do Cipé range, by collecting high
resolution morphometric data and measuring 1°Be and 2° Al concentrations in surface mate-
rials. We compared our observations with prediction of simple hillslope diffusion theory for
the relationship between morphological attributes and denudation rates derived from these
TCN concentrations. We identified substantial deviation from steady state configuration,
suggesting an important change in surface denudation over recent time periods, which re-
sults in the observed transient state. The originality of our approach is to conduct a joint
inversion of both isotopic and morphometric data to derive the temporal evolution of the
hillslope sediment transport coefficient. Our inversions suggest an important increase in
the sediment transport coefficient and denudation rate over 100 ka timescale, which most
likely results from a modulation of soil transport efficiency of climatic origin. However, a
trade-off between the timing of the acceleration and denudation intensity limits our ability
to precisely pin point a specific climatic event. Our study illustrates the strong poten-
tial of landscape analysis that link geochronological and topographic data into a single
physically-based framework, as for example hillslope diffusion theory. In our case, it allows
to identify transient dynamics at the scale of hillslope, and the persistence of instabilities,
which is key for longer-wavelength landscape-scale analysis of the influence of climatic and

tectonic forcings.
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Figure 1: Illustration of the manifestation of transience in landscapes from the confronta-
tion of cosmogenic nuclide data with high resolution topographic metrics. (A) Evolution
of the relationship between hilltop curvature (Cy7) and °Be-derived denudation rate F,
as a response to a b-fold increase in sediment transport coefficient K. Thick grey lines are
the starting and final steady-state situations. Thin grey lines are steady state relations
for intermediate sediment transport coefficients (equation 5). Red curves display the tran-
sient evolution at 100 ka intervals. (B) Same as previous panel but for '°Be concentration
against Cyr (log axes). Note that we consider hillslope morphology, and thus hilltop cur-
vature, to be stable over a time scale of a few 100s ka. This approximation is justified
by the hillslope response time of the order of 1 Ma implied by the low sediment transport
coefficient considered here.
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Figure 2: Responses of 1Be and 2°Al surface concentrations and ratio to 2, 5 and 10-
fold increases or decreases in denudation rates. Left panels display the evolution through
time of the 26A1/'°Be ratio, since the onset of the perturbation. Right panels display the
corresponding evolution in a two-nuclides plot. White and colored circles indicate the
starting points and 0.5 Ma mark, respectivelly. Solid and dashed brown curves correspond
to expectations for steady-state erosion and a constantly exposed surfaces, respectively.
Production rates are calculated for the average conditions at the sampled sites in the Serra
do Cipé (Fig. 3), using a time-independent scaling scheme [Stone, 2000].
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Figure 3: (A) Situation of the Southern Espinha¢o Range in Minas Gerais State. (B)
Location of sampled hilltop sites in the Serra do Cipé6 Range. Color scale indicates calcu-
lated steady-state denudation rates from '°Be concentrations (m/Ma). Dashed rectangle is
the extent of the Pléiades images triplet used to compute a high resolution Digital Surface
Model (DSM). Pink line is the divide between the Sdo Francisco and Doce river basins.
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Figure 4: Sampling sites pictures. (A) View on Serra do Cipé landscape, toward the
East from site M. (B) View on Serra do Cip6 landscape, toward the East from site T. (C)
Quartz vein at hilltop sampling site N. (D) Surface of hilltop sampling site W, with quartz

vein embedded in the regolith and small quartz fragments. (E) Hilltop sampling site M.
(F) View toward site W.
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Figure 5:  Shaded Pléiades Digital Surface Model (DSM) for 4 selected hilltop sites.
Spacing of elevation contours is 1 m.
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Figure 6: Evolution of the standard deviation of curvature as a function of the radius of
the analysis window used to fit the quadratic surface of equation 7. 80x 10 measurement
points were sampled from the Pléiades DSM. A slight scaling break occurs at ~10 m radius
for the analysis window and this size is used in the curvature computation. We note that
the scaling break in less pronounced than in the results of Roering et al. [2010], due to the
gentler variations in elevation of the Serra do Cipé hillslopes and the absence of trees, as
opposed to the rugged and densely forested landscape of the Oregon Coast Range.
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Figure 7:  (A) Two-nuclides plot for the samples collected at hilltops (1o confidence
ellipses). See figure 3 for sites locations. Grey-filled area indicates the region between the
steady-state surface denudation and constant exposure scenarios. Grey and black lines
correspond to various regolith mixing-depth and denudation rates, respectively, according
to the model of Foster et al. [2015]. Scaling according to Stone [2000]. (B) Denudation rate
calculated from measured °Be concentrations as a function of hilltop curvature computed
from the Pléiades DSM. Grey lines correspond to equation 5 with various values of the
sediment transport coefficient.
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Figure 8: (A) Result of the MCMC inversion based on a 2-stages history set by 3 parame-
ters: the initial (k) and final (K5) sediment transport coefficients and the transition time
T between the two. Blue shaded contours are highest posterior density region for 7" against
K5, and the filled blue circle indicates the Maximum Aposteriori Probability (MAP). Solid
lines are marginal probability densities for K5 and T, dashed line corresponds to K;. Red
lines correspond to parameters combination allowing to predict the °Be and 2°Al concen-
trations within 1o of the measured values (K7 is set at 4 x 107> m?/a). Red filled circle is
a manually set parameters combination. (B) Marine '®0 stack from Lisiecki and Raymo
[2005] (log time scale). (C) Comparison of hilltop curvature (Cyr) and '°Be concentra-
tions. Grey lines are predictions for different time-constant sediment transport coefficients
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Figure 9: Tests of the influence of various aspects of the modelling approach on the
inverted distributions for K, Ky and T. (A) Reference model (same as Fig. 8). Result
of a MCMC inversion based on a 2-stages history set by 3 parameters: the initial (K;)
and final (K) sediment transport coefficients and the transition time 7" between the two.
Blue shaded contours are highest posterior density region for T against K. Solid lines
are marginal probability density for Ky and T, dashed line corresponds to K;. (B) Same
as reference model but forward problem is solved with an Eulerian approach [Knudsen
et al., 2019], using the time-independent Stone [2000] scaling and an exponential model
for the muonic production at depth, with parameters from Braucher et al. [2011]. This
simplified and computationally much faster Eulerian scheme provides essentially the same
results as the reference model. (C) Same as reference model but using both °Be and 2°Al
concentrations (only '°Be data is used in the reference model). (D) Same as reference
model, but the density decreases to 1.7 during the last 1 m of the exhumation history, to
test the influence of density change associated with a regolith layer.
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Figure 10: Adjustment time-scales of hillslopes based on linear (dashed lines) and non-
linear (solid lines) evolution models [Roering et al., 2001; Hurst et al., 2012], for different
values of the erosion rate E and hillslope length L.
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Table 3: Site locations and hilltop curvature measurements

Site Latitude Longitude Altitude Hilltop curvature

() () (m) (m~")

M -19.2637 -43.5558 1313 0.02840.010
N -19.2614 -43.5508 1354 0.020£0.008
O -19.2612  -43.5508 1353 0.039£0.010
P -19.2361 -43.5058 1355 0.006£0.002
Q -19.2301 -43.5051 1365 0.005£0.001
R -19.2119  -43.5027 1335 0.00840.001
S -19.1594  -43.5156 1380 0.008=+0.003
T -19.1582  -43.5174 1379 0.007+0.003
U -19.2206 -43.4989 1337 0.038+0.011
Vo -19.2218  -43.4968 1301 0.024=£0.007
W -19.2337  -43.5050 1357 0.014£0.003
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