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Chapter

Introduction

A soil system under pressure

At the Earth surface, the terrestrial life is suppdby a very thin layer. The latter, called
the soil mantle or mobile regolith, is a porous nmatonstituted by inorganic material
derived from weathered and fragmented bedrock, waierand organic matter from
living and dead organisms. The average fractiorauwh constituent is estimated at 45,
25, 25 and 5 % although they vary according toegtheironmental conditions, and are
dynamic as a result of soil developmeaitddy and Wejl1996].

The soil system appears as a stack of horizonsatteatnore or less well-defined and
results from the interaction between five soil fanmifactors: lithology, climate,
biological activities, relief and timeJgénny 1941]. The thickness of the soil mantle is
governed on the one hand by soil production regylfiom mechanical disintegration
and chemical weathering of the bedrock and inputfamospheric dust and on the
other hand by soil denudation from losses of sslaed soil particles. Soil forming
processes are slow on a human timescale, and lage gver hundreds or thousands of
years. Soil formation rates are controlled by thiensity of chemical weathering and
physical erosion (Figure 1.1).
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Soil development

®
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Figure 1.1: Schematic overview of the main procesdehe soil development. Upward arrows are
indicative for vertical particle fluxes; diagonatraws for lateral particle and solid fluxes, eleictr
arrows for chemical weathering of minerals and sexsarrows for physical breakdown of the bedrock
(modified from Brantley et al. [2011])

Chemical weathering encompasses aqueous alteraiwhsransformations of primary
minerals of the bedrock which are driven by a thetymamic disequilibrium with
respect to their forming conditions in the Eartbfsst. Among these reactions, we can
distinguish chemical reactions involving dissolatiof carbonates, oxidation of iron
minerals producing e.g. hematite, hydrolysis ofi$plars forming secondary minerals
(i.e. clays) and Fe/Al oxides and biochemical remsticaused by the metabolism of
living organisms - for example, the exudate of aigacids and release of G@om
respiration by plant roots. Chemical reactions armhanced by temperature which
conditions the speed of the reaction and by wateilability which transports the
weathering agents and products in the soil system.

Physical erosion fragments and breaks down the blkdhoough e.g. ice growth in rock
fractures, root penetration, pressure release aftandslide and thermal expansion or
contraction due to sun exposurdolden 2005; Anderson 2007; Amundson 2007;
Bauer and Velde2014].

The soil system can be considered as a reactor winégeactions between the
atmosphere, bedrock, water and vegetation take .plds is why soils are a central
component of the so-called Critical Zone (CZ), aapt uniting all those components
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and stretching from the underground aquifers to tibg of the canopy National
Research Coungil2001;Brantley, 2006;Anderson 2007]. The CZ is also known as a
supplier of ecosystem services by providing primeggources and energy to society
through e.g. supply of wood and minerals, waterdfilbm, and waste degradation.
However, over the past three centuries the humanlgiigou has increased tenfold to
more than 7 billion causing profound anthropogetigturbances to the soil-landscape
system which can profoundly affect the CZ by altgtiateral and vertical fluxes of soil
nutrients and soil particles at the land surfagayjnond and CoJe2003;Foley et al,
2005;Vanacker et a).2014].

Human activities can alter soil formation and depeient to the extent that humans are
now identified as the sixth soil forming factdydal, 2004;Richter, 2007]. According

to Crutzen[2002], 30 to 50% of the land surface and more th@% of the freshwater
resources are exploited by humans. On a global,staldern erosion rates are about one
order of magnitude higher than the natural erosides Hooke 2000;Wilkinson 2005;
Montgomery 2007;Vanacker et a).2007;Cerdan et al. 2010]. A study, conducted by
Wilkinson and McEIro§2007], has evaluated at about 21Gt e global sediment flux
to the oceans, with 83% of this flux derived frone thighest 10% of Earth’s surface.
When taking into account anthropogenic erosion, dglebal sediment flux increases
more than three times and reaches about 75GtWilkinson and McElroy 2007].
Moreover, the spatial distribution of the main smuareas changes drastically, as the
main portion of anthropogenic sediment (65%) corfiemn lowlands such as stable
cratons and passive continental margins (below 350f maltitude) where intensive
agriculture is concentrated. Despite the increagbefjlobal sediment flux over the last
five centuries, the volume of sediment that is\dekd to the ocean has decreased by
15% compared to pre-anthropogenic times becausmniicant portion of the sediment
is intercepted by manmade reservoir or daByvitski and Kettne2011].

It is therefore essential for the scientific comiityito measure precisely the impacts of
anthropogenic activities on the soil system. The §O®roject (Soils Under Global
Change) funded by the Belgian Federal Science YPEBELSPO), involving four
Belgian universities, three foreign partners anderban 20 researchers has the aim to
answer this challenging question using an integrate@pproach
(https://hal.elic.ucl.ac.be/soglo/).

The research presented in this thesis is parteoSIAGLO project, and aims to quantify
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natural rates of soil development in order to pdevia baseline reference for
distinguishing human impact on the soil system. dRedechnological advances and
isotopic methods now allow us to quantify soil forlroatand geomorphic processes
(Figure 1.2) over timescales of 103 to°lyiars. By constraining the rates of soil
production, soil denudation and chemical weatheriinigecomes possible to reconstruct
long-term soil development.

In-situ and
meteoric CRN

Chemical mass
balance

U-series
disequilibrium

Figure 1.2: The thickness of the soil system dependsoil production, weathering and denudation
processes, and can be constrained using geochetaifatiques based on respectively U-series
disequilibrium, chemical mass balances and cosmiogedionuclides.

In this thesis, we make use of three independenthgsnical techniques in order to
quantify the rates of soil development: U-serieseduilibrium for constraining soil
production rates, chemical mass balances for sdtiveging intensities, and in-situ and
meteoric cosmogenic radionuclides for determinimg denudation rates. They are
presented and briefly described below, while mortaitteare provided in the following
chapters.
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In-situ and meteoric produced cosmogenic radionuclides

Figure 1.3: Figure illustrating the production ofateoric'°Be in the atmosphere and in-sitBe isotopes
at the Earth surface (modified from von Blanckegbamd Willenbring [2014])

In-situ and meteoric produced cosmogenic radiodasli(CRN) allow us to constrain
long-term (10 — 10 years) denudation rates at the hillslope and oatct scale Gosse
and Phillips 2001;von Blanckenburg2005;Balco et al, 2008]. Cosmogenic nuclides
(isotopes:Be or?°Al) are produced at a predictable rate in quartingréin-situ) near
the Earth’s surface and in the atmosphere (meje@fgure 1.3). At sea level high
latitude, the production rate of in-situ cosmogemidionuclides is about 4.65 atoms per
gram of quartz per year. The delivery of metedfe to the surface depends on dust-
aerosol and precipitation inputs and fiBe concentration in the source material. The
accumulation of these isotopes can then be usadcasmogenic clock that records the
residence time of the material in the upper few nsedé the Earth’s surface, and is also
indicative for the accumulation or removal of godrticles at the surface as a result of
erosion or deposition processes. If one assumeéghdasoil thickness remains constant
over the integration time (so-called steady statktlsickness), the concentration of CRN
can also be used to derive soil production ratesmeMetails are given in tiéhapter I
andV.
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Geochemical mass balance methods

Geochemical mass balance methods allow us to camstnai intensity of chemical
weathering in the soil system, and to quantify tlaetfon of soil denudation that can be
attributed to chemical weatheringrimhall et al, 1992; Riebe et al. 2003; Yoo and
Mudd, 2008;White and Buss2014]. Mass balance equations are used to quantts
transfer changes of elements when transforming fuonwweathered bedrock to soll
material, and are based on the principle that imlaaddements (such as Zr, Ti or Hf)
behave conservatively in the soil system. As theutations are highly dependent on the
immobile elemental concentrations, the refereneeneht should be conservative in the
soil system. The intensity of weathering can thennbeasured by comparing the
concentration of the conservative elements in #urdck and weathered material. More
details are given in th€hapter llandlll.

U-series disequilibrium

238U

4.5110%yr

2347]

& V 2.48105yr @ 230Th
g " e
7.510%yr 226Ra

1602yr A

Figure 1.4: Figure showing the main nuclides (ladk) of the”*®U radioactive series that are used in
the U-series disequilibrium method. Half-livas/g) are indicated below each nuclide. Arrows denote f

a-decay (emission of 2 protons and 2 neutrons)/addcay ( neutron and proton conversion and
emission of 1 electron) (inspired on Chabaux ef24103a]; Dosseto et al. [2008b])

Uranium isotopes (Figure 1.4) can reveal U-seriegddigibrium that allow us to
qguantify the long-term advance of the weatheringtfio the bedrock, and constrain the
soil production rateNla et al, 2010;Chabaux et a).2011;Dosseto et al.2012;Suresh
et al, 2013]. In bedrock older than 1 Ma, the activigyios of uranium-series nuclides
equal to 1. The weathering of primary minerals dissuthis secular equilibrium and
leads to a radioactive disequilibrium between thHéedint nuclides. From this moment
the radioactive clock is initialized because eagtlide will begin to return to the secular
equilibrium by radioactive decay. Usually it is caesed that the time needed to return
to secular equilibrium is around 5 or 6 half-livefsthe daughter nuclide. More details

are given in th&€hapter IV
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Chemical weathering and physical erosion of soils

Quantitative understanding of the interaction betwesgchanical rock breakdown,
chemical weathering, and physical erosion is eserfor unraveling Earth’s
biogeochemical cyclesRaymo and Ruddimari992]. On a geological time scale, the
weathering of silicate minerals contained in rockl @oil consumes atmospheric £O
and it results in a progressive uptake of this gneese gas from the atmospheBerner

et al, 1983;Raymo and Ruddimari992;Li and Elderfield 2013]. The (de)coupling
between chemical weathering and physical erosioriious environmental settings has
to be clarified in order to understand the role silicate weathering in global
geochemical cycles.

Field data and soil weathering models have shownpghgsical erosion and chemical
weathering are positively correlated in many envinents Ferrier and Kirchner 2008;
Gabet and Mudd2009]. However, the feedbacks between soil producttahe base of
the regolith, chemical weathering (W), and erosigpdre not yet fully understood. The
mechanical breakdown of fresh bedrock enhances caémeathering through increase
of the specific surface area of rock fragments suqgply of fresh and easily weatherable
minerals Riebe et al.2004;Norton and von Blanckenburg010]. The supply of fresh
particles is often considered to be the limitingtéa for soil formation, and these
conditions are often described sispply limitedweathering regimes where W E*=1,
However, reaction kinetics may limit chemical weathgrprocesses in e.g. areas with
sufficiently high erosion rates due to shorter sedidence times which do not allow the
minerals to weather completelyest et al. 2005]. In such environments, the relation
between physical erosion and chemical weatherings gpagitive but the increase in
erosion rates leads to a lower increase in weathesibeg, and this regime is described as
kinetically limited weathering regim@V o« E*<1). In environments where the soil
system is very thin (and the mineral residence simert), the relation between physical
erosion and chemical weathering breaks apart. ;ndase, the weathering reactions are
controlled by weathering kinetics and are describsdinetically controlled regimes
[Dixon et al., 2012](W o« 1/E*<1).

To enhance our understanding of the interactiomwéet mechanical rock breakdown,
chemical weathering, and physical erosion, it ieeal to have robust geochemical
techniques that allow us to constrain independehgysoil production, weathering and
erosion rates. By combining the three geochemiedhods described above, we are able
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to test new hypotheses related to the coupling afmital weathering and soil
denudation in two contrasting study sites.

Contrasting study sites

Two soil observatories have been selected in camtgantwith the other partners of the
SOGLO project, in order to constrain long-term sabduction and denudation rates.
The eastern side of the Betic Cordillera (SE Spa&nbhe first study area, while the
second study site is located in the central pathefsouthern State of Brazil, the Rio
Grande Do Sul. Full details on the environmentalrgggtof the two sites are given in the
chapters Il to V and are also resumed in Table 1.1.

The two sites offer us the opportunity to analyz#é development in two contrasting
environments: the Betic Cordillera is characterizeg steep topography and high
denudation rates, and low availability of water dgrinprolonged period of the year. We
posit that chemical weathering is limited by the wétaxes in the soil system. In
contrast, southern Brazil has a rolling topographgt low denudation rates, and water is
abundantly available throughout the year. We pibsit the rate of weathering in Brazil
is limited by the supply of fresh minerals from thedrock [e.gFerrier and Kirchner
2008].
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Table 1.1: Localization of the study sites concdrimethe thesis and their main environmental
characteristics [ESRI, 2009]

§\\

Gy

Indlan

o
South ESE0

Atlantic ez
Betic Cordillera (SE Spain) Rio Grande Do Sul
(southern Brazil)
Climatic regime Semi-arid Sub-tropical
- MAP!? - 275-425 mm/yr - 1700-1800 mm/yr
- MAT!? - 12 -17°C - 16-20°C
- ET? - 800-900 mm/yr - 780 mm/yr
Vegetation type and density Matorral (shrubs) Deciduous sub-tropical forest.
sclerophyllous and thorny. Dense
Scattered
Lithology Metamorphic rocks initiated Lava flow dated from 127-137
around 51 Ma (Mica-schist, Ma (ryhodacite)
phyllite, quartz veins)
Soil type (WRB soil Regosol and Cambisol Alisol and Acrisol
taxonomy, FAO)
Landscape morphology Mountainous and tectonically Dissected plateau
active zone

! Range of mean annual precipitation and mean anemperature derived from national climate databas
2 Mean annual potential evapotranspiration, catedlavith the Thornthwaite methoBdlmer and Havens958]

Research objectives

This study seeks to improve our quantitative urtdeding of soil development
processes. The main objective is to provide newgimsion soil development on time
scales of 103 to fO/ears based on field data and novel geochemicdyses of soil and

bedrock samples. The research focused on threarchsaebjectives:
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1. First, we explore the relation between chemical heritig and physical erosion in
two contrasting settings, and evaluate the climatid topographic factors limiting soil
production and chemical weathering.

2. Second, we explore the concept of the steady stéit¢hickness (SSST) that assumes
that soils have a constant thickness that dependilynon local environmental
conditions, and lithology. This concept is oftetediin the literature, but has rarely been
validated with field data. By using two independeabghemical techniques (U-series
and in-situ*®Be), we provide novel data on the association betwgedrproduction and
denudation. For constraining long term soil proessshe thesis was oriented towards
the development and application of new isotopicrépies. We have taken advantage of
the most recent developments in U-series disequifibanalyses, which is an isotopic
method that allows one to assess the rate of progkshe weathering front in the
bedrock (soil production).

3. Third, we constrain long term soil denudation ratesubtropical soils using meteoric
%Be. The use of meteoritBe in old and well-developed soils remains challeggi
because of potential leaching of the element idiaaconditions. To resolve this issue,
we test a method that accounts for the losses afariet®Be in the soil system, thereby
improving the reliability of the meteorit’Be-derived denudation rate estimates for
highly weathered soils. The results are then vaddiavith denudation rates obtained
from in-situ '%Be, that is formed inside the quartz lattice andseovative in the soil

system.

Thesis outline

The PhD dissertation is organized in six chapteduding this introduction (Chapter I).
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Figure 1.5: Structure of the thesis

The chapter Il focuses on the relationship between soil product@aichment-wide
denudation, and chemical weathering in a semi-andr@nment. The central hypothesis
here is that the production of mobile regolith aswl material by mechanical rock
breakdown and chemical weathering in semi-arid canditis kinetically limited, even
at low rates of total denudation.

Chapter 111 focuses on the topographic control on chemical heratg mass fluxes. The
analysis is based on two toposequences in a ndarest in southern Brazil that have
different slope morphology. Chemical mass balarchriiques are used to understand
how weathering fluxes evolve with respect to slopephology.

The validation the steady-state hypothesis of thidkness is addressed @hapter IV.
For the sites in the Betic Cordillera, two indepartdgeochemical techniques are applied
to constrain independently soil production and sl@hudation rates. Soil denudation
rates are derived from-situ producedBe, while soil production rates are derived from
the isotopic disequilibrium of Uranium isotopes hetsoil (U-series disequilibrium).
This work has been possible with to the support @f itiyGeS laboratory at the
University of Strasbourg.
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In Chapter V, meteoric'®Be isotopes are used as a tracer to quantify swsilidation.
Given the high rates of chemical weathering of this s this subtropical environments,
the method is adapted to account for potentialnieacof the Be element in the soll
system. For soil samples taken from a steep topes®g in southern Brazil (identical to
Chapter Ill), successive chemical extractions are realizedhtterstand the behavior of
Beryllium in the soil system. Then concentratiorismeteoric *°Be are corrected for
chemical leaching in order to quantify the soil déation rates. The rates are then
validated with denudation rates from in-situ prodLitt8e isotopes.

The Chapter VI sums up the main findings presentedCinapter Il to Chapter Vand
provides some implications for future research.

The supporting materials for all chapters are priesk at the end of the thesis.
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Kinetically limited weathering at
low denudation rates in semi-arid
climatic conditions

Based on:

Schoonejans, J., V. Vanacker, S. Opfergelt, Y. Aingsijiparifio and M. Christl
(2016b), Kinetically limited weathering at low demtidn rates in semiarid climatic
conditions, Journal of Geophysical Research: Eauif&e, 121(2), 336-350,
doi:10.1002/2015JF003626.

ABSTRACT

Biogeochemical cycling within the critical zone dags on the interactions between
minerals and fluids controlling chemical weatheriagd physical erosion rates. In
this study, we explore the role of water availabilin controlling soil chemical
weathering in semi-arid climatic conditions. Weathg rates and intensities were
evaluated for nine soil profiles located on convielge crests of three mountain
ranges in the Spanish Betic Cordillera. We comkingeochemical mass balance
with ®Be cosmogenic nuclides to constrain chemical wekmfyentensities and
long-term denudation rates. As such, this studysgmts new data on chemical
weathering and®Be derived denudation for understudied semi-arichate systems.
In the Betic Cordillera, chemical weathering intéies are relatively low (~5 to 30
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% of the total denudation of the soil) and negayivarrelated with the magnitude
of the water deficit in soils. Chemical mass lodsem soils are inversely related to
denudation rates (14-109 mm/kyr) and positivelgdd thickness (14-58 cm), these
results are consistent with kinetic limitation dfetnical weathering. A worldwide
compilation of chemical weathering data suggestst thoil water balance may
regulate the coupling between chemical weatherimgl ghysical erosion by
modulating soil solute fluxes. Therefore futuredsecape evolution models that seek
to link chemical weathering and physical erosioomwdl include soil water flux as
an essential driver of weathering.

INTRODUCTION

On Earth, the Critical Zone supports terrestriad, libeing the near-surface environment
where interactions between the atmosphere, lithosphgdrosphere and biosphere take
place Brantley et al. 2006; Anderson et aJ.2007]. This heterogeneous zone extends
from the top of the canopy down to the groundwadble, and encompasses organisms,
soail, rock, air and wateiNational Research Coung2001]. Within the Critical Zone, the
thickness of the soil is controlled by soil prodantat the base of the mobile regolith,
chemical weathering within the regolith, and physgail erosion and deposition at the
soil surface IHeimsath 1997; Chadwick and Chorover2001; Buss et al. 2005]. In
eroding settings, chemical weathering and physicadien are the dominant processes of
soil formation and development, and their procesges mainly depend on local
topography, lithology, hydrology, and vegetaticGrdws et al. 1995; Drever and
Stillings 1997;Chadwick et al. 1999;West et al. 2005;Bhatt and McDowe]l2007].
Rasmussen et a[2010]; White and Blum[1995] andWhite et al.[1999] have
recognised the fundamental role of soil hydrologyeégulating weathering fluxes, and
the positive effect of soil temperature on reactioretics.

Quantitative understanding of the interaction betwesgchanical rock breakdown,
chemical weathering and physical erosion is esderfoa unraveling Earth’s
biogeochemical cyclesRaymo and Ruddimari992]. Field data and soil weathering
models have shown that mechanical breakdown of bkdehances chemical
weathering through increase of the specific suréaea of rock fragments and supply of
fresh minerals \Vhite et al. 1996; Hodson and Langanl1999; Cohen et al. 2009;
Riggins et al.2011;Yoo0 et al. 2011;Vanwalleghem et gl2013;Attal et al, 2015]. In
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addition, dissolution of primary minerals leadsataveakening of rocks and fragments
which facilitates mechanical breakdown. Physicalieroand chemical weathering rates
are positively correlated in many environmentatisgs where chemical weathering is
limited by the supply of fresh minerals [eAqnderson et al.2002;Millot et al., 2002;
Riebe et a].2004;West et al.2005;Brantley et al. 2007;Larsen et al.2014]. However,
in areas of sufficiently high physical erosion gateeaction kinetics may limit weathering
processes due to reduced mineral residence timsuggested by modeling and
observational studies [e.Gabet 2007;Ferrier and Kirchner 2008;Gabet and Mudd
2009]. As physical erosion rates increase, the eesiel time of minerals in the thin
weathering zone is shorter than the duration of étedmveathering for most primary
mineral phases [e.dilley et al, 2010]. As such, in thin weathering zones, increases
physical erosion rates are expected to result ioredses in chemical weathering
intensities.

Recent observational studies suggested that cheme&zthering and physical erosion
rates can be positively related even at very hagbsrof soil erosion/fhite and Brantley
2003; Larsen et al. 2014]. Water availability is cited as one of thencipal rate-
controlling factors Rasmussen et al2011;Maher, 2011], and potentially explains the
high rates of soil production and weathering intéesimeasured in the extremely wet
climate of the western Southern Alps of New Zealandwéi@r, the hydrological
regulation of chemical weathering processes is @itirly constrained as there still are
few observational datasets on soil production arehital weathering rates. More data
are needed across a broad range of climatic conditio quantify the strength and
direction of the relationship between chemical wedatigeand physical erosion.

This study focuses on the relationship betweengoduction, denudation, and chemical
weathering in a semi-arid environment. The centypbthesis here is that the production
of mobile regolith and soil material by mechanicatk breakdown and chemical
weathering in semi-arid conditions is kineticallyniied, even at low rates of total
denudation. Furthermore, we explore the role of samiter balance on regulating
weathering fluxes in soils under water deficit regim8tudy sites are all located in the
southern Betic Cordillera (SE Spain), and seleeaess a spatial gradient in climatic
and topographic conditions.
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SITE DESCRIPTION

Geomorphological and climatic setting of the Betic Cordillera

The focus of this study is on the eastern parhefBetic Cordillera located in Southeast
Spain. The Betic Cordillera is composed by seversly to SE-NW oriented mountain
ranges rising up to 2000 m a.s.| (Figure 2.1), isntie product of tectonic compression
and shortening arising from the convergence ofAfniean and Eurasian plateBiaga et
al., 2003;Jabaloy-Sanchez et aR007]. The internal zone of the Betic Cordilldras
undergone a wide range of pressures and temperatureyy the compression phase
which began around 51 Ma, and is composed of thesikexd geologic complexes. The
Alpujarride and Nevado-Filabres complexes are thet mgger ones and were exhumed
during the early Miocene, while the Malaguide compie largely covered and only
outcropping in the northern part of the SierraateHstancias (Figure 2.1). All study sites
belong to the Alpujarride and Nevado-Filabres coxgde(Figure 2.1), and are underlain
by low-grade metamorphic rocks. Mica-schist is th@minant lithology, but small
outcrops of phyllite, interbedded quartzite veimgl dimestone are preseniCONA,
1988]. The mineralogy of the bedrock, as determibhgdXRD, is similar across the
sampling sites and characterized by the presenqgeartz (~30 %), muscovite (~25 %),
clinochlore (<10 %), biotite and plagioclagenjeijeiras-Marifio et a).2015].



|37

*(suoBejuad
anym Agq umoys are sajdwes mau alIywT0Z] Te 19 uljag ul paysiignd ssjduwres o} Jsymis 3oe|q) "('d’S TF) S8rel uolrepnusp paALap-agfuipuodsaiiod ayl yim
)1aboy ‘deyy @o parealpul si sais Buidwes Jo uonedo| ayl ‘[yEpFhepuy ap ewunc ayl Aq papiroid dew [e2160j089 Q01T SY) WOl paLap atam (Jybu syl uo 1asul)
sauepunoq [eJmsoab ay) ensuiuad ueuaq| ayl uiyim uoneaq) Buimoys (8)) dew 1asul yum ‘eis|ipio) sgsgeds ayi jo dew oydeibodol mainsaQ (T°Z ainbiq

Chapter

>?.onom”o | >?.ohovom

or 0€ 0z oL 6 0
BEEVEDY]

0

LivE
{w) uoneas|g

(4h/ww) syes uonepnusp
apIm-jusydled 8g0L N3O
8pod JuBIYdIED
ajdwes Juswyoed Jen0 O X
mm:_ﬂwm [ZEIED)

N.‘O.(l) loLE

apinbejeyy I

epuindy ||

saiqe|i4-opeAsN
3UGZ [eusaiu|

ouoz lewepa [ | & gk A S ivFey

wsIues|oA auaboaN fiae - 4 zo75oN B Z L FE0L

[l015374
dew 83160095

IZONVISIM3N s
- Eﬂﬂuﬂﬂd el
270z ) 2P

- [ionvis3uan

79275152 M £ F9Z

Eonvisan E}E
Q&‘

M0.0€o1 M00YsT



38| Chapter Il

The modern topographic expression of the mountaiges reflects the tectonic history
of the Betic CordilleraBraga et al, 2003], with strong contrasts between the gently
sloping hillsides of the Sierra de las Estanciastae steep highly dissected landscape of
the Sierra Cabrera. In-situ producé¥Be denudation rates for the eastern Betic
Cordillera (Figure 2.1Vanacker et al[2014]) are ranging from 34 + 24 mm/kyr for
Sierra de las Estancias (n = 5), 54 + 25 mm/kyriSierra de los Filabres (n = 8), 61 £ 9
mm/kyr for Sierra de Alhamilla (n=3), to 164 + 74 kyr for Sierra Cabrera (n = 3).
The spatial pattern and magnitude ‘@Be-based denudation rates are consistent with
tectonic uplift constrained bBraga et al.[2003] andMasana et al[2005] based on
marine deposits and trenching observati@dsln et al, 2014].

The present climate of the eastern Betic Cordilezna be defined as semi-arid (having a
ratio of mean annual precipitation over potentiemotranspiratiotMAP/ET, between
0.2 and 0.8 followingEstrela et al[1997]), and is characterized by warm summers and
mild winters. The precipitation records presentéaigter- and intra-annual variability,
and torrential rainfall with intensities of more tha00 mm per 24 h has been recorded
[De Luis et al.2000]. Across the Betic Cordillera, the mean ahpuoecipitation ranges
between 275 and 425 mm, and generally increases elgtration. The mean annual
temperature shows an opposite pattern, and range®gdie 17 °C in Sierra Cabrera to
about 12 °C in the Sierra de las Estancias (Tahl¢ Earcia 2009]. Soil water
availability is expected to show important spatiatiability, as a result of strong spatial
variation in mean annual potential evapotransmiraiET,): the Junta de Andalucia
[2008] published average annil, estimates based on the Thornthwaite method of 900
mm for Sierra Cabrera and 794 mm for Sierra dé&ktancias for the period 1971-2000
[Junta de Andalucia2008]. The dominant vegetation type is matorhbracterized by a
sclerophyllous and thorny vegetatioBe]lin et al, 2013]. Tree cover is very scattered
with presence of some remnants of mesophilous taxbhigher altitudes.
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METHODOLOGY

Quantifying mass transfer coefficients, chemical depletion and total
denudation

The intensity of weathering is here assessed a$rdbon of mass lost by chemical
weathering. We use a chemical mass balance whesdimental mass gains or losses in
soil or mobile regolith compared to parent mateda¢ evaluated using immobile
element concentration€hadwick et al.1990]. The element Zr is chemically immobile
in a wide range of environmental settings, and besoenriched during weathering and
mineral dissolution Brimhall and Dietrich 1987;Brimhall et al, 1992; Riebe et al.
2001; Kirchner et al, 2006]. Changes in individual elemental mass coimagons can
then be described by tau valueg ¢imensionless ratios) or mass transfer coefftsien
that describe the fractional mass gain>0) or loss 4 < 0) relative to the composition
of the parent material:

[X]soil X [Zr]rock _

[X]rock X [Zr]soil ! (21)

Ty =

Where[X],0; and[X],.c are the concentrations of the individual elem&nin soil and
parent rock respectively; afdr],,; and[Zr],.cc the corresponding Zr concentrations.
Tau values were calculated from bulk samples, ahélamental concentrations were
adjusted by loss on ignition (~1000°C for 24h). sTkixpression makes abstraction of
possible influence of dust on soil chemistry. Altghusemi-arid climatic conditions are
prevalent across the study sites, the potentiaaanpf windblown dust on soil chemistry
is assumed to be limited on the ridge tops thatyguieally exposed to wind and, as such,
not favorable for dust depositioDiaz-Hernandez and Ri9s8009]. Given that soil
profiles are all located on topographical convesitiwe can assume that they mainly
develop through in-situ weathering of the underlypagent material. For each profile,
the parent rock chemistry was characterized by k tndk sample taken at the base of
the mobile regolith. Although we acknowledge that ekreample taken at great depth
below the refusal layer should better representcdbmposition of the unweathered
bedrock, this was technically not a feasible opiyiven the remoteness of the study
sites. Also, the use of rock samples from nearbl¢ atcrops or deep road cuts was not
a viable alternative, given the large spatial \@lity in minor and trace elemental
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concentrations of the mica-schist as shown by mieary geochemical analyses.

According to previous weathering studidtidbe et al. 2003;Dixon et al, 2009] this
sampling method may introduce bias due to deep idaénmveathering occurring in the
deep saprolite. While deep chemical weathering teen demonstrated for regolith
profiles developed on granite or charnockite romles (formed > 1000°C), it is likely to
be less the case for low-grade metamorphic rogiksdt al, 2010] such as mica-schist,
the dominant rock type in the Betic Cordillera,ttdéferentiated at ~300°C following
Behrmanr1983] andWeijermars et al[1985]

The total fractional mass loss from chemical weatigein the soil can then be assessed
from the chemical depletion fractioBDF, for any given soil sample:

[Zr]rock> (22)

¢or = <1 - [Z7]s0u

The total denudationD, of a soil surface is the result of mass lost Ieniical
weathering,W, and physical erosiork (all in mm/kyr). Soils are considered to be in
steady-state when the thickness of the mobile rbg@liconstant with time. In this case,
the total denudation is roughly counterbalanceddilyproduction (mm/kyr)P, resulting
from the conversion of bedrock into mobile regolitteimsath et a).1999;Heimsath et
al., 2001]. Soil production for topographic convexdtisuch as the study sites considered
here, where lateral influx of soil or mobile regolits negligible, can then be
approximated by:

P=D=E+W (2.3)

where the chemical weathering raM®, can be quantified as the product of total
denudation and chemical depletion fracti®mebe et al.2001;Riebe et a|.2004]:

[ZT'] rock) (24)

W =D X CDF = (1 -
[Zr]soil

Total denudation rate§), are here derived from in-situ produc88e concentrations in
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soils. The soil surface denudation rates are détednfrom bulk soil samples taken at
the base of the mobile regolith at deptfcm). The measuretiBe concentrations (at/g)
were corrected for depth shielding using:

NO = N(z) X epZ/A (5)

whereN, andN,, are the'®Be concentrations at the surfage=(0) and depthz], p is the
density of soil or mobile regolith (g/cm3) adds the path attenuation length of cosmic
rays determined to be 160 g/cn@dsse and Phillips2001]. Topographic shielding was
estimated using the procedure describedNanton and Vanackef2009]. Soil surface
denudation rates were then calculated using the CROMlISe calculator version 2.2
(http://hess.ess.washington.edB4lco et al.[2008]), using the time-dependent scaling
laws proposed bBunai[2000] (Table SI 2.3).

Sampling strategy

Four small catchments were selected within threecBatiges: Sierra de las Estancias
(EST), Sierra de los Filabres (FIL1, FIL2), Sie@abrera (CAB, Figure 2.1). The sites
were selected to cover the range of denudation tht#ésvere established for the Betic
Cordillera byBellin et al.[2014]. For each cordillera, catchments havinggatlose to
the mean denudation rate were preferentially selecites with clear evidence of
drastic anthropogenic soil disturbances such aadeqg or quarrying operations were
avoided, as well as large catchments with complexogmphic settings. In each
catchment (or its close vicinity), two to three rkidpoprofiles were sampled on exposed
ridgetops to avoid the complexities of soil formipgocesses associated with lateral
transport of fluids and soil particles along sldp&ure 2.2). Soil pits were excavated
through the mobile regolith, and extended into pameaterial. All soils overlie fractured
mica schist, and the mineral composition of soild aveathered rocks is not markedly
different between sites, although slight variatierist [Ameijeiras-Marifio et aJ.2015].
Within each regolith profile, we sampled bulk smiaterial (0.5 — 1 kg) at 4 to 5 depth
slices, and bedrock at the base of the pit.
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Figure 2.2: Topographic maps showing the locatibthe sampling sites at Sierra Cabrera (CAB),

Sierra de los Filabres (FIL1, FIL2) and Sierra des|Estancias (EST). Note that all regolith profiles

(black stars) are located at or near the ridge ¢r&atchment-widé’Be denudation rates are derived
from river sediments sampled at the outlet of #itelaments (black triangle).

Analytical methods

In total, we analyzed 39 soil samples from nineedéht locations and 29 rock samples.
All samples were air dried and sieved at 2 mm. Thetlvegmg rinds of rock samples

were removed via sawing in order to measure, asdgroasible, unweathered parent
material. Then samples were crushed to break th&nsmaller pieces. Representative
subsamples of soil, regolith and rock were powdenedni agate mill. Loss on ignition

was recorded following combustion of an aliquot @A.0C for one day. Total elemental
composition was determined by ICP — AES (Thermo iG8P0 Series) on 48 soil and

rock subsamples after alkali fusion with Li-metalterand Li-tetraborate at 1000 °C
[Chao and Sanzolon&992].
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Soil and sediment samples were processed for inismogenic'®Be analyses
following the procedure described Wanacker et al[2007] Samples were washed,
dried and sieved, and the 500-1000 pm grain siaetifm was used for further lab
processing. Quartz minerals were extracted by magreparation and chemical
leaching with weak acids (HCI, HNGnd HF) in an overhead shaker. Purified quartz
samples were then leached with 24 % HF for 1 h to vermeeteoric-’Be, followed by
total decomposition in concentrated HF. After spikinith °Be, the Beryllium in
solution was extracted by ion exchange chromatograpb described in von
Blanckenburg et al[1996a]. 'Be/Be ratios were measured in BeO targets at ETH
Zurich [Kubik and Christl 2010]. The ratios were normalized to the ETH ind®u
secondary standard S2007N with nominal valué’®&/Be of 28.1x103*[Kubik and
Christl, 2010] which is in agreement with a half-life of387 Myr [Chmeleff et al.
2010]. The'®Be concentrations were corrected for laboratory boldraving a'°Be/Be
ratio of 0.48 + 0.14x1¢), and the & uncertainty estimates contain analytical errors
from AMS measurement and blank error propagatiobl€ra.2).

RESULTS

Soail profile devel opment

There exist clear differences in soil profile dephent between the soils sampled at
convex topographic positions in the Sierra Cab(€®B), Sierra de los Filabres (FIL1,
FIL2) and Sierra de las Estancias (EST). Soils ierr& Cabrera and Sierra de los
Filabres are very thin (soil thickness between 2@ 3B cm), weakly developed and
contain a large amount of rock fragments (Figu®).ZThey are classified as Regosols
according to the FAO WRB soil taxonom§BS Working Group WRER014]. Soils in
the Sierra de las Estancias are clearly more dpedloand the rock upper boundary is
observed at 45 to 60 cm depth (Figure 2.3). Two lsmilzons can be observed: a light
brown organic A horizon (0 to 15 - 20 cm) over a dlia B horizon (15 to 45 - 60 cm).
The progressive change in color and texture fromtéobase of the profile suggests that
soils are in a transitional stage of developmemd, @an be defined as Cambisols. There
are no apparent traces of calcrete or calichearstady sites, which might be linked to
the topographic position of the soil profiles (rdgrests). This is also confirmed by the
chemical analyses that show very low concentratidrealcium (below 1 %) in the soil
samples except in Cabrera (Supp. Information, T8b21).
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S s |
Figure 2.3: lllustration of the variation in soildelopment across the Betic Cordillera. The lower

boundary of the mobile regolith is shown in white land the soil profile code is indicated on the of
each picture

Chemical weathering intensity

Mass transfer coefficients, the so-called tau \al{reere determined by Zr enrichment),
indicate that the major elements are depleteddrutiper part of the soil profiles (Figure
2.4). This is particularly the case for easily vinemhble elements such as K (Figure
2.4A), Na, and Ca that are strongly depleted in rogstoils, with exception of FIL2 and
CAB where Ca-depletion of topsoil is not clear (Sulpformation, Table Sl 2.2). The
depletion profiles are generally consistent with itt@ease in clinoclore and muscovite
content with depth. The Si element is carried by ynatimary and secondary minerals
from the silicate group which are relatively resisteo chemical weathering. Therefore,
its concentration tends to increase at the tophef qoil profile compared to other
elements. Tau values for Si show a range of depletddues between -0.28 and 0.13,
which is less than for the major cations, but whith iepresents significant depletion
relative to Zr. (Figure 2.4C). Fractional mass &ss®f K are highest for soils of the
Sierra de las Estancias, where the depletion of Ahéntopsoil is also most pronounced
(Figure 2.4): for example, the fractional mass limstopsoil (at 13 cm depth) in EST-A
equals -0.82 for K and -0.74 for Al. In contraste tveakly developed soils of Sierra
Cabrera (CAB-A and CAB-B), show higher (i.e. less negat-K = -0.27 and -0.15}-

K values than those of Sierra de las Estancias, disjglay no major change in Al
concentrations with depth (Figure 2.4B).
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Figure 2.5: Weathering intensity of eight regoliofiles, as measured by the chemical depletion

fraction (CDF, here referred to Zr). Profiles ararapled in the (A) Sierra de las Estancias, (B)@iele

los Filabres, and (C) Sierra Cabrera. The variationchemical depletion between soil profiles frdma t

eight sites is shown in D. Error bars can be seefigure 2.5a-c but have been omitted on 5d faralis
clarity.

Chemical depletion fractions of topsoil materiatlie 9 soil profiles vary between ~0.05
and 0.30, indicating that the chemical weatheringpants for ~5 % to 30 % of total
denudation in the Betic Cordillera. Most of the CD&rves, corresponding to the
weathering intensity, show a progressive increasm foottom to surface (Figure 2.5).
This gradual increase of the intensity of chemigehthering with decreasing depth is
expected, as chemical weathering processes depetitegoresence of organic acids,
water, CQ, and roots that increase the mineral surface agedragmentation and
dissolution, and was reported earlier for soil CD#&fifes in Puerto RicoRiebe et al.
2003], San Gabriel mountainDikon et al, 2012] and Sri Lankan highlands
[Hewawasam et gl2013].
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Chemical weathering intensity varies widely across ¢lastern Betic Cordillera, with
highest soil chemical depletions measured in teer&ide las Estancias (CR& -4 = 31
%, CDFRgsr.c) = 29 %), intermediate values in Sierra de lostiféa (CDFgy.c) = 6 %,
CDFgi1-s) = 12 %, CDFRgygn = 7 %, CDRri25 = 14 %, and CDfo.4= 28 %) and
lowest depletions in Sierra Cabrera (GRE ) < 0 %, CDFkcap.s)= 15 %, Figure 2.5). In
the most developed soils of Sierra de las Estantliasvertical redistribution of major
elements is most pronounced, with highest CDF ardidrzal mass losses of K, Na and
Al in the upper 20 cm of the soil profile. This clganin soil chemical properties roughly
occurs at the transition between the pedogenic trasifrom the soil profile descriptions
(Figure 2.5). The near-absence of vertical homaggioin of the upper soil horizons is
quite remarkable, and suggests that soil turnordrraixing through e.g. bioturbation is
limited. In contrast, in the weakly developed sofishe Sierra de los Filabres and Sierra
Cabrera, the elemental depletion profiles for thpar 25 cm of soilttplots as shown in
Figure 2.4) are flat, and the observed variatio@DF may either result from soil mixing
and analytical uncertainty on the CDF values, fatance, related to variation in the
parent rock chemistry.

Total denudation rates

Total denudation rates, derived from in-situ praic’Be concentrations, of the
sampled soil profiles range between 14 and 109 nm(ilable 2.2). The denudation
rates are considered to be low compared to otherecgant mountain range€yr and
Granger, 2008;0uimet et al. 2009;DiBiase et al. 2010;Cyr et al, 2010]. There is no
direct evidence of strong anthropogenic perturibpatito the sampled soil profiles,
despite intense land use change since the Mid-Hoéoéellowing multiple phases of
human occupation and land abandonment in southeaim Bellin et al, 2013]. Strong
anthropogenic disturbance of soils due to accedratosion, ploughing or levelling is
expected to result in (1) a high spatial heteroigire soil surface denudation rates from
local differences in the degree and intensity ofthempogenic disturbance, and (2)
physical mixing of the upper soil horizons as ailiesf ploughing. The denudation rates
of the two most northern Sierras (Sierra de lasrie&a and Sierra de los Filabres) are
significantly lower than the rates in Sierra Cabi{@&aellin et al, 2014]. For three out of
four catchments (CAB, FIL1 FIL2), the denudationegbf various ridge crests agree
within uncertainty (Figure 2.6). This suggests th@atsion rates are rather uniform for a
given topographic and geomorphological setting. déeudation rate of EST-C (73 £ 11
mm/kyr) is slightly higher than expected for the Sierra lde Estancias, based on
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comparative analyses of denudation rates both eatstil profile (DQest.a) = 23 + 3
mm/kyr) and catchment scale (Figure 2.6). As saiffif descriptions of EST-A and
EST-C did not show any evidence of soil truncatibis could eventually be an artifact
resulting from deep soil mixing.

DISCUSSION

Denudation rates at hillsope and catchment scale

Catchment-wide denudation rates across the BetidilBoa, as measured Bellin et

al. [2014], display a similar magnitude and spatidtgra as the rock uplift rates in the
region. They are highest in Sierra Cabrera (1G24 mm/kyr), intermediate in Sierra de
los Filabres and lowest in Sierra de las Estanddstq 20 mm/kyr, Figure 2.6). The
strong correlations between catchment-wide denudatites, mean hillslope gradient
and local relief Bellin et al. [2014]] imply that hillslopes are actively adjusgi to
tectonic uplift by slope adjustments. While the tgat of in-situ producedBe
denudation rates at the ridge crests is similath(Wwigher denudation soil rates in Sierra
Cabrera, and systematically lower values in theroth@untain ranges), there is clearly
less variation in the magnitude of the soil deniatatates of ridge crests (Figure 2.6).
Soil denudation rates are generally less than valgg catchment-wide denudation rates
measured at the outlet of small basins, which &rfupports our hypothesis that soils on
the hill crests are not strongly disturbed by loeathropogenic disturbance. The
difference between soil and catchment-wide denudasidargest for highly dissected
catchments with pronounced topographic relief sustihe Sierra Cabrera (Table 2.1,
Figure 2.6), where soil denudation rates of ridgsstsr are about 120 mm/kyr lower than
the average catchment-wide denudation rate; buaistically indistinguishable for the
eastern part of the Sierra de los Filabres and&ie las Estancias. This might be an
indicator that the rate of change in denudatioa with distance downslope depends on
the topographic relief of the catchment, or andation of the importance of soil particle
trajectories in conditioning®Be depth profiles in unmixed soils as suggested by
Anderson2015].

Topographic and geomorphic control on chemical weathering

Chemical weathering accounts for ~5 to 30 % of @taltmass lost by denudation
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(Figure 2.5). Average chemical depletion fractioB®F) of the topsoil (i.e. upper 15 cm
of soil material) are negatively correlated withatasurface denudation (Figure 2.7A),
and catchment-wide denudation rates (not shown). Basethe general agreement
between catchment-wide denudation and long-term tuadifreported byBellin et al.
[2014], we can infer that weathering depletions agatively associated with tectonic
uplift rates. The relationship between CDF and ptajsérosion rates shows a similar
negative trend.
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Figure 2.7: Average chemical weathering extenbpsbil (as measured by the chemical depletion
fraction) decreases with (A) total denudation rated increases with soil (B) residence time. Climat
proxies such as the mean annual temperature (Cheeah annual precipitation (D) are strongly related
to chemical weathering losses. The climate proafeshighly elevation-dependent (F). Chemical
weathering losses are highest for thicker soils @Y decrease nonlinearly with depth. Note that th
surface denudation rate of EST-C has been considesequal to EST-A (see text).

Chemical weathering extent is positively relateddd thickness (Figure 2.7E), although
the observed relation is strongly nonlinear. Thiernisity of weathering reactions is
dependent of the intensity of biological activitghanced by vegetation development,
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association with mycorrhizal fungi, pH, organic acatsd water contentAmundson
2007;Quirk et al, 2012]. For thin soils without diagnostic horizoaswide variation in
chemical depletion fractions is observed for a giseil thickness. These thin, stony soils
are characterized by high denudation rates (Fi@us¢, and soil residence times are
estimated at 2000 years by dividing the soil thedsn by denudation rate. With
increasing soil thickness, the CDF increments towardnaximum value of about 30 %.
Given the negative relation between soil thickness @enudation rate, soil residence
time strongly increases with soil thickness up t6 820 years (Figure 2.7B).

Climatic control on chemical weathering

Climatic patterns in the Betic Cordillera are sglynassociated with altitude and slope
orientation. Sites at higher altitudes are charextd by lower air temperature and
higher precipitation. Our data show that weatherirgsds increase with mean annual
precipitation and decrease with mean annual temperéfigure 2.7C, D). Even if these
climatic data are only representative for the B®tyears, we assume that the climatic
patterns (characterized by elevation dependendengberature and precipitation) were
similar in the past. In a comparison of Holocene etation change and climate
reconstruction from both high elevation and loweevetion sites among the Betic
Cordillera, Anderson et al[2011] show that, for the most part, the main fesguof
Holocene vegetation change are roughly similar aymthronous with a progressive
aridification since the beginning of the HoloceN¢hile we cannot rule out that other
elevation-dependent factors (such as total dermudattes) may influence weathering
processes, we hypothesize that climate affects waaghprocesses in this semi-arid
region mainly through water availability in the sejlstem. A similar observation was
made byRasmussen et g2010] andFerrier et al.[2012] who suggested that regolith
temperature may have no effect on chemical weatpgniacesses when the soil system
is under water deficit. The negative relationshipween weathering extent and
temperature that we observe here might either résuit decreasing soil biotic activity
at high ambient (and regolith) temperatures, otadistical artifact as temperature is
strongly associated with elevation, and topographighness in the Betic Cordillera.

In semi-arid mountain ranges, the high solar rémhiagiogether with reduced precipitation
strongly controls water availability in the vadosme. This situation is most stringent in
the Sierra Cabrera, where the mean annual potestepbotranspirationET, = 903
mm/yr) largely exceeds the mean annual precipitafdAP = 275 mm/yr, Table 2.1);
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leading to acute soil water deficits during 6 to @nths of the yearJunta de Andalucia
2008]. The situation is considerably more advardagefor vegetation growth in the
Sierra de las Estancias, with &T, of 794 mm/yr andMAP of 425 mm/yr Junta de
Andalucia 2008]. With increasing water availability, more istare becomes available
in the soil system for living organisms that enteameineral dissolution through their
respiration and secretion of acids and enzymesf@nehechanical rock breakdown and
soil mixing through e.g. plant root wedging or buviog. Although no field data are
available from soil solution chemistry on solutexs in the region, we theoretically
expect element leaching and solute fluxes to irsereaith soil water availability and
fluid residence timesHasmussen et ak010;Maher, 2011].

Coupling between chemical weathering and total denudation

Our discussion is focused on the relation betweemidad weathering extent (CDF) and
total denudationl), as these two variables were determined indepelyderthis study.
The observation that chemical weathering extentr(@eases with soil thickness, and
(2) decreases with increasing denudation rates téuoidnic uplift) is generally assumed
to be characteristic of kinetically limited weatheyiprocessesFrrier and Kirchner
2008; Gabet and Mudd2009;Lebedeva et al.2010]. Previous studies have provided
evidence for kinetic weathering processes in rapellgding landscapes only [e.qg.
Norton and von Blanckenburg2010; Dixon et al, 2012]; where physical erosion
processes reduce soil thickness and limit minersidence timeStallard and Edmond
1983]. Our data confirm the hypothesis put forward=byrier and Kirchner[2008] that
kinetically limited regimes can occur in a wide rangf erosional settings, where
denudation rates are high relative to the maximwih roduction rate. We consider
mineral residence time and water balance in thesysiiem as the two most important
elements constraining chemical weathering proceddeteral residence time is here
observed to be nonlinearly related to denudatidesraan increase in denudation rate
leads to a strong nonlinear decrease in soil res&etime, given the negative
relationship between soil denudation and soil thégen (Figure 2.7E). The negative
correlation between chemical weathering extent (Cax¢ total denudation rateB)(
observed for the Betic Cordillera is consistent wetirlier work in kinetically limited
regimes by e.gNorton and von Blanckenburf010], Larsen et al.[2014] (Figure
2.8A).
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Water balance in the soil system depends on Idicahtic settings, and strongly controls
element leaching and soil solute fluxé&Hite et al, 2009; Rasmussen et al2010;
Maher, 2011]. According to previous work [Riebe et al[2004], 67 to 84 % of the
observed variance in weathering intensities can Xmamed by precipitation and
temperature for supply-limited processes, whilest et al[2005] suggest that silicate
weathering is controlled by temperature and runofkinetically limited regimes only.
On the other handRasmussen et gJ2011] report that there is no significant relatio
between temperature and Na chemical weathering ingh&ly case, but rather pointed
to denudation and precipitation as the dominantrotmon weathering. We explore the
role of soil water balance on chemical weatheringfése and subsurface CDF), by
plotting chemical depletion functions against tqt8Be derived) denudation rates for a
worldwide data set covering a wide range of soil higdjcal conditions (Figure 2.8A).

As no detailed information is available to reconsttacal water balances, we calculate a
first order proxy of soil water balance by dividingean annual precipitatioMAP, by
potential evapotranspiratiofsT, (Figure 2.8B), thereby assuming that local rurieff
minimal. ET, was calculated with the Thornthwaite meth&alner and HavensL958],
and is based on latitude (defining the day lengthii mean monthly temperature
Temperature data from the weather stations in theecheighborhood of the study sites
are derived from NOAA for US sites, and national clindatabases for Switzerland,
and New Zealand. For the Spanish sites, mean mogtidged values for the period
1971-2000 are available from tdenta de Andaluci§2008]. Four states of soil water
balance are then defined as follow: water defib#AP/ET, < 0.8), balanced (0.8 <
MAP/ET, < 1.2), slight surplus (1.2 MAP/ET, < 3), and large surplusWAP/ET,> 3).
Our data suggest that soils “under balanced comditiare generally characterized by
high chemical weathering losses (Figure 2.8C). Intrest, soils under water deficit or
with large surplus show systematically lower chemigahthering extents for a given
range of denudation rates. Soil development inoregiwith high denudation rates and
large moisture excessMAP/ET, > 3) is rather limited by prolonged waterlogged
conditions that constrain element leaching and sdilte fluxes. There obviously exists
a wide scatter in the dataset that limits furthéerjpretation, and confounding variables
such as lithology, rock rheology, vegetation coward density may affect the
interpretation of statistical associations. Comfyagastudies covering a wider range of
environmental conditions (Figure 2.8C), are neeftedadvanced statistical analyses.
Besides, a modelling framework such as the one gezpbyMaher and Chamberlain
[2014] is very useful to fully explore the role ebil water hydrology on chemical
weathering losses across a wide range of climatiditons.
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CONCLUSION

Understanding the relation between chemical weathetivtgphysical erosion is crucial
for understanding long-term landscape evolution @ymamics of nutrient cycling in soil
systems. The present paper constrains chemical eraaihrates for a semi-arid
environment, characterized by strong soil wateraitefiuring the prolonged dry season.
As such, it helps to fill a gap in existing dataseyssupplying new data on chemical
weathering losses for soil water limited conditioimsthe southern Betic Cordillera, in-
situ produced®Be denudation rates display a similar magnitudespadial pattern as the
rock uplift rates in the region. Total denudatiates are low, and range between 14 and
109 mm/kyr. Chemical weathering losses account$oto 30 % of the total mass lost by
denudation. Soil weathering extents increase (neafly) with soil thickness and
decrease with increasing surface denudation radesjstent with kinetically limited or -
controlled weathering.

Our data suggest that soil residence time and wateilahility limit weathering
processes in dry environmental conditions, which iat been validated previously with
field data. An important implication of this finding that climatic regimes may strongly
regulate soil weathering by modulating soil soluigexdés. Therefore, it will become
essential for chemical weathering and landscapastgnl models to include soil water
and solute fluxes in soil development models. Thdate such models across a wide
range of soil hydrological conditions, it is crudia expand existing field datasets on soil
solid and solute fluxes into less explored climatia lithological settings.
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Topographic imprint of chemical

weathering and soil development

In deeply weathered subtropical
solls (southern Brazil)

Based on:

Schoonejans, J., V. Vanacker, S. Opfergelt (in pregpographic imprint of chemical
weathering and soil development in deeply weathsubdropical soils (southern Brazil)

ABSTRACT

In soil-mantled landscapes, the development of rdgolith results of in-situ

weathering, atmospheric input and downhill trangpof weathering products.
Along hillslopes, the lateral transport of weathegi products is accomplished
through diffusive and concentrated fluxes whichistetbute weathering products
over the hillslope. In this study, spatial variatyilin chemical mass fluxes and
weathering intensity was studied along two toposegas with similar climate,
lithology and vegetation but different slope morplgies. This allowed us to isolate
the topographic imprint on chemical weathering asdil development. The
toposequences have convexo-concave slope morphaled\eight regolith profiles
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were analysed involving the flat upslope, steepstok and flat toeslope part. The
chemical mass fluxes of our regolith profiles shaertical transfers and
accumulation in the illuviation horizon which isptgal for Alisol/Acrisol. At the
upslope positions, the weathering intensities amidltchemical mass losses are
systematically lowest: the weathering process tesubm in-situ weathering of the
parent material. Mass transfers and chemical wedtige intensities increase
towards the footslope of both toposequences andltre$ in-situ weathering and
aggradation of transported — and weathered - reholOur data also indicate that
soil profiles are significantly more weathered hretsteeper toposequence. The data
presented here quantify the role of topography oih development and provide
reliable data for soil landscape models.

INTRODUCTION

The regolith mantle is defined as the thin layeruntonsolidated material overlaying
bedrock that contributes to shape the Earth’s sarfarantley et al. 2006;Anderson et
al., 2007]. The development of the regolith mantl@ilandscape is the result of in-situ
weathering, atmospheric input and downhill transpériveathering productdMudd et
al., 2013]. Bedrock weathering - the physical and clkamhiransformations of rock to
soil - contributes to the vertical development loé tregolith layer through downward
propagation of the weathering front. Lateral tramspd soil particles, aggregates and
solutes by diffusive and concentrated particle awdute fluxes result in lateral
redistribution of weathering products over the lole. Long-term evolution of soil
mantled hillslopes is controlled by tectonidRigbe et al. 2001], water availability
[Rasmussen et al2010; Schoonejans et al2016b], biota Roering et al. 2010], and
local topography Yoo et al. 2007]. Various numerical schemes for explicit and
guantitative modelling of soil landscapes have bdemeloped Mudd and Furbish
2006; Brantley et al. 2008;Vanwalleghem et gl2013;Finke et al, 2015] to simulate
the long-term evolution of soil mantled landscap&#ile soil landscape models vary
widely in complexity, their widespread applicationthe landscape scale is currently
limited by two aspects. First, soil landscape modelmmonly simulate in-situ bedrock
weathering using a depth-dependent soil productimction where the weathering rate
depends on the depth below the surfadenert 1977;Heimsath 1997]. Field data that
underpin depth-dependent weathering are typicalhvele from landscape convexities
where vertical movement of soil particles, aggregated solutes define soil formation
and development, and steady-state regolith thicknas be assume8d¢hoonejans et al.
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2016a]. The soil production function not necesgaaipplies at the landscape scale,
where lateral fluxes of soil constituents along ttoposequence influences soil
development. Second, the downslope movement opsadiicles, aggregates and solutes
over the hillslope not only depends on local toppdry but also on the thickness of the
regolith mantle Furbish 2003; Roering 2008]. Field data have shown that a simple
relation between diffusive transport rates and Ibjfils gradients is restricted to landscape
convexities West et al.2013]. Existing soil landscape models often malkstraction of
the spatial variation in soil properties, by asswgnconstant regolith thickness and
constant rates of soil productioBieen et al.2006]. In order to extend the models to the
landscape scale, the downslope transport of weathproducts should also be related to
the regolith thicknesdHeimsath et al2005].

In this study, we aim to expand the empirical basisong-term soil evolution at the
landscape scale through a detailed study of soitheeiag in subtropical soils. Spatial
variability in chemical mass fluxes and weatheringemsity was studied along two
toposequences with similar climate, lithology andgetation but different slope
morphologies. This allowed us to isolate the toppbic imprint on chemical weathering
and soil development. The soil observatory is ledain southern Brazil, and
representative for deeply weathered soils developedrhyodacitic rocks in humid
subtropical conditions. This work builds on earligork by Jin et al. [2010] on the
guantification of mineral weathering and elementahs$port along toposequences from
the Shale Hill Critical Zone Observatory.

METHODOLOGY

Study sites

The study area is located in the central part efRio Grande do Sul State in southern
Brazil on the southern border of the so-called &&eral Formation belonging to the
Parana Magmatic Province, the second largest anttihflood basalt provincé-fank

et al, 2009]. The volcanic plateau contains mainly basicanic rocks (basalt) but also
acid rocks (rhyolite-daciteBellieni et al, 1986;Montanheiro et al.2004] from the late
Mesozoic (137-127 MaTurner et al.[1994]) (Figure 3.1). The humid subtropical
climate is characterized by oceanic influences ahgence of a marked dry season
[Alvares et al. 2013]. Mean annual rainfall is comprised betweg@0land 1800 mm,



62| Chapter III

with a peak between September and October (30% ofothk rainfall amount), and
mean annual temperature ranges between 14 and [l@v&es et al. 2013;Minella et
al., 2014]. The natural vegetation can be describedeagduous tropical forest with
remnants of nativéAraucaria angustifoliatrees. Agricultural expansion has led to a
massive conversion of the native forests to agdrmcal fields, but patches of natural
forest are still remaining. The soil observatoritsiated in the vicinity of llopolis city
(28°55" W; 52°07" S; Figure 3.1), and located isubtropical forest. The catchment is
underlain byrhyodaciticrocks belonging to the Palmas-Santa Maria grote. Bedrock
has an aphanitic texture with 69 to 71 wt% of $i@ 0.87 wt% of TiQand < 0.21 wt%
of P,Os [Polo and Janasi2014]. The XRD mineralogical analysis indicates saidine
belonging to the feldspar group is the most abunaamneral (45-55%), followed by very
fine grained quartz (~38%) that is set in matrixwhiematite, goethite and clays (~8%).
Soils are classified as Alisol and Acrisol accordihg FAO systemI[JSS Working
Group WRB2014] with pH (HO) values between 4.7 and 5.9.
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Within the soil observatory, two toposequences welected for the soil landscape
analysis: a north-east facing slope having an geestope gradient of 8° (referred to as
“gentle slope”), and a north-west facing hillslogesing an average slope gradient of 13°
(referred to as “steep slope”; Figure 3.1 and BBJl pits were excavated at the upslope,
upper middle, low middle and toeslope topograplosifon. Pits were dug to the refusal
layer (saprolite or bedrock) or to 2 meters deég 3oil profiles were sampled by taking
depth slices. A total of 67 regolith, 8 saprolitedd bedrock samples were taken (Table
S1). The regolith is here defined as the looseonsalidated layer overlaying the
bedrock, and is progressively weathered over timed; the saprolite as the chemically
weathered rock that retains the original rock stmeceind fabric. The fresh bedrock was
sampled in a nearby outcrop. All samples were dryesieat 2 mm.

Quantifying chemical fluxes and weathering intensities

The mass fluxes and the intensity of chemical weatheare here quantified using a
chemical mass balance approach and based on eadi&rof Brimhall and Dietrich
[1987], Chadwick et al[1990], Brimhall et al.[1992], Egli and Fitze[2000], Anderson
et al. [2002], Heckman and RasmussgtD11] andBrantley and Lebedevi2011]. The
mass balance model allows quantification of eleniemtass gains or losses in the
regolith, by comparing the elemental compositionth# weathered material and fresh
bedrock. Our calculations are based on the masadstaodel as published Byimhall
and Dietrich [1987], and rests on the idea that the mass oklament,, in the
weathered regolith,, is equal to its mass in the parent mateHal,plus the mass

gained or lost through weathering processgs,,,, :

ﬁ (prWCj'W) = ﬁ (VPpPCJP) + my flux (31)

Where,p,, andp,, correspond to the bulk densities of respectivietyweathered regolith
and parent material ang,, andC;, to the concentrations of an elemept,in the
weathered regolithuf) and in the parent materiad)((in weight percent). To account for
non-isovolumetric weathering, it is necessary tongifiathe changes in volume when
the parent materialVf) is transformed into regolithV(). The strairg; (dimensionless
ratio) can be calculated as a function of deptftm), and accounts for volumetric
expansion (>0) or collapse (<0) of the regolittatiek to the parent material by referring
to a chemically immobile element:
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C

Pplip
g(z)=—"-1 3.2
@ =2 (32)

where,C;,, andC;,, are the concentrations of an immobile elemirihy the regolith and
parent material. The elements andZr are considered to be chemically immobile in a
wide range of environmental settings, and are tyjgieariched in the regolith as a result
of chemical weathering and mineral dissoluti@mifnhall and Dietrich 1987;Riebe et
al., 2001;Kirchner et al, 2006].

Mass transfer coefficients;{ are calculated to account for changes in the ibil@o
element concentration ratio as a result of removadddition of mobile elements. The
relative change in elemental masgz) (dimensionless ratio) of a mobile elemgnt,

gained ¢; > 0) or lost {; < 0) in the regolith at depth can be derived as:

Ci,w Ci.p

Cj',p Ci,w

7i(2) = 1 (3.3)

By combining Eq. 3.2 and 3.3, we can calculate tlesarnflux of elemeni that is
depleted or added to the regolith per unit angg,,,, (kg/m?) following Egli and Fitze
[2000] andBrantley and Lebede2011]:

Lw

7;(2)
) = . — 3.4
My frux pPCJ,IJ (gi(z) + 1) dz ( )
0

wherert;(z) ande;(z) are resp. the mass transfer coefficient and sttepthz in the
regolith that are integrated over the entire thiagdshof the regolith,,, (M) using a spline
function (SRS1, Cubic Spline). As we do not have dataleep saprolite weathering as
e.g.Dixon et al.[2012], our mass fluxes are only representativerdgolith weathering.
Hence, the mass fluxes are minimal estimates ofdta elemental fluxes. To compare
elemental mass fluxes between regolith profiles wdiffierent thicknesses, the mass
fluxes were normalizedy; f,,,, , (kg/m?), to a regolith thickness of 1 m.

The elemental mass fluxes can be summed overatiegits (j = 1 to n) to obtain the
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total weathering flux over the entire regolith plefiFigure 3.2) M (kg/m?)

n
Mo, = Z My fluxn
j=1

(3.5)

The chemical depletion fractio€DF,)) is used, as a complementary tool, to quantify

the chemical weathering intensity at depthdf the regolith profile. The expression is
here corrected for strain adg, is expressed in terms of percent oxide (wt %):

1 7;(2) C;
_ J J.p
CDFy, = e Lo LIS

B szl (&) +1) (36)

Similar as for the mass fluxes (equation 3)F,, can be integrated over the thickness

of the regolith profile using a spline function (SR Cubic Spline) in order to obtain
CDF,y;.

Transport and
weathering

- >
Vertical ¢ MtOt

Farticles + dissolve
development

(&)

. o i
_ e 2t A —> ¢ ®®

Regolith

=l ____Saprolite

Figure 3.2: Development of the regolith mantle @@toposequence. At the upslope position, vertical
movement of soil particles, aggregates and solstdeminant. At the shoulder, toeslope and baclkslop
position, soil development results from the chehi@athering of in-situ parent material and

incorporated weathering products from upslope.h&ttoeslope position, the accumulation of weattgerin
products in the basal concavity strongly influenset formation and development. (Black arrows
schematize the total mass fluxes, and the lengtiecdrrow is indicative for the magnitude of thass
flux). The dots illustrate the weathering produetsd are filled according to their weathering degre
with black dots representing fresh bedrock and evtidgts representing highly weathered material.
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Along the toposequences, weathering products arepoated downslope. The residual
weathered products can continue to weather chemidaltyng transport (Figure 3.2).
The chemical depletion of a given regolith profdeong the hill slope is not only
dependent on in-situ weathering of parent matetilalso on lateral input of weathering
products.

Chemical analyses of soil and rock samples

The total elemental composition of our samples wasasured from bulk samples by
Inductively Coupled Plasma Atomic Emission spectopsc(ICP-AES at UCLouvain)
following the analytical methods describedSohoonejans et aJ2016b]. Results were
adjusted for loss on ignition (~1000°C for 24h).eThccuracy of the concentration
measurements was verified with the reference mat®&i#/O-2 (Basalt, Hawaiian
Volcanic Observatory, Wilson [1997]) and is evaluat¢despectively <3% for major
and ~5% for minor elements. The parent rock cheynishs characterized from three
bedrock samples taken in outcrops close to the lgagngite (mean value). Given the
low variability in elemental concentrations of thedbock in the study area (see Supp.
Info. Table Sl 3.1), we consider that the averagmpmsition of the unweathered rock
samples adequately represents the geochemisting gfarent material.

RESULTS

Development of the regolith mantle

Soils in the study area are all well developed. Gbler of the soil profiles recurrently
varies from (top to bottom) organic dark brown (®tom), light brown (10 to ~50 cm),
dark brown (~50 to ~65 cm), to light brown (below 6@)qTable 3.1). Strain values
reveal that the regolith has undergone volumetrpaasion relative to the parent
material €;;>0 for 7/8 profiles), but differences in soil volenthange exist between
topographic positions.

For the two toposequences, physical soil propertiasy systematically over the
hillslope. The thickness of the regolith mantler@ases progressively with the distance
from the crest: the profiles are 50 to 100 cm datefhe upslope positions and more than
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150 cm deep in the basal concavities of the toesl@pable 3.1). While only two soil

horizons can be identified in the upslope partyrfsail horizons are identified in the

toeslope profiles. Soil volumetric changes are égglior the upslope profiles, with strain
values above 0.70. The total strain decreasesrsigstty with distance from the crest,

and the rate of decrease is highest for the steppséquence (Table 3.1). The total
chemical depletion of the regolith profiles showsirailar pattern with highest values for
the basal concavities, and maximum values for thepstoposequence. In addition, it is
important to notice that the profile on the shouldethe steep slope (S-UM) is poorly
developed compared to the other profiles, with dl@athickness (~50 cm) and only

two soil horizons (Table 3.1 and Figure 3.3).
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Figure 3.3: Topographic representation of the twpdsequences with A gentle hillslope, and B steep
hillslope. The depth (cm) of the regolith profeshown on the Y-axis, with the mean depth andiaten
deviation derived from three replicate pits (n= Bpuble horizontal boxes indicate that the soil+sdipe

boundary was deeper than 2 m.
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Table 3.1: Main characteristics of the regolith fites, indicating the thickness of the regolithe #oil
development and total strain (normalized by depfhg soil description mentions the number of soil
horizons (SH), the soil texture and color (DB: darkwn, LB: light brown, R: reddish; O: organic).

Simplified code ] Soil description
General code in thi Thickness(cm) (Number of soil horizons - texture -
(used in this paper)

Total strain CDF,,
(unitless) (unitless)

color)
Gentle slope
ILGTR3 G-Top 7090 Z3SH:SIt- Sitlam:DBO g 75 0.23
2-4 SH : Silt - Silt Clay : DBO
ILGUMR2 G-UM 160 B_DB- b 0.26 0.39
ILGLMR2 G-LM 200 4 SH - Silt :ngo ~LB-B- 0.42 0.29
3-4 SH : Silt - Silt loam : DBO
ILGBR1 G-Bot 110 BB 0.29 0.34
Steep slope
4 SH : Silt - Silt loam : DBO -
ILSTR2 S-Top 120 UB DB B 0.74 0.26
ILSUMR2 S-UM 50 2 SH: Silt: DBO - LBR 0.62 0.26
4 SH : Silt - Silt loam : DBO —
ILSLMR2 S-LM 200 B bp oD 0.13 0.43
4 SH : Silt - Silt loam : DBO -
ILSBR2 S-Bot 200 LB DB LB -0.03 0.59

Variation in chemical weathering intensity

For both toposequences, chemical weathering accdont25 to 60% of the total
denudation of the regolith mantle (Figure 3.4). Thange in weathering intensity with
depth - as measured by the GPF can be described by a bell-shaped curve: the
maximum value is observed between 20 and 50 cm deiepiding with the illuviation
horizon. The chemical weathering intensity varieshwiipographic position, which is
well illustrated by the meafDF,, ratios from the illuviation horizons. There is a
general increase of the weathering intensity with dth&tance from the crest: the
weathering intensity accounts for 28 % of the tdethudation in the upslope profile (G-
Top) of the gentle toposequence and increases,t@4and 38 % for resp. the upper
middle (G-UM), lower middle (G-LM) and bottom positiqG-Bot). The change in
weathering intensity along the toposequence is ewere pronounced for the steep
toposequence with values of 28%, 27%, 55% and 59%efp.S-Top, S-LM, S-UM and
S-Bot.
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Figure 3.4: Chemical weathering intensities (CD&1) the four topographic positions in the gentldtfle
and steep (right) toposequence. The lowest sarfipleer symbols) correspond to saprolite samples.
The two lower panels show the mean CDF for the up@eo 50 cm.

Mass transfer coefficientsr;(z), that describe the fractional mass gains or losses
relative to the composition of the parent mateiraicate that most of the major
elements are depleted in the regolith profiles witlr) values below 0 (Figure 3.5 and
Supp. Info. Table SI 3.2). Strong depletion of Basic cations (Ca, Na, K, Sr, Ba) is
observed with Tau values below -0.9. throughout dgolith profiles. The depletion is
slightly lower at the surface suggesting externgluinfrom dust or biota. The mass
transfer coefficient of Si ranges around -0.4 tigaut the soil profile, and increases in
the saprolite (Figure 3.5). For Al and Fe, masssfiemcoefficients are negative in the
topsoil, but show a remarkable increase between 508&ncm depth, suggesting a
decrease of the weathering intensity and/or traasilot of Al and Fe through migration
of secondary minerals (clays) and accumulatiorotal torganic matterTfrigalet et al, in
prep.] in the Bt horizon. The losses of Al increagth increasing distance from the
crest, and the variation af,; values with depth is more pronounced for the lowieidie
and toeslope positions (Figure 3.5). Also, the rigggirofiles of the steep toposequence
show higher elemental mass losses compared to ttile geposequence.
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the profiles of the steep toposequence. The Iaaagples (larger symbols) correspond to saprolite
samples. The conservative element that was usealdalate the mass transfer coefficients is here Ti

Quantification of chemical mass fluxes

In table 3.2, thickness normalized chemical massef (n; (., ,) are systematically
negative for the major elements (sum of oxides + £&99 % of the total weight). The
chemical mass fluxes from the upslope profilescamparable to the weathering fluxes
presented irCaner et al.[2014] for a soil profile developed on a rhyod&chedrock.
Along the gentle and steep toposequencernihg,, ,, increases with the distance from
the crest to become maximum at the toeslope posilibis observation points to major
elemental losses through vertical and lateral gdarind solute fluxes. Silica is the most
abundant element in the parent materiagd@Siverage concentration: 71 + 0.6 %, Table
Sl 3.1), and has the highest chemical mass los232 (to -555 kg/m?) that can
reasonably be related to the weathering of feldsgalemyioclase and sanidine). The
losses of Ca, K, Mg and Na are important with a megp,,,. , of respectively -8, -62, -
4 and -27 kg/mz for the eight profiles, given tledatively low concentrations of CaO
(0.7 £ 0.4 %), KO (4.4 + 0.9 %), MgO (0.6 = 0.3 %) and /(2.1 + 0.2 %) in the
parent material. Aluminum and Iron are more abundattie bedrock (respectively 12 +
0.4 and 5 + 0.7 %), but show low overall mass lossethe regolith profiles (mean
My fruxn: 32 and meamyg, s, n: -8 kg/m?). The low mobility of Al and Fe can be
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explained by the formation of strong complexesrofiiand aluminum oxides and clays
[Ritchig 1995].

The total mass fluxed\,,;) are lowerfor the upslope (S-Top and G-Top) than for the
toeslope profiles, and the total mass losses giynénarease with distance from the
crest (Table 3.2). This observation is consisterh Wie pattern of chemical weathering
intensities presented above, and suggests progedssis of major and minor elements
away from the hill crests. The highest mass losses abserved for the steep
toposequenceM,,, of the lower middle and bottom slope position i®wh31 to 41%
higher for the steep toposequence compared toethidleggoposequence.
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DISCUSSION

Development of the regolith mantle along hillslope

In the subtropical soils of southern Brazil, thgalith is deeply weathered as shown by
the strong depletion in Ca, K or Na cations andHewarof Si (Figure 3.5 and Table 3.2).
This observation is consistent with earlier studiesn tropical and subtropical regions
by Asio and Jahn[2007], Krasilnikov et al.[2005] andCaner et al.[2014]. The
redistribution of Al and Fe within the regolith prief is clearly illustrated in Figure 3.5
(Table SI 3.2), with a bell-shaped form includingmeaximum fractional mass loss
between 20 and 50 cm (correlated WithF,,, Figure 3.4) and a decrease of the mass
loss below 50 cm. Redistribution and translocatibolay minerals, aluminum and iron
hydroxides and organic compounds are typical fos@$é and Acrisols, that develop in
humid tropical and subtropical regiordner et al. 2014].

Along the toposequences, lateral transport of weatlhgrroducts along the hillslope
influences soil development (Table 3.1). In thelops areas, the development of the
regolith mantle is regulated by soil erosion angito weathering of the bedrock. Along
the hillslope, weathering products are transportedrndlope by gravity and diffusive
processes, and are progressively weathered dummgport. With increasing distance
from the crest, the regolith thickens, the totalaist decreases and soil horizon
development is more pronounced. In the basal cdtiesiv weathering products
accumulate and the regolith mantle thickens. lengbal and mineralogical composition
is largely dependent on in-situ weathering and thg 6f weathering products from
upslope. The chemical weathering indices that angorted above support this
hypothesis: the thickness normalized mass losagg, (. ») are 1.5 to 2 times lower for
the upslope profiles compared to the toeslope lpsof{(Table 3.2). Moreover, the
downslope enrichment of immobile elements (Figu) 8lso supports the hypothesis of
progressive weathering of the regolith along tHeslbpe. Figure 3.6 illustrates that the
downslope regolith profiles have a higher conceitnain immobile elements (Ti and
Zr) than profiles located in the upslope partshef toposequences. The enrichment in Ti
and Zr is maximum in the illuviation horizons (beeme20 and 50 cm) as indicated by
the crossed dots in Figure 3.6. It is importantnime that Zr seems to be less
conservative than Ti in the weathering profilestlois subtropical environment: the
regolith samples systematically plot under the técal enrichment line. This is less the
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case for the saprolite samples where the enrichmesygects the Zr/Ti ratio ratio
measured in the unweathered bedrock. This argum@pbsts our selection of Ti as the
index element in order to quantify the chemicakds in the toposequence. Despite this
choice, we do not ignore that Zr and Ti can becorbila in highly weathered tropical
soils as suggested bjelfi et al.[1996]; Kurtz et al.[2000] andDu et al.[2012] .
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Figure 3.6: Concentrations of Ti and Zr in regoldhd saprolite (thick line border) samples of tleaide

(left) and steep hillslope (right). Dashed line @aponds to a theoretical enrichment of Ti andfZoith

elements were strictly immobile in the weatherimafifes. Samples from the illuviation horizon (beem
20 and 50 cm) are marked by a cross.

It is important to precise that the mass fluxesndo take into account the weathering
losses in the saprolite which can be significanteursthb-tropical climates [i.&errier et

al., 2010]. FollowingDixon et al.[2012] , the chemical depletion fraction (CDF emreéd

to Ti) has been used to estimate the total fraatiomass losses in the saprolite. Our data
reveal that the CDF of the saprolite is about 350%ilie gentle sloping toposequence,
and between 20 to 30% for the steep toposequengepl(Smf. Table Sl 3.3). The
differences in saprolite CDF values can imply d#feres in water infiltration and
percolation in the critical zone, but detailed dgeygical data are needed to verify this
hypothesis. Due to a lack of deep saprolite samjilesscurrently not possible to correct
for saprolite weathering.

The effect of local topography on regolith development

Along hillslope, the chemical weathering intensifytlee regolith profiles increases with
distance from the crest. In contrast to the upslppsitions, the soils in the basal
concavities develop on in-situ and transported lidgoThe mass transfer coefficients
(i.e. 74 w), CDF;, and total mass fluxesM(,,) indicate that the regolith profiles are

more weathered at the bottom of the steep toposegquban the gentle one. This results
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from the combination of in-situ weathering of therqué material and weathering of
transported weathering products (soil particles soidtes fluxes) as illustrated in Figure
3.2.

While the chemical weathering extent on the slopevegities (the upslope profiles) is
similar for the steep and gentle toposequenceettsen clear difference in the rate of
increase of the chemical weathering extent with dedafrom the crest. The latter is
most pronounced for the steep toposequence. Thisradition is rather contra-intuitive:
the steepest hillslope is characterized by thedsgloil erosion rates (sebapter V,
and highest soil production rates if we assume gtetade soil thickness. Faster erosion
rates and shallower thicknesses mean that the nsnm@e more rapidly through the
regolith mantle of the steep toposequence, leatirghorter residence time of minerals
in the regolith mantle along hillslope. This isipglly associated with a lower degree of
weathering following numerical approaches by d=grrier and Kirchner[2008] or
experimental data by e.Bixon et al.[2012].

The exact reason for the stronger increase of atemieathering extent for the steeper
toposequence is not yet clear. Our observatios®ibparticle, nutrient and water fluxes
in the regolith mantle suggest that this might kéted to differences in surface
hydrology between the two toposequences, with deeptr waculation at the gentle
toposequence. The fact that the saprolite lay¢hengentle toposequence shows higher
degree of chemical weathering is one argument ®mteper weathering on the gentle
toposequence. Additional measurements of water alutiestbuxes in the regolith and
saprolite layer are necessary to fully understheccomplexity of deep weathering in the
critical zone. Such relation between chemical nflasgs and curvature or slope gradient
has often be described in the literature [Belby 1992; Mudd et al, 2013; Schaetz|
2013] or in conceptual modelsidd and Furbish2004;Yoo et al. 2009] but has less
often be reported the field except in more tempechinate by (i.e.) by Yoo et al. [2011]
in Northern Sierra Nevada (California) and Breen et al.[2006] in South-East
Australia. The data presented in this study coulg ke better constrain the landscape
evolution models.

CONCLUSION

The critical zone observatory of Rio Grande do Swulvjgles new insights in the soll
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development on deeply weathered volcanic rocks. Tapogequences with a convexo-
concave slope morphology were selected in a 2.9vatershed, and eight regolith
profiles were analysed involving the flat upslopeep midslope and flat toeslope part.
The regolith profiles show evidence of redistribntend translocation of iron, aluminum
and clay particles, which is typical for Alisols aAdrisols. At the upslope positions, the
weathering intensities and total chemical mass fosse systematically lowest: the
weathering process results from in-situ weatheringhefparent material. Mass fluxes,
including particle and solute fluxes, increase wiigtance from the crest; and are highest
in the basal concavities where regolith profiles tniekened as a result of sediment
accumulation. The mass fluxes in the downslope leofare the result of in-situ
weathering and aggradation of transported — and wesdh regolith. Our data show a
clear topographic imprint on soil development. Therease of chemical weathering
extent along hillslope is highest for the steepsgmuence, suggesting that topography
enhances soil particle, aggregate and solute fluxes
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evaluate steady-state soll thickness

In the Betic Cordillera
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uranium series ani’Be cosmogenic radionuclides to evaluate steady-stit¢hickness
in the Betic Cordillera, (2016a) Chemical Geologya#able online 4 April 2016, ISSN

0009-2541, http://dx.doi.org/10.1016/j.chemgeo.202®30.

ABSTRACT

The Critical Zone is the near-surface environmehesg interactions between the
atmosphere, lithosphere, hydrosphere and biosptade place. The development of
the regolith mantle is controlled by the downwaptepagation of the weathering
front into the bedrock and denudation at the swefaaf the regolith by mass
movements, water and wind erosion. When the remokaurface material is
approximately balanced by the production of weabtr material at the bottom of
the regolith profile, the soil system is assumeldan steady-state. Although recent
literature on chemical weathering often assumeg #@ls have a steady-state
thickness, the concept has rarely been validatet wmpirical field data. In this
study, we present and compare analytical data fiovo independent isotopic
techniques: in-situ produced cosmogenic nuclided &ikseries disequilibria to
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constrain soil development under semi-arid climanditions. Three soil profiles
were sampled across the Betic Ranges, at the idgst of zero-order catchments
with distinct topographic relief, hillslope gradieand *°Be-derived denudation rate.
Soil production rates determined based on U-sedempes £, 2, ?*°Th and
“Ra) are of the same order of magnitude *88e-derived denudation rates,
suggesting steady state soil thickness, in twabttiree sampling sites. Our results
show the potential of a combined U-series diseligli and in-situ’°Be isotope
approach to evaluate steady-state soil thickness: €udy also illustrates the
frontiers in applying U-series disequilibria to trla soil production in environments
characterized by weak soil development.

INTRODUCTION

On Earth, the Critical Zone extends from the tophef canopy down to the groundwater
table, and encompasses organisms, soil, rockndimeater National Research Council
2001]. It is also the near-surface environment whereractions between the
atmosphere, lithosphere, hydrosphere and biospleke place Brantley 2006;
Anderson 2007]. Within the Critical Zone, the developmeritthe regolith mantle is
controlled by the downwards propagation of the weatbefront into the bedrock and
denudation at the surface of the regolith by maesements, water and wind erosion
[Heimsath 1997]. When the removal of surface material ipragimately balanced by
the soil production, the soil system is assumektin steady-state. The steady state soll
thickness (or so-called SSSPhillips [2010]) can be considered as a dynamic
equilibrium of the system, where the thickness efghil mantle stays relatively constant
over time. Soil profiles operating under an expdia¢ror bell-shaped soil production
model tend to evolve toward steady state soil thésknbecause of the inverse
relationship between soil production rate and dudkiness Pelletier and Rasmussen
2009]. The negative feedback mechanism betweenhéckiness and soil production rate
was originally proposed byenck[1953] andAhnert[1977], and has been inferred from
cosmogenic nuclide analyses on convex hillslopes.byHeimsath[1997]; Heimsath et
al. [1999]. Although recent literature on chemical weaiting often directly assumes that
soils evolve towards steady state thickness [Rigbe et al. 2001;Burke et al. 2007;
Dixon et al, 2009;Norton and von Blanckenbur@010], the concept has rarely been
validated with empirical field data. It is, therefpnecessary to expand the foundational
work initiated byDosseto et al[2011] andMa et al. [2010] to a wider variety of
environmental settings, as to constrain the queivé relationship between soil
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production and denudation.

Nowadays, long-term total denudation rates are corhymdatermined using in-situ
produced and meteoric cosmogenic nuclides (€Bp and?°Al) [Lal, 1991; Robert
Bierman and Nicho|s2004;von Blanckenburg2005;Jungers et a).2009;Portenga and
Bierman 2011;West et al. 2013]. If long-term steady-state thickness of #udl is
assumed, soil production rates can be derived fleri’Be concentrations of samples
taken at the soil-bedrock boundatyeimsath 1997;Heimsath et aJ. 1999]. However,
the a priori assumption of a soil thickness remnmgniconstant over time can be
questioned in highly dynamic environmer@h(llips, 2010].

The disequilibrium of uranium isotopes (U-seriédU, U, *°Th, **Ra) is an
alternative method that allows assessing weathesiggs and soil formation rates
through isotopic analysis of weathering produ@kdbaux et al.2003b;Dosseto et a).
2008b]. Although the potential of the method hasnbeszognized in the 1960’s, recent
analytical improvements have boosted this fieldredearch Dequincey et al.1999;
Vigier, 2001;Dequincey et al.2002;Chabaux et a).2003b;Vigier et al, 2006;Granet

et al, 2007;Granet et al. 2010;Chabaux et a).2011]. The U-series method is based on
the decay chain of the radioactive isotdf®J, decaying with a half-life () of ~4.5
Gyr to produce™U (T,,=244 kyr) which in turn decays t3°Th (T,,=75 kyr). In a
system closed to any loss or gain of U-series Hpthe fresh bedrock is assumed to
reach secular equilibrium after ~1.3 Myr (i.e. daigg/parent activity ratios equal unity).
When the weathering front propagates into fresh,rtak U-series start to deviate from
secular equilibrium. The intensity of the diseduiim depends on the duration and
intensity of the weathering processes. Prefereméiathing of U > % > #Ra
>>2Th implies that the weathered material (e.g. ssilipected to have activity ratios
of P*U/”) <1 and of £°Th/”*U) >1 [Fleischer 1982:Chabaux et a).2003a;Dosseto

et al, 2008a]. Therefore, by using U-series isotopdsedomes possible to constrain the
average time elapsed since the onset of mineralhegag within a soil profile. The
method has recently been used to constrain sapulisoil weathering age in a variety
of environments ranging from temperate climatemeg in e.g AustralialJosseto et a.
2008b] and Appalachian mountairid et al, 2010] to tropical regimes in e.g northern
Brazil [Mathieu et al. 1995] and Puerto RicdChabaux et a).2013]. However, until
nowadays, semi-arid environments received relatiligthg attention, and quantitative
information on soil weathering based on U-serietoses is still largely lacking.
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In this study, we present and compare analyticah dletm two independent isotopic
techniques: in-situ produced cosmogenic nuclideslduseries disequilibria to constrain
long-term development of soil-mantled landscapeke TSpanish Betic Cordillera
(Southeast Spain) was selected for this study, afféts us a unique opportunity to
analyze soil thickness steady-state conditionshiorsoils of semi-arid environments. At
the same time, the frontiers of applying U-serisgguilibrium techniques in thin, stony
weathering profiles can be explored.

Study area and sampling strategy

All study sites are located on the eastern parthef Betic Cordillera. For a detailed
description of the study sites, we explicitly referChapter Il The region is composed
by E-W to SE-NW oriented mountain ranges rising@@000 m a.s.| (Figure 4.1). The
Betic Ranges result from tectonic compression ahdrtening arising from the
convergence of the African and Eurasian plaBrada et al, 2003;Jabaloy-Sanchez et
al., 2007]. The eastern part of the Betic Cordillees lundergone a wide range of
pressures and temperatures during shortening wieighrbaround 51 Ma. The ranges are
underlain by three stacked geologic formations whiglte exhumed during the early
Miocene. The Alpujarride and Nevado-Filabres comm@eaes the most upper ones,
while the Malaguide complex is largely covered amdly mutcropping in the northern
part of the Sierra de las Estancias. All three stailgs belong to the upper most
formations and are underlain by mica-schigtmgijeiras-Marifio et a). 2015]. Small
outcrops of phyllite, interbedded quartzite veimgl dimestone are preseniCONA,
1988]. The mineralogy of the mica-schists is consedosf about 30% quartz, 25%
muscovite and <10% clinocloréineijeiras-Marifio et a}.2015].



Figure 4.1: Topographic maps showing the samplitesst Sierra de las Estancias (EST), Sierra de lo
Filabres (FIL2) and Sierra Cabrera (CAB). Note tladitsoil profiles (black stars) were selected at o
near the ridge crest. Catchment-witiBe denudation rates are derived from river sedimeampled at
the outlet of the catchments (black triangle) [Beédt al., 2014].

The Betic Ranges show strong morphological contrdles Sierra de las Estancias is
characterized by broad convex landforms, the Siderdos Filabres by broad convex
ridgetops that steepen downslope toward the valkeyd,the Sierra Cabrera displays a
steep and highly dissected landscape (Figure 44dle™.1). The modern topography is a
result of its recent tectonic historyBriaga et al, 2003]. Long-term'°Be-derived
denudation rates are generally low, and range frdnt 24 mm/kyr for Sierra de las
Estancias (n = 5), 54 + 25 mm/kyr for Sierra deRdabres (n = 8) to 164 + 74 mm/kyr
for Sierra Cabrera (n = 3Yfnacker et aJ.2014]. The spatial pattern and magnitude of
%Be-derived denudation rates are consistent wittomécuplift rates Bellin et al, 2014]
that were constrained from marine deposits and hiagcobservations bBraga et al.
[2003] andMasana et al[2005].

The present climate of the eastern Betic Cordilisraharacterized by warm summers
and mild winters and is defined as semi-arid basedacaatio of precipitation over
potential evapotranspiration between 0.2 and Bsirgla et al. 1997]. The mean annual



84| Chapter IV

precipitation ranges between 275 (x 25) and 4255t @m depending on elevation
[Garcia 2009]. Precipitation records present large indeid intra-annual variability, and
torrential rainfall (200 mm/24 h) has been recorfled Luis et al. 2000]. The mean
annual temperature decreases with altitude, ancesaingm 16 + 1 °C in Sierra Cabrera
to 12 + 1 °C in the Sierra de las Estancias arabFeéls Garcia, 2009]. There exists large
seasonal climate variability with a mean monthly penature of 4.5°C in January and
22.3°C in July for the Sierra de las Estancias. iMaanual potential evapotranspiration
(ET,) is estimated at 900 mm for Sierra Cabrera andrii@¥for Sierra de las Estancias
[Junta de Andaluc{a2008], implying soil water deficit during the poolged dry season
[Schoonejans et al2016b]. Sclerophyllous and thorny vegetation #re dominant
vegetation type , while small remnants of mesopkiltaxons can be found at higher
elevations Bellin et al, 2013].
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Figure 4.2: lllustration of the soil profiles stuati across the Betic Cordillera with indication ofls
thickness (cm) above the refusal layer (white lifedfiles were taken in Sierra de las EstanciaSTE
C), Sierra de los Filabres (FIL2-A) and Sierra Cala (CAB-B).
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The sampling campaign was conducted in Septembe3, 2&1part of a larger sampling
campaign described iBchoonejans et aj2016b]. Three soil profiles were sampled in
the Sierra de las Estancias, Sierra de los FilakmesCabrera (Figure 4.1, Table 4.1).
Pits were excavated on exposed ridge tops to avmdcomplexities of soil forming
processes associated with lateral transport ofpsoticles along slope (Figure 4.1). As
such, pedogenesis mainly occurs through a vendiktribution of soil particles and
elements within the profiles. All soils are very tt{n 60 cm) and overlay mechanically
fractured mica-schist (Figure 4.2). Soils in Sieta los Filabres and Cabrera are
classified as Regosols according to the FAO WRBtagibnomy [USS Working Group
WRB 2014] and do not present marked differentiatiorsoils horizons. Soils in the
Sierra de las Estancias are clearly more develty®ihg a soil thickness of ~60 cm
compared to 20-30 cm in the Sierra de los Filabres Cabrera. Two soil horizons can
be observed: a light brown organic A horizon (0 ®-120 cm) over a clay-rich B
horizon (15 to 45 - 60 cm). The progressive changmlor and texture from top to base
of the profile suggests that soils are in a tréosél stage of development, and can be
defined as Cambisol$Sghoonejans et al2016b]. Within each soil profile, we sampled
bulk soil material (0.5 kg) at 4 to 5 depth sliciesvn to the soil-bedrock boundary, and a
fragment of bedrock below the refusal layer.

Analytical methods

In total, we analyzed 14 soil and 3 rock samplemftbree weathering profiles (EST-C,
FIL2-A and CAB-B). All samples were air dried and sigvet 2 mm. The weathering
rings of rock samples were removed by sawing to @efiar as possible, unweathered
parent material. Representative subsamples of (sdi00 mg) and rock were then
powdered in an agate disk mill (~100um) to ensuoeraplete sample acid digestion.
Major element concentrations were determined by ICRAES and trace element
concentrations by ICP-MS after alkali fusion with-rhetaborate and Li-tetraborate
[Chao and Sanzolon&992]. Loss on ignition (LOI) was recorded follogicombustion
of an aliquot at 1000°C for 24h. The accuracy &f ¢fement chemistry was tested with
reference material BHVO-2 [Basalt, Hawaiian Volcanic @bs®ry, Wilson 1997] and
WS-E [Great Whin Sill, Northern Englan@ovindaraju et al. 1994]. The analytical
uncertainty is evaluated at <3% for major elemesricentrations and <6% for trace
element concentrations (Suppl. Inf. Table S| 40e procedural blank was processed to
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determine external contamination, and the repodedcentrations are corrected for
blank (Table SI 4.1).

Soil denudation rates are determined frdBe concentrations in three bulk soil samples
taken above the soil-bedrock interface at depfom). The'°Be concentrations were
corrected for laboratory blank (havind“@efBe ratio of 0.48 + 0.14x1Y), and the &
uncertainty estimates contain analytical errorsnfldMS measurement and blank error
propagation. We refer t8choonejans et g2016b] for further analytical details.

The preparation, geochemical analyses and detetiorinaf U-series isotopic ratios of
the samples were performed at the University of Boagy (LHyGeS), France. The U
and Th isotope ratios were analyzed on a Therma&itieNEPTUNE (ICP-MS) mass
spectrometer after digestion (HNQHCIO,, HF), separation and purification of U and
Th by anionic exchange chromatography (resin Bid#s@1X8, 200-400 mesh and Spec
50-100) following Granet et al.[2007]; Pelt et al. [2008]. The mass bias and
SEM/Faraday cup vyield were corrected by standardcketang using HU1 and
IRMM184. ***Ra activity ratio were measured by TIMS on a TheBuientific Triton by
using a single Re filament procedure with,Jafollowing a protocol adapted from
Chabaux et al[1994] andPelt et al.[2013]. The accuracy of the U isotopic analyses was
tested with the rock standard BCR-2 and analytiogkeudainties have been evaluated at
0.5% for (3UP2), 2% for E°Th/”%U), 1% for EU/7*Th), 2.5% for 3°Th/**Th) and
3% for €*Raf*°Th). The internal reproducibility of the analysis svahecked by
duplicate analyses of a sample selected randomiSR-C-4) and results were better
than 0.5 % for £U/P%), 1 % for U/*%*Th) and 1.9 % for’E°Th/*%U). Then, the
external contamination was tested with a total ptace blank: 77 pg (0.5 %o) for U, 149
pg (0.16 %) for Th and a contribution below 1 %o Ret which is negligible compared to
the amount of U, Th and Ra analysed.

Based on the U-series isotopic composition measiarélae soil profile, it is possible to
determine the weathering agé) (Dequincey et al. 2002; Chabaux et aJ. 2003b;
Dosseto et a).2008b]. The time evolution of a nuclifiéN;) can be described as:

dN;
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WhereN, is the abundance of the nuclifé, 4, >*°Th or®Ra (in number of atoms),
N; the abundance of the parent nuclide (note thattéim is not present f6t'U), Ny is
the initial number of atomg,; andA; are the radioactive decay constants (ifh) yor
nuclidej andi respectivelyf; is the input coefficient (or gain) of nucligiein yrY) in the
soil system and is a first-order rate constant (in"yrfor output of nuclidg. Input and
output coefficients encompass different procesagash as mineral dissolution or nuclide
desorption from minerals, co-precipitation of ndek with secondary minerals or alpha
recoil-effect.

To determine weathering front propagation, the medsumes that initial fractionation
of U-series nuclides occurs at the soil-bedrockrfiate and is controlled by weathering
processes only. Secondly, although input and outmsfficients § and k) are
representing a wide range of soil forming procedtesy, are represented in the model by
constants implying that soil forming mechanismsassumed to stay relatively constant
over the soil residence time.

The model to estimate the weathering ages(solved numerically, using analytical data
on U/P), °Th/?U) and *°Ra’*°Th) ratios. The numerical solutions are obtained
using a stochastic quantum particle swarm optimonaicheme which minimizes the
sum of the squared differences between measuredsdincated activity ratios (for more
precisions on the model, we refer@habaux et al[2012] andChabaux et al[2013]).
The estimation is based on a random sef gfandf; values which are allowed to take
any value between the upper and lower parameter lagiesd In order to reduce the
number of unknown parameters in our over-determgystiem k.3 andf,;o are assumed
to be negligible based on the observation thatl toi@ss-transfer coefficient;,. rp,is
generally lower tham, ;; (Suppl. material Table S| 4.2). A similar assumpii®ased in
previous studies b¥habaux et al[2008] andDosseto et al[2014]. The parameter
solutions that allow the model to fit observed dttivatios within approximately 7 %
error are retained, and then averaged to obtaiet aofsoptimized output parameter
values,X,,. The cutoff value of 7% is here a compromise betweeximizing the
goodness-of-fit of the model, and maximizing at shene time the representativeness of
model parameter solutions. The numerical modelsrane1000 times, and the final
results are computed as the mean of the resultelfidual model runsy,, (Table 4.3,
Figure 4.4, Table 4.4, Figure 4.5). The uncertag;ton the parameter estimates are
calculated as one standard deviation on the me@mgder estimat#,, .
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The soil production rateP] can then be estimated from the time duratirefapsed for
a given sample to move from a reference depthénstil profile to its current position
and the thicknesgH) of the soil between the reference and current sarppkition

[Chabaux et a).2001; 2013]:

p="H/, 4.2)

Given that the U-series fractionation model is odetermined, a series of samples is
taken from the regolith profile to determine thehitity parameters and the age of the
different samples relative to the reference samplenean soil production rate is then
calculated from the variation of the weathering afj¢he samples in function of their
distance to the reference sample following #g.et al.[2010]; Chabaux et al[2013];
Suresh et al[2013]. If weathering processes are uniform thraugtihe regolith profile,
the soil production rate estimates are not depdratethe sampling position or choice of
the reference sample.

In the case of the Betic Cordillera, thin soil plesd overly mechanically fractured

bedrock. There is no clear continuum in chemicalthe@ang processes between soil and
hard metamorphic rock. As such, we use two differeference samples to constrain the
mean soil production rate: (1) a fresh bedrock ¢tim below the refusal layer and (2) a
soil sample taken just above the soil-bedrock fater. We refer to the mean production

rates as,..pz andP,.rs respectively.

RESULTS

Vertical distribution of major and trace elementsin soil profiles

Element concentrations and mass transfer coeffgién Anderson et al[2002]) are
presented in the Supporting Information (Table 3l dand Sl 4.2Schoonejans et al.
[2016b], Chapter 1). A selected number of depth profiles of major aradte-element
concentration are shown in Figure 4.3. Mass transéefficients, the so-called tau
values (here determined by Zr enrichment), inditladé the major elements are depleted
in the upper part of the soil profiles. Despite faet that soil profiles are shallow,
chemical weathering intensities increase gradualtli deecreasing soil depth, suggesting
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that mixing by e.g. bioturbation is low. Analysestloé fractional mass change indicate
that the soil at EST-C is more depleted in Na, K ahd¢ompared to the soil profiles
FIL2-A and CAB-B (Figure 4.3A, B and Table SI 4.2).eTtotal fractional mass loss
from chemical weathering in the soil, measured by themical depletion fraction,
varies between ~0.05 and 0.29 for topsoil matenalicating that chemical weathering
accounts for ~5 % to 29 % of total denudation. Clsehweathering losses are highest in
the Sierra de las Estancias (GRF.c)= 29 %), and Sierra de los Filabres (Glka)=

28 %) and lowest in Sierra Cabrera (GREg = 15 %; Table Sl 4.1Schoonejans et al.
[2016b],Chapter I).

Although our study sites do not present clear mafkgpen pit mining or soil pollution,
our results show high enrichment values of Pb,Skdand As metals in the topsoil of the
CAB-B profile sampled at Sierra Cabrera (Figure 48 Table S| 4.1). Small-scale
prospection and mining is reported to have occumethe 18' to 20" century in the
Sierra CabreraAtlas Nacional de Espafid993;Castro et al. 2000]. The distribution of
the trace metals in the CAB-B soil profile mimice thignature of the activity ratios of
(*°Th/”2Th) and %U/%%°Th) (see Figure 4.3 and 4.4). It is therefore fikéhat the
minerals carrying heavy metals also carry isotagfesh and U and affect the activity
ratios that are measured at CAB-B.

The concentrations of U and Th range between 2.0&&8& ppm and 10.85 and 20.31
ppm respectively (Table 4.2). The highest concéintra are measured in the Sierra
Cabrera. For the deepest soil profile (EST-C), theand Th concentrations are
systematically lower in the soil compared to therbek, while the opposite is true for
FIL2-A and CAB-B. The Th/U ratio is generally higher the soil compared to the
bedrock, and the difference is particularly langeCiAB-B.
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U-series activity ratios

Given that the outcrops are Miocene in age, sea&gailibrium of the U-series isotopes
in fresh bedrock can be expected. However, the actigtios of {*U/?%U) and ¢°Th/
24y in the bedrock samples (Table 4.2) are statisjichfferent from 1 (Figure 4.4),
suggesting that the U-series are not in seculaifilequm. It is possible that rock-water
interaction in the hard bedrock is facilitated tgh the foliated structure of the mica-
schist that facilitates micro-fracturing and watgiliration.

All samples from the soil deviate from secular dguiim which is in agreement with
the theory of U-series fractionation after chemisaathering. Our results show that
(®U/) ratios are significantly different from 1. In th@ierra de las Estancias,
(®**'U/*) ratios range from 0.953 to 0.977, in the Siemaa$ Filabres from 1.033 to
1.048 and Sierra Cabrera from 0.958 to 1.082. Aéldtprofiles present a slight decrease
of (**U/”%) ratios with depth suggesting gain of U by surfamecesses (Figure 4.4).
This signature is not coherent with the classicaidtlyesis of higher mobility o**U
compared t0”*U, and indicates the complexity of isotope fracttira during
weathering.

Figure 4.4 also illustrates that th&%Ra/*°Th) activity ratio varies between the three
sites, with a negative ratio in EST-C and positivee on CAB-B and FIL2-A. The
variation in U/”%) and °Th/ 2&U) activity ratios within the three soil profiles
seems to co-vary. Thé{Th/**'U) ratios are generally above 1, except in Sierrar€a
where the two bottom samples present a ratio belowiguie 4.4). The °Th/ **4U)
ratios generally decrease with depth which is comsiswith the relative mobility of U
and Th {¥U>?*Th) (Figure 4.4). For®°Th/?*Th) and {*3U/**Th) activity ratios, we
notice an increase of the ratios near the top ef ¢bil profile at the Sierra de las
Estancias, whereas they decrease in the two othéitepr@Figure 4.4 and Table 4.2)
which could be explained by addition or leachindJatkelative to Th.
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DISCUSSION

In-situ °Be denudation rates

Surface denudation rates, constrained with in-suiudlpx:edloBe concentrations, range
from 73 (£ 11) mm/kyr in EST-C, 14 (x 2) mm/kyr FiL2-A to 109 (£ 22) mm/kyr in
CAB-B [Schoonejans et al2016b]. Soil denudation rates are generally thss or
equal to catchment-wide denudation rates measuribe atutlet of the basins (Table 4.1
and Figure 4.8). This might be an indicator that thte of change in denudation with
distance downslope depends on the topographic ligfe catchment, or an indication
of the importance of soil particle trajectories donditioning *°Be depth profiles in
unmixed soils as suggested Agderson2015]. The denudation rate inferred for EST-C
(73 + 11 mm/kyr) is higher than expected. GBe-derived denudation rates from five
small basins draining the Sierra Estancias showeecel of rates of 26 + 3 mm/kyr
[Vanacker et a).2014] , and soil surface denudation of a neaidgyerprofile (EST-A) is
estimated at 23 + 3 mm/kyr.

Mean soil production rates

The weathering age model estimates the evolutigheoctivity ratios of the samples in
function of their distance to the reference samplee mean soil production rate was
here determined d&.r andP,s by using respectively a sample of fresh bedrocksail
material as reference. With regard to gz model, the model solutions found for
(**'U/”%) and °Th/?%) ratios are represented by a grey curve in Figube

In the Sierra de las Estancias, the soil weathexggyderived from the model is about 38
+ 12 kyr (Table 4.3 and Figure 4.5). Based on éqoat.2 and assumingf,.,., equals
82.5 cm, the estimated soil production ratg (z) equals 22 + 8 mm/kyr (Table 4.3). In
Sierra de los Filabres and Sierra Cabrera, the hisdmt able to simulate correctly the
isotopic disequilibrium in the soil profiles wheretbedrock is used as reference sample
(Table 4.3 and Figure 4.5). The model assumes tthatparametersk(andf) are
constant in the soil profile, implying that chenlieaathering processes in rock and soil
material are similar and constant through time. @&bherupt differences in activity ratios
between bedrock and soil samples - as shown in Figuse- suggest that these
assumptions might not be valid.
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Figure 4.5: Measured?'U/?*U) and £3°ThP*U) activity ratios for the three soil profiles ine Betic
Cordillera: (A) Sierra de las Estancias, (B) Seee los Filabres, (C) Sierra Cabrera (samples from
bedrock are shown in open symbols, and soil insfuthbols). The numbers refer to sample codes. Grey
lines represent the evolution of the activity ratin the soil profile as simulated with the U-serie

fractionation model using the bedrock sample asregfce (Eq. 1). Where relevant, residence time is
mentioned in the graph.

Table 4.3: Soil production rates?r(efR) and weathering ages (t) for the three soil pesfjlas simulated
by the numerical fractionation model taking bedraskthe reference sample

By iyl Ly e b
EST-C 825 2248 38+12 57:25 4922 184001 11x001 % 3;.95*
FIL2-A 400 / / / / / / / /
CAB-B 300 / / / / / / / /

The second calibration of the U-series fractiomatinodel uses the soil sample taken
above the soil-bedrock interfackf;;) as the reference sample. The overall fit of thik s
weathering model (Figure 4.6) is better than the&iptes model considering the bedrock
sample as a reference, which is shown by an impor&ghiction of the Percent Bias
[Moriasi et al, 2007] from e.g. 3.2 % to 0.3 % for CAB. Similaryye model also
performs well for £Ra*°Th) and °Th/?%U) ratios (Suppl. material Figure S| 4.1).
Soil weathering ages range from 21 + 4 kyr in theri@ide las Estancias, 36 £ 7 kyr in
the Sierra de los Filabres and 5 £ 1 kyr in ther8i€abrera (Figure 4.6). There is a large
uncertainty on the modelled soil weathering age Sirra de los Filabres (FIL2-A),
resulting from a sub-optimal distribution of thetiaity ratios in the parameter space.
Using the depth information of the soil profildds(), the mean soil production rate,
P..rs, is estimated at respectively 24 + 5 mm/kyr, 7 tnf/kyr and 35 + 12 mm/kyr
(Table 4.4).



96 | Chapter 1V

1.04

1.01 1.06
A 21+ 4kyr B c
1.02 -
099 1.05
— — —
2 2 2 1.00
g g g
~ 097 ~ 1.04 ~
> =) =)
% x % 098
R & &
095 1.03
096
093 : ‘ . 1.02 . . 0.94 ‘ ‘
095 1.00 105 110 115 100 110 120 130 080 090  1.00 110
(230Th/234—U) (230Th/234U) (230Th/234U)

Figure 4.6: Measured?'U/?8) and E*°Th/*%U) activity ratios for the three soil profiles ihe Betic
Cordillera: (A) Sierra de las Estancias, (B) Siede los Filabres, (C) Sierra Cabrera (samples reke
just above soil-bedrock boundary are in dark gr@y)e numbers refer to sample codes. Grey lines
represent the evolution of the activity ratioshe soil profile as simulated with U-series fraction
model using the deepest soil sample as referergeel{EWhere relevant, soil residence time is
mentioned in the graph.

Table 4.4: Soil production rates’,(efs) and weathering ages (t) for the soil profiles saaulated by the
numerical fractionation model taking the deepesitsample as reference.

Sample  Hsoil P, 7S kz3s f238 kzz6 f226
- t (kyr kz2ss/k2ss  Kz34/f234
profile  (mm) (mm/kyr) (kyr) (10 yri1) (10 yr1) / /f: (105 yr1) (105 yr1)
EST-C 495 24+5 21 £4 1.2+03 08+03 13+0.04 12+0.04 20+x31 11+3.0
FIL2-A 240 7+1 36 +7 05+0.1 02+01 1.2+0.04 19+0.2 05+05 3.6+0.5
191.6 £ 163.5 + 11+
CAB-B 170 35+12 5+1 425 363 1.6 £0.02 0.001 49+42 46+38

The parametrization of the soil weathering modelyests that optimal parameter values
for koss (leaching coefficient of*®U) are 1.2 x 18 and 0.8 x 10yr* and for s, (input
coefficient of **%U) 0.5 x 10 and 0.2 x 18yr" for the Sierra de las Estancias and
Filabres respectively (Table 4.4). These paramestimates are in the range Bfu
leaching coefficients reported in previous studiBesseto et al.2008b; Ma et al,
2010]. The concentration density plots of the modetcomes Kzs Kozs 109 Koz
illustrate the accuracy of the simulations, andiadécative of the model stability (Figure
4.7). The scatter on the model outcomes is largeCAB-B compared to FIL2-A and
EST-C, suggesting lower model stability (Figure 4@yerall, model estimates &fsg
andk,,¢ for the Sierra Cabrera are systematically highantfor Sierra de las Estancias
and Filabres (Table 4.4), indicating either morerse weathering processes or a model
less constrained. In all soil profiles, there igraferential release 6f%U relative to®*U
during soil weathering witk,34/kssg ratios greater than one (Table 4.4). This is <iest
with the basic model assumption that ffi&J isotopes are lost preferentially U
isotopes through weatheringlgischer 1982;lvanovich and Harmonl1992; Riotte et
al., 2003]. Our data also suggest that uranium is veehdaster than it is added to the
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soil profile (shown byk,sd/fo35 andkyas/fazs > 1). This phenomenon is slightly enhanced in
the Sierra de los Filabres.
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Figure 4.7: Density scatter plots for the soil weating model based on U-series disequilibria. Léagh
parameters kg, koss and ke are plotted against time (yr).

Validation of model assumptions

Our application of the U-series fractionation moaetumes that the parameters defining
input and ouput of nuclided; @ndk) through weathering are constant over time. In the
Betic Cordillera, long-term denudation rates afdicdent to rejuvenate the thin soil after
about 20 kyr in Sierra de las Estancias and Fitalared after ~2 kyr in Sierra Cabrera
[Bellin et al, 2014]. Since the mid-Holocene, the region is egpeing increased aridity
causing a progressive degradation of the vegetfiRognon 1987;Carrion et al, 2010;
Bellin et al, 2013]. The remoteness and higher elevation ofBatc Cordillera has
allowed conservation of Pinus and Quercus forestslewbivlands often sheltered
mesophytic to xeric flora. It is not clear how smitming processes might be altered by
long-term progressive changes in soil water balanaesponse to changes in climate
and natural vegetation.

The mean soil production rate is here calculatethfthe variation of the weathering age
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of different samples in function of their distantoethe reference sample. Perturbations in
depth variations in U-series disequilibria by digturbation result in mixing of element
and isotope concentrations over depths greateriBam. The near-absence of vertical
homogenization of major elements in the upper Boiizons is quite remarkable, and
suggests that soil turnover and mixing through bigturbation is limited in our sites
(Figure 4.3 and Suppl. Inf. Table SI 4.1 and 4.2).

The numerical model integrates all the input ardistebution fluxes that are occurring
in the depth profile, including external input ohinium by e.g. dust, rain water or ocean
sprays. First, dust deposition can influence thend &h budget of the profiles, and
potentially affect the measured activity ratios. iWlhis is less pertinent for the analysis
of deep weathering profiles, external input mightrélevant for thin soil profiles. Dry
deposition can significantly enrich terrestrial #gstems in K, N, P, Fe and Cavjla et
al., 1998;Chadwick et aJ. 1999;Dia et al, 2006]. The Betic Cordillera is exposed to
aeolian dust input from the Sahara and Sa@eksfillo et al, 2008; Scheuvens et al.
2013]. Most Saharan dust arrives with the North Adni@nticyclone during summer red
rains, and cyclonic activities play a role at timel ®f winter or springRodrguez et al.
2001]. Second, external input of dissolved uraninmain water does not seem to have
significant influence on the uranium content okriwaters, suggesting that rain water is
not altering activity ratios in soil weathering gte$ [Riotte et al. 2003;Chabaux et a).
2005]. Third, sea sprays are often cited to be ntial source of external input in
coastal regionsioide and Goldberg1963], and £'U/?%) ratios in surface sea waters
or sprays are consistently above 1 [&gide and Goldbergl963;Miyake et al. 1966;
Aciego et al.2015]. However, the work éfelt et al.[2013] at Mount Cameroon showed
that the contribution of uranium from sea spraya$#s to the U and Th mass budget of
soil profiles is negligible.

Our data are not conclusive on the importance oéraat input of uranium. In the
studied sites, the ridge tops are typically exposeevind and less favorable for dust
deposition, unlike large intra-mountainous bashme bften act as large captoBigz-
Hernandez and Riios2009]. Our data do not provide evidence for $iAlb enrichment
at the top of the weathering profiles, as would bgeeted when levels of dust input are
important. Dust from northern Africa and the Westsatnara is typically highly enriched
in Silica (with SiQ content of dust ranging from about 50 to 60 wejgdrcent Avila et
al., 1998; Castillo et al, 2008]). However, for the three study sites, the ehod
simulations predict an input of uranium in the gwitfiles (with 1 <k;/f;, Table 4.4). In
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addition, the activity ratios’{U/**®U) that were measured in the topsoil samples of
FIL2-A and CAB-B (closer to the sea) are slightly abal. It is not clear if this
enrichment is a direct result from external inpstifcould also be related to co-
precipitation or sorption of U in secondary Fe-hyddes or clay mineralsMa et al,
2010]. Information on’°Th/**U) and {**Raf*°Th) activity ratios in sea sprays or dust
would be helpful to further constrain the elemerddmts.

Contrasting soil production and denudation rates

In steady state soil thickness conditions, soiludieion is predicted to balance soil
production. Soil denudation is here derived frorsiin *°Be cosmogenic isotopes, while
mean soil production rates are estimated based-serigds disequilibria. The numerical
U-series fractionation model is well constrained tfeg deeper weathering profile from
Sierra de las Estancias. The mean soil productites rreferenced to the bedrock and
deepest soil sample agree well within uncertaiRty = 24 £ 5 mm/kyrP. .z =22

8 mm/kyr), suggesting that soil forming procesgesuaiform throughout the weathering
profile. It is interesting to note that they ardgistly lower than the ridge top soil
production rates that were established for the Sttspna Shale Hills Observatory
(SSHO, Pennsylvania) biyia et al.[2010]; [2013] that equal 40 + 22 to 45 = 12 mmi/ky
Although soil thickness and lithology are rather iamin both sites, there exist large
differences in precipitation regime with a mean atmrecipitation of about 1070 mm
for the SSHO, compared to 425 mm for Sierra de lamngms. The higher soil
production rates reported at SSHO are consistent thith observed differences in
climatic conditions.

For the thin soil profiles sampled in Sierras de Kilabres and Cabrera, there exist
abrupt differences in activity ratios between bellrand soil samples that hamper the
calibration of the U-series fractionation modelngsbedrock as reference sample. When
using the soil sample taken above the soil-bediotkface as the reference sample, a
mean soil productior?,.. (s, of 7 + 1 mm/kyr and 35 + 2 mm/kyr is obtained &ierra

de los Filabres and Cabrera respectively.
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Figure 4.8: Mean soil production rates{R plotted against soil denudation rates for thestaridge top
sites in dark symbols: Sierra de las Estancias(e); Sierra de los Filabres (square) and Sierreb@aa
(triangle). Catchment-wide denudation rates, whitkegrate denudation of the entire catchment, ef th
sites are plotted in open symbols for comparis@tcment-wide denudation rates exceed soil
denudation rates as expected.

The observed pattern in U-series-derived soil petido rates is congruent with the
spatial pattern in°Be-derived soil denudation rates (Figure 4.8). SeiWelopment is
faster in the Sierra Cabrera, with soil denudatiates of 109 + 22 mm/kyr and soll
production rates of 35 + 12 mm/kyr, compared torr8iele las Estancias and de los
Filabres with soil denudation rates of resp. 23an8 14 + 2 mm/kyr and soil production
rates of 24 + 5 and 7 £ 1 mm/kyr. Soil denudatiad aroduction rates in the Sierra de
las Estancias and Filabres are of similar magnjtsdggesting that soils have evolved
toward steady state soil thickness. In the rapidbgimg Sierra Cabrera, our data suggest
that soil production is lower than denudation impdyisoil thinning. This can point to
non-steady state conditions that can result frome@nt adjustment of the upper
convexities to the most recent tectonic uplift puls the Sierra Cabrera. This
observation is congruent with the fact that the loatent-wide denudation rate exceeds
surface denudation rates measured on the landscepexities. However, in the latter
case (CAB-B), the mean soil production rates esthbll based on the U-series
disequilibria should be analyzed with caution: th&taepe fractionation model is not well
constrained due to a limited number of depth sasnpled strong enrichment of the
topsoil in heavy metals. As such, the hypothesisteddy-state soil thickness could only
be validated for the deeper, slowly eroding soilstted Betic Cordillera that likely
evolved to steady state over the last 20 kyrs.
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CONCLUSION

Soil development in the Betic Cordillera was conegd using a combined approach
based on in-situ produced cosmogenic radionuckaesU-series disequilibria. As such,
this study is one of the first that applied U-sefie constrain soil production by chemical
weathering in very shallow soil (<60 cm thick) thaevdloped on low grade
metamorphic rocks in semi-arid climatic conditiofifiree soil profiles were sampled
across the Betic Ranges, at the ridge crest of-aeler catchments with distinct
topographic relief, hillslope gradient atf@e-derived denudation rate. The magnitude of
soil production rates determined based on U-séstspes £?U, 2‘U, #°Th and*°Ra)

is in the same order of magnitude as'fiBe-derived denudation rates, suggesting steady
state soil thickness in two out of three samplirigssi The results suggest that coupling
U-series isotopes with in-situ produced radionuclidas provide new insights in the
rates of soil development. However, our data alasstilite the potential frontiers in
applying U-series disequilibria to track soil pratlan in rapidly eroding landscapes
characterized by thin weathering depths. The meshaniof uranium fractionation
through bedrock and soil weathering are difficulgtasp in shallow regolith/soil, as the
numerical U-series fractionation model is currenthger-constrained.
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Long-term soil erosion derived

from in-situ and meteoric '°Be

Inventories in deeply weathered
solls in southern Brazil

Based on:

Schoonejans, J., V. Vanacker, S. Opfergelt, M. @ltinsprep.) Long-term soil erosion
derived from in-situ and meteoric 10Be inventoriedareply weathered soils in southern
Brazil

ABSTRACT

Meteoric *®Be are commonly used as a geochemical tracer df esosion and
regolith residence time over long time scales (2 Q. However the low retention
of the meteoric’Be in acidic weathering profiles complexified tmanslation of
meteoric'®Be inventories into surface denudation or residetice. In this study,
we aim to evaluate the potential loss of metetfBe in the weathering zone. Along
a toposequence in southern Brazil, three regolitbfijes have been sampled from
the convexity to the toeslope. We explore the behaf the Beryllium in the
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regolith over the hillslope through a sequentiaéntical extraction of four reactive
fractions. Based on existing protocols it appedwat tamorphous oxy-hydroxide and
crystalline oxide fractions are the main carrierstbe Beryllium. The inventories of
meteoric '%Be are significantly higher in the accumulation eothan on the
convexity which demonstrates that leaching and geepolation of meteori¢’Be
occur along the hillslope. We estimate surface datian rates on the convexity
after correcting the inventories for incomplete eretion of meteoric'®Be by
quantifying the chemical mass losses of the stablepe,’Be. More than 50 % of
the delivered meteorit’Be has been leached from our upslope regolith jefi
Upslope denudation rates are below 5 mm/kyr andespond to in-situBe-
derived rates. This study demonstrates that resaraf meteori¢®Be can no longer
be ignore or neglect in highly weathered soils ey to constrain geomorphic
rates.

INTRODUCTION

The development of isotopic techniques has fatglitahe quantification of long-term
geomorphic processes at the Earth’s surf8amifier 2004;lvy-Ochs and Kober2008;
Preusser et a).2008]. Cosmogenic isotopes that are formed inemais at the earth
surface (in-situ) or in the atmosphere (meteonie)raow commonly used for dating and
determining denudation rates. The first applicati@i cosmogenic radionuclides in
geomorphology were based on metedfieryllium, after in-situ producetBeryllium
(*%Be) has routinely been used during the last 15syaconstrain surface exposure ages
and/or erosion rates over timescales ofta0L® years [al, 1991;von Blanckenburg
2005]. This radioactive isotope (half-life =1.38 M{hmeleff et a).2010]) is produced

at the Earth surface by the interaction of rock soitlmaterial with high-energy cosmic
rays. Recent improvements of the meteSie delivery mechanisms and rates have led
to a renewed interest in meteol8e as tracer for geomorphic processes (summarized
by Willenbring and von Blanckenburi@010]). Contrary to the in-sitt’Be, meteoric
%Be is produced in the atmosphere by cosmic rayatjmai of *°0 and™N isotopes and
delivered to the Earth’s surface by rainfall or tdus accumulates at the terrestrial
surface by adsorption onto mineral surfaces or empitates with amorphous and
crystalline iron-oxy-hydroxides, clays or carbomat@arg et al, 1997]. The main
advantages of meteori®Be over in-situ"Be are that it requires smaller sample amounts
due to its higher concentrations in soils and thatan be applied to quartz-free
lithologies.
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In geochemical studies, meteofiBe is often used as a tracer for soil development
[McKean et al. 1993;Jungers et a).2009; Willenbring and von Blanckenbur@010;
West et al. 2013] and regolith residence time [eRpvich et al. 1984;Bacon et al.
2012]. Recent studies have shown that meté@gie is not conservative in weathering
profiles of acidic environments (having a pH < 46)dYou et al. 1989;Aldahan et al.
1999; Graly et al, 2010], and part of the meteorttBe can be translocated to the
saprolite or lost by leaching and deep percolatidh.a field site in the Southern
Piedmont (USA)Bacon et al.[2012] demonstrated that a considerable portiothef
total meteoric'®Be is leached from the regolith profile (UtispHcaci, ~4). In such
conditions, the total amount of meteofiBe presents in the regolith is no longer directly
related to soil residence time or surface denudatfdhe losses are on the order of 26%
of the total meteori¢’Be inventory, the error on the residence time eath up to 25%
following recent work byMaher and von Blanckenbuif@016]. It is therefore essential
to account for potential losses of meteotiBe in acidic weathering environments.
Normalization methods that use the ratio of meteSBe over the stable isotop8e
have been developed to resolve potential lossasmitonservative tracers in the critical
zone Wittmann et al.2012;von Blanckenburg et al2012]. AlternativelyCampforts et
al. [2016] developed a numerical model that allows tnquantify soil production and
denudation while accounting for leaching of metedf&e. It remains important to test
and further develop the numerical schemes basexmerimental data.

In order to evaluate the potential loss of metedfge in the weathering zone, we
selected a study site with deeply weathered soié®ihern Brazil (pkho = 4.7 to 5.9).
A multi-proxy approach was established where the stisiotope ’Be, that is mobilized
from weathering, was used to correct for incompletention of meteori¢’Be within
the regolith profile. Successive chemical extraddiovere realized on the regolith
samples to understand the behavior of BerylliutBe] in the soil system. The
measurements of the meteorltBe isotopes were then paired with in-sittBe
denudation estimates to provide new insights indimeelopment of the critical zone in
highly weathered subtropical environments.
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METHODOLOGY

Soil sampling in CZO southern Brazl

The region has a subtropical climate, with influemdeair masses coming from the
Atlantic ocean plvares et al.2013]. A semi-deciduous subtropical forest with Asaxia
trees covers the study site (Figure 5.1).The CZlDdated at the southern border of the
so-called Serra Geral Formation which is a volcgpleteau Bellieni et al, 1986;
Montanheiro et al.2004] dated from the Mesozoic era (137-127 Mauating Turner et
al. [1994]). The XRD mineralogical analysis of the begkr@¢rhyodacitic volcanic rocks)
reveals that sanidine (feldspar group) is the mabsindant mineral (45-55%), followed
by very fine grained quartz (~38%) embedded in &imaf hematite, goethite and clays
(~8%). Soils are classified as Alisol and Acrisol @ding the FAO systemI)SS
Working Group WRB2014] with a pH.,o between 4.7 and 5.9.

This study focuses only on the north-west facingelof the catchment which is 210 m
long. The toposequence has a mean slope of 1349 anthounced break in slope of 24°
in the middle section of the transect (Figure 5 &igure 5.2). Pits were excavated at
the upslope §-Top, lower middle §-LM) and toeslopeS-Bo) topographic position
(Figure 5.1 and Figure 5.Zhapter Ill). All regolith profiles have been excavated to the
refusal layer (saprolite) or to 2 meters deep ancewampled in detail by taking depth
slices. The regolith is here defined as the loasgconsolidated superficial layer
overlaying the bedrock, and is progressively weaithe@ver time; and the saprolite as
the chemically weathered rock that retains the waigstructure and fabric of the host
material.

Three pits (S-Top, S-LM, S-Bot) were analyzed inagirdetail (Figure 5.2), and 14
regolith and 4 saprolite samples were analysedifootal meteoric:®Be concentrations,

and (ii) Beryllium-9 concentrations in selectiveeafical extractions of reactive mineral
phases. In addition, samples from replicate pi#$¢pl, S-Top3, S-LM1, S-LM3 and S-
Bot2, Figure 5.1) were combined into a single homaogel samples (composite
samples) to measure the total inventory of mete8fie. The amalgamation procedure
accounts for differences in soil density and sangplthickness of each replicates
profiles. At the convexities, three bulk samples6lg) were taken at the regolith-
saprolite interface in S-Topl and in two replicaits fG-Top4 and S-Top6) to measure
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the concentration of in-situ producé®e (Figure 5.1). All profiles that were sampled
for in-situ produced®Be are located on the landscape convexity, whererebelith
mantle is assumed to have a steady-state soilntbssk

52°6'40"W

28°55'55"S
28°55'55"S

Legend
Y Study site

28°56'0"S

© Mmoo Catchment

~ Seq, extractions *Ba elevation (m)
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on composit samples
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52'6‘U'W ] . 52°6'30"W
Figure 5.1: Topographic map of the Critical Zoneg@bvatory in southern Brazil, with location of the
sampling pits. The regolith profiles that were aizald in full detail for meteori®Be are shown by a
black dot, the profiles where composite sampleswaien for meteorit’Be analyzes with a
multiplication sign (x), and the pits where in-siflBe was analyzed with a cross sign (+).
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Figure 5.2: Toposequence (S-Top, S-LM, S-Bot)ititalzone observatory. The pictures are illusivet
for the change in physical and chemical soil prdigsralong hillslope. The topographic profile igm
by the black line, and the thickness of the relyqtitn) is marked on the pictures
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Meteoric and in-situ produced cosmogenic radionuclides

This study uses meteoritBe isotopes to quantify regolith denudation rategan highly
weathered environmental conditions. To evaluate miafelosses of meteorit’Be by
leaching and deep percolation, we use here theesiabtope,’Be, mobilized from
weathering of the parent material. A sequential chalh@xtraction scheme was applied
on the mineral reactive phases. In addition, in-gitoduced’Be concentrations were
measured to determine surface denudation rates.

Sequential extraction of Beryllium

A sequential chemical extraction was performed osdr@ples. As the stable isotope of
Beryllium, °Be, constitutes for more than 99.9% of the totalyBiem, we refer hereafter
only to °Be. We assume that the inventory’BE in the weathering zone relative to the
parent materiaiBe reflects the loss dfBe in the weathering zone due to leaching and
deep percolation. As the chemical properties oBgy/llium isotopes are identical, they
behave similarly in the regolithWittmann et al. 2012]. We hereby neglect external
input of Be, and assume that the only inpuf®é to the soil comes from weathering of
the primary minerals. The sequenfiBe-extraction is based on the method presented in
Bourles et al[1989] andWittmann et al[2012]. It is here applied to ~0.9 g of sample
that is dried, sieved at 2 mm and grinded. Theaekn procedure isolates four
fractions: (i) the exchangeable fractiolB&.,) that is extracted by using 10 ml of 1M
MgCl, solution and shaking for 12 hour, (ii) the reaetimmorphous oxy-hydroxide
fraction (Be,m.) that is extracted by using 10 ml of 0.5 M HCI afdhking for 24h, (iii)
the crystalline oxide fractior’Be,..) extracted by using 10 ml of 0.5 hydroxylamine-
hydrochloride solution in 1 M HCI, (iv) the residuaaction containing mainly silicate
minerals {Be.squs) iS treated with a mixture of 28 M HF and Aqua Retpafully
decompose the samples. The organic phase hasewekacted separately because of
the negligible amount of organic matter (OM) in samples (about 5 % in the upper 10-
20 cm, and <3 % below 30 crifirjgalet et al, in prep.]). Between each step of fiie-
extraction procedure, the residue was washed 3 timéb ultrapure water.
Concentrations ofBe,,, *Be.nx and °Be,o, Were measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) whiBe s Was measured by ICP-Atomic
Emission Spectroscopy at UCLouvain. Accuracy valaatf our measurements was
performed by decomposing about 0.4 g of two geodstats of marine sediment (PACS-
2 [NRC-CRM and ISE 972 \VEPAL. The concentrations measured are in agreement
with the reference values (0.9 and 1.1 mg/kg). Iditaah, two procedural blanks were
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processed to determine the external contaminatiuiohmwvas below the detection limit.
The reproducibility of our measurements was veriffed each fractions based on
duplicates of two randomly selected samples (S-TepfH and S-LM/10-20). The final
results show a difference of 6 + 3 %.

Determination of meteoric *Beinventories

All regolith and saprolite samples were homogeniZeugh a fine grinding after
sieving (~1g). The meteori@Be was extracted by ion exchange chromatographysin
procedure adapted fromon Blanckenburg et a]1996b].'°Be/Be ratios were measured
in BeO targets at ETH Zurich and were normalized basedhe ETH secondary
standard S2007N with a nominal value'#efBe of 28.1 x 168°[Kubik and Christ|
2010].

Inventories of meteori¢®Be are calculated for the entire regolith profilasorder to
estimate the accumulation time of the isotope. #@t purpose, soil and saprolite
samples were taken at depth intervals of 10 cm amdred 30 to 25% of the thickness
of each profile: 5 samples in S-Top, 6 in S-LM andn S-Bot. The meteoritBe
inventories [10,) of the regolith profiles are estimated (at/cn@#)dwing the method

presented iBrown et al[1988] andwest et al[2013]:

Zo
Tog, =f Cgepdz (5.1)

Zb

wherez, andz, correspond respectively to the depth of the sailase (z = 0) and the
regolith-bedrock interphase (cnt),, to the meteori¢®Be concentration of the sample
(at/g),p the bulk density of the sample (g/cm3) atxdthe sample depth interval (cm).
The depth integration is here performed using mesgfunction (SRS1, Cubic Spline).

The apparent regolith residence tinaeif yr) can be estimated if we assume a constant
delivery rate of meteori¢’Be over time andiwo,, at steady-state implying equivalent

rates of delivery and removal of metedfiBe. This condition is intrinsically restricted to
the landscape convexities, where lateral transgorteteoric'’Be is absent:
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t= (%1) In (1 - M:’“) (5.2)

wherel is the radioactive decay constant f8Be (yr') andq is the delivery rate of
meteoric'®Be to the earth surface (at érgr'"). Considering the same assumptions, the
meteoric'’Be inventories can also be used to quantify surfieceidation rates (mm/kyr)
for the upslope area®J:

_ (q - /111038)

5.3
Csps ®-3)

where(, andp, are the'®Be concentrations and the bulk density of the uppst
surface sample (at ¢

Correction for potential |osses of meteoric °Be

Given the low pH values of the soils in the criticahe observatory, we correct the
inventories for losses of meteori®Be. The method presented here is inspired by the
work of Bacon et al.[2012], and is based on the chemical mass loskéBeoin the
regolith profile (n g, f1,, . IN at/cm?) to constrain chemical depletion of Blerm. It

uses the chemical mass balance model fBsimhall and Dietrich[1987] andEgli and
Fitze [2000], and a conservative element (such as Tgu@ntify relative mass losses of
mobile elements, and takes into account the volienethanges in the regolith based on
strain. The succession of equations is describedetail in Chapter Il and is here
summarized by the equation of the chemical masesfBe:

Ly
T op,(2)

mo wx — P Co ——-az (54)
perfie = B0 0en | (eny(2) + 1)

wherep,, andC o, ,, correspond resp. to the bulk density (g/cm?) dreddoncentration
in °Be (mg/kg) from the parent materiakg,(z) ander;(z) are resp. the mass transfer

coefficient of the’Be and strain at depthin the regolith (unitless) that are integrated
over the entire thickness of the regolith, (m) using a spline function (SRS1, Cubic
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Spline). The mass losses’8e can be quantified separately for each of the fimetions

(Mpe, rrux) DY cONsidering’ s, ,, of each fraction.

The chemical losses of tfiBe fractions are added to the measuigel inventory (s,

obtained in the same way than equation 5.1). Thatidras selected for this correction
should present a positive correlation with metedfBe concentrations. The ratio
between the corrected and meastifgel inventory is then used to correct the meteoric
%Be inventory:

Log, + Mog, 4
Iy, = Tog, X (Be_,:Be,fux) (5.5)

Iop,

wherel'10,,corresponds to the corrected inventory of metebie wherel s, and

Mo, ry are both expressed in at/'cm?.

By using the’Be chemical fractions to correct for potential la$smeteoric'®Be in the
regolith profile, we assume that the retention &f thvo Beryllium isotopes is the same
within the regolith. Recent work bylaher and von Blanckenbufg016] has challenged
this assumption as meteofitBe is supplied to the top of the regolith where selemy
minerals are more abundant than at the weatherimy fwhere’Be is released from
primary minerals. They argued that the spatial sdfmen may result in different retention
of the two isotope specieBdrg et al, 1997] that can be further exacerbated by
biogeochemical gradients within the regolith profile

In-situ produced *°Be to constrain surface denudation

Concentrations of in-situ producetlBe in quartz grains are used to determine
independently surface denudation ra@s(mm ky'). Samples were taken between 25
and 45 cm depth, were washed and dried. Because @&t low amount of pure quartz
grains, we extracted quartz minerals by hand pickingrder to get more than 3 g of
pure quartz. The analytical methods are describesidre detail inSchoonejans et al.
[2016b]. The'®BefBe ratios were measured in BeO targets at ETH Zuaiuth then
normalized with the ETH secondary standard S2007N avitbminal value of 28.1 x 10
2IKubik and Christl 2010]. The"Be concentrations were corrected for laboratorylblan



112] Chapter V

(having a ratio of 4.3 + 1.7 x 1), and the & uncertainty contains analytical errors
from AMS measurement and blank error propagatioml€ra.4). We took into account
depth shielding from the overlaying soil horizoms dorrect the'®Be concentrations.
Topographic shielding was corrected using the proeediescribed inNorton and
Vanacker [2009]. Surface denudation rates were calculatedh wie Cronus online
calculator version 2.3Balco et al, 2008; http://hess.ess.washington.edu/], using the
time-dependent scaling laws proposedoyai [2000].

RESULTS

Sequential extraction of *Be
Data obtained from the sequential extractionBa fractions are presented in table 5.1.

Table 5.1: Concentrations @Be fractions that were sequentially extracted. [Bweer samples (S)
correspond to saprolite samples.

9 Beums Beyox 9 9
Béex amorphous ” BEesidual Total Be
Sample code exchangeable oxy- crystgllme residual extractions
(gl ydroce ey gl (ngign)

S-Top/10-20 4.1 29.7 105.6 573.7 713.0

30-40 3.7 32.2 118.6 569.1 723.6

55-65 5.6 60.3 135.5 566.2 767.5
95-105 16.7 107.6 195.0 575.6 894.9
155-160 (S) 16.4 48.7 258.4 653.4 976.9

Mean S-Top 9.3 55.7 162.6 587.6 815.2
S-LM/10-20 19.3 194.8 186.7 788.8 1189.6
30-40 15.8 243.0 281.5 798.4 1338.6
55-65 31.8 563.7 432.4 700.5 1728.4
95-105 31.4 358.8 390.0 740.0 1520.2
180-195 45.3 305.4 382.5 797.0 1530.2
235-240 (S) 94.6 109.4 525.1 879.8 1608.8
Mean S-LM 39.7 295.9 366.3 784.1 1486.0
S-Bot/10-20 52.9 404.4 3235 997.1 1777.9
30-40 449 503.0 266.3 670.7 1485.0
55-65 53.9 786.5 399.1 648.1 1887.6

95-105 31.9 410.1 380.5 688.2 1510.8
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180-190 49.4 285.0 355.9 743.6 1433.9
280-285 (S) 81.0 175.9 240.9 801.7 1299.6
395 400 (S) 90.3 122.4 95.1 805.9 1113.7
Mean S-Bot 57.8 383.9 294.5 765.0 1501.2

Along hillslope, there is a net increase of theltdBe concentrations in the regolith
profiles: the mean concentration of tofBle is 815.2 ng/g at the upslope position (S-
Top), 1486.0 at the midslope position (S-LM) an@15g/g at the toeslope position (S-
Bot). With regard to the Beryllium-9 chemical fraxt, it is clear that the largest portion
of ‘Be is retained in the silicate residu€Beesq 51 to 72% of the totafBe).
Beryllium-9 fractions that were extracted from animps oxy-hydroxide and crystalline
oxides {Be,nx and®Be,..,) account respectively for 7% and 20% in the upslppfile,
and their concentrations increase in the downslopélgs. The downslope increase of
the reactive fractions is higher for tfge,,, chemical fraction that was extracted with
HCI 0.5 M (Figure 5.3). The exchangeable fractioeginot contain significant amounts
of °Be (Be,,, 1 to 4% of the totdlBe, Figure 5.3).

1% 794 3% 4%
9Beey
gBeam—x

= 9Bex—ox

9
= Beresidual

S-Top S-LM S-Bot

Figure 5.3: Share of the total amount of Berylli@nthat is contained in each of the four chemical
fractions: °Be., corresponds to the exchangeable fractiBe.,..to amorphous oxy-hydroxid&e o to
crystalline oxide, andBeesiaualto the fraction contained in the residual silicatinerals. The three plots
show the difference in along hillslope (S-Top :laps, S-LM: midslope and S-Bot: downslope position)

Figure 5.4 illustrates the variation in BerylliumeBemical fractions with depth for the
three topographic positions (S-Top, S-LM, S-Bot)r Ehe three regolith profiles, the
exchangeabl@Be fraction increases with depth, with the percentsfigbe ’Be., fraction
increasing from 1-3 % at the top to 2-8 % at thédw of the profiles. The reactive
fractions show a bell-shaped function with depth; ittezease ofBe,m. and’Be,oy in
the first meter (peak at 100 cm for S-Top and 60f@niwo others profiles) is followed
by a decrease to values <10 % (Figure 5.4). Thiduak’Be fraction does not show a
linear trend, but shows a minimum value at 60 cnpd84-40 %) and at 100 cm for S-
Top (64 %) and then increases to 56 to 80 % asuhiace. The latter illustrates that soll
development strongly influences losseSR¥ loss in this acidic environment.
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Figure 5.4: Variation ofBe chemical fractions with depth for the three wraghic positions (circles=S-
Top, diamonds=S-LM and triangles=S-Bot). The dataglotted as the share of the exchangeable
(°Be.y), reactive (Beumx Bé.ox) and residual fBeesiua) fractions in the totaiBe inventory of each

sample. As such, the values on the four graphssd®0% for a given sample.

Variation in meteoric '°Be concentrations along hillslope

The variation in meteorit’Be concentrations andBe inventories with depth and along
hillslope are presented in table 5.2.

The concentration of meteoritBe is not constant with depth, and shows a peak-shape
depth distribution with maximurifBe concentrations at a depth of 60-100 cm (Figure
5.5A). In the upslope profile, tH8Be concentration increases from ~2%&0the surface

to ~4.6x18 at/g at ~100 cm deep, and drops to 3.4xatly in the saprolite. In the
midslope and toeslope positions, the variatiod®8& with depth is more pronounced
with higher peak values 8fBe. Both profiles present a concentration of ~4at/Q near
the surface which increases to ~8%&flg at 60 cm deep and then declines progressively
with depth. In the saprolite, tH8Be concentrations are similar (S-Top, S-LM) or lower
(S-Bot) than at the surface, and significantly leigthan the laboratory blank. The
increasing concentration of the metedfiBe with depth is indicative for leaching and
chemical losses dfBe in the regolith profiles.
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Table 5.2: Meteori¢’Be concentrations andBe inventories along the toposequence

Bulk Density ~ '%Be inventoriy

General code Sample code %Be (at/g) x16 (+10) (gfem?) (atlem?) x10
S-Top/10-20 20441 0.86
30-40 255+5.1 1.02
ILSTR2 55-65 3.12+6.2 0.93 61.92
95-105 459 +9.2 1.01
155-160 (S) 3.40+6.8 1.70
S-LM/10-20 3.71+7.4 1.14
30-40 387177 1.28
ILSLMR2 55-65 7.74+155 1.16 177.43
95-105 6.59 + 13.2 1.37
180-195 554+11.1 1.38
235-240 (S) 3.62+7.2 1.70
S-Bot/10-20 4.21+8.4 1.06
30-40 5.85+11.7 1.16
55-65 8.47 £ 16.9 0.97
ILSBR1 95-105 5.86 + 11.7 1.29 236.27
180-190 4.24+85 1.45
280-285 (S) 3.17+6.3 1.70
395 400 (S) 2.30 £ 4.6 1.90
Composite Sample
ILSTR1 S-Topl 3.27+6.5 0.76 48.17
ILSTR3 S-Top3 3.83+7.7 0.91 52.92
ILSLMR1 S-LM1 5.06 £10.1 1.08 148.62
ILSLMR3 S-LM3 354+71 1.08 100.98
ILSBR2 S-Bot2 5.61+11.2 1.03 227.90

& density values presented here is average values.
b: 19Be inventories have been calculated with detaiketipe thicknesses and bulk densities which arepresented here with a view of
simplification.

The total meteori¢’Be inventories increase along the slope (FigurB)%.Som 60 x 16
at/cm? at the upslope to 177 x°14 the lower middle and 236 x °1at the toeslope
position. The'®Be inventories from the composite samples show #asimpattern with
mean values of 51 x 1@t the top, 125 x faat the lower middle and 227 x ®18t/cm?
at the toeslope. However, the data from the compeaiteples are systematically lower
than the depth-integrated samples. The latter abably related to a bias in the
amalgamation method while we have carefully takéo atcount differences in density
and sampling thickness. The downslope increaseot#l {°Be inventory suggests
transport and accumulation of soil particles, aredemric'°Be, along the hillslope.
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Figure 5.5: (A) Meteori¢’Be concentration profiles measured along the stbepe transect. (B) Total
meteoric'®Be inventories of the eight regolith profiles aldhe hillslope transect indicating the increase
of the concentration downslope.

Constraining surface denudation rates

When making abstraction of potential losses of orité’Be in the regolith profiles, the
inventories of'®Be in the regolith profiles can be used to proveimates of soil
residence time and surface denudation rates folpwguations 5.2 and 5.3. Results are
presented in the table 5.3 for the three profiesated on the upslope portion of the
catchment (S-Top, S-Topl and S-Top3). The appaesidence time is higher (90 + 2
kyr) for S-Top than for the composite samples (72 &and 70 + 1 kyr) while the
denudation rates are ranging from 36 + 1 to 46mini/kyr. The mean residence time
and mean denudation rate are estimated at 79 yrlénkl 40 £ 5 mm/kyr.

Table 5.3: Meteori¢®Be inventories, residence time of the meteBe and denudation rates for the
upslope profiles.

Lo, (atfcm?) x 16°(+  Residence time of%Be Denudation rate
1 st. dev.) (kyr) 2 (£ 1 st. dev.) (mm/kyr) (+ 1 st. dev.)
S-Top 6.19+0.14 90.5+2.0 38.2+0.9
Composite samples
S-Topl 4.82+0.10 70.0+1.4 46.2+1.1
S-Top3 5.29+0.11 77.1+16 359+0.8

2assuming a meteortBe delivery rateq) of 7.0 x 18 at cn® yr* [Willenbring and von Blanckenburg010]

Alternatively, the concentration of in-situ producBe concentrations in the upslope
profiles can be used to provide in-situ produt®e-derived denudation rates. As the
samples were taken at depth, tfige concentrations were corrected for soil shielding
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using the values mentioned in Table 5.4. ¥Be concentration in the horizon 25-45 cm
of the profile G-Top4 and S-Top6, the concentratiare above 6.3 + 0.1 atm'é while

it is lower in the profile S-Topl with 1.9 + 0.2 %Z'l. The concentration measured in
the horizon 60-80 cm in the profile S-Topl is higtiean in the horizon 25-45 cm and
equals 3.7 £ 0.1 at.q,gl. The long term surface denudation rates of therlatrofile do

not change significantly with the sampling deptt6 (#.1.2 and 5.2 £ 2.9 mm/kyr). In the
three upslope regolith profiles, in-sittBe derived denudation rates range between 0.2
and 5.2 mm/kyr (Table 5.4).

Table 5.4: In-sitt°Be concentration and denudation rates from upsfmpéiles of the toposequence.

_ Be Soi Corrected'Be  Topographic 98¢ denudation
Sample code Ele(vn?)non ffg?gg;::?{; sgigirr;g Cf(r%cstr'];taz.“f)méx Sr}'ﬁﬁ'{;ﬂ f:ncc;or rates (mm kyr)
(* 16) 1c) Vanacker, 2009] (* 1o)
S-Top1/60-80 726 3.74+0.10 0.74 5.05+0.13 0.999 16+12
S-Topl/25-45 726 1.99+0.20 0.86 2.23+0.24 0.999 52+29
G-Top4/25-45 714 6.33+0.14 0.82 7.70+0.17 0.999 05+0.6
S-Top6/25-45 718 8.34+ 0.20 0.84 9.92+0.23 9.99 0.2+05

DISCUSSION

Relationship between °Be chemical fractions and meteoric °Be in

regolith profiles

Results from the sequential extraction 8fe fractions put forward two interesting
aspects (i) the distribution of reacti®e fractions with depth shows a be-shaped curve
with a maximum at 60 to 100 cm deep, and (i) thecentration of exchangeable,
reactive and residud@Be chemical fractions increases systematically gilbillslope
(Figure 5.3, Table 5.1). The concentrations of tieacand total’Be are strongly
correlated with the meteori®Be concentrations in the regolith profiles (Figsré and
5.5). Our data show a significant correlation betwerenmeteoric°Be concentrations
and the concentrations &8e,,,,, °Be,., and total’Be with a correlation coefficient of
respectively 0.91, 0.68 and 0.75 (n = 18), whiledbeelation with’Be,, and’Be esiquaiiS
very low (i.e. resp. 0.06 and -0.01, n = 18). Thakpeoncentration of th&Be, and
°Be,.., fractions occurs at 55 to 65 cm deep in the rdggliofiles, which coincides with
the depth of maximum meteori®Be concentrations. In the upslope profile the iigact



118| Chapter V

°Be fractions and the meteori®Be have a maximum at greater depth, 95-105 cm. It
suggests that the meteotfBe behaves similar as the amorphous oxy-hydroxidetae
crystalline oxide’Be chemical fractions which is in agreement with résults presented
by Wittmann et al[2012].

The depth-variation of the reacti¥®e fractions is illustrative for the chemical aétton

of the regolith during soil development. In the akitlp profiles, the Bt horizon is well
recognizable (50-80 cm), and translocation of ctagerals, Aluminum and Iron oxides
is notable Chapter Il]), which can reasonably explain the accumulatioBerfyllium at
this depth as it readily sorbs on these minefbvich et al. 1984;Wyshnytzky et al.
2015]. Translocation of clay, dissolved organic terafDOC) and Al-Fe oxy-hydroxides
is characteristic for the pedogenesis of Alisol sutisol, and has been reported in
similar environments [i.eKrasilnikov et al, 2005; Bacon et al. 2012; Caner et al,
2014]. Geochemical analyses help us to better utatetsthe depth-distribution of
Beryllium in our regolith profiles. We explicitlyefer to Chapter Ill for a detailed
description of the soil chemical analyses of thgoligh profiles in the southern Brazil
Critical Zone Observatory. Regression analyses erstil chemistry data indicate that
the chemical fractions oBe are positively correlated with the concentratiohdase
cations such as Ca, Mg, Mn and Na, and negatively thi loss on ignition (LOI, Table
5.5). The positive association of tfiBe fractions with the basic cations in the soil
samples suggests that Beryllium is retained onsdume exchanges sites in cation-
bearing clays. The negative association of e chemical fractions with the organic
matter and carbonate content (lost by ignitionjdates that the presence of soil organic
acids enhances chemical leaching. Our data arestensiwith earlier results presented
in Jungers et al[2009].

Table 5.5: Cross correlation coefficient matrixween théBe chemical fractions (ng/g) and the element
concentrations (mg/kg) of the basic cations forttiree regolith profiles that were analyzed in dep/e
refer to Chapter Il for the geochemical analyséshe soil samples.

Mg Mn Na Ca LOI
Be ex 0.39 0.56 0.43 0.51 -0.54
°Be Am 0.18 0.40 -0.28 0.00 -0.01
°Be Ox 0.64 0.43 0.37 0.51 -0.39
°Be Res -0.05 0.86 0.30 0.40 -0.61
°Be 0.31 0.66 0.08 0.32 -0.35

The concentration of exchangeable, reactive andduak °Be chemical fractions
increases systematically along hillslope. The iasee is most noticeable in the
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exchangeable and amorphous oxy-hydroxide fracttbat increase — on average - by
factor 7, and lower in the crystalline oxide anddeal fractions that increase by a factor
~1.8 (Table 5.1). The downslope increaséBe chemical fractions is similar than the
increase in meteorit’Be inventories along slope which increase by aofaet..8. This
observation supports the downslope transport of |Bary associated with transport of
soil particles, aggregates and solutes in thesgstem.

Chemical mass fluxes of °Beto correct denudation rates

When assuming that Beryllium is conservative in #uél system, the meteoricBe
inventories suggest a mean residence time of 7@ kyfd and a denudation rate of 40 + 5
mm/kyr for three upslope regolith profiles (Table3)s Such denudation rates are
remarkably high for the gently sloping hill thatdevered by native forests, and are not
at all supported by the in-sittiBe-derived denudation rates for the same sites. The
strong association between the concentrations afarief’Be and reactivéBe fraction

in the soil, and the significailBe mass flux in the regolith profiles suggests tiat
retention of Beryllium to soil particles is not cphate. A significant part of the meteoric
%Be is translocated and/or leached from the regpilitiile as the concentrations do not
decrease monotonically with depth [Pavich et al8419McKean et al., 1993; Balco,
2004] (Figure 5.4 and 5.5A). This leads to an umsteration of the residence time and
an overestimation of the denudation rates.

The information from the’Be chemical fractions is here used to correct foe t
incomplete retention of meteori®e in the regolith profiles. Given that the amorphiou
oxy-hydroxides and crystalline oxides fractions #re main carriers of meteori®Be,

the total meteorié®Be inventory [105,) Of the regolith profiles has been corrected based

on the mass losses of the reactie fractions. The correction for poor retention of
meteoric'%Be indicates that 51% of the meteotf8e is not retained in the regolith
profile (Table 5.3 and 5.6). After correction, tiwéal meteoric'®Be inventory increases
by a factor of 2.05 (Table 5.6). The corrected ssidence time is 2 times higher (mean:
165 + 22 kyr), and corrected denudation rate iirh@s lower (mean: 4.8 £ 0.5 mm/kyr)
compared to the non-corrected values (Table 5.3).
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Table 5.6: Mass fluxes of reacti¥e fractions ., 98e, fiux includes®Beumx+ “Becox) are used to
correct the meteorit®Be inventoriesi(iog,) for upslope profiles of the toposequence. Thescted
meteoric'°Be inventories are on average 2.05 times highem tha uncorrected inventoriekdy,),

residence time of the meteotf8e is increased in the same proportion while detindaates are 10
times lower.

m Irsze I'mBe
Samle code rea‘iﬂg,fl (atlc  (atic Corrected residence time (kyr} Corrected denudation rate
p @em) o % ) (+ 1 st. dev.) (mm/kyr) (= 1 st. dev.)
1 10" x10t
S-Top -3.04 2.90 1.23 185 + 95 49+0.5
Composite
samples
S-Topl -3.04 2.90 0.98 146 £ 72 5005
S-Top3 -3.04 2.90 1.08 161 + 80 50+0.5

2assuming a meteortBe delivery rate of 7.0 x ¥@t cn® yr* [Willenbring and von Blanckenburg010]

After correction for poor retention of meteoritBe, the denudation rates of the three
upslope profiles are 4.9 + 0.5, 5.0 £ 0.5 and 5.0.8 mm/kyr.These values are far
more consistent with the in-sifiiBe-derived denudation rates that range between
0.2+ 0.5and 5.2+ 2.9 mm/kyr for the landscape convexities, and with nefee
values from literature. For deeply weathered ari@eils on plateau surfaces, earlier
studies have published denudation raied to 10 mm/kyr for lateritic profiles in
central Brazil, the West African Craton and hightedau of Sri LankaBraucher et al.
1998a;Braucher et al. 1998b;Vanacker et a).2007].

In deeply weathered ancient soils such as the AcaisdlAlisol in the Brazil CZO, the
use of’Be chemical fractions to correct for incompleteergion of meteori¢®Be in the
regolith profiles leads to important corrections tfe ®Be inventories. Similar
observations were made Bwcon et al[2012] for a highly weathered Utisol in Southern
Piedmont: they estimated that >30% of the t0fae is leached out of the soil system.
According to numerical simulations Byampforts et al[2016], the redistribution of
meteoric'®Be in soils with low retentivity is related to chemi mobility encompassing
adsorption and desorption reactions and clay toaasibn. A potential caveat of using
reactive’Be mass losses to correct for incomplete retertfaneteoric'®Be is related to
the different pathways dBe and'°Be isotopes within the regolith profile. MeteotiBe

is delivered to the top of the regolith profile, vehPBe is released from mineral
weathering. As physicochemical conditions for weatigernay vary considerably within
the regolith profile, the spatial separation of Beryllium isotope sources can introduce
bias. In recent work biaher and von Blanckenbuff@016], the discrepancy between
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reactive ’Be and meteori¢’Be mass loss can reach up to 30% in soils with gtron
biogeochemical gradients, leading to overcorrecténsurface ages and denudation
rates. Soil pH has been identified as one of thevieeiables controlling Be sorption in
the weathering profiles. In our study site, the pdlishows little variation with deptia (
PHuoo < 1, Chapter 11l) which likely minimizes the potential discrepanogtween’Be
and meteori¢Be mass losses. More work is needed to integrateethdts from this
study with reactive transport models.

CONCLUSION

For deeply weathered soils in southern Brazil, nrateand in-situ produced’Be
isotopes were used to constrain long-term denudatides. Given that incomplete
retention of meteori¢’Be in the regolith profiles, it can lead to oveimsition of the
denudation rates. Wee apply a method that is basethe chemical behavior of the
stable isotope’Be, to correct for incomplete retention of metectiBe. Along a
toposequence, three regolith profiles were analymegdreat detail, together with five
replicate profiles located at upslope, midsloped daeslope positions. The depth
variation in the exchangeable, reactive and resitBm fractions show that Beryllium is
mobilized within the regolith profile by the amorptsooxy-hydroxide and crystalline
oxide fractions. Translocation and leaching of Beréase along hillslope, with the
highest’Be mass fluxes measured at the lower midslope asiojpe positions.

Based on the strong agreement in depth-variatiohefeactiveéBe and meteori¢’Be
concentrations, the reactiV8e mass losses were used to correct for the incoenple
retention of meteorid®Be. Our data suggest that losses of the t8B# inventories of
the upslope regolith profiles are important, aretheup to 51%.

Surface denudation rates derived from correcteceaniet'°Be inventories equal 5.0 +
0.5 mm/kyr, and are in agreement with in-siflBe-derived denudation rates (<5
mm/kyr). Our study confirms that meteoffiBe is a useful geochronological technique
that can be applied in a wider range of environmeh&m in-situ produced®Be.
However, it also shows that correction of the metelBe inventories is necessary to
account for incomplete retention of Be within thgatith profile.
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Synthesis & Outlook

SYNTHESIS

Nowadays it is accepted that constituents of thehEasurface are rapidly changing in
response to anthropogenic perturbations. Among therfate of the soil is probably one
of the most critical as it supports life and pra@sdhe primary resources to a growing
population. It is therefore important to intendifye research related to the understanding
of the soil systemAnderson et al.2010]. Our knowledge of the response of the soil
system to perturbations is limited because thearekedn soil science was, until recently,
discipline-oriented and had to cope with spatialakility and vast temporal scale. The
concept of Critical Zone proposed by tNational Research Coundi2001] offers the
opportunity to integrate the soil together with otdéectly related disciplines such as
geology, hydrology, biology, geomorphology, climagy. It is essential to make a step
forward in the understanding of the functioning bistsystem because the range of
preserved soils from anthropogenic impacts is be@uyced years after years. Several
initiatives are generated such as an increasingeuwf Critical Zone Observatories. In
this context, the SOGLO project was designed with atirdidciplinary approach in
order to integrate different expertise in this atifec domain.

In an attempt to contribute to the soil system kmmlgk, the aim of the present thesis
was to constrain natural soil formation and develepon longer time scale (At 10
years) in order to provide a baseline referencedfstinguishing human impact on the
soil system. First, chemical weathering and physcasion rates were measured and the
limiting factors of their relation were explore@Hapter Il and Ill) In the Chapter IV
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the steady-state hypothesis of the soil thickness teated in thin soils of the Betic
Cordillera (Spain) by the comparing data from Uesedisequilibrium and in-sittfBe.
Then, meteorid’Be was used as a geochemical tracer for quantifigng-term soil
denudation rates. Given the low retention of metete in highly weathered soil
profiles, a recent laboratory protocol involvinggeential extraction ofBe from the
mineral reactive phases was developed and tested. pLinpose was to correct
concentrations of meteoriéBe for losses in order to derive the soil denudatiates
(Chapter V).

Constraining long term soil processes

Being able to constrain long term soil weatheringd adenudation in various
environments is crucial for understanding long-téamdscape evolution and dynamics
of nutrient cycling in soil systems.

In the Chapter Il weathering and denudation rates were quantifiedifoz soil profiles
located on convex ridge crests of three mountaigea in the Spanish Betic Cordillera.
To constrain chemical weathering intensities andgdmmm denudation rates, we
combined a geochemical mass balance (CDF) withtin"¥e cosmogenic nuclides. In
the Betic Cordillera, surface denudation rates eabgtween 14 and 109 mm/kyr with
higher denudation rates in the youngest and thet memently uplifted Sierra and
systematically lower values in other mountain rangébemical weathering losses
account for ~5 to 30 % of the total mass lost byudkation and are (i) negatively
correlated with mean annual temperature, evapotiatiem and denudation (i)
positively correlated with soil thickness and sakidence time. These observations
support a kinetically limited regime between the tlwedng and the denudation in the
Betic Cordillera. Under the semi-arid conditionsSauth-East of Spain (MAP: 275-425
mm/yr; ETp: 800-900 mm/yr; Table 1.1), we consideretheral residence time and
water balance in the soil system as the two most litapbfactors controlling chemical
weathering processes.
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By plotting chemical depletion fractions againdatalenudation rates for a worldwide
data set covering a wide range of environmental itiond, we were able to explore the
relationship between weathering and erosi@hapter 1). No general correlation could
be established between these processes (Figure 6BLA)the importance of the
controlling factor “water availability” can be putrfvard with a classification of the data
set based on soil hydrological conditions (Figure 6.1B). An important implication of
this finding is that it reinforces the idea thatr@tic regimes may strongly regulate the
relation between weathering and erosion among tfierélift environments of the Earth.

The controlling factors of the weathering procesaay vary at the spatial scale of study
area. In theChapter llI, the soil development was quantified for two toppssces
(=250 m long) with contrasted slope gradients inttsaun Brazil. Our observations
showed an increase of the soil development with is@ante from the ridge crest. The
downslope mass fluxes have been quantified and a@setk significantly towards the
footslope sections of both toposequences. Thidtsefom the combination of in-situ
weathering of the regolith profile and downslope s$gort of weathering products (soil
particles and solutes fluxes). Contrasts betweenhgeayy processes are also visible
between the hillslopes. We measured higher massedaassthe bottom of the steeper
toposequence with fluxes >30% higher than at theessaction of the gentle hillslope.
Therefore, at the hillslope scale, we consideredttpegraphic gradient as the most
important controlling factor of the weathering preses. The quantification of the soil
weathering mass losses will be helpful to constrdisidpe numerical models.

In the Chapter I\ the purpose was to verify the soil thickness steddte hypothesis.
Literature on chemical weathering often assumessbiaiproduction equals denudation
on stable sites but it has rarely been validateld aitpirical field data. Soil development
was constrained for three soil profiles developecdconvexities in the Betic Cordillera
using a combined approach based on in-situ prodogschogenic radionuclides and U-
series disequilibria. The results from two soil jjesf showed that magnitude of soll
production rates inferred from U-series isotopes#% and 7 + 1 mm/kyr) is in the same
order of magnitude as tH&8e-derived denudation rates (23 + 3 and 14 + 2 gk
The steady state soil thickness appears to bedwglothesis for these two sites (Sierra
de las Estancias and Sierra de los Filabres). dnthifrd soil profile (Sierra Cabrera),
denudation largely exceeds soil production indi@asoil thinning. The results from this
work underline the precautions to take when pretentliat the soil thickness of a study
site is at steady-state.
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Progress was made regarding the applicability of theeries disequilibrium: the
Chapter IVwas one of the first studies applying this methodéry shallow soils (< 60
cm thick) that developed on low grade metamorphicksoin semi-arid climatic
conditions Our results confirmed the great potential of thehmdtto investigate the soil
production and the advance of the weathering frottt the bedrock. Th€hapter IV
also underlines the interest of combining indepehdmethods in order to better
constrain the development of soil. The coupling Wkeries with in-situ produced
radionuclides has provided new insights in thesratiesoil development by allowing an
independent quantification of the production anel shrface denudation of the soil. The
combination of independent methods has also besthinsother chaptersl (andV) with
the coupling of chemical mass balance (CDF, Ta}, 1y xes) and'*Be radionuclides in
order to constrain soil chemical mass losses, weatheates and surface denudation
rates. Our studies, like those Rfebe et al[2004]; Dixon et al.[2009]; Ferrier et al.
[2010]; Ackerer et al.[2016] take benefits of several chemical technsguend
demonstrate the interest of combining methods tthén advance our understanding of
soil processes.

With the Chapter \ we improved the applicability of meteoritBe to constrain long
term soil denudation rates in highly weathered sdilssouthern Brazil, under the sub-
humid tropical climate, the behavior of the Bemyfli within the soil profile was studied
from three regolith profiles along a toposequenue the surface denudation rates were
quantified on the upslope section. Insights from $bquential extraction showed that in
soil Beryllium is mainly carried by the crystalliexide and amorphous oxy-hydroxide
fractions. Our results have also pointed the vdrizeching of the meteori¢Be through
the regolith and the downslope transport with acdation at the toeslope section of the
toposequence. Inventories of metedfe were corrected for losses after quantification
of the mass losses. We estimated that losses eoniet’Be on the convexity are over
50%. Soil surface denudation rates obtained frortean °Be and corrected for the
losses are <56 mm/kyr, and correspond to the ratdggedl from an independent method,
i.e., in-situ'®Be (5-1 mm/kyr). This confirmed the high potentidlthe meteoric®Be
method to constrain long term surface denudatitesri weathering losses 6Be are
taken into account. This study shows that lossemeitoric'®Be cannot be ignored in
highly weathered environment and correction methardsrelevant for the applicability
of meteoric'°Be in the future.
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OUTLOOK

As mentioned in the introduction of this manuscrthge (de)coupling between chemical
weathering and physical erosion in various enviramuadesettings has to be clarified
because it directly affects the intensity of silicaveathering, and thereby, it has direct
implications for the global biogeochemical cycl€3n a geological time scale, the
weathering of silicate minerals of rocks and soitmisumes atmospheric G@nd
contributes to draw down this greenhouse gas fromatiinespheréChapter I) However
the exact relation between these two geomorphic pseseremains unknown, and could
be positive, nonlinear or negative accordbixon and von Blanckenburf012]. We
have explored the relationship between weatheringeansion by looking at a selection
of data taken from different environmental settimgsthe South-East of Spain and the
southern Brazil (Figure 2.8 and 6.1). There obvipesists a wide scatter in the data set
that limits further interpretation, and confoundingriables such as lithology, rock
rheology, vegetation cover, and topographic pasitimt may affect the interpretation of
statistical associations. But, at landscape stalppears that water availability could
play a key role in this relation (Figure 2.1B). Téfere, for future research in the
domain, it will be essential for chemical weatherargl landscape evolution models to
include soil water and solute fluxes. AccordingSmamouélian et af2012] most of the
landscape soil development models [Déetrich et al, 1995;Minasny and McBratney
2001; Goddéris et al.2006; Vanwalleghem et al2013] do not include water flow in
their architecture. The second version of SoilGerepahe way in the right direction by
taking an initial soil or parent material as atit@r point of the soil formation but also by
considering soil processes such as clay migratjgnecipitation and bioturbation
including water or solute fluxe¥'[1 et al, 2013;Finke et al, 2015]. It is also important
to apply such models across a wider range of saitdiggical conditions because it is
crucial to expand existing field datasets on imsslexplored climatic and lithological
settings. Until now literature about this topic haaimty explored temperate and tropical
climates and granitic and basaltic terrains butemefforts could be made: in arid to
semi-arid zones which account for one third of trellareal NSO/UNDR 1997] and in
metamorphic lithologies which represent about 15%hefcontinental crust exposed at
the surface. As it is underlined in the review ©polot et al.[2015] about soil
development models, the scientific community idireglfor high quality dataset from
chronosequence, climosequence and toposequencagento calibrate and validates the
models. We believe that the dataset collected awdepted in this dissertation will
contribute to that effort.
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The discussion of th€hapter Il raises another point which should be investigated b
additional researches. Our data on chemical massedlalong two toposequences in
southern Brazil show that the topography has afiignit impact on soil chemical mass
losses which increase towards the footslope. Thiatiiin is emphasized along the steep
toposequence where mass losses at midslope antbfmotre > 30% higher than in the
gentle slope. Considering that both hillslopes aearly identical (aspect, lithology,
vegetation cover, precipitation) this result iscaumter-intuitive, as usually the intensity
of the weathering losses are proportional to thédeese time of the soil which is
supposed to be longer along the gentle hillslope. I@pothesis is that this could be
related to soil water fluxes flowing in the subsuefamlong the steep toposequence
(related to the slope shoulder) and in the deepoBfgpalong the gentle toposequence
where a significant portion of the weathering woukktalace. In order to validate this,
data on water content and elementary fluxes throtingh profiles and along both
toposequences are required.

The application of the U-series disequilibrium tee tsoils of the Betic Cordillera
illustrated the potential frontiers of the methodrack soil production in rapidly eroding
landscapes characterized by thin weathering def@hspter IV) It appears that the
mechanisms of uranium fractionation through bedraicé soil weathering are difficult
to grasp in shallow soil, as the numerical U-sefi@stionation model is currently under-
constrained. First, it would be better for futureidsés to focus on homogenous
weathering layer (i.e. saprolite) in order to avpaential effect of multi fractionations
induced with the secondary minerals formation. It ld@lso be important to investigate
into more details the impact of the air/dust/seagpnputs on the soil profiles, as this
could potentially weaken the reliability of the dbted rates by enriching activity ratios
near the soil surface and imposing more constiairiee U-series. Finally, the climatic
history of the soil observatory should be takero imiccount when using U-series
disequilibrium method. It is indeed necessary teuea that weathering conditions of the
soil have been kept constant over the residence tiinthe weathering products
otherwise it could induce other fractionations aeskt the radioactive clock. Despite all
these conditions for a suitable study site, we belieghat Uranium radioactive
disequilibrium will continue to emerge as a perfargiiracer and chronometer of soil
weathering processes. This is confirmed by the teaemk of Ackerer et al.[2016]
where the soil production rates is quantified in @80 of the Strengbach catchment in
France.
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Accumulation of meteorit™Be in regolith mantle is a powerful and recognizedeér for
quantifying long term geomorphic processes MeKean et al. 1993;Willenbring and
von Blanckenburg 2010; West et al. 2013]. Compared to in-sitt’Be it has two
enormous advantages: a higher concentration ineth@ith (lower amount of sample to
be processed) and an applicability to quartz fitmlbgies. But applications of this
tracer are compromised by a low retention behaviothe Be nuclides in acid soils
which cover 30% of the global land surface and which commonly formed in
(sub)tropical zones or at high latitudmdrry, 2009]. Thechapter Villustrated the
importance of the losses of meteofiBe in acidic soil profiles developed in southern
Brazil (more than 50% of the total inventory). Fromw, studies should be aware of this
point and can no longer neglect Be loss in orderotstrain geomorphic processes. For
the moment, there exist no straightforward methadadcount for losses of meteoric
%Be but recent studies are exploring different wayee approach proposeddhapter V
seems to be a promising method but it should fiesvvalidated in others environmental
settings as tropical or boreal forest where soils generally strongly acid and the
potential caveat related to the used®é should be investigated. The approach proposes
by the Be2D model, developed Bampforts et al[2016], is another interesting option.
This model goes even further by simulating overetivertical and lateral redistribution
of soil particles and meteorit®Be with the purpose to capture variations of Be
concentration through the regolith. In conclusiahatever the way chosen to integrate
the Be losses from the soil profile, it will be ess& to account for them in order to use
the meteori¢Be tracer more routinely.

Throughout all of this study, our data have showa itmportance of the processes
occurring at the weathering front where the bedreckagmented and where the outer
surface of the primary minerals begins to be weatheFor example, the shift of the

Uranium activity ratios in the Betic Cordillera (kig 4.4) or the sharp enrichment of the
immobile elements in southern Brazil (Figure 5.83wred at bedrock-regolith interface.
This attests that significant chemical transfororai happen on a few centimeters only.
At this time, very few studies have looked into thecific question although the data
presented byAnderson et al[2002] andPelt et al.[2008] underline that the weathering
front is a site where significant chemical transfations take place. We believe that
future studies should place more emphasis on #ilistively understudied domain.
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CHAPTER I

Table S| 2.1: Elemental concentrations in regafitbfiles

Sample ID Depth Al Ca Fe K Mg Na Si% Ti Zr LOI
% % % % % % %  mgky (%)
EST-A-U1 7 473 025 219 099 039 033 0% 037 3046 435
EST-A-U2 13 553 028 264 104 048 026 0° 044 2839 371
EST-A-U3 21 787 049 401 157 074 020 2% o046 2636 465
EST-A-U4 29 871 050 470 183 089 028 °3° 043 2224 548
EST-A-US 338 992 063 52 237 101 067 ‘90 o049 2381 617
ESTAUR 925 27 o064 472 386 020 o080 5% o058 2103 315
EST-C-U1 4 662 053 306 154 079 055 °o° 045 3247 56l
EST-C-U2 13 727 047 370 164 081 032 50 046 2804 474
EST-C-U3 20 963 061 539 247 102 033 °3° 050 2700 594
EST-C-U4 28 191 os8 515 289 092 o042 5% os4 2851 512
ESTCUs 395 00 o054 473 292 079 047 0% o054 2828 154
ESTC-Us 495 961 056 508 275 089 041 °0° 051 2687 443
EST-CR 825 32 067 519 390 022 105 227 065 2320 350
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Sample ID Depth Al Ca Fe K Mg Na Si% Ti Zr LOI
% % % % % % %  mgky (%)

FIL1-A-UL 3 885 032 451 244 058 128 °9° 055 2195 565
FIL1-A-U2 7 951 031 483 256 062 128 ‘g0 056 2075 530
FIL1-A-U3 10 931 032 478 265 064 126 g0 057 2348 511
FIL1-A-U4 12 955 030 476 262 061 128 ‘31 058 2176 517
FILI-AR 43 2% o060 597 331 o088 179 3% 057 2038 389
FIL1-B-UL 4 825 033 415 170 056 170 °3° 058 3188 503
FIL1-B-U2 7 830 031 396 173 056 167 57 055 385 476
FIL1-B-U3 11 870 032 408 202 067 154 0° 053 2888 4.98
FILLB-U4 155 920 028 414 225 084 113 9% 052 2774 450
FIL1-B-R 25 423 012 189 057 054 195 97 023 2794 120
FIL1-C-U1 4 879 045 438 208 058 098 90 051 2893 614
FIL1-C-U2 9 886 031 450 203 058 096 07 049 2063 569
FIL1-C-U3 13 892 032 441 207 060 091 % o047 2781 535
FIL1-C-R 40 566 127 237 076 025 120 °9° 037 2719 176
FIL2-A-U1 3 749 036 426 184 051 065 °:° 090 3739 6.8
FIL2-A-U2 8 833 036 440 201 048 070 9% 093 3504 612
FIL2-A-U3 11 874 040 437 217 049 075 90 o092 3863 584
FIL2-A-U4 16 918 038 447 222 051 076 9° 088 3381 6.02
FIL2-A-US 24 983 041 441 243 053 o081 3% o073 3300 633
FIL2-AR 30 9% o010 476 256 o068 o094 00 o061 2695 434
FIL2-B-U1 5 696 051 366 185 053 074 °r° 066 3265 6.87
FIL2-B-U2 11 768 036 423 189 058 078 °f' 067 3106 513
FIL2-B-U3 17 755 034 416 188 056 078 27 077 3468 426
FIL2-B-U4 24 860 061 418 213 058 089 0% 050 3198 450
FIL2-B-R 55 630 018 263 192 047 070 2% 034 2821 226
CAB-A-UL 15 21 235 620 251 102 053 2% o081 2133 843
CAB-A-U2 6 124 274 616 269 096 053 27 079 2204 883
CAB-A-U3 11 119 351 633 263 08 o050 2% o074 2108 104
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CAB-A-U4 18 1%'4 248 614 265 070 052 22'6 070 2199 9.3
CAB-A-R! 57 13'2 037 621 317 098 080 23'1 066 2250 517
CAB-B-U1 4 121 076 598 272 102 066 ‘g 077 2654 710
CAB-B-U2 65 L7 141 s46 253 101 050 5% o070 2122 7.2
CAB-B-U3 12 0 212 ss0 245 103 057 %7 065 2064 819
caBBUs 185 0% 228 503 237 101 o061 3% 057 2314 887
CAB-B-R! 40 13'2 037 621 317 098 080 22'1 066 2250 524
STD(BHVO) . 68 79 83 04 42 17 229 16 1709 -

! Elemental concentrations (Zr include) were define the average from four rock samples.

Table Sl 2.2: Fractional mass change for the majements (Tau referred to Zositive in case of
mass gains and negative in case of mass losses)

SamplelD 1Al 1Ca 1Fe 1K Mg +Na =Si =Ti

EST-A-Ul -0.74 -0.73 -0.68 -0.82 0.32 -0.71 -0.04 -0.56
EST-A-U2 -0.68 -0.68 -0.58 -0.80 0.73 -0.76 0.01 -0.45
EST-A-U3 -0.51 -0.39 -0.32 -0.67 1.87 -0.71 -0.03 -0.37
EST-A-U4 -0.35 -0.25 -0.06 -0.55 3.12 -0.67 0.08 -0.31
EST-A-U5 -0.31 -0.12 -0.01 -0.46 3.38 -0.26 -0.07 -0.25
EST-C-Ul -0.64 -0.43 -0.58 -0.72 1.55 -0.62 -0.07 -0.51
EST-C-U2 -0.56 -0.44 -0.43 -0.66 1.96 -0.76 0.03 -0.43
EST-C-U3 -0.38 -0.23 -0.11 -0.46 2.97 -0.73 -0.05 -0.35
EST-C-U4 -0.37 -0.30 -0.19 -0.40 241 -0.67 -0.11 -0.33
EST-C-U5 -0.38 -0.34 -0.25 -0.39 1.95 -0.63 -0.03 -0.32
EST-C-U6 -0.37 -0.28 -0.15 -0.39 2.49 -0.66 -0.02 -0.32
FIL1-A-Ul -0.33 -0.51 -0.30 -0.32 -0.38 -0.34 0.10 -0.11
FIL1-A-U2 -0.24 -0.49 -0.21 -0.24 -0.31 -0.30 0.13 -0.03
FIL1-A-U3 -0.34 -0.53 -0.31 -0.31 -0.37 -0.39 0.01 -0.14
FIL1-A-U4 -0.28 -0.53 -0.25 -0.26 -0.35 -0.33 0.08 -0.06
FIL1-B-Ul 0.71 1.42 0.93 1.59 -0.08 -0.23 -0.30 1.19
FIL1-B-U2 0.65 1.21 0.77 1.54 -0.12 -0.28 -0.32 1.01
FIL1-B-U3 0.99 1.59 1.09 2.40 0.21 -0.23 -0.24 1.23
FIL1-B-U4 1.19 1.35 1.21 2.94 0.57 -0.42 -0.21 1.28
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FIL1-C-U1 0.46 -0.67 0.74 1.56 1.19 -0.28 -0.23 0.31
FIL1-C-U2 0.44 -0.78 0.74 1.44 1.13 -0.31 -0.24 0.23
FIL1-C-U3 054 -075  0.82 1.65 1.35 031 -019 025
FIL2-A-U1  -048 152  -036 -0.48 -0.46 051 -023 007
FIL2-A-U2  -0.38 172 -029 -040 -0.46 043 -020 018
FIL2-A-U3  -041 177 -036 -041 -0.50 -0.44 -028 0.6
FIL2-A-U4  -029 199 -025 -031 -0.40 -0.36 -0.19 015
FIL2-A-U5  -024 222 -026 -025 -0.39 032 021 -0.04
FIL2-B-U1  -0.04 138 020 -0.17 -0.01 -0.08 -023 067
FIL2-B-U2  o0.11 0.80 046 -011  0.12 0.02 -020 0.78
FIL2-B-U3  -0.02 050 0.28 -020 -0.03 -0.09 -027 084
FIL2-B-U4 0.20 1.91 0.40 -0.02 0.09 0.12 -0.24 0.52
CAB-A-U1 0.06 5.84 0.09 -0.14 0.12 -0.28 -0.01 0.32
CAB-A-U2 0.06 6.71 0.04 -0.11 0.01 -0.31 -0.07 0.25
CAB-A-U3 0.02 8.91 0.07 -0.13 -0.06 -0.35 -0.10 0.17
CAB-A-U4 0.06 5.99 0.03 -0.13 -0.25 -0.32 -0.06 0.10
CAB-B-Ul -0.14 0.79 -0.17 -0.26 -0.10 -0.29 -0.15 0.01
CAB-B-U2 0.00 3.11 -0.05 -0.13 0.12 -0.21 0.10 0.15
CAB-B-U3 0.00 5.38 0.00 -0.14 0.16 -0.22 0.10 0.09
CAB-B-U4 012 512 -0.19 -025 0.02 025 -001 -0.14
Table Sl 2.3: CRONUS calculator input
10 )
Samle g Lon  Mean  Densiy siedng BeCo Suinl  sneng
(at g-) factor
EST-C 37,5872 -2,1775 1187 2,5 0,99 108743 12937 1,58
EST-A 37,5872 -2,1775 1187 2,5 0,99 346758 21488 1,55
FIL1-C 37,2302 -2,1050 776 2,5 0,95 169032 10262 1,16
FIL1I-A 37,2302  -2,1050 776 25 0,95 174359 13823 1,18
FIL3-A 37,1840  -2,0486 585 25 0,975 352496 31237 1,12
FIL2-B 37,3216 -2,3686 972 2,5 0,965 429765 22207 1,32
FIL2-A 37,3216 -2,3686 972 2,5 0,965 478512 24142 1,23
CAB-B 37,0607 -1,9379 525 2,5 0,945 46490 8332 1,17
CAB-A 37,0607  -1,9379 525 2,5 0,945 59539 7954 1,19
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CHAPTER llI
Table S| 3.1: Elemental concentration in regolitiofles (wt %)
Sample D Depth AID;UOg Fizog Soi/?z Cozo Ko;UO MO%O M020 Ngzo T‘i)/?z Pg/(o)s pf):n Lol
Gentle slope
G-Top/0-10 5 115 69 669 03 06 05 01 02 12 011 417 411
G-Top/10-20 15 111 61 717 02 06 04 01 02 10 009 441.4 8
G-Top /20-30 25 11.7 63 715 01 05 04 01 02 11 008 456.9 7
G-Top /30-40 35 128 64 697 01 05 05 01 02 11 009 432.4 8
G-Top /40-50 45 132 66 691 01 05 04 01 01 11 008 459.5 8
G-Top /55-65 60 167 74 632 01 05 06 01 01 10 009 428021
G-Top /75-85 80 201 73 582 01 06 07 01 02 09 009 376161
G-Top/R 100 163 76 686 04 45 10 01 1.8 10 006 47%.0
G-UM/0-10 5 102 66 687 03 08 03 01 03 11 014 441 211
G-UM/10-20 15 101 74 717 01 08 03 01 03 12 011 501.6 7
G-UM/20-30 25 108 75 713 01 08 03 01 03 13 011 473.3 7
G-UM/30-40 35 130 78 678 01 08 04 01 02 12 012 470.3 8
G-UM/40-50 45 170 91 607 01 07 05 01 02 11 013 424021
G-UM/55-65 60 193 90 575 01 06 05 01 01 1.1 011 394141
G-UM/75-85 80 188 88 593 01 06 05 01 01 11 009 413041
G-UM/95-105 100 181 89 609 01 05 05 01 01 12 008 4282
G-UM/130-140 135 178 84 623 00 06 05 01 02 12 007 4286
G-UM/R 185 166 89 636 01 11 05 01 04 12 009 430.1
G-LM/0-10 5 98 54 688 05 09 03 01 02 10 01 448 127
G-LM/10-20 15 88 57 758 01 09 03 01 03 12 01 526 65
G-LM/20-30 25 88 58 765 01 09 03 01 03 12 01 533 57
G-LM/30-40 35 89 57 763 00 09 03 01 03 12 01 55 60
G-LM/40-50 45 108 63 736 00 09 03 01 02 12 01 5412 6
G-LM/55-65 60 165 7.7 634 00 08 05 01 02 11 01 4734 9
G-LM/75-85 80 185 81 602 01 08 06 01 02 1.0 0.1 423.210
G-LM/95-105 100 175 80 625 01 08 06 01 02 10 01 452.1 9
G-LM/130-140 135 175 76 638 00 08 06 01 02 09 01 426.2 8
G-Bot/0-10 5 94 62 697 02 05 04 02 01 12 01 519 117
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G-Bot/20-30 25 106 62 733 01 05 04 01 01 11 01 5481 7.
G-Bot/30-40 35 102 63 742 01 05 04 01 01 12 01 5625 6
G-Bot/40-50 45 119 65 717 01 05 04 01 01 12 01 5480 7
G-Bot/55-65 60 139 70 682 01 05 05 01 01 11 01 5021 8
G-Bot/75-85 80 171 76 629 01 05 05 01 01 11 01 4467 9
G-Bot/95-105 100 185 79 611 01 05 06 01 01 10 01 449.7 9
Depth AIDZO3 Ft2203 Soi/?z Co/aﬂo KDZO MO%O Mo/noo NSZO Tli)/?z Pg/(o)s pf)l;n Lol
Steep slope
S-Top/0-10 5 149 67 617 01 04 04 01 02 11 02 391 114.
S-Top/10-20 15 160 70 624 01 03 04 00 01 1.1 01 388 .312
S-Top/20-30 25 167 72 620 01 03 04 00 00 12 01 418 811
S-Top/30-40 35 169 72 622 00 03 04 00 00 11 01 440 411
S-Top/40-50 45 170 71 627 01 03 04 00 00 11 01 450 910
S-Top/55-65 60 171 70 630 00 03 04 00 01 1.2 01 476.710
S-Top/75-85 80 202 76 587 00 03 04 00 00 11 01 432 .311
S-Top/95-105 100 221 81 562 00 03 04 00 00 10 01 410141
S-Top/R 135 199 60 706 03 53 04 01 19 08 01 429.1 3
S-UM/0-10 5 101 6.2 604 05 16 04 02 06 10 02 339 718.
S-UM/10-20 15 110 67 657 03 19 03 02 07 10 01 380 .711
S-UM/20-30 25 119 70 660 02 20 04 02 06 11 01 408 .110
S-UM/30-40 35 124 70 659 02 20 04 02 08 11 01 4058 9.
S-UM/R 52 127 56 629 00 01 03 00 1.0 01 491 9.3
S-LM/0-10 5 9.0 67 648 03 10 03 02 04 12 01 426 158
S-LM/10-20 15 9.0 79 734 02 11 03 01 04 15 01 49 5.9
S-LM/20-30 25 9.5 80 736 02 11 03 01 04 15 01 515 5.0
S-LM/30-40 35 9.9 77 732 02 11 03 01 04 14 01 514 5.6
S-LM/40-50 45 135 80 673 02 10 04 01 03 13 01 4% 7 7.
S-LM/55-65 60 190 84 583 02 09 05 01 02 11 01 416 .011
S-LM/75-85 80 197 82 574 01 09 06 01 02 11 01 408 411
S-LM /95-105 100 181 87 600 01 09 05 01 02 12 01 424.7 9
S-LM/130-140 135 178 82 626 00 08 05 01 02 11 01 4404 8
S-LM/180-190 185 174 79 635 00 09 05 01 02 11 01 427.0 8
S-LM/R 232 140 54 713 03 58 05 01 20 08 01 395.6 2
S-Bot/0-10 5 8.0 65 723 02 07 03 02 02 13 0.1 477 9.9
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S-Bot/10-20 15 80 65 760 01 07 03 02 03 14 01 540 62
S-Bot/20-30 25 77 66 774 01 08 03 01 02 15 01 52 50
S-Bot/30-40 35 79 68 770 01 07 02 01 02 15 01 544 50
S-Bot/40-50 45 107 74 721 01 07 03 01 02 14 01 5345 6.
S-Bot/55-65 60 154 83 643 02 07 05 01 02 12 01 4789 8.
S-Bot/75-85 80 165 89 624 01 07 05 01 02 13 01 4609 8.
S-Bot/95-105 100 175 83 619 01 07 06 01 02 11 01 438.1 9
S-Bot/130-140 135 169 108 612 02 05 05 01 01 15 01 447.9
S-Bot/180-190 185 167 103 618 01 06 05 01 01 15 01 4479

S-Bot/R 216 117 64 692 01 18 09 00 07 09 01 4719 5
Depth AIDZO3 Ft2§003 Soi/?z Co/aﬂo KDZO Mo/goO MG/nOO N;;O Tli)/?z Pg/(o)s pf)l;n Lol

Bedrock

samples

Average sample 124 53 711 0.7 44 0.6 0.1 2.1 0.7 0.1 364 2.5
ILOPOUSOAZ  outerop 122 53 704 10 35 08 01 22 06 02383 27
LPOLSSAZ Outcrop2 122 60 716 02 54 03 00 20 08 0534 28

ARVOREZINHA V€' 159 46 713 08 43 07 01 20 06 02 321 21

boulder
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Table S| 3.2: Fractional mass gain; (, > 0) or loss ¢;,, < 0) relative to the composition of the parent
material and referred to Ti

Sample ID Depth  Ta Tre Tsi Tca Tk TMg Tun  Tna Tp Tzr
Gentle slope data
G-Top/0-10 5 -050 -0.31 -050 -0.82 -091 -0.69 -049 -0.950.76 -0.35
G-Top/10-20 15 -0.44 -0.30 -0.38 -0.90 -0.90 -0.68 -0.62 -0.980.71 -0.21
G-Top /20-30 25 -0.43 -029 -039 -092 -091 -0.70 -0.65 -0.960.74 -0.19
G-Top /30-40 35 -0.37 -0.27 -040 -094 -091 -0.68 -0.65 -0.960.72 -0.23
G-Top /40-50 45 -0.37 -0.28 -043 -095 -092 -0.70 -0.69 -0.9€0.76 -0.21
G-Top /55-65 60 -0.13 -0.12 -043 -095 -0.91 -0.58 -0.64 -0.960.68 -0.19
G-Top /75-85 80 0.22 0.03 -0.39 -094 -0.87 -0.40 -0.59 -0.94.640 -0.17
G-Top/Sap 100 -0.14 -0.08 -0.38 -0.71 -0.18 -0.26 -0.43 -0.49.80 -0.10
G-UM/0-10 5 -0.53 -0.30 -0.45 -0.83 -0.87 -0.77 -0.46 -0.940.58 -0.27
G-UM/10-20 15 -0.57 -0.29 -048 -0.95 -0.88 -0.82 -0.53 -0.940.71 -0.24
G-UM/20-30 25 -0.55 -0.28 -049 -096 -0.88 -0.81 -0.54 -0.940.71 -0.29
G-UM/30-40 35 -0.45 -0.24 -050 -0.95 -0.88 -0.78 -0.58 -0.980.69 -0.28
G-UM/40-50 45 -0.23 -0.05 -0.52 -095 -0.89 -0.71 -0.56 -0.980.63 -0.30
G-UM/55-65 60 -0.05 0.01 -051 -094 -0.89 -0.63 -0.48 -0.960.64 -0.30
G-UM/75-85 80 -0.11 -0.04 -051 -095 -091 -0.66 -0.64 -0.90.72 -0.29
G-UM/95-105 100 -0.23 -0.14 -055 -097 -092 -0.70 -0.70 -0.90.78 -0.35
G-UM/130-140 135 -0.21 -0.14 -052 -097 -090 -0.69 -0.65 -0.96.80 -0.32
G-UM/Sap 185 -0.28 -0.12 -052 -094 -084 -066 -0.30 -0.9@0.75 -0.33
G-LM/0-10 5 -050 -0.37 -0.39 -0.68 -0.85 -0.74 -0.26 -0.930.56 -0.18
G-LM/10-20 15 -0.62 -0.43 -043 -096 -0.86 -0.82 -041 -0.940.71 -0.17
G-LM/20-30 25 -0.63 -043 -044 -096 -0.86 -0.83 -0.38 -0.940.72 -0.18
G-LM/30-40 35 -0.61 -0.43 -042 -098 -0.86 -0.82 -0.36 -0.980.71 -0.12
G-LM/40-50 45 -0.52 -0.36 -043 -098 -0.86 -0.79 -0.47 -0.940.71 -0.13
G-LM/55-65 60 -0.18 -0.13 -046 -097 -0.86 -0.64 -0.59 -0.990.62 -0.16
G-LM/75-85 80 -0.06 -0.06 -047 -096 -0.86 -0.60 -0.61 -0.980.64 -0.23
G-LM/95-105 100 -0.11 -0.06 -0.45 -096 -0.87 -0.58 -0.58 -0.99.69 -0.17
G-LM/130-140 135 0.06 0.06 -0.33 -097 -083 -051 -044 -0.99.66 -0.07
G-Bot/0-10 5 -0.58 -037 -047 -086 -0.92 -0.76 -0.10 -0.970.6% -0.17
G-Bot/20-30 25 -0.52 -0.35 -042 -092 -0.92 -0.74 -042 -0.90.70 -0.10
G-Bot/30-40 35 -0.55 -0.37 -044 -095 -092 -0.77 -0.39 -0.970.70 -0.12
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G-Bot/40-50 45 047 -0.34 -045 -0.94 -092 -0.74 -042 -0.970.70 -0.13
G-Bot/55-65 60 -0.37 -027 -046 -093 -092 -0.70 -047 -0.970.66 -0.17
G-Bot/75-85 80 -0.16 -0.13 -0.46 -0.93 -091 -0.63 -0.59 -0.98.65 -0.20
G-Bot/95-105 100 -0.05 -0.07 -046 -093 -091 -059 -057 -0.980.67 -0.17

135 0.09 -0.10 -043 -094 -091 -058 -055 -0.990.68 -0.15

Steep slope Depth Tal Tre Tsi  Tca Tk TmMg Tun  Tna Tp  Tzr
S-Top/0-10 5 026 -024 -047 -094 -093 -0.72 -0.54 -0.950.47 -0.30
S-Top/10-20 15 -0.23 -022 -048 -0.95 -0.94 -0.75 -0.78 -0.990.59 -0.33
S-Top/20-30 25 026 -0.27 -053 -097 -095 -0.78 -0.82 -0.990.64 -0.34
S-Top/30-40 35 020 -0.22 -049 -097 -095 -0.75 -0.79 -0.990.62 -0.25
S-Top/40-50 45 021 -024 -049 -097 -095 -0.76 -0.79 -0.990.64 -0.24
S-Top/55-65 60 022 -027 -050 -0.98 -0.95 -0.76 -0.80 -0.99.66 -0.22
S-Top/75-85 80 -0.03 -0.17 -051 -098 -094 -071 -081 -0.990.69 -0.25
S-Top/95-105 100 012 -0.06 -051 -0.98 -0.94 -070 -0.83 -0.99.68 -0.26
S-Top/Sap 135 0.34 -006 -017 -0.74 025 -0.64 -043 -0.30.58 0.05
S-UM/0-10 5 047 -025 -0.45 -069 -0.70 -0.73 045 -0.81.390 -0.35
S-UM/10-20 15 044 -023 -043 -0.82 -0.66 -0.75 0.8 -0.790.52 -0.31
S-UM/20-30 25 043 -023 -045 -087 -0.67 -0.75 0.07 -0.84.60 -0.30
S-UM/30-40 35 039 -021 -044 -0.88 -0.66 -0.73 -0.16 -0.800.61 -0.28
S-UM/Sap 52 -0.30 -0.29 -040 -098 -099 -0.74 -084 -  40.5-0.03
S-LM/0-10 5 062 -0.34 -052 -0.81 -0.86 -0.82 -0.04 -0.920.60 -0.34
S-LM/10-20 15 -0.68 -0.35 -054 -0.93 -0.87 -0.86 -048 -0.90.79 -0.37
S-LM/20-30 25 -0.67 -0.36 -055 -093 -0.87 -0.86 -0.56 -0.990.83 -0.35
S-LM/30-40 35 -0.63 -0.33 -052 -093 -0.86 -0.85 -0.59 -0.990.80 -0.30
S-LM/40-50 45 046 -027 -053 -0.90 -0.86 -0.79 -0.61 -0.90.75 -0.28
S-LM/55-65 60 -0.09 -0.07 -051 -0.89 -0.85 -0.66 -0.56 -0.940.63 -0.28
S-LM/75-85 80 -0.03 -0.07 -051 -093 -0.85 -0.61 -0.58 -0.940.65 -0.28
S-LM /95-105 100 022 -0.14 -055 -0.96 -0.86 -0.66 -0.55 -0.98.77 -0.34
S-LM/130-140 135 -0.19 -015 -050 -0.97 -0.87 -0.69 -0.55 -0.98.79 -0.28
S-LM/180-190 185 017 -0.14 -048 -0.97 -0.85 -0.69 -0.53 -0.94.78 -0.27
S-LM/Sap 232 -0.03 -015 -0.15 -070 0.39 -0.46 -0.17 -0.26.47 -0.02
S-Bot/0-10 5 -0.69 -0.42 -051 -0.90 -0.90 -0.84 -0.07 -0.950.67 -0.32
S-Bot/10-20 15 070 -043 -050 -0.94 -0.90 -0.86 -0.31 -0.98.72 -0.26
S-Bot/20-30 25 073 -046 -053 -096 -091 -0.87 -046 -0.99.80 -0.33
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S-Bot/30-40
S-Bot/40-50
S-Bot/55-65
S-Bot/75-85
S-Bot/95-105
S-Bot/130-140
S-Bot/180-190

S-Bot/Sap

35
45
60
80
100
135
185
216

-0.72
-0.60
-0.34
-0.33
-0.20
-0.40
-0.40

-0.31

-0.44
-0.36
-0.19
-0.17
-0.12
-0.12
-0.16

-0.14

-0.53
-0.53
-0.53
-0.56
-0.51
-0.62
-0.62

-0.29

Supporting

-0.96
-0.94
-0.92
-0.92
-0.92
-0.93
-0.94

-0.89

-0.91
-0.91
-0.89
-0.90
-0.89
-0.93
-0.92

-0.63

-0.87
-0.83
-0.72
-0.70
-0.63
-0.73
-0.74

-0.27

Information

-0.48
-0.58
-0.65
-0.65
-0.64
-0.59
-0.65

-0.77

-0.950.80
-0.960.78
-0.960.70
-0.960.74
-0.960.73
-0.98.79
-0.970.79

-0.780.47

-0.30
-0.28
-0.26
-0.32
-0.28
-0.43
-0.43

0.00

Table S| 3.3: Chemical Depletion FractiofiD{F,) of the saprolite samples (not corrected for Styai

Sample ID CDF(y
Gentle slope data
G-Top/Sap 0.31
G-UM/Sap 0.48
Steep slope data
S-Top/Sap 0.10
S-UM/Sap 0.39
S-LM/Sap 0.20
S-Bot/Sap 0.30
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CHAPTER IV

Table Sl 4.1: Chemical characterization of the sempMajor elements are given in oxide wt. % trace
elements in ppm and Chemical Depletion Fractiofoin

Si Al Fe K Mg Na Ca Ti P
Sample Code I&g )I D(Sﬁ]t)h
Measured at UCL (in wt. %)
EST-C-U1 5.9 4 335 662 306 154 079 055 053 045 0.2
EST-C-U2 5.5 13 33.02 727 37 164 081 032 047 046 0.2
EST-C-U3 6.3 20 2851 963 539 247 1.02 033 061 05 0.02
EST-C-U4 5.5 28 2832 1019 515 289 092 042 058 054 020.
EST-C-U5 47 39.5 30.48 10.05 473 292 079 047 054 0.59.02
EST-C-U6 4.9 495 2933 961 508 275 089 041 056 051.010
EST-C-rock | 3.3 82.5 2577 1325 519 39 022 105 0.67 0.65.070
FIL2-A-U1 6.6 3 31.03 749 426 184 051 065 036 0.9 0.04
FIL2-A-U2 6.1 8 3042 833 44 201 048 07 036 093 003
FIL2-A-U3 5.5 11 30.06 874 437 217 049 075 04 092 003
FIL2-A-U4 6 16 2954 918 447 222 051 076 038 0.88 0.04
FIL2-A-U5 6.8 24 28.81 983 441 243 053 081 041 073 40.0
FIL2-A-rock | 3.4 43 29.08 1032 476 256 068 094 01 0.61 50.0
CAB-B-U1 6.9 5 2458 1219 598 272 102 066 076 0.77 80.0
CAB-B-U2 7.7 8 2544 1128 546 253 101 059 141 0.7 0.07
CAB-B-U3 8 10.5 24.74 1107 559 245 103 057 212 0.65 08 0.
CAB-B-U4 8.2 17 24.94 1088 503 237 101 061 228 057 080.
CAB-B- 4.9 40 2512 1229 621 317 098 08 037 0.66 90.0
Rock
BHVO-2* / / 2286 6.83 828 043 417 164 791 157 0.0
WS-E / / / / / / / / / / /
BLANK / / 003 0005 0.002 0.007 o.005<01'OO 0.01 <01'O° <0.001

1 BHVO-2 corresponds to Basalt, Hawaiian Volcanics@tatory Wilson 1997] and WS-E to Great Whin Sill,
Northern EnglandGovindaraju et al. 1994]
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Table Sl 4.1: continued...

Zr CDF (2 Cd Sh Pb As Nb Hf
Sample Code (in Z;tﬁéggzjugjation
mglkg) chemical Measured at LHyGeS (in mg/kg)
weathering
EST-C-Ul 325 0.29 0.06 2 28.6 12.8 13.8 8.2
EST-C-U2 289 0.20 0.08 3 22.6 28.8 14.5 8.2
EST-C-U3 270 0.14 0.09 3 16.8 28.4 152 6.9
EST-C-U4 285 0.19 0.09 3 17 144 154 7
EST-C-U5 283 0.18 0.06 6 16.2 13.5 17 7
EST-C-U6 269 0.14 0.08 6 15.5 13.4 156 6.9
EST-C-rock 232 0 0.12 3 19.8 3.2 18.9 6.5
FIL2-A-Ul 374 0.28 0.17 4 51 13.6 24.6 10.1
FIL2-A-U2 350 0.23 0.12 4 41.2 13.8 239 9.7
FIL2-A-U3 386 0.3 0.12 4 35.7 13 25 10.2
FIL2-A-U4 338 0.2 0.09 4 329 14.5 22.3 8.5
FIL2-A-U5 339 0.2 0.08 4 32.6 10.5 20 6.9
FIL2-A- rock 270 0 0.07 2 16.9 13.3 14 7.6
CAB-B-U1 265 0.15 2.13 24 469 34 21.9 7.4
CAB-B-U2 212 -0.06 2.35 22 312 275 182 6.4
CAB-B-U3 206 -0.09 3.22 53 381 34.1 18.4 6.3
CAB-B-U4 231 0.03 2.93 38 317 30 19.3 7
CAB-B- Rock | 225 0 0.38 6 73.2 6 17.4 5
BHVO-2* 171 / / / / / / /
WS-E / / 0.29 0.2 15.2 0.8 16.7 5.29
BLANK <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table S| 3.2: Mass transfer coefficient (Tau) & #amples for major elements and U, Th (referredrjo

Depth . . T-
Sample Code t-Si 7-Al t-Fer-K7-Mg7-Nat-Cart-Ti 7-Pt-U
(cm) Th
EST-C-U1 4.0 -0.07 -0.64 -058-0.72 157 -0.63 -043 -0.51 -0.79-0.43 -0.58
EST-C-U2 13.0 0.03 -0.56 -0.430.66 1.95 -0.76 -0.44 -0.43 -0.82-0.27 -0.41
EST-C-U3 20.0 -0.05 -0.38 -0.11-0.46 298 -0.73 -0.22 -0.34 -0.77-0.28 -0.13
EST-C-U4 28.0 -0.11 -0.37 -0.19-040 240 -0.67 -0.30 -0.32 -0.76-0.24 -0.15
EST-C-U5 39.5 -0.03 -0.38 -0.25-0.39 1.95 -0.63 -0.34 -0.32 -0.80 - -
EST-C-U6 49.5 -0.02 -0.37 -0.15-0.39 249 -0.66 -0.28 -0.32 -0.81-0.31 -0.21
EST-C-rock 82.5 - - - - - - - - - - -
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FIL2-A-U1 3.0 -0.23 -048 -0.35-0.48 -0.46 -0.50 159 0.06 -0.36-0.21 -0.27
FIL2-A-U2 8.0 -0.20 -0.38 -0.29-0.40 -0.46 -043 177 0.17 -0.420.12 -0.08
FIL2-A-U3 11.0 -0.28 -0.41 -0.36-0.41 -050 -0.44 1.79 0.05 -0.49-0.05 -0.21
FIL2-A-U4 16.0 -0.19 -0.29 -0.25-0.31 -040 -0.36 2.03 0.15 -0.390.05 0.01
FIL2-A-U5 24.0 -0.21 -0.24 -0.26-0.25 -0.38 -0.31 226 -0.05 -0.360.05 0.07

FIL2-A- rock 43.0 - - - - - - R R R B

CAB-B-U1 5.0 -0.17 -0.16 -0.18-0.27 -0.12 -0.30 0.74 -0.01 -0.251.30 0.25
CAB-B-U2 8.0 0.07 -0.03 -0.07-0.15 0.09 -0.22 3.04 0.12 -0.131.65 0.39
CAB-B-U3 105 0.07 -0.02 -0.020.16 0.15 -0.22 525 0.07 -0.062.66 0.34
CAB-B-U4 17.0 -0.03 -0.14 -0.21-0.27 0.00 -0.26 4.99 -0.16 -0.131.73 0.22

CAB-B- Rock 40.0 -0.07 - - - - - - - - - -

112 1.25 1.12
A 21+ 4kyr B ¢ 5+1kyr
1.10 1.08 -
p 1.20
— —— i’ — e
= =) =
3 108 3 3 3 1.04
< L <
£ =115 =
g 1.06 & £ 100 -
6 Q Q
R P KB
4
1.04 110 0.96 -
1.02 T T 1.05 T 0.92 ; .
090 095 1.00 1.05 1.00 1.10 1.20 0.90 1.00 1.10 1.20
(%26Ra/230Th) (226Ra/?30Th) (226Ra/230Th)

Figure. S| 4.1 : Measured®{Th/”%U) and ¢Ra’*Th) activity ratios for the three regolith profilés
the Betic Cordillera: (A) Sierra de las EstanciéB) Sierra de los Filabres, (C) Sierra Cabreraifgales
taken just above soil-bedrock boundary are in dgy). The numbers refer to sample codes. Greg line
represent the evolution of the activity ratiosthie soil profile as simulated with the soil U-series
fractionation model using the deepest soil sampleegerence (Eq. 1). Where relevant, soil residence
time is mentioned in the graph.
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