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ROCK WEATHERING AND NUTRIENT CYCLING ALONG AN
ERODOSEQUENCE

FRIEDHELM VON BLANCKENBURG***1 JAN A. SCHUESSLER*#%#%,
JULIEN BOUCHEZ*$, PATRICK J. FRINGS*, DAVID UHLIG*,
MARCUS OELZE*, DANIEL A. FRICK*, TILAK HEWAWASAMSSS,

JEANNIE DIXONY¥, and KEVIN NORTON*

ABSTRACT. How flowing water and organisms can shape Earth's surface, the
Critical Zone, depends on how fast this layer is turned over by erosion. To quantify
the dependence of rock weathering and the cycling of elements through ecosystems
on erosion we have used existing and new metrics that quantify the partitioning and cy-
cling of elements between rock, saprolite, soil, plants, and river dissolved and solid
loads. We demonstrate their utility at three sites along a global transect of mountain
landscapes that differ in erosion rates — an “erodosequence”. These sites are the Swiss
Central Alps, a rapidly-eroding, post-glacial mountain belt; the Southern Sierra
Nevada, USA, eroding at moderate rates; and the slowly-eroding tropical Highlands
of Sri Lanka. The backbone of this analysis is an extensive data set of rock, sapro-
lite, soil, water, and plant geochemical and isotopic data. This set of material prop-
erties is converted into process rates by using regolith production and weathering
rates from cosmogenic nuclides and river loads, and estimates of biomass growth.
Combined, these metrics allow us to derive elemental fluxes through regolith and
vegetation. The main findings are: 1) the rates of weathering are set locally in rego-
lith, and not by the rate at which entire landscapes erode; 2) the degree of weather-
ing is mainly controlled by regolith residence time. This results in supply-limited
weathering in Sri Lanka where weathering runs to completion in the regolith, and
kinetically-limited weathering in the Alps and Sierra Nevada where soluble primary
minerals persist; 3) these weathering characteristics are reflected in the sites' eco-
system processes, namely in that nutritive elements are intensely recycled in the
supply-limited setting, and directly taken up from soil and rock in the kinetically
settings; 4) the weathering rates are not controlled by biomass growth; 5) at all sites
we find a deficit in river solute export when compared to solute production in rego-
lith, the extent of which differs between elements. Plant uptake followed by litter
export might explain this deficit for biologically utilized elements of high solubil-
ity, and rare, high-discharge flushing events for colloidal-bound elements of low
solubility. Our data and new metrics have begun to serve for calibrating metal
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isotope systems in the weathering zone, the isotope ratios of which depend on the
flux partitioning between the compartments of the Critical Zone. We demonstrate
this application in several isotope geochemical companion papers.

Key words: Critical Zone, erosion rate, weathering rate, biogenic weathering, soil
formation, river geochemistry, nutrient cycling, metal stable isotopes

INTRODUCTION

Soils in sloping landscapes experience mass loss by erosion and weathering. At
steady state, soil-forming processes balance these degradational processes, such that
all state variables of the system are independent of time. Under these conditions a soil
system as a whole has no age, but rather is comprised of constituents that move
through it and remain within for a duration called residence time. The steady-state
model requires that, averaged over the time scale of the regolith residence time, mass
loss by particle and solute export is balanced by regolith production (where the term
“regolith” is taken to mean the sum of consolidated and unconsolidated material
above the weathering front, including soil). Because there are non-linear feedbacks
between regolith thickness, regolith production, and regolith removal, the expecta-
tion for most boundary conditions is a regolith of non-zero but finite thickness. The
occurrence and persistence of regolith across about 94 % of the ice-free terrestrial
land surface (Hengl and others, 2014) — even though half of the terrestrial land sur-
face has slope angles exceeding 5° (Larsen and others, 2014) and is thus subject to sig-
nificant erosion — supports this view. Yet the mere presence and persistence of a soil
cover cannot be used as a demonstration that a balance exists between soil formation
and degradation. However, typical regolith residence times (<10* yr) are often
shorter than or equal to the time scales over which tectonics and climate vary (>10*
yr). This suggests that much of the Earth surface operates in a manner that is consist-
ent with the steady-state model of soil formation.

In a steady-state eroding system the residence time of solid material in the rego-
lith sets the weathering degree (Stallard, 1995; Waldbauer and Chamberlain, 2005;
Gabet and Mudd, 2009). All else being equal, the longer the time available for the
solid material to weather, the greater the degree of weathering. Weathering degrees
and rates are also modulated by the residence time of water in the subsurface.
Ultimately water flow path lengths and the degree of weathering of the regolith
flushed by water flow set the time required for a weathering reaction to reach equilib-
rium (Maher, 2010, 2011). This “reactivity” of regolith over a given length scale is pre-
dicted to be low in slowly eroding landscapes with thick weathering zones, and high in
rapidly eroding landscapes with thin weathering zones and short regolith residence
time (Bazilevskaya and others, 2012).

As the third player besides regolith residence time and water flow, the activity of
biota is intimately linked to the state of the regolith (Brantley and others, 2011;
Porder, 2019). The Critical Zone concept encompasses regolith processes and a suite
of linked biotic interactions. The Critical Zone is defined as the layer extending from
the top of unweathered bedrock to the top of the vegetation (Chorover and others,
2007; Lin, 2010a; Brantley and others, 2016; Riebe and others, 2017). In this layer,
plants, animals, and micro-organisms influence soil structure and resistance to ero-
sion (Roering and others, 2010; Ghestem and others, 2013; Pawlik and others, 2016,).
Biota impacts the water cycle (Brooks and others, 2010; Fan and others, 2017) for
example through the creation or destruction of secondary porosity and preferential
flow paths. Biota may also enhance weathering rates through several mechanisms.
These include aiding secondary mineral formation and the production of bio-miner-
als, or the exudation of organic acids and ligands. The production of subsurface COy
via root and microorganism respiration results in below-ground COy partial pressures
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(pCOq) that can be up to two orders of magnitude higher than in the atmosphere
(Lucas, 2001; Amundson and others, 2007), increasing mineral decomposition rates
via kinetic and thermodynamic controls. Plants and associated microorganisms also
weather minerals directly. Fungi and bacteria can accelerate mineral dissolution
kinetics, leading to the release of mineral nutrients that can be supplied to higher
plants in return for photosynthates (van Scholl and others, 2008; Uroz and others,
2009). Some ectomycorrhizal fungi are able to extract nutrients such as P, K, Ca, Mg,
and Fe directly from minerals (Jongmans and others, 1997; Hoffland and others,
2003; Balogh-Brunstad and others, 2008; Smits and others, 2012). As a result, it is not
surprising that plants and associated microbiota are suggested to impact weathering
fluxes (Moulton and others, 2000; Berner and others, 2003; Chaudhuri and others,
2007; Cornelis and others, 2009; Riotte and others, 2014). But a counter-perspective —
namely how ecosystem nutrition is influenced by the state of the regolith — is just as
relevant (Chadwick and Asner, 2016, 2020).

The exploration of the interactions between weathering processes and ecosystem
nutrition in well-characterized natural sites is an important avenue of research to pur-
sue. However, many of the studies that have addressed these interactions have done
so within a perspective that differs from the steady-state framework described above.
These studies tend to make use of geomorphically stable surfaces in which the degree
of rock weathering and soil formation reflect a discrete soil age for a given environ-
ment. In this “continuous evolution model” of soil formation, soils and the weathered
substrate beneath them evolve from an initially pristine state towards an altered and
chemically depleted state with time as the only independent variable (Lin, 2010b; Egli
and others, 2014). Its classical study object is the “chronosequence” — a series of non-
eroding field sites with identical rock type, topography, and climate, yet of differing
soil age in which a ‘space-for-time' approach can be used to explore ecosystem succes-
sion as the degree of weathering evolves (Blum and Erel, 1997; Chadwick and others,
1999; Sauer and others, 2007, White and others, 2008; Bernasconi and others, 2011;
Porder and Hilley, 2011; Mavris and others, 2012; Laliberte and others, 2013).
Classical examples include chronosequences developed on lava flows of known age
(Chadwick and others, 1999), or progressively uplifted beach terraces with known tim-
ing of isolation from wave attack (White and others, 2008). In the continuous evolu-
tion model, ecosystems evolve together with soils. Ecology and soil development are
linked via progressive increases in soil stability and water retention capacity, and
decreases in mineral nutrient availability (Vitousek and Farrington, 1997; Lambers
and others, 2008; Laliberte and others, 2013,). In contrast, in the steady-state model,
regolith replenishment by uplift and erosion sets the upward advection of mineral
nutrients through the Critical Zone (Vitousek and others, 2003; Waldbauer and
Chamberlain, 2005; Porder and others, 2007; Buendia and others, 2010; Uhlig and
von Blanckenburg, 2019), so the combination of regolith residence time and mineral
weathering rates determines whether an ecosystem is limited in a specific mineral
nutrient.

There has been considerable focus on interactions between weathering and eco-
system nutrition within the continuous evolution model, but less attention has been
paid to these interactions in eroding settings, although they characterize the majority
of Earth's surface (Buss and others, 2010, 2017; Chadwick and Asner, 2016; Wilcke
and others, 2017; Oeser and others, 2018, Uhlig and von Blanckenburg, 2019).
Further, many studies that do investigate weathering and ecosystem processes are
focused on a single location and thus do not systematically explore a gradient in ero-
sion rate or regolith residence time. We identify at least three motivations to explore
the “steady-state model” with field studies that quantify how both weathering and eco-
system nutrition are governed by erosion. First, half of the terrestrial land surface has
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slope angles exceeding 5° (Larsen and others, 2014) and is thus subject to significant
erosion. These surfaces fall into the “steady state” category. Second, the importance of
such studies becomes more apparent when considering that the regulation of Earth's
climate and global biogeochemical fluxes are ultimately governed by weathering rates
or land surface reactivity, which in turn are set by erosion rate (Berner and others,
1983; Kump and Arthur, 1997; Maher and Chamberlain, 2014; Caves and others,
2016; Frings and Buss, 2019), where it has been suggested that land plants play a key
role in enhancing weathering and thus the drawdown of atmospheric COs (Berner
and others, 2003; Pagani and others, 2009). Third, quantitative data on absolute and
relative fluxes and their partitioning between compartments can now routinely be
obtained from a suite of isotope systems. Such isotope systems include in situ cosmo-
genic 10Be (Heimsath and others, 1997; Granger and Riebe, 2007), meteoric cosmo-
genic '"Be/"Be (Maher and von Blanckenburg, 2016; von Blanckenburg and others,
2012), or metal and metalloid stable isotope systems, including 7Li/ o4, 26Mg/ 24Mg,
or °si /28si (Bouchez and others, 2013; Sullivan and others, 2016). At the same time,
field data from well-characterized eroding settings can be used to calibrate and thus
improve our interpretative ability of these novel isotope approaches in the Critical
Zone.

Here we present a study of three sites across the globe that cover a gradient in
erosion rates, but with similar lithology (felsic igneous or metamorphic rock). Our
sites are located in the Swiss Central Alps (A), a post-glacial mountain belt that is erod-
ing most rapidly of the three sites, when quantifying erosion at the landscape scale;
the Southern Sierra Nevada (SN), USA in which the landscape is eroding at moderate
rates; and the slowly eroding landscapes in the tropical Highland of Sri Lanka (SL).
At these sites the regolith is permanently turned over by erosion, so this transect is not
a chronosequence, but an “erodosequence”.

Weathering has been extensively explored in previous studies in the Swiss Central
Alps (Norton and von Blanckenburg, 2010; Norton and others, 2010); the Southern
Sierra Nevada, which is also a US-Critical Zone Observatory (Dixon and others, 2009a,
2009b; Hahm and others, 2014; McCorkle and others, 2016; Hunsaker and Johnson,
2017), and the Highlands of Sri Lanka (Hewawasam and others, 2003, 2013; von
Blanckenburg and others, 2004; Behrens and others, 2015, 2021). We supply an
extensive set of new rock, saprolite, soil, river water, soil water, and plant chemical
and isotopic data from the three sites that we combine with a compilation of previ-
ously published denudation-, regolith production-, erosion-, and weathering rates
from cosmogenic nuclides. This data is available in a comprehensive open-access data
publication (von Blanckenburg and others, 2021). We then suggest a set of simple
metrics, many of which are novel, that quantify the partitioning and cycling of ele-
ments between rock, saprolite, soil, plants, river dissolved, and river sedimentary
loads. With these metrics, we attempt to make the quantification of weathering and
plant biogeochemical fluxes tractable. In a series of companion papers we show the
application of these metrics to new stable isotope data from these field sites, namely
those of Si (Frings and others, 2021a) combined with the Ge/Si “pseudoisotope” ratio
(Frings and others, 2021b), and stable Sr (Bouchez and von Blanckenburg, 2021).
These studies complement previously reported applications of Mg stable isotopes at
these sites (Uhlig and others, 2017; Schuessler and others, 2018).

CONCEPTUAL FRAMEWORK

Chronosequences and Erodosequences

Using a simple mass balance model, we display the basic concepts of a chronose-
quence and an erodosequence in figure 1. For a chronosequence, the sampling sites
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Fig. 1. The concepts of a “chronosequence” (A) after Lin (2010b) and an “erodosequence” (C) this
study. The curves in (B) schematically show how the development of weathering zone thickness may
depend on erosion rate. The black curve shows the predicted increase in regolith thickness in the case of
no erosion - a “chronosequence”, where soil development is purely a function of age. The green pointers
show the three potential soil evolution stages shown in (A). The grey, blue, and red curves show the
increase in thickness as a function of erosion rate for three rates typical of tectonically quiescent uplands
(“slow”), tectonically active low mountain range (“moderate”) and the regolith production limit in high,
active mountains (“fast”). After some time, typically corresponding to > 10" yrs, the weathering zone

attains steady-state thickness. At this steady state, the characteristics of the weathering zone differ depend-
ing on erosion rate, resulting in an “erodosequence”.
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are chosen for their lack of significant surface erosion, and the development of these
sites with time conforms to the “continuous evolution model”. Figure 1A (after Lin,
2010b) shows that with time (green arrow) soils thicken, and soil horizons develop.
Figure 1C shows the “steady-state model”. Here, all three settings are invariant with
time, but span a gradient of erosion rates (brown arrow) and thus constitute an
“erodosequence”.

For illustrational purposes we show in figure 1B possible scenarios for the tempo-
ral evolution of regolith thickness as a function of erosion rate. In these scenarios
regolith thickness increases with time from an initial pristine state, for example, a
freshly exposed rock surface. Unless erosion is zero (upper black curve in fig. 1B)
regolith thickness eventually attains a finite and constant thickness once regolith pro-
duction is balanced by mass removal via physical erosion and chemical weathering.
These scenarios assume that at steady state, regolith thickness is a function of erosion
rate, in accordance with observations and concepts from soil studies (Heimsath and
others, 1997; Ferrier and Kirchner, 2008). To date, little direct evidence supports a de-
pendence of whole weathering zone thickness on erosion rate (Hayes and others,
2020), though this assumption is not unlikely. First, there are known mechanisms that
may couple weathering front propagation at depth with erosion rate at the surface
(Lebedeva and others, 2010; Behrens and others, 2015). Second, a balance between
weathering front propagation and erosion is a necessary requirement to explain the
prevalence of regolith on most landscapes over extended time scales. Third, the depth
over which this balance is established depends on the factors that control the rate and
degree of weathering, like fluid flow, fluid undersaturation, development of porosity,
soil COy input, and biogenic activity. These are more effective at shallow depth
(Hilley and others, 2010, Maher, 2010), and fast regolith production is thus favoured
at fast erosion.

Regardless of the under-constrained functional expression that links regolith pro-
duction at depth with surface lowering, we see important conceptual differences in
time over which regolith in an erodosequence attains steady state and how this time is
reflected in its properties. The grey, blue, and red curves show the temporal evolution
of regolith thickness for a slow, a moderate, and a fast erosion rate, respectively. In
the slowest erosion rate setting, steady-state thickness is attained last. When primary
minerals persist at the regolith surface, the weathering regime is called “kinetically
limited” (Dixon and others, 2012) because mineral dissolution is controlled by disso-
lution kinetics unless fluids are saturated in which case the regime is at the “thermody-
namic limit” (Maher, 2010). Conversely, when the erosion rate is sufficiently slow that
primary minerals are entirely lost at the top of the regolith, the regime is termed “sup-
ply limited” as weathering scales linearly with the supply of weatherable primary min-
erals into the weathering zone by regolith production (Dixon and others, 2012).

Ecosystem states will, to some extent, reflect these weathering regimes. In the
continuous-evolution (chronosequence) case, a co-evolution of plant communities
with soil properties — termed a succession — occurs, until after sufficient time a rela-
tively stable state is attained. A classic example would be the recolonization of land fol-
lowing a disturbance, where ecosystem composition, diversity, and functioning evolve
in a manner that follows certain patterns (Birks and Birks, 2004, Wardle and others,
2004). In the steady-state case, a succession does not take place in the absence of a
change of boundary conditions (for example, climate, tectonic uplift rate) or some as-
pect of ecosystem functioning (for example, arrival of invasive species). Each weather-
ing zone state is then associated with a particular state of the ecosystems. Mineral
nutrient supply as one possible control over ecosystem nutrition is shown in the lower
panel: the slowly eroding setting (fig. 1, left) is strongly depleted in mineral nutrients
like phosphorus or magnesium. Under these conditions, ecosystems will be nourished
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by atmospheric inputs (Hedin and others, 2003) and conserve nutrients by recycling
within topsoil to prevent nutrient limitation (Lang and others, 2016). In the quickly
eroding setting (fig. 1, right) a rich stock of mineral nutrients is available in the rego-
lith and as long as plants have the ability to access them, ecosystems are not limited by
availability of phosphorus or other mineral nutrients (Porder and others, 2007;
Porder, 2019). Landscape rejuvenation in the form of river incision, for example, was
shown to set higher foliar concentrations of P and K in the trees that grow on the
incised parts than in non-incised segments of the landscape (Chadwick and Asner,
2016). At intermediate erosion rates (fig. 1, center) minerals are depleted above the
weathering front, and thus access to fresh nutrients may only be possible at the weath-
ering front (Uhlig and others, 2020).

Metrics for the eroding Critical Zone

The aim of this study is to provide a framework that allows for testing these pre-
dictions by quantifying element partitioning and fluxes in the Critical Zone and thus
to trace the apportionment of elements released in the Critical Zone among different
pools. Here, we use established methods to determine regolith production rates,
degree of chemical depletion, and weathering rates (Riebe and others, 2003; Brantley
and Lebedeva, 2011), and then apply a suite of metrics to quantify ecosystem fluxes
(first introduced by Uhlig and others, 2017; Uhlig and von Blanckenburg, 2019)
(table 1; fig. 2).

Weathering Zone Melrics

The regolith production rate RPis the rate at which unweathered rock is converted
into weathered rock, that is, regolith, at the weathering front. RP itself is difficult to
determine. Disequilibrium in the uranium decay series has recently been successfully
employed for RP determination (Dosseto and others, 2012; Chabaux and others, 2013;
Schoonejans and others, 2016), but is not attempted here. Instead, we assume that RP at
depth is equal to the total denudation rate (Dregvllth) and by doing so rely on the steady-
state assumption of constant thickness that is inherent to the steady State model. This
means we can use denudation rates determlned by in situ cosmogenic '°Be in soil quartz
(Granger and Riebe, 2007). Quartz '“Be concentrations reflect the rate of mass loss by
physical erosion E at the surface and dissolved mass loss by chemical weathering Wabove
the cosmic ray attenuation depth, corresponding to approximately 60 cm for rock and
100 cm for soil. As with any flux determination based on cosmogenic nuclides, RP esti-
mated in this manner integrates over the residence time of regohth in the upper 60 cm
of rock-equivalent (or ca. 100 cm of soil), typically between 10° and 10° years, depending
on denudation rate (von Blanckenburg, 2005).

RP = Dregolith (1)

If chemical mass loss occurs below this depth, the Be-derived denudation rate
must be corrected (for example, Dixon and others, 2009a; Riebe and Granger, 2013),
which is often achieved with the ratio of the concentration of an insoluble element X:
(for example, Zr, Nb) at below the cosmic ray attenuation depth to that from bedrock.

[Xi]saprol ite

RP = Dyegotith X -
e [Xl} bedrock

(2)

Note that in the following D, g is simply referred to as D.
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Fig. 2. Schematic representation of the parameters used in this paper to quantify the partitioning of a
given element X between compartments, namely the regolith productjon rate (RP”), elemental erosion
rate (EY), regollth weathering rate (Wﬁgohm) river weathering rate (WZW) plant uptake rate (UY), litter-
fall rate (L ), biomass recycling number (RecX) and dissolved export efficiency (DEEY)). Note that the ra-

tio of W”W to W,egomh denotes the “missing” dissolved export flux of element X not found in rivers after

regolith production, as quantified by the dissolved export efficiency DEE™ < 1.

The element-specific regolith production rate RP*is calculated by multiplying RP
with [X],, the concentration of the element X in bedrock:

Y= RP - [X]rock (3)

The chemical depletion fraction CDF'is the fractional dissolved mass loss of all
elements together (primary mineral dissolution minus secondary precipitate
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formation) relative to unweathered, completely fresh bedrock, calculated from meas-
urements of a chemically immobile element (here Zr is used that is contained in the
refractory mineral zircon (Riebe and others, 2003)). The ability of CDF to accurately
represent element depletion depends on the homogeneity of bedrock and the ability
to sample unweathered, representative bedrock. A CDF of 0 means no loss, and a CDF
of 0.5 means 50 % mass loss, which is also roughly the maximum mass loss attainable
for felsic rock (Dixon and von Blanckenburg, 2012) since quartz is essentially inert
during weathering and other minerals weather to produce insoluble Al-, Si-, and Fe-
bearing secondary clay and oxide phases.

CDE = 1 — [Xi]unweatheredbedrock (4)

[X l] weathered regolith

As an immobile element X7, we use Zr in this study. The elementspecific depletion
fraction (also called the “mass-transfer coefficient”; Chadwick and others, 1990) r))é- is the
fractional mass loss of element X relative to unweathered bedrock, determined by meas-
uring the concentrations of both Xand the chemically immobile Zr in bedrock and rego-
lith. A T))é- of 0 means no net element loss, and a T})é- of —0.5 means 50 % element loss:

X [Xl} unweathered bedrock « [X] weathered regolith 1 (5)
Zr — .
[XZ} weathered regolith [X ] unweathered bedrock

Note that by convention, 7~ is opposite in sign to CDF values. In this publication,
we refer to 75, reflecting the use of Zr for Xi. The chemical weathering rate of rego-
lith W, g0 is the chemical denudation by dissolved mass loss. W,z integrates over
the time over which regolith is being weathered (regolith thickness divided by RP),
typically 10° and 10° years:

Wiegolitn = RP x (CDF) (6)

We can compare the longer-term W4, With the shorter-term, catchment-inte-
grated estimate W,;,.,, which is the chemical weathering rate calculated from the river
runoff [m?® yr71 or LL yrfl], the sum of all concentrations [X];,; of dissolved, rock-
derived cation (in oxide equivalents) and SiOs concentration in river runoff
(Bouchez and Gaillardet, 2014) measured at time ¢, and the catchment area A. A sin-
gle measurement of river dissolved composition typically integrates over the residence
time of water in the catchment, that ranges from weeks to years depending on the
catchment and the sampling time, but this integration time is extended (typically
years) when repeated sampling campaigns are performed. In the case of multiple
sources of solutes (for example, silicate rock, carbonate rock, atmospheric deposi-
tion), different components of [X],,; have to be distinguished using an “end mem-
ber mixing analysis” (EMMA, see below). Assuming that one measurement per day is
available, an annual estimate of W,;,,, can be obtained:

365
Wiver = 1:21 [CatiO?’lS + SiO?]riven X QJ

A

(7)
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The element-specific chemical weathering rate of regolith Vvégolith is calculated

from RP* (eq 3) and —‘L'é(r.
WX o = RPY x (-13) (8)

regolith

As with equation (8) we can calculate the elementspecific river weathering

X .
rateW: -

365 [X] ) % O;
W, = 2 o X & 9

In practice, daily coupled measurements of water chemistry and discharge are
not always available, and we thus use the product of annual runoff and an unweighted
mean solute concentration to derive W,;,,, and W,,f-ge,,. Runoff estimates and sources for
the three sites are given below and in Data Table C1. Note that the weathering param-
eters as calculated in equations, (4), (6), and (8) are strictly only valid if atmospheric
mass fluxes into the regolith, including dust and rainwater inputs, do not affect
LY weathered regolith OF Dregotin, Otherwise modified expressions that take dust input into
account are required (Ferrier and others, 2011). Although all our sites have minor
atmospheric inputs, when necessary, we circumvent this correction by using chemical
depletion parameters measured in the uppermost saprolite sample, which is not
affected by dust input. Thus, all our weathering fluxes exclusively pertain to the mass
fluxes arising from the conversion of bedrock to regolith. River dissolved loads (eq 9)
however are partially derived from wet and dry atmospheric inputs, and as explained
below plant mineral nutrient uptake does not discriminate between for example, dust
and regolith sourced nutrients. The contributions of dry and wet atmospheric deposi-
tional fluxes, termed Dep;iy and Dep;,fet respectively, are added to the weathering
inputs (eqs 12 and 13 below), after their quantification which results from an end

member mixing analysis of river water chemistry (see Data Table C4, Data Publication
Part 2).

Ecosystem Metrics

We estimate the uptake of nutritive elements into an entire ecosystem, called U,
from the plant biomass growth rate GrowthRatep,,,. In the absence of adequate moni-
toring of this parameter at our sites, GrowthRatep,,, is obtained from a globally
gridded, machine-learning convolution of remote-sensing imagery with eddy covari-
ance GPP (Gross Primary Production) data from the FLUXNET network (Jung and
others, 2019). Biomass production is estimated by assuming that NPP(C) ~ GPP(C)/
2, where NPP is the Net Primary Production (Chapin and others, 2011), and further
that dry biomass consists of 50 wt% carbon, such that GrowthRatep,,,, ~ GPP(C). To
obtain the elementspecific uptake rate U~, GrowthRatep;y,, is multiplied with the bulk
concentration of X in the plants [X/,/.,» Where possible, bulk elements concentra-
tions should be estimated based on concentrations in different organs of plants
weighted by scaling relationships (Uhlig and others, 2017; Uhlig and von
Blanckenburg, 2019):

UX = GT’OZUthRatePlant X [X]plunt (10)
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Given the systematic uncertainties associated with U*, an alternative means to esti-
rnate elemental fluxes through plants is to rely on the return flux through litterfall

X the product of litterfall rates and the bulk concentration of element X in the
plants [X]i,l,,,,,where Litterfall Lis the sum of leaf, trunk and root htter flux. L¥is likely
a minimum estimate compared to elemental uptake, because L¥ does not include
stemflow or resorption during senescence. In other words, U~ from NPP provides an
estimate of gross elemental uptake, whereas L~ from litterfall provides an estimate of
net uptake.

4X = LitterfallRateplam X [X]plant (11)

A parameter we developed within the context of the erodosequence study is the
ecosystem recycling factor Rec® (Uhlig and others, 2017; Schuessler and others, 2018;
Uhlig and von Blanckenburg, 2019). Rec* is obtained by normalising either 2 or UX

by the elemental weathermg rate WX ecoiitn Plus solute input fluxes from atmospheric

deposition Dep.,, and Depd,y Rec® is a metric that quantifies the number of uptake
and release cycles of an element by ecosystem vegetation after its release by chemical
weatherlng of parent bedrock or atmospheric deposition. Rec® is equivalent to the
inverse of the fraction of “new” nutrient as defined by Cleveland and others (2013)
that quantifies the proportlon of fresh weathering-derived nutrients that is taken up
by plants. We note that Rec estimates the nutrient uptake relative to the release from
the entire weathering zone. Not all of the weathering release flux will be available to
ecosystems if some is 1mmed1ately lost to groundwater before uptake; as a
consequence Rec® represents a minimum estimate for recychng within the upper soil
layer. If wet atmospheric Depm (rain) deposition, or dry Depdry (dust) input - some
of which is subsequently dissolved — is significant, these fluxes need to be added to the
denominator. They are quantified using results from the river dissolved end member
mixing analysis (see below).

LX X
RecX = or v (12)

X X X X X X
VVregolith + Depwet + Depdry VVregolith + Depwet + Depdry

In the case that Der << We«rolzth equation (12) simplifies to

Lx UX
RecX = or — (12%)
I/Vr“egrolzth VVregolith

Another parameter developed within the erodosequence study is the elemental
“Dissolved Export Efficiency” DEEY, which compares the release of an element X by
weathering in regolith (including, 1f present, wet atmospherlc deposition and the dis-
solved fraction of dust flux) with its dissolved export in the fluvial system. If DEE* = 1,
element loss from the regolith and solute export from the catchment are the same. If
DEEY exceeds 1, either the system is not at steady state or the catchment receives net
atmospheric input that is found in the river but not in regolith beneath soil. In
this case the river dissolved load should be corrected for these additional inputs. If
DEEX < 1 either the system is not at steady state, or a fraction of element X is with-
drawn from the dissolved pool after release by weathering and before export into the
river (we evaluate other factors like unrepresentative parent bedrock below). Below,
we argue that plant uptake of X followed by export of plant debris is a likely
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explanation for cases where DEE™ < 1, in which case DEE is a powerful metric for the
partitioning of a nutritive element between the dissolved flux and plants. The same
compartment separation would also fractionate metal (loid) stable isotopes.

X
DEEX _ VVriver (13)

X X X
Wregolith +D P et +D ep dry

In the case that Der << méirolith equation (12) simplifies to:

wx
X
DEE* = —_ziver (13%)

regolith

An alternative version of DEE™ is obtained by normalizing both the weathering
release and the river discharge by Na, yielding DEEy,. Sodium is considered a “con-
servative” element in the sense that it is neither a nutrient nor a major clay-forming
element. The advantage of DEE%KZ is that unlike for DEEY, river runoff does not need
to be known. Potential non-steady state behavior likely affects DEE™ due to the differ-
ent integration time scales of VV?ZgoZz'th andW?  butis mitigated in DEEY, since Na con-
centrations are affected by changes in flux proportional to the element of interest,
such that temporal variations are assumed to cancel out (see below for a discussion of
this assumption).

DEE})\([ _ m?i}er/mli\z]}f?r (14)
a X X N N
(W]r)e;olith + Depwet + Depdry)/(m/rgfgaolith + Depw?t + Depdrﬁw
In the case that Dep™ << W,,e)i,omh equation (12) simplifies to:
r;;cy < [X]Vivz’r ) ( [X]rock )
DEEX — wieo o \[Nale [Na ot (14%)
Na — -

X X
VVreguIi.‘h (TZy)

VV)‘QZ’O“HI (TZr )

Unlike equation (14) that requires estimates of absolute fluxes W* and Dep’,
DEEféacalculated with the simplified equation (14*) requires only elemental ratios,
and so is not subject to uncertainties on for example, river discharge or dust deposi-
tion rates, parameters that may be difficult to precisely constrain. Throughout, all
uncertainties on measured concentrations and fluxes are fully propagated into the
derived metrics (UX, RecX, DEEX), including the uncertainties resulting from the
EMMA analysis where appropriate (Data Table C5).

FIELD SITES

The location of the field sites is shown in figures 3A, B, and C, and their main
characteristics are summarized in table 2.

Swiss Central Alps
The sampling site is located in the Swiss Central Alps on a soil-mantled ridgetop
of the Honeggerhorn at 2565 m altitude on the northern slope of the upper Rhone
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8 Soil or regolith samples
@® Water sample
Stream network
Elevation contours (m.a.s.)
] sampled catchment
Y  Sampling site

.08°E 8.14°E 8.20°E 8.26°E 8.32°E

-119.34°E  -119.30°E  -119.26°E  -119.22°E  -119.18°E

80.80°E 80.82°E 80.84°E

Fig. 3. Locations of the three study sites defining the erodosequence presented in this study. (A) the
Alps sites showing the upper Rhone valley; (B) Sierra Nevada sites showing Providence Creek and the
Balsam profile; (C) Sri Lankan Highlands showing the Hakgala site. Regolith profile locations are shown
as white star. Produced with http://www.geomapapp.org using the Global Multi-Resolution Topography
(GMRT). The delineation of Swiss glaciers is from Fischer and others (2014).

valley (Goms). A nearby meteorological station at Ulrichen (elevation = 1346 masl)
records 3.1°C and 1137 mm annual averages for temperature and precipitation,
respectively. Bedrock is the Aare Massif that mainly comprises foliated gneiss (major
mineral components: 23 % quartz, 53 % plagioclase, 17 % orthoclase, 4 % biotite and
3 % muscovite) and granite in the upper valley sections (major mineral components:
34 % quartz, 35 % plagioclase, 27 % orthoclase, 4 % biotite). The sites were glaciated
up to 15 kyr ago. Successive glaciations, culminating in the last glacial maximum
(LGM, ca. 21 kyr) carved the > 1500-m deep Rhone Valley, generating a landscape
characterized by smooth, glacially scoured landscapes that are largely devoid of glacial
till. At low elevations in the main Rhone Valley, thin glacial deposits are plastered to
the hillsides. The glacially eroded landscapes are generally steeper than the surround-
ing, non-glaciated hillslopes and ridges with mean basin slopes of > 30 degrees. At
this sampling site soils are immature and minimally developed, with thicknesses less
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than 50 cm at the ridgetop site. In general, soils in this region of the Alps are mostly
Podzols that mantle slopes between 1800 to 2600 m elevation (Egli and others, 2008).
According to visual inspection, only thin saprolite is visible below the soil. While clay
mineralogy was not determined for these soils, clay coatings and partially dissolved
plagioclase are evident in SEM imagery (Norton and von Blanckenburg, 2010). A
more detailed description of the sampling site can be found in Norton and von
Blanckenburg (2010), Norton and others (2010).

The landscape-scale denudation rate measured from cosmogenic nuclides ('°Be)
in river sediment is 220 to 5500 t km ™2 yr ', and strongly depends on average hill-
slope (Norton and others, 2010). The average denudation rate derlved from cosmo-
genlc 1“Be measured on soils of the sampling site are 38.4 mm kyr ' (103 + 40 t km *

Y (Data Table C2). Norton and von Blanckenburg (2010) determined a mean
fractlon of mass loss by chemical weathering (CDF) of 0.31.

The vegetation cover at the ridge top site is mainly grass. Annual biomass produc-
tion from 1980 to 2013 derived from an interpretation of satellite imagery guided by
FLUXNET GPP data at 0.5° resolution (Jung and others, 2011) was 779 = 18 t km *
yr '. We estimate an annual runoff of 1.51 = 0.30 (m yr ', =1sd) from the Swiss
Bundesamt fir Umwelt BAFU monitoring of Wilberbach and Walibach catchments
(see fig. 3).

We sampled five soil depth profiles (B1, B2, B4, B5, B6, Data Table Al) and thin
saprolite from their C horizon of up to 30 cm thickness on the south-facing slope of
the Upper Rhone Valley (“Goms” site). Soil profile details are shown in figure 4A.
Further soil analyses and bedrock composition were compiled from Norton and von
Blanckenburg (2010) (Data Table Al). We sampled water from streams draining the
hillslope: the Selkligerbach, Walibach, Wilerbach, and Hilpersbach; and soil water
from our profiles (Data Table A2). A secondary site located in the Upper Rhine Valley
next to the Grimsel Pass (“Aare” site) was sampled for grass, the only relevant plant
species at higher elevations at the Goms site (Data Table A3) and groundwater in the
Grimsel underground rock laboratory. We note that the bedrock at the Aare site is
granitic and differs from the Goms gneiss. In the Data Tables we also report rock, soil,
and water compositional data from the Aare site (underlain by the Aare granite, glaci-
ated up to 11 kyr ago), though we do not evaluate these data in the current paper
(Data Tables Al, 2, 3).

Sierra Nevada

The soil profiles are located in the Kings River Experimental Watersheds
(“KREW”) in the southern Sierra Nevada (USA) mountain range, part of the
Southern Sierra Critical Zone Observatory (SSCZO, O'Geen and others, 2018).
Soils were sampled within catchments located at the Providence Creek (PC) site.
Assoc1ated PC catchments (P301, P303, P304) range in size between 0.49 to 1.32
km” at an elevation between 1479 to 2118 m, and have annual prec1p1tat10n of
between 750 to 2000 mm (Hunsaker and Neary, 2012). Mean annual air tempera-
ture is 7.8 °C (Liu and others, 2013). A separate regolith profile exposed in a road-
cut located NE of Shaver Lake along the Tollhouse Road (California State Route
168) was sampled. Detailed descriptions of the sampling sites can be found else-
where (Bales and others, 2011; Hunsaker and Neary, 2012; Liu and others, 2013;
Uhlig and others, 2017).

The soils in the PC catchments are well-drained and mainly underlain by tertiary
granitic rocks. The bedrock at both PC catchments and the Shaver Lake locations is
dominated by the ‘Dinkey Creek Granodiorite’, a medium-grained, equigranular,
strongly foliated biotite-hornblende granodiorite/tonalite with sphene, plagioclase,
and opaque minerals, which contains abundant disc-shaped mafic inclusions
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Fig. 4. Photographs of regolith profiles (left) and profile schematics (right) of the three study sites.
(A) Alps site: typical example of a soil profile at the ridge top (Honeggerhorn) in the upper Rhone
Valley. (B) The sampled saprolite profile (“Balsam-Profile") to the north east of Shaver Lake, Southern
Sierra Nevada, California, USA. Isotope geochemist for scale. (C) Sri Lankan Highlands, sampled regolith
profile in the vicinity of Hakgala Botanical Garden, Nuwara Eliya district.

(Bateman and Wones, 1972). The well-developed soils at the PC sites are dominated
by the “Shaver soil series”, a coarse-loamy, mixed mesic Humic Dystroxerept. This soil
series has a balanced supply of moisture, is free of carbonates and has an organic-rich
surface soil horizon. Dahlgren and others(1997) described the clay mineralogy of
these soil types to be dominated by hydroxyl-Al interlayered vermiculite and gibbsite.
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The weathering of plagioclase under these environmental conditions results in the
formation of kaolinite.

The landscape-scale denudation rate measured from cosmogenic nuclides ('’Be)
in river sediment is 70 to 200 t km 2 ' (Callahan and others, 2019) and 102 to
153 t km 2 yrf] (Hahm and others, 2014) as recalculated b37 Arvin and others (2017).
The average denudation rate derived from cosmogenlc Be concentrations in soil
quartz at the sampling site is 220 = 56 t km ™ * yr ' (Data Table C2, after Dixon and
others,2009b) corresponding to 81.5 + 22 mm kyr ™'

The vegetation cover mainly consists of a Sierran Mixed Conifer Forest. Tree spe-
cies are dominated by Pinus ponderosa (Ponderosa Pine), Pinus jeffrey: (Jeffrey Pine),
Pinus lambertiana (Sugar Pine), Calocedrus decurrens (Incense-Cedar), Abies concolor
(White Fir). Understory shrubs include Chamaebatia foliolosa (Mountain Misery),
Ceanothus cordulatus (Mountain Whitethorn), Arctostaphylos manzanita (Manzanita),
and the occasional Cannabis sativa. Mean annual biomass production derived from
globally upscaled FLUXNET at 0.5° resolution eddy covariance GPP data (Jung and
others, 2011, 2019) for the years 1980 to 2013 was 1348 = 54 t km ™ *yr . We estimate
an annual runoff of 0.4+0.09 (m yr~!, =1sd) from the KREW stream monitoring
program.

We sampled bulk soil and saprolite from the P301 soil profile to 100 cm depth
and the soil-saprolite Shaver Lake profile (named the “Balsam” profile) that consists
of at least 600 cm of altered rock (fig. 4B, Data Table SN 1). As bedrock was not
encountered at the base of either profile, we collected bedrock samples exposed in
the respective catchments. Because these may be biased in composition due to local
heterogeneity we complemented our own bedrock data with a compilation from
Hahm and others(2014) and Riebe and Granger(2013) (Data Table SN 1) to recalcu-
late CDF using a common and presumably representative bedrock Zr concentration.
Creek water of the individual Providence Creek sites (P301, P303, P304, D102, Data
Table SN2), soil water (P301, P303, P304), and groundwater (P301 well 1 and well 2)
were sampled (Data Table SN2). We also sampled the main vegetation types in the
forest (Data Table SN3).

Sri Lanka

The study site is located in the Central Highlands of Sri Lanka. The sampling
location is a regolith profile located at 1753 m altitude that is exposed along the road
from Nuwaraeliya to Welimada, close to the Hakgala Botanical garden (fig. 3C). The
profile's mineralogy and geochemistry, including soil water and surface water chemis-
try is described in detail in Hewawasam and others(2013) and the mineralogical trans-
formations in Behrens and others(2015). Landscape-scale erosion and denudation
rates from both cosmogenic nuclides and river loads are given in Hewawasam and
others(2003) and von Blanckenburg and others(2004). The mean annual tempera-
ture ranges from 7.8 °C to 23.4 °C. The forest receives both north-east and south-west
monsoons with annual precipitation ranging from 1237 mm to 2269 mm. The rego-
lith at the sampling site is located on a hillslope and developed from the underlying
charnockite bedrock (a high-grade metamorphic rock consisting of K-feldspar
(32 %), quartz (30 %) and plagioclase (25 %) as major mineral components and bio-
tite (7 %) and orthopyroxene (4 %) as minor mineral components). The profile has
a depth of >10 m (fig. 4C) with a red-yellow lateric soil layer in the uppermost 60 cm
of the profile. Between the base of the soil layer and 6 m depth the saprolite is reddish
and highly weathered. The lower part of the saprolite is banded with thin white and
yellow layers and contains small rounded charnockite core stones ranging in diameter
from a few cm to 50 cm. Below a depth of 8 m, massive charnockite corestones were
found, affected by incipient weathering reactions.
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The landscape-scale denudatlon rate measured from cosmogenic nuclides (°Be)
in river sediment is 50 to 100 t km 2 ! (von Blanckenburg and others, 2004). The
average denudation rate derived from Cosmogenlc 19Be measured on soils in close vi-
cinity to the sampled regolith profile is 42 = 6 t km™ > yro ! (Data Table C2, after
Hewawasam and others(2013), corrected for dissolved loss in the saprohte below the
cosmogenic attenuation depth, corresponding to 16.0 = 2.5 mm kyr '

The upslope catchment of the regolith profile is steep with slopes of 10° to 25°
and completely covered by a natural forest. The vegetation cover consists of a tropical
forest with a thick canopy up to a height of 20 m and hosts at least 97 tree species,
of which 62 are endemic. The most common tree species are: Allophylus varians
(Sapindaceae), Cinnamonum ovalifolium (Laureacea), Eugenia mabaeoides (Myrtaceae),
Memecylon parvifolivm (Melastromataceae), Michelia nilagirica (Magnoliaceae), Neolitsea
Juscata (Lauraceae), Psychotria bisulcata (Rubiaceae), Semecarpus coriacea (Anacardiaceae),
Symplocos loha (Symplocaceae), Syzygium revolutum (Myrtaceae), and Syzygium rotundifo-
lium (Myrtaceae) (Weerakkody and Parkinson, 2006a). Mean annual biomass produc-
tion derived from globally upscaled FLUXNET eddy covanance data at 0.5° resolution
for 1980-2018 (Jung and others, 2019) was 2957 = 106 t km™ yr~'. We estimate a runoff
of 1.14 = 0.35 (m yr ', =1sd) from reported gauging of the smaller rivers in
Hewawasam and others (2013) and von Blanckenburg and others (2004), excluding the
larger Uma Oya catchment.

We collected bulk soil, saprolite and bedrock samples of the regolith profile at
Hakgala (Data Table SL1). Soil water and river water of three creeks (in the vicinity of
the regolith profile within a distance of 300 m) draining undisturbed, first-order for-
ested catchments were also sampled (Data Table SL2). We also sampled the main veg-
etation types present in the vicinity of the regolith profile (Data Table SL3).

METHODS

Rock and Regolith Chemical Composition by X-Ray Fluorescence

Total element concentrations of soil, saprolite and rock were analyzed on bulk
samples using X-ray fluorescence spectrometry (XRF, Panalytical Axios Advanced,
German Research Center for Geosciences (GFZ Potsdam), section Inorganic and
Isotope Geochemistry). All silicate sample types (bedrock, saprolite and soil) were
oven-dried at 60 °C, and representative aliquots of the samples were pulverized in an
agate mill to < 63 um grain size. Sample powders were weighed before and after com-
busting for 5 h at 600 °C to determine the loss on ignition (LOI). The remaining pow-
der was then used for alkali fusion using Li-metaborate to produce glass beads that
were analyzed for bulk chemical composition. Relative analytical uncertainties on the
reported XRF data are about 5 % for major elements and about 10 % on trace
elements.

Reported major element composition and Zr concentration of bulk samples were
corrected for loss on ignition LOIL For calculation of CDF and ¥ values we use the
LOI-corrected concentrations to rescale all reported element concentration data to

100 %:

[X] ) _ ([X]solid,uncorrected ! 100)
solid corrected (100 — LOI)

(15)

Mineralogical Characterization by X-Ray Diffraction
Powder X-ray diffraction analyses (Siemens D5000, Cu-Ka radiation, resolution
0.01° 2 Theta, <63 pm fraction) were performed at GFZ Potsdam for mineral
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identification on selected sieved samples. For peak maxima identification, we used
the software MATCH! 3.3.

Anion Concentrations by Ion Chromatography

Water samples were taken into 5 ml glass vials and sealed gas free. Major anion
(CI", NOs ™, PO4 SOy ) concentrations were determined using a Thermo Scientific
Dionex Ion Chromatograph DX-120 or a Thermo Scientific ICS 1100 with the column
Ion Pac AS 9-HC at section 3.1, GFZ Potsdam. Sample, eluent, and standard prepara-
tion for both instruments and measurements was similar. We always used a freshly pre-
pared 9 mmol/l NayCOs solution as eluent. Calibration standard solutions were
prepared daily from Merck 1000 mg/1 standard solutions. For data evaluation, we
used total peak integration of the analyzed anions to determine their concentrations.

Alkalinity by Photometry
Alkalinity was measured in the field using the photometer system AL400 from
Aqualytic on 10 ml of sampled water and an ALKA-M-PHOTOMETER tablet. For
some samples, total alkalinity was determined in the laboratory by titration with 0.01
M HCI (Titrisol Merck) to a pH of 4.3 as measured by a pH meter.

Major Element Concentration of Water Samples by ICP-OES

ICP-OES measurements of major element concentrations were performed in the
Helmholtz Laboratory for the Geochemistry of the Earth Surface “HELGES” (von
Blanckenburg and others, 2016) at GFZ Potsdam, using an axial ICP-OES (Varian
720-ES). Details on the instrumental setup and the analytical method are given in
(Schuessler and others, 2016) and are briefly summarized here. Water samples were
filtered (< 0.2 pm) and acidified to pH ~ 2 with Suprapur grade HNOg in the field
and stored at 4 °C in acid cleaned PE bottles. Before concentration analysis, samples
were diluted in 0.3 M HNOj containing 1 mg/g Cs. Matrix matched calibration stand-
ards were made from a mixture of single element ICP standards (Merck CertiPur,
traceable to NIST reference materials). Procedural blanks were below 0.1 % of analyte
solutions and are considered to be negligible. Relative analytical uncertainties for
data measured during this study are estimated to be between 5 and 10 %.

Trace Element Concentration of Water Samples by ICP-MS

Trace element concentrations were measured in the “HELGES” Laboratory at
GFZ Potsdam using a high-resolution inductively coupled plasma mass spectrometer
(HR-ICP-MS; Element 2, Thermo Fisher Scientific). Li, Rb, Sr, Y, Ba were measured in
low mass resolution and Al, P, V, Cr, Ni, Zn in medium mass resolution mode. In both
modes Rh was used as internal standard. All samples and calibration standards were
diluted in sub-boiled 0.3 M HNOs. Tests prior to the measurements showed that ma-
trix-matching of the calibration solutions is not needed, as no significant matrix
effects are observed in the presence of major elements in the concentration range
expected in river and soil water. Relative analytical uncertainties for data measured
during this study are estimated to be between 10 and 20 % for most elements, verified
by the same method used for ICP-OES analysis (see table C6 for individual quality con-
trol results). The certified reference standard (SLRS-6, National Research Council of
Canada), three standard reference samples (M-212, T-213, and T-227, U.S. Geological
Survey), as well as one in-house standard (GFZ-RW le, prepared from single element
standards, traceable to NIST) resembling a typical river water matrix containing the
major constituents Ca, Mg, K, Si, Na, S, P and the trace constituents Cu, Ni, Zn, Ti
and Fe, were analyzed together with unknown samples. The uncertainty of the
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measurements is given in tables A2, SN2, and SL2 as one standard deviation, for the
reference standards in table C6 it was estimated from repeated measurements over
multiple sessions. For every measurement session the limits of quantification (LOQ)
were calculated based on the ten-fold standard deviation above the blank.

Sr and Nd Isotope Ratios by MC-ICP-MS

In order to identify sources of material, Sr isotope analyses of rock, regolith,
water and plant samples from all three sites were performed in the HELGES labora-
tory following the method described in Hewawasam and others (2013). In brief sum-
mary for all water and solid samples (digested using concentrated acid mixtures of
HF, HNOg3 and HCI, see for example, Hewawasam and others, 2013), Sr was separated
from the sample matrix by extraction chromatography (using an Sr-SPEC resin,
Eichrom), and Sr isotope ratios were measured by multicollector ICP-MS (Neptune
Plus, Thermo Fisher Scientific) using an APEX-Q (ESI) desolvation system as the sam-
ple introduction system. Kr interferences on masses 84 and 86 and a Rb interference
on mass 87 were corrected for using *’Kr and ®’Rb signals along with Kr and Rb iso-
tope ratios as measured at the beginning of the sequence. Natural and instrumental
mass fractionation on the ¥’Sr/*°Sr ratio was corrected for using an exponential law,
the measured %%Sr/®°Sr ratio and a normalizing natural abundance ratio, taken as
8.3752. Each sample was measured three to six times during a session. The associated
double standard deviation (2 S.D.) was in the range 1 to 5 x 107° on the ¥'Sr/®%Sr ra-
tio, equivalent to that estimated on a longer-term basis using the Sr carbonate refer-
ence material NIST SRM 987, which was frequently measured to check the accuracy
of the method.

To identify possible dust additions at the Sierra Nevada CZO, Nd isotope analyses
were performed for soil and saprolite samples from this site only at the analytical plat-
form PARI of IPGP by MC-ICP-MS (Neptune Plus, Thermo Fisher Scientific) using an
APEX-IR (ESI) desolvation system as the sample introduction system with Ny addition
and X-cones. Chromatographic separation of Nd prior to analysis was achieved using
columns packed with the TRU-SPEC and Ln-SPEC resins (Eichrom). Natural and
instrumental mass fractionation on the 143Nd/ 4Nd ratio was corrected for using an
exponential law, the measured '*°Nd/'*'Nd ratio and a normalizing natural abun-
dance ratio, taken as 0.7218. Nd isotope ratios are reported as exq values, with
3N d /**Nd ratios normalized to the ratio of the CHUR (0.512638).

Element Concentrations in Plant Material

Plant samples were digested in the HELGES laboratory using a microwave-
assisted digestion system (MLS Start), or in PFA vials on a hotplate, in a concentrated
acid mixture of HNO3;/HyOy followed by a treatment with concentrated HF to
remove biogenic silica. Alkali fusion was performed on separate sample aliquots to
obtain concentrations of Si, which is otherwise volatilized by the HF. After digestion
samples were diluted in 0.3 M HNOg containing 1 mg/g Cs (see detailed method
description for ICP-OES analysis above) and analyzed by ICP-OES (Varian 720-ES).
Relative uncertainties were determined by repeated analyses of standard reference
materials (NIST SRM1515, ERM-CD281) and are better than 20 % for all elements
with the exception of Fe, Na and Zn (relative uncertainty <30 %).

Stream Solute Corrections and End Member Mixing Analysis (EMMA)
Surface and subsurface waters combine solutes derived from a variety of sources,
including wet (rain) and dry (dust) atmospheric deposition, anthropogenic inputs
(for example, fertilizers), and weathering solutes of various mineral types (for
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TABLE 3

Fractional contributions to dissolved elements in stream water deduced from the inversion
of mixing equations

Alps K + Na + Sr + Ca + Mg +

Silicate 0.98 0.02 0.89 0.08 0.18 0.17 0.49 025 062 030
Carbonate 0.00  0.00 0.00 0.00 0.80 0.18 0.51 025 037 030
Rain 0.02  0.03 0.11 0.08 0.01 0.02 0.00 0.00 0.01 0.01
Sierra Nevada K + Na + Sr + Ca + Mg +

Silicate 092  0.09 0.87 0.16 1.00 0.01 1.00 0.00 099 0.02
Carbonate 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rain 0.08 0.09 0.13 0.16 0.00 0.01 0.00 0.00 0.01 0.02
Sri Lanka K + Na + Sr + Ca + Mg +

Silicate 056  0.19 0.11 0.13 0.12 0.02 0.64 0.06 025 0.16
Carbonate 0.00  0.00 0.00 0.00 0.77 0.04 0.32 0.06 070 0.16
Rain 044  0.19 0.89 0.13 0.11 0.04 0.05 0.02 0.05 0.01

For all other elements, the fractional contribution of silicate weathering is assumed to be 1.00 = 0.00.
See Data Supplemental Table C4 for end member contributions in individual streams.

example, carbonates, evaporites or silicates). Because W,,e}fgom is measured on the small

spatial scale of regolith, whereas WX integrates over the catchment scale, these con-
tributions likely differ. To allow inter-method comparison, solute concentrations must
be corrected for non-silicate sources. For each site of the erodosequence, concentra-
tions measured in water samples were first corrected for rain inputs assuming all Cl is
sourced in rain. Thus [ X] diss,corrected = [ X] diss,uncorrected ~ [ Cl] diss * (X/ Cl)seawattm where
[ X diss,uncorrectea 1 the measured concentration of the solute X, [X/yis correctea 18 the rain-
corrected concentration, and (X/Cl)uwaer 1S the marine X/Cl ratio (as the rainwater
chemistry is usually considered to be derived from sea salts, at least for the solutes con-
sidered in the present study). Note that for consistency between the three sites we
update the results for the EMMA in Sri Lanka from those presented in a previous pub-
lication (Hewawasam and others, 2013) where a different method was used to correct
for rain water contribution.

To identify the sources of solutes in water samples and the proportions by which
they contribute solutes, we examined our data in mixing diagrams (see fig. S1 in Data
publication Part 2), using elemental molar ratios (Mg/Na, Sr/Na, Ca/Na, Na/Sr; all
corrected for rain water inputs) ratios and Sr (87Sr/ 80Sr) isotope ratios. This ratio
approach has the advantage over using simple element concentrations of dilution
effects cancelling out. In addition, Ca, Mg, Na, and Sr are thought to be the most solu-
ble rock-forming elements and to be the least sensitive to secondary phase formation,
such that a priori these ratios can be considered conservative during water mass mix-
ing. The “radiogenic” isotope ratio 87Sr/ 86Sr is insensitive to processes such as second-
ary phase formation and biological uptake, since internal normalization of the
88Sr/ 86Sr ratio during measurement removes any imprint of Critical Zone processes.
As a consequence, these elemental and isotope ratios can be used to distinguish differ-
ent rock types as solute sources, and to quantify the contributions thereof. The details
of this analysis are provided in Data Publication Part 2, and the results are provided in
table 3 and Data Table C4.

Data and Metadata Reporting and Supplementary Information

This publication is accompanied by an open-access online data publication at
GFZ Data Services (von Blanckenburg and others, 2021) that consist of two parts.
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increasing regolith residence time

Swiss Alps Sierra Nevada Sri Lanka
04 *—oy-o 0 01
—250 —2504 —2501
E E E
o, o, o,
< 500 £ 500 < 5001
a a a
[} (7} [}
kel o© / kel
_7504 _7504 ® Balsam —750
A P30t
W P303
-10004 “t000{ T P304 10001 o—
100 075 050 025 000 100 075 050 025 000 100 075 050 025 000
CDF CDF CDF

Fig. 5. Chemical Depletion Fraction (CDF, denoting the fractional mass loss of total solutes relative to
unweathered bedrock, where 0 represents no loss, and 1 is complete loss; eq 4) versus depth in the weath-
ering profiles of the three study sites. Soil and saprolite overlying granitic rock typically have a maximum
possible CDF of ca. 0.5, due to the presence of weathering-resistant quartz and the formation of secondary
aluminosilicates and Fe and Al oxyhydroxides.

All elemental concentration data produced in this study (together with data
taken from previous publications: Uhlig and others, 2017; Schuessler and others,
2018) on bedrock, saprolite, soil, soil solutions, river water, groundwater, dominant
plant species, plus a summary of rates previously published elsewhere are provided in
an extensive set of background data tables (hereafter referred to as “Data Tables”).
The aim is to make this data readily available for global compilations. These Data
Tables provide support for metal isotope studies already published (Uhlig and others,
2017; Schuessler and others, 2018), plus the companion papers to this contribution
(Bouchez and von Blanckenburg, 2021, Frings and others, 2021a, Frings and others,
2021b). All samples have been attributed a unique identifier, an “International Geo
Sample Number” (IGSN), including parent- and daughter relationship. Sample meta-
data is linked to IGSNs at http://igsn.org.

Supplementary information is contained in a second part of this online data pub-
lication, hereafter called “Data Publication Part 2” (http://earth.eps.yale.edu/%
7eajs/SupplementaryData/2021 /vonBlanckenburg). This part contains 1) a detailed
description of the results of the end member mixing analysis EMMA including their
graphical presentation; 2) a re-assessment of the significance of dust input in the
Sierra Nevada as previously published by Aciego and others, 2017; 3) XRD diffracto-
grams of bulk samples at all sites.

RESULTS AND INTERPRETATION

Degree of Weathering

To characterize the degree of weathering at all three sites we calculated the
chemical depletion fraction CDF (eq 4). CDF is shown in figure 5 and provided in
Data Table Al (Alps), SN1 (Sierra Nevada), and SL1 (Sri Lanka). Mean values are
summarized in table 2. In the Alps, CDF'is low, with values from 0.1 to 0.4 (mean value
0.3). In the Sierra Nevada, CDFis 0.3 to 0.5 (mean value 0.4). These values are typical
of kinetically limited weathering regime throughout the profile that is typical for
high-erosion rate settings. In Sri Lanka, the CDFranges from 0.1 just above the weath-
ering front to 0.6 in the topmost soil (mean value 0.5). This implies that near the
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Fig. 6. Elementspecific depletion fraction 7" using Zr as the chemically immobile element for Ca, K,
Na, P and Si plotted as function of depth for the three study sites. By convention 7™ is opposite in sign to
CDF, such that 0 implies no loss, —1 is complete loss, and positive 7* denotes elemental gain (eq 5).

surface, weathering has essentially run to completion and the site is in the supply-lim-
ited regime typical of well-drained, low-erosion rate settings.

Elemental depletion fractions 73, confirm this picture and provide additional
insight (fig. 6). In the Alps, T?rvalues are uniform with depth, and only P is enriched
at the surface. Na is most strongly depleted at Tg’,lof —0.5, indicative of efficient weath-
ering of albite-rich plagioclase. In the Sierra Nevada Na is not totally depleted (75>
—1) at the surface, implying that plagioclase weathering does not run to completion,
and small amounts persist to be eroded. K and Si remain in appreciable proportions,
while P is depleted at depth but increases at the surface, as does K. Increasing 73, for
nutritive elements towards the surface of soil profiles is characteristic of nutrient uplift
processes (Jobbagy and Jackson, 2001; Lucas, 2001). In Sri Lanka, almost all soluble
elements (Ca, Na, K) are totally depleted meaning none of the primary minerals that
host these elements can be exported by topsoil erosion. In the upper soil layers, P and
Ca and Mg are enriched relative to deeper layers, hinting at nutrient uplift and the
input of dust (see also Data Publication Part 2; fig. SI). Element depletion profiles in
the Alps and Sierra Nevada are thus characteristic of kinetically limited weathering
regimes, while the Sri Lanka site falls in a supply-limited regime (Dixon and others,
2012).

X-Ray Diffraction analyses also corroborate these interpretations. At the Alps site,
the XRD diffractogram (Data Publication Part 2, fig. S3a) show that biotite and plagio-
clase abundances slowly decrease towards the top of the soil profile and that first signs
of kaolinite appear. At the Sierra Nevada site, XRD diffractograms (Data Publication
Part 2; fig. S3b; Uhlig and others 2017) show that plagioclase, K-feldspar, and biotite
abundances decrease towards the surface but do not reach zero, while kaolinite abun-
dance increases. Others have reported that clay contents are less than 10 % in SN soils
(Dahlgren and others, 1997). At Sri Lanka, XRD diffractogram on bulk samples show
that the abundance of plagioclase, K-feldspar, and biotite strongly decrease towards
the surface whereas kaolinite abundances increase (Data Publication Part 2; fig. S3c).
Published XRD diffractograms (Behrens and others 2015) of the clay-sized fraction
show that kaolinite is the major secondary clay mineral throughout the regolith, fol-
lowed by gibbsite, indicative of an intense weathering regime that produces a highly
insoluble residue. In some cases, quartz and feldspars are detected in the clay-sized
fraction.
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Fig. 7. Regolith profile weathering rate (W) versus regolith 0production rate (RP) for the three
study sites. Regolith production rates are obtained from cosmogenic 'Be in surface soil quartz as in figure
7. Regolith weathering rates are from the product of regolith production rate and soil CDF, (fig. 5; see eq
6). Grey symbols show global soil data from Dixon and von Blanckenburg (2012). The straight line shows
the weathering-regolith production relationship for a chemical depletion fraction CDF of 0.5, which is the
approximate maximum mass loss from felsic rocks, since roughly 50 % of the total initial rock mass either
consists of quartz and minor refractory minerals, or is retained in secondary aluminosilicates and Fe- and
Al-oxides, which are only sparsely soluble under most conditions. Data for the three sites are given in Data
Table C2.

Weathering rates at all sites are correlated with regolith production rates (RP)
and fall within the global range determined on soil samples (fig. 7). Only in Sri Lanka
the empirical “maximum” weathering rate is reached for a given RP, whereas the Alps
and the Sierra Nevada site are characterized by lower weathering rate for a given RP,
testifying to their kinetically limited nature (fig. 7).

Sources of Constituents of River Dissolved Loads from End Member Mixing

The concentrations of dissolved constituents (major anions, cations, and Si) and
properties such as pH, temperature and alkalinity are given in Data Tables A2 (Alps),
SN2 (Sierra Nevada), and SL2 (Sri Lanka).

The elements used in the mixing diagrams (Ca, Mg, Na, Sr) of Data Publication
Part 2, figure S1 are thought to be the most soluble elements and the least sensitive to
secondary phase formation, such that to a first order the ratios between their concen-
trations can be considered to behave near-conservatively during mixing of different
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water masses. However, we show below that for some of these elements (Ca, Sr, Mg),
the assumption that they are not incorporated into secondary phases or taken up by
plants is not always valid. Nevertheless, the mixing diagrams show that silicate weather-
ing is the sole source of dissolved constituents (besides rain) at the Sierra Nevada
CZO. In particular, Sr and Nd isotope measurements indicate no significant influence
of dust deposition at our sampling sites underlain by granodiorite, counter to the con-
clusion reached by Aciego and others(2017) (see next section for more details on
potential dust input and Data Publication Part 2 for a re-assessment of the dust source
and flux). Carbonate dissolution contributes Ca, Mg, and Sr to river water at the two
other sites. In Sri Lanka, this carbonate source is likely deposition of carbonate-rich
dust since the impact is seen in both the upper regolith and stream water chemistry.
In the Alps, the contribution likely stems from weathering of marble layers dissemi-
nated in gneiss bedrock. Additionally, two end members of silicate weathering can be
distinguished at the Alps site: a “hillslope” end member representing weathering in
soils and a “deep” end member reflecting fluid-rock interactions taking place at depth
in fractured rocks (Data Table C4). The deep end member is marked by strong scav-
enging of dissolved Mg (compared to surface waters collected in soils or rivers), pre-
sumably through the formation of Mg-rich clays in fractures, which constitutes an
example of a non-conservative behavior of Mg. The waters circulating in these deep
fractures are thought to reach the streams through seepage. However, both these end
members represent weathering processes affecting Alps local silicate rocks.

At the Sierra Nevada CZO, besides fluid-rock interactions, the imprint of biotic
uptake is visible in ground- and stream waters by the depletion of the rock-derived
nutrients Ca, Mg, and Sr relative to Na. In contrast, shallow soil water samples are enriched
in these nutrients, which we attribute to their release during litter decomposition.

Quantitative apportionment of dissolved constituents between these different
sources was obtained by solving mixing equations (results shown in table 3, and in
more detail in Data Table C4). In the Alps and Sri Lanka the contribution of carbon-
ate inputs to stream dissolved Ca, Mg, and Sr can be significant (30 to 80 %). The frac-
tional contribution of wet deposition to total inputs (silicate rock weathering plus wet
and dry deposition) is significant for K and Na only, and increases from Alps (a few
percent) to Sierra Nevada to Sri Lanka (where it reaches almost 90 % for Na). Dry
deposition (carbonate dust) is significant in the Alps and Sri Lanka for Mg, Ca, and
Sr, where its contribution is between 20 and 40 % for these elements (Data Table C5).

For each site, to compute DEEX and DEEY, we use the results from the end mem-
ber mixing analysis to calculate silicate-specific solute concentrations to be used in
equations (13) and (14). In other words, we calculate whether fluxes of silicate
derived elements that are lost from the regolith appear in equal quantity in the
streams draining the catchments. Additionally, given the significance of rain (for Na
and K) and carbonate dust inputs (for Ca, Mg, and Sr) to the ecosystem's elemental
budgets in Sri Lanka, at this site we compute “total” values RecX, DEEX, and DEEJ)&“ that
encompass all inputs, using the results of the end member mixing analysis to quantify
wet and dry deposition fluxes in the full versions of equations (12), (13), and (14).
With this “total” calculation, we are essentially comparing all sources of solutes (sili-
cate, carbonate, dust, rain) with the observed rate of loss in river water.

Denudation, Erosion, Weathering Rates, and Atmospheric Inputs
The landscape-scale denudation rates of 220 to 5500 t km ™ * yr_l for the Alps, 70
to 200 t km 2 yr ! for the Sierra Nevada, and 50 to 100 t km * yr ' for Sri Lanka
(table 2,; Data Table C2; fig. 8) define the three categories of our “erodosequence™
fast, moderate, and slow. The rates at the three sites are typical of these domains in
global compilations of catchmentwide denudation rates (Portenga and Bierman,
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Fig. 8. Regolith production rates (RP) versus catchmentscale denudation rate (D) from cosmogenic '“Be
in quartz in adjacent creek and stream sediments for the three study sites. Regolith production rates from soil
denudation rates from cosmogenic ~Be in surface soil quartz are assumed to be equal to regolith production
rate at steady-state, and. Regolith productlon represents a near landscapc -wide average in Sierra Nevada and Sri
Lanka. In the Alps, soils do not exceed a “speed limit” (450 t km™ yr !, Dixon and von Blanckenburg, 2012)
even though landscape-scale denudation rates are higher. Data are given in Data Table CI.

2011; Codilean and others, 2018). These landscape scale rates are ultimately set by a
combination of tectonic and climatic forcing, but they do not necessarily reflect the
fluxes found in the weathering zone or in river dissolved loads, which are capped by
an upper limit (Dixon and von Blanckenburg, 2012) that we illustrate next.

Soil denudation rates D (taken to be equlvalent to regolith producuon RP, table
2 and Data Table C2) is 103 t km ™ yr ' in the Alps, 221 t km ? yr ' in the Sierra
Nevada, and 42 t km ™ ? yr ' in Sri Lanka. Dividing regolith thickness by denudation
(or regolith production) rate yields regolith residence times of 10 kyrs in the Alps, 86
kyrs in the Sierra Nevada, and 600 kys in Sri Lanka (table 2). These residence times
are broadly reflected in the respective chemical depletion fractions (CDF) and thus
set the state of weathering. Using the denudation rates in conjunction with mean CDF
values (table 1) from each site and equation (6) to determlne regohth weathermg
rates W, g yields chemical weathering rates of 32 = 25 t km? yro Pand §r0510n rates
(calculated as the difference between D and W), of 71 * 55 t km 2 yr 1n the
Alps At the Sierra Nevada site, chemlcal weathering rates are 80 = 28 tkm “yr ' and
erosion rates are 141 + 50 t km ? yr ', In Sri Lanka, Chemlcal weathermg rates are
20.8 = 7.0 tkm ™ yr ! and erosion rates are 20.8 = 7.0 t km ™ yr
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In Sri Lanka and the Sierra Nevada RP agrees within a factor of two with land-
scape scale D as measured by cosmogenic 1%Be in river sediment, meaning that our
regolith production rates effectively reflect landscape-scale averages (fig. 8). In the
Alps this is not the case, and catchment-scale denudation rates exceed regolith pro-
duction rates by up to two orders of magnitude. These rates of up to 5000 t km 2 yr~
are typical of high, uplifting, and formerly glaciated mountains. Yet even here, the
regolith production rates conform to the upper limit to soil production rates captured
in the concept of a “speed limit” of 450 t km ® yr' (Dixon and von Blanckenburg,
2012). Landscape-scale denudation rates include large mass wasting events that do
not allow for the development of a weathering zone, and hence of soils, which form
on stable hillslopes and ridges. In support of this hypothesis, we note that the regolith
thickness, which is around 7 and 10 m in Sierra Nevada and Sri Lanka, respectively, is
only 0.35 m in the Alps. Regolith depths of around 5 to 10 m are typical of weathering
zones formed on felsic rock in landscapes with slow erosion (Bazilevskaya and others,
2012). The shallow depth in the Alps therefore likely results from the fast landscape
scale erosion rates that prohibit long regolith residence times in order to maintain a
stable relief (fig. 1). An alternative explanation is that the shallow soil thickness
reflects non-steady state following the resetting of land surfaces by glaciation of the
last ice age (Norton and von Blanckenburg, 2010; Norton and others, 2010). In the
absence of independent RP rate estimates, this possibility is hard to conclusively rule
out, but application of the time-dependent weathering model of Ferrier and Kirchner
(2008) by Norton and others (2010) suggested that the > 15 kyrs time elapsed since
deglaciation is sufficient to allow for the attainment of steady-state soil thickness.

A means to assess whether weathering is at steady state (that is, that the rates of
loss of soluble elements from the regolith over a multi-kyr time scale correspond to
the river export rate of the dissolved elements over a multi-yr time scale) is offered by
the comparison between regolith weathering rates W, and catchment scale weath-
ering rates W,;,,, (Buss and others, 2017, Hewawasam and others, 2013). We find that
the silicate portion of W, calculated from equation (9) by multiplying the silicate
weathering contribution to local stream chemistry with representative discharge data
for streams in the area (table 2) is similar to or lower than W,z In the Alps, W,
is 43 t km 2 yr71 while W,goi is 32 = 25 t km 2 yrfl. In the Sierra Nevada, W,,,,, is
11 t km 2 yr71 where W,,g0n, is 80 = 28 t km 2 yrfl. In Sri Lanka, W, is 18 t km 2
yrf1 where W, poin is 20.8 = 7.0 t km 2 yrfl. We note that W, and W, must not
necessarily agree, given that the two approaches integrate over very different time
scales, and W,;,,, is affected by annual variations in runoff, an issue we address below
by introducing a normalization of concentrations by that of Na. For example, the
Sierra Nevada site has been affected by drought in the past decade (Aarons and
others, 2019). W,;,,.» might also be lower than W,y if a substantial fraction of solutes
is exported by plant debris (see section below on the dissolved export fraction DEE).
Nevertheless, the fact that both estimates are within the same range means that a)
weathering at our sites is close to steady state; b) weathering takes place where soils
form, rather than on fast-eroding soil-free surfaces that exist in the sampled catch-
ments in the Alps where catchment-scale cosmogenic '’Be estimates of D exceed soil-
derived D, indicating fast erosion of soil-free surfaces (fig. 8).

Atmospheric inputs are much lower than regolith production rates in the Sierra
Nevada and the Alps. In the Swiss Central Alps near Monte Rosa (Wagenbach and
Geis, 1989) determined an average dust flux of 0.6 t km™? yr™ ' as recorded in a 50 yr
glacier ice-core record, with a maximum annual input of 5.4 t km 2 yrfl. Thus, we
assume a range of 0.6 to 6 t km ™% yr™1 for the Swiss Central Alps. With 6.6 t km ™ yr~!
in the Sierra Nevada (Arvin and others, 2017) dust inputs are in a similar range. As
shown below, the ratio of elemental dust deposition to the local, bedrock-derived
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elemental supply flux (referred to as RPY, eq 3) amounts to less than 4 % for K, Ca
and Mg and to about 5 % for P at our sites. Therefore, the atmospheric supply flux of
mineral nutritive elements can be considered to be insignificant relative to the local
long-term supply fluxes from weathering (Uhlig and others, 2017). In contrast,
Aciego and others(2017) concluded that dust flux in the Sierra Nevada outpaces nu-
trient supply from bedrock. We find — for a variety of reasons — that this conclusion is
not valid for the granodiorite site studied here. Further details are given in Data
Publication Part 2. Our interpretation of low dust fluxes to the Sierra Nevada site is
supported by more recent measurements of dust fluxes (Aarons and others, 2019)
that are an order of magnitude lower than those measured by Aciego and others
(2017). In the Sri Lankan Highland the origin and magnitude of potential dust inputs
have not been determined in detail. Yet Hewawasam and others (2013) have esti-
mated an LUPper limit of atmospheric dust flux to the Sri Lankan Highlands of 5 to
10 t km ™% y~'. This dust flux has been measured in marine sediments west of Sri
Lanka (Dlrtmap data base http://www.bridge.bris.ac.uk/projects/DIRTMAP;
Kohfeld and Harrison, 2001) and is consistent with measured enrichment of Ca, Mg,
Al, Ti, and Si in the Hakgala top soil by addition of carbonate and silicate-rich dust
from global or regional sources (Hewawasam and others, 2013). To summarize,
atmospheric inputs are low relative to bedrock supply at all three sites along the ero-
dosequence in terms of total mass, although they are significant for the alkali-earth
elements in Sri Lanka.

Ecosystem Fluxes

Biomass production (taken as numerically equivalent to GPP; see above)
extracted from a global data product based on a machine-learning combination of
FLUXNET eddy covariance site data, meteorologlcal data and satellite imagery (Jung
and others 2019) at a 0.5° resolution is 780 = 18 tkm yr "in the Alps, 1350 + 54 t
km ?yr ! in the Sierra Nevada, and 3000 = 100 t km ®yr ' in Sri Lanka (table 2; fig.
9). Uncertainty is given as 2c of the annual estimates from 1980-2013 (see detailed
background data used to derive ecosystem fluxes in Data Table C5). The relative dif-
ferences between the sites are consistent with Alpine slopes being covered with grass-
land and exceedingly rare patches of Edelweiss (Leontopodium nivale), the Sierra
Nevada with mixed conifer forest, and the Sri Lankan Highlands with a pristine tropi-
cal rainforest. The absolute values are consistent with multi-yr eddy covariance flux
tower measurements in similar environments in the Alps and Sierra Nevada
(Galvagno and others, 2013; Kelly and Goulden, 2016), and with litter-trap experi-
ments in a similar Alpine grassland and at the Sri Lanka site (Weerakkody and
Parkinson, 2006a; Joos and others, 2010). Estimates of GPP derived purely from
MODIS imagery at a 30 arcsecond resolution (Zhao and others, 2005, 2006) also
agree well, as does the estimate of aboveground biomass production produced by
Uhlig and others(2017) for the Sierra Nevada site. Figure 9 and Data Table C5 com-
pare these different estimates. For consistency, we use biomass production from the
FLUXNET upscaling (Jung and others, 2019) at all sites.

Using these fluxes in conjunction with foliar and wood concentrations of the nu-
tritive elements (Data Tables A3, SN3, and SL3), we calculate U, the rate of i incorpo-
ration of elements into plant biomass. Potassium and calc1um are the two most
abundant elements in biomass at all three sites, followed by P and Mg with roughly
equal abundance. There are substantial intersite differences, with element uptake
being uniformly higher in Sri Lanka than Sierra Nevada by about an order of magni-
tude. In turn, Sierra Nevada has greater element uptake rates than the Alps, though
only by a factor of two, with the exceptlon of K (Data Table C5). The increase in U~
from the Alps to Sierra Nevada is largely explained by the biomass production rate
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Fig. 9. Biomass production at the three sites, as estimated by different methods. FLUXCOM: Annual
Gross Primary Production (GPP) estimates for 1980-2013 derived via a combination of FLUXNET eddy
covariance data, remote sensing imagery and metrological data at a 0.5° resolution within a machine-
learning framework (Jung and others, 2019). The uncertainties are smaller than symbol sizes unless indi-
cated otherwise. Modis: GPP estimates from 16 years of Modis remote sensing data (2000-2015) at a 30
arcsecond resolution (Zhao and others, 2005, 2006). Eddy Covariance: The nearest available eddy covari-
ance towers are: Torgnon in the Acosta Valley, 2160 masl, ca. 90 km to southwest of the Alps site
(Galvagno, ms, 2011; Galvagno and others, 2013) and Providence Creek in the Sierra Nevada (Kelly and
Goulden, 2016). Biomass production is estimated by assuming that NPP(C) = GPP(C)/2, and further that
dry biomass consists of 50 wt % carbon, such that total biomass production is numerically equivalent to
GPP. Litterfall: Estimates of aboveground biomass production, as estimated by a nearby litter experiment
in the Alps (Joos and others, 2010), via a compilation of literature growth rates and allometry for the dom-
inant Pinus species in Sierra Nevada (neglecting root biomass production, unlike Uhlig and others,2017),
and from three years of litter-trap monitoring in Sri Lanka (Weerakkody and Parkinson, 2006b). See also
Data Table C5. In this paper we use FLUXCOM data throughout to calculate the derived metrics (U
Rec™) because this source is the most comprehensive combination of MODIS imagery, eddy covariance car-
bon fluxes and meteorological data. In contrast, litterfall for example can underestimate biomass produc-
tion by the mode of field collection.

(Data Table C5), while the increase from Sierra Nevada to Sri Lanka reflects both
increasing biomass production rates and higher plant element concentrations.

From the ratio of U to W,egotien, we derive the elemental recycling factors Rec®, the
ratio of elemental plant uptake relatlve to elemental release by weathering (eq 12). The
Rec can be seen as a metric for nutrient supply versus ecosystem demand that however
provides a minimum estimate of the number of cycles the nutrient takes through bio-
mass as some fraction of element X might be lost from the system immediately after solu-
bilization, for example at depth in the regolith, and take no part in biological recycling.
The resulting values are given in Data Table C5. At all sites, Rec* shows distinct ecological
stoichiometric patterns, with Rec® being the lowest for Fe and Na, followed by Si -
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Fig. 10. Elemental req[f}[c/ling factor (Rec™), defined as elemental biomass uptake (U¥) divided by
elemental weathering rate (W,,.;;,) for a given element for the three study sites. Rec™ quantifies the num-
ber of passages of a nutritive element X through vegetation after solubilization from rocks and
before being exported in stream water; that is, the plant uptake rate relative to its release rate from the
source (regolith weathering, excluding atmospheric input}%() and presents 2 minimum estimate as not all
solute released may reach the vegetation. Estimates of Rec™ are shown for the major mineral nutrients at
the three sites (Data Table C5). Elements are sorted in ascending order of Rec™.

generally assumed to be in low ecological demand for most gymnosperms and non-grass
angiosperms (Hodson and others, 2005). Rec™ increases in the order Na < Si < Sr < Ba
(< Li) < Mg < Al < Ca < K< Fe <P <Zn < Mn. The most essential mineral nutrients
(for example, P, Zn, Mn), yield the highest Rec® at all three sites (figs. 10 and 11).
Recycling factors are > 1 for almost all nutrients in Sri Lanka, typical of a tropical recy-
cling ecosystem. In these settings, dust inputs or deep nutrient uptake provide the “new”
nutrient input to balance the minor nutrient loss in runoff (Schuessler and others,
2018). In Sri Lanka P is recycled ~ 300 times before being exported in stream water. In
the Sierra Nevada and Alps sites, K, P, and Mg are the only elements consistently recycled
multiple times (Uhlig and others, 2017). Figure 10 shows that recycling factors are not
consistently offset between the Alps and Sierra Nevada. Given that U¥ values are similar
between the sites, this is a result of the low weathering release fluxes W,,gyii. These results
are in line with the hypothesis of Lang and others (2016) that recycling rates are deter-
mined by soil nutrient status and not necessarily ecosystem productivity.

Watershed Flux Balances
With the dissolved export efficiency DEE™ (eq 14), we evaluate whether the regolith
elemental release rate W)fez,,m, integrated over the kyr residence time of regolith, is bal-
anced with the riverine dissolved export flux W, averaging over a few years.
Differences introduced by short-term fluctuations in runoff are mitigated by means of
the Na normalization. We note that before correction an apparent imbalance exists in
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Fig. 11. Plant elemental uptake flux U¥ vs element suf))(ply flux from regolith erzimlz‘th' Contour lines
show various recycling factors Rec® which is the ratio U/ Wi (€q 12). For the three study sites, we use
our site-specific measurements of plant concentration, biomass production, denudation rates, and 73, to
derive the two axes (fig. 10). For the global average data (grey circles), we used typical plant element con-
centrations from Reimann and others(2001), an estimate of global net primary production of 55 x 10" g
Cyr ' from Zhang and others(2017), the product of which was normalised by the Xglobal vegetated surface
area (1.28 x 10° km?) from Jung and others (2011) to derive global average U". We take average river
concentrations from Gaillardet and others(2003) and Meybeck(2003) for trace and major elements,
respectively, and global river discharge of 36 x 10" 1yr~' (Milliman and Farnsworth, 2011), the product
of which is normalised by global exorheic area (1.15 X 10° km?) to derive a global average miizah'th' The
mineral nutrients (P, Zn) show the highest global recg{cling factors, and other plant essential and benefi-
cial elements (including K, Mg, Ca, Si) also plot at Rec” > 1. The offset between the Sri Lanka site and the
other two sites shows that the nature of this relationship is governed by erosion rate and in turn availabil-
ity, superimposed onto which is biological demand.

the form of an excess for those elements added from atmospheric sources (Sr, Mg, Ca,
Data Table C5). For almost all elements an export deficit is apparent with DEEY,, in the
order of Al <7Zn < Sr < Rb < P < Li < Ba < Mg < Si < Ca < K (fig. 12). Because the
low-DEE elements Al and Zn are typically colloid-bound, whereas the other elements are
also plant-essential, we suspect that a significant part of the release flux by weathering is
partitioned into either colloidal transport or plant organs, and not returned into the
local stream dissolved load. We return to this mystery in the following discussion section.

DISCUSSION

Shaping the Critical Zone along an Erodosequence
The regolith production and weathering rates (fig. 7) and the residence times of
10, 86, and 600 kyrs for the Alps, Sierra Nevada, and Sri Lanka regolith, respectively,
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Fig. 12. Na-normalised dissolved export efficiency (DEEX,) shown for the three study sites. DEEy,
quantifies the dissolved riverine export of element X from a watershed relative to its net release from

the regolith. DEEf(ya was calculated as defined in equation (14), using element concentrations as meas-

ured in river water, rock, soil and saprolite; elements are sorted in ascending order of DEE)A(,H. River
water concentrations are corrected for non-silicate inputs (see EMMA section in Data Publication Part
2). Note that these corrections result in high uncertainties, in particular for the Alps data. See Data

Table C1 and C5 for details. DEEf\(@Z > 1 indicates solute inputs into the fluvial system in addition to sili-
cate rock weathering.

reflect the eroding nature of these steadily eroding sites located on mountainous,
well-drained hillslopes, that therefore present an “erodosequence” rather than the
“chronosequence” that would form on non-eroding surfaces (fig. 1). Note that the dif-
ference in residence times is defined by the combination of both denudation rate and
regolith thickness. The three sites are real-world examples of the model cases devel-
oped in figure 1. Sri Lanka is the thick, nutrient-depleted regolith with the longest res-
idence time where ecosystems must necessarily be nourished by recycling and/or
atmospheric inputs. The weathering regime can be termed “supply-limited” as little
primary minerals remain and the 7, values of soluble elements like Ca and Na
approach —1. The long regolith residence time results from the tectonically quiescent
setting (which limits landscape rejuvenation) in conjunction with the steady tropical
climate (von Blanckenburg and others, 2004). The Sierra Nevada is a similarly deeply
weathered system where plants have been suggested to obtain their nutrients at the
weathering front (Uhlig and others, 2017); yet the fast denudation rate ensures that
primary minerals are left, the 73, values of soluble elements are intermediate, and the
system can be called “kinetically limited”, meaning that mineral solubility is too slug-
gish to allow for complete dissolution during the time taken for minerals to advect
upwards to the surface. The Alps represent the shallow nutrient-rich system of figure
1. As a consequence, regolith thickness is minimal and CDFis low as primary minerals
are only partially depleted. As with the Sierra Nevada, the system can be called “kineti-
cally limited”, meaning that weathering reactions receive no further benefit from min-
eral supply (Norton and von Blanckenburg, 2010).

In addition to constraining the role of solid residence time on weathering proc-
esses and rates, the erodosequence concept allows for the exploration of the relation-
ship between solid and fluid residence time and its effect on weathering. In the
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hydrologic framework proposed by Maher and Chamberlain (2014) this relationship is
expressed through the Damkoéhler coefficient Dw, which is a function of the availabil-
ity of primary mineral and water flow. In other words, Dw is a function of fluid resi-
dence time versus solid residence time in the weathering zone. In this context, we can
conceptually expect that Sri Lanka will reflect a low, typically "cratonic” Dw, whereas
the Sierra Nevada and Alps sites will be characterized by a higher Dw more characteris-
tic of collisional settings. Although the absence of hydrologic constraints on flow path
length and fluid residence time at our sites precludes a full parametrization of Dw, the
regolith thickness and primary mineral residence time supplied by our study is halfway
towards its quantification.

The fact that river weathering fluxes W,;,,,, reflecting the landscape scale, broadly
agree with regolith weathering rates W, g, representing the hillslope scale (table 2),
informs us that ¢n situ soils and regolith, rather than colluvial deposits, are responsible
for the bulk of silicate weathering fluxes. In the Alps, where loose rock debris from
glacial deposits and landslide blankets the valleys and lower hill slopes, we would
expect Wy, to exceed W,,epiy if this material contributed a non-negligible weather-
ing flux (Emberson and others, 2016). One explanation for such lack of a resolvable
non-regolith weathering flux despite abundant colluvium is that a “thermodynamic
limit” has been reached. If the supply of weatherable material and the provision of re-
active surface area is sufficient, soil solutions and thus river water can quickly attain a
saturation with respect to the suite of minerals undergoing dissolution. This is often
approximated as a limit in dissolved silica concentrations (Maher and Chamberlain,
2014). Upon reaching this limit, concentrations (and thus weathering fluxes) cannot
increase any further even when solutions interact with fresh rock debris. We note,
however, that the Alps streams contain a component of carbonate dissolution (table
3, fig. S2), and, unlike the silicate weathering flux, this contribution (around 50 %)
might increase by the interaction with colluvial deposits (Emberson and others,
2016).

Nourishing Ecosystems along an Erodosequence

The metrics used here permit an evaluation of whether weathering characteristics
set the supply of mineral nutrients to the ecosystems that exist with them, focusing in
particular on the plant-essential mineral nutrients P, K, and Mg. We note that this
evaluation is not fully rigorous, since the gradient in regolith chemical depletion is
not observed in isolation: climatic and ecological differences may also influence bio-
mass growth along the erodosequence. As a result, the uptake of fresh mineral nutri-
ent relative to recycled nutrient (called “new” by Cleveland and others (2013) is
highest in the Alps, reflected by the low recycling factors. Sri Lanka has the lowest rel-
ative uptake of fresh mineral nutrients, which is manifest in our estimates of Rec* for
P, for example, an element that is recycled through the tropical forest about 300 times
before being exported. The combined result of decreasing weathering rate and
increasing primary productivity is that along the erodosequence, the prevailing ecosys-
tems shift from acquiring (meaning relying on uptake of fresh nutrient from regolith)
to almost fully recycling systems.

Whether an individual element is recycled depends on plant physiological
demand relative to supply. Indeed, using global plant stoichiometry, plant growth rate
averages, and global riverine weathering fluxes, the recycling ratio Rec™ for a suite of
rock-derived elements increases with the ratio of an element concentration in vegeta-
tion relative to that in rock, as shown in figure 11. Elements that plot to the left have
low ecological relevance while those to the right tend to have well-known biological
functions. Yet at any given plant-to-rock concentration ratio, the global data in figure
11 has a scatter in Rec* by more than one order of magnitude. This scatter results
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from weathering zone characteristics that are site-dependent. As further evidence for
this, Rec* at the Alps, Sierra Nevada, and Sri Lanka sites are plotted in figure 11. The
rapidly eroding Alps site with thin soils has the lowest Rec™ for all elements, while Sri
Lanka has the highest Rec®. This suggests that where element supply is slow and the
regolith is nutrient-depleted, recycling must be efficient to fulfill the needs of the eco-
system. Conversely, weathering zones characterized by rapid element supply through
regolith production - like the Alps and Sierra Nevada sites — can operate with less effi-
cient recycling. Either there is an energy penalty associated with obtaining nutrients
from biogenic material when mineral forms are available, or more rapidly eroding
sites preclude the possibility of recycling with the same efficiency as long-residence
time tropical settings. These systematics add to recent results suggesting that it is the
inventory of the plant-available mineral nutrients in the shallow and deep Critical
Zone that potentially sets ecological stoichiometry (Uhlig and von Blanckenburg,
2019).

More generally, this recycling hypothesis has relevance for the suggestion that
plants and associated microbiota impact weathering fluxes (Moulton and others,
2000; Berner and others, 2003; Chaudhuri and others, 2007; Cornelis and others,
2009; Riotte and others, 2014). In agreement with a recent study along a vegetation
gradient in Chile (Oeser and von Blanckenburg, 2020a) we find that the large range
of nutrient recycling factors, inversely related to erosion rate, buffers ecosystem nutri-
tion making it virtually independent from rock weathering.

Is There a Hidden Elemental Export Pathway or Pool?

The element-specific “dissolved export efficiency” DEEX (eq 13) suggests that for
most of the major elements, W)fegohm is systematically larger than W Exceptions
include Ca and Mg in the Alps, where end member mixing analysis (Data Publication
Part 2) shows that most river Ca, Mg and Sr are derived from dissolution of dissemi-
nated carbonates — and thus not accounted for in ergol,;,h. In terms of the DEEx,,
about half of the values are below unity (fig. 12). We explore four possible explana-
tions for this apparent imbalance in fluxes: 1) methodological artifacts; 2) a departure
from steady state in fluxes; 3) element fractionation along the hillslope or at depth; or
4) a hidden element export pathway or pool.

1) Methodological artifacts.— A DEE" that differs from 1 may result from biases in
the input data. Potential causes include i) the partial mobility of Zr (used as an immo-
bile element in the calculation of T%(r hence of DEE™; ii) erroneous correction of non-
silicate inputs; iii) differing lithology between the river scale and the regolith profile
scale, such that the river drains rocks including minerals of different chemistry or sol-
ubility than those directly underlying the soil profiles. Values of DEEy, above > 1 can
be attributed to causes ii) and iii) and indeed we find these for Mg, Ca, P, K, and Li in
the Alps, where stream water contains non-silicate inputs. We also observe DEEx, > 1
for Mg, Ca, and Li in Sri Lanka where supply of these elements via atmospheric depo-
sition constitutes a significant fraction relative to weathering (fig. 12 and Data Table
Cb). Even though these sites have been subjected to an end member mixing analysis
(Data Table C4), artifacts may remain if the correction for non-ilicate inputs was
slightly erroneous.

As we observe a systematic pattern of DEEX < 1, cause i) can be dismissed as Zr
mobility would result in an underestimation of 7} and thus in an overestimation of
DEEY; while causes ii) and iii) are unlikely because they should not introduce a system-
atic bias. Thus, the fact that we consistently observe DEEX < 1 for many elements
(Data Table C5) cannot be readily explained by these methodological biases.

However, a systematic underestimation of Wﬁm and of DEEX could arise artifi-
cially if iv) a substantial fraction of soluble elements escaping the regolith in the “fine
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colloidal” form (100 to 300 nm; Zirkler and others, 2012; Gottselig and others, 2017,
2019) have not passed the 0.2-um mesh size at which the stream samples were filtered.
In this case this flux would neither appear in the nominal dissolved fraction nor
remain in the regolith. In particular elements that are present in the colloidal form
like Al, Ti, Mn, Fe, and the REEs (Trostle and others, 2016) and P (Gottsehg and
others, 2017) might be prone to this effect. Indeed, we find the lowest DEE™ for Al, an
element of low solubility. This explanation is unlikely for elements that do not appear
as colloids like Mg, Ca, K, Na, Sr, and Si (Trostle and others, 2016), and in any case is
not supported by any evidence at our sites. As an alternative explanation, observations
from the Shale Hills CZO suggest that very fine particles, containing amorphous Al-,
Si, and Ti-precipitates and even Mg and K particles are leaving the weathering zone
several meters beneath the surface (Kim and others, 2018). If these do not pass
through the filter they might contribute to the deficit in the dissolved fraction of these
elements.

2) Perturbation of the steady stale in fluxes.— At a site in which the Critical Zone is at
perfect steady state, input and output fluxes balance and are constant with time. If the
steady state is perturbed, deviations from the erosion rate versus weathering rate rela-
tionships may emerge (Ferrier and West, 2017). One common test of flux constancy is
to compare millennial time scale D or RP from cosmogenic nuclides with annual to
decadal time scale solid and dissolved export rates from river monitoring. Another
possibility to test for the steady state is to compare the loss rate of soluble elements
from the regolith (W, g,i) to the flux of solutes export by rivers (W,;,,). This requires
that the measured river concentrations and runoff are representative over the time
scales of W,,g, estimates, and that W,,.., has been largely invariant over these time
scales. At face value, if DEFX < 1, this means that W,;,,, < W, g0 and that the system is
not operating at steady state. However, to evaluate whether other explanations exist,
we eliminate the strongly time-dependent terms in equation (13) via the metric DEE,
(eq 14) in which the Na normalization removes differences in Wn)fw that arise from
short-term fluctuations in runoff. Because Na behaves conservatively in the Critical
Zone (that is, negligible incorporation into secondary solids and minimal uptake into
non-halophlhc and non-C4/CAM plants (Marschner and Marschner, 2012)), the
DEEX,, metric is essentially a measure of the difference between the X/Na ratio in river
water and that predicted based on loss from regolith. After correcting W (includ-
ing Na) for nonssilicate inputs, DEER, is still consistently below 1 for Si, Mg, Ba, Li, P,
Rb, and Zn in Sierra Nevada. For Sri Lanka, where dry and wet deposmon mputs con-
tribute to a large extent to the ecosystem's nutrient budget, “total” DEEx, is below 1
for Si, Ba, P, and Zn.

We also evaluated whether the use of Na as a normalizing element might intro-
duce a bias if the rate of Na solubilization relative to other elements has varied over
the time scale of the regolith residence time. If this were the case, the ratio
(T%(r)/(z'%“) at a given point in regolith may vary with time. For example, this could be
induced by glacial-interglacial climate cycles that induce time-variant dissolution of
the Na-rich plagioclase that delivers most of the Na. We regard this explanation as
unlikely since this would require that a) the relative differences between mineral dis-
solution rate constants depend substantially on climate, and b) the cyclicity of a per-
turbation is of a similar time scale as regolith residence time. As further support for
the lack of transient effects, we note that for a number of elements DEEX, agrees with
DEEYX in Sierra Nevada (Uhlig and others, 2017) and Sri Lanka (Schuessler and
others, 2018). We thus conclude that causes other than a lack of steady state contrib-
ute to the imbalance.

3) Element fractionation along hillslopes or at depth.— An apparent missing elemental
flux may be an indicator for a genuine characteristic of weathering zones, namely that
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the regolith weathering is heterogeneous at the hillslope scale and the sites chosen
for either regolith or solute chemistry sampling did not reflect a representative
average of this heterogeneity. For example, Riebe and others(2017) have reviewed
the hypothesis that subsurface flow paths and erosion cause weathering zone thick-
nesses — and thus weathering intensities, captured in CDF or Tg, — to differ along hill-
slopes. Conceptually, the weathering zone is predicted to be thinner and less
weathered near the channel than near ridges. As a result, elemental depletion deter-
mined upslope or on ridge profiles might differ from the dissolved export that inte-
grates different portions of the landscape. Indeed, mathematical formulations of
hillslope weathering show that geochemical mass balances using mobile soil samples
can overestimate weathering rates by neglecting downslope transport of material
altered upslope (Yoo and others, 2007). Empirical data, including from the Alps site,
confirm that W, varies with altitude and hillslope position (Norton and von
Blanckenburg, 2010). However, we note that while this explanation might influence
the non-sodium normalized metric DEE® (eq 18, which relies on the extrapolation of
representative soil-pit specific chemistry and regolith production rates to the catch-
ment scale), the simplified form of DEEY, does not involve any rate terms (eq 14%)
nor even an assumption of a consistent degree of chemical depletion (T%i) across a
hillslope. Instead, the inherent assumption is that the ratio (73,)/(75¢) does not vary
systematically across hillslopes, such that by sampling for example, mostly ridgetops
(the Alps) or hillslopes (Sri Lanka) we do not induce an artificial bias. The validity of
this assumption is supported by measurements of soil chemistry across catenas in the
Susquehanna Shale Hills CZO (Hasenmueller and others, 2017), along catenas on
granitic rock in South Africa (Khomo and others, 2013), and at the summits and foot-
slopes of catchments at the granitic Catalina CZO (Lybrand and Rasmussen, 2014). At
these sites, absolute values of 7% do vary spatially — both laterally and vertically - but
the ratio (73,)/(7}%) does not systematically vary along any of the catenas, lending
confidence to our use of DEE;\(,‘, (eq 14). There is of course unavoidable uncertainty
that arises from landscape-scale heterogeneity; this is propagated into the uncertain-
ties on the DEEy, values. We do not regard these explanations to be the origin for the
systematic bias we observe and thus proceed to evaluate what we consider to be the
most likely: a hidden pool or pathway.

4) A hidden pathway or pool.—What we mean with this notion is a genuine, system-
atic Critical Zone process, the nature of which entails that the corresponding river
fluxes of the concerned elements are systematically reduced compared to expecta-
tions derived from the regolith chemistry. We will argue below from elemental and
stable isotope mass balances that at our sites this process takes place “outside” of the
regolith, but before elements enter the dissolved pool ('dissolved” as defined opera-
tionally by the filtration scheme adopted for this study, thatis < 0.2 um in size).

A first “hidden pathway” might exist in the form of an “un-sampled” dissolved
flux for elements that exhibit a positive slope in concentration discharge (C-Q) dia-
grams. These include Al, Ti, Fe, and the REE (Trostle and others, 2016; Kim and
others, 2018). For these elements, an underestimate of W%, and DEEX could result
from the observation that their stream dissolved concentrations typically increase at
high discharge (Trostle and others, 2016), unlike most major elements that exhibit ei-
ther constant (‘chemostatic') concentrations or slight dilution with increasing runoff.
By not sampling these extreme events at sufficient sampling resolution, a large frac-
tion of the dissolved flux can be missed. Stille and others(2006) were among the first
to observe a deficit, in this case for the light rare earth elements that are enriched in
plants, and attributed their hosting pool to be organic matter in the A-horizon and
their export to be restricted to rare events of high flow. It is thus noteworthy that ele-
ments with positive C-Q slopes are often those appearing in colloidal form (Trostle
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and others, 2016) or together with dissolved organic carbon when flushed from soils
(Zhi and others, 2019). Of the elements for which we detected a low DEENH, Al and Ba
might be subject to this pathway (fig. 12, Data table C5), and possibly also P because
of its preferred colloidal form (Gottselig and others, 2017; Gottselig and others,
2019). However, these explanations are unlikely to hold for the metals like Ca, Mg
and Sr that do not appear in colloidal form and usually feature negative or chemo-
static C-Q relationships (Godsey and others, 2019).

We therefore consider whether blologlcal processes are a p0551ble explanation
for the systematic observation that DEEX, < 1 for these elements, since these metals of-
ten have well defined biochemical roles. We suggest that uptake from soil water into
plant organs and removal by erosion is a likely mechanism. The hidden flux can thus
be explained by incorporation of an element into the body of plants, whilst at the
same time preventing its return into the dissolved pool by recycling. What would be
the plant pool containing this complementary elemental compartment? In the pre-
human period or in pristine settings, this could be erosion of plant litter and woody
debris, or ash exported by wind after fires. Megafauna (Schoelynck and others, 2019)
or herbivory in general (Borer and others, 2020) represent another potential element
transport vector. In mountain landscapes it could be woody debris, of which a signifi-
cant portion can be eroded and stored (Wohl and others, 2012; Turowski and others,
2016). Additional explanations that are not mutually exclusive but are unique to
anthropogenically impacted settings include wood export by logging or crop harvest
(Vandevenne and others, 2012), or the export of nutrients in grazing animals' excre-
ment. In fact, similar imbalances between predicted regolith weathering fluxes and
observed riverine export are observed at 12 large forest-covered areas in North
America that are used for intense timber production (de Oliveira Garcia and others,
2018). There, the elemental imbalances increased with ecosystem demand. On aver-
age, 17, 20, 16, and 94 % of Ca, K, Mg, and P, respectively, was lost (de Oliveira Garcia
and others, 2018), comparable with our estimates from DEE™. In that case logging was
invoked as the cause of the so-called ‘negative nutrient budget'. A condition for this
export pathway to explain DEEx,, Values below 1 is that their absolute DEE" is at least
matched by uptake of this element U* (Data table C5). This is the case for the plant-
essential elements Mg, Ca, K, and P and also the case for the plant beneficial element
Si, as discussed in our compamon paper (Frings and others, 2021b). In the case of Si,
estimates of plant uptake (U™) are very similar to the deficit observed between rego-
lith Si loss and stream Si export. The face-value implication is that a large fraction of
plant silica, likely in the form of phytohths is eroded rather than recycled or stored in
soils. This is corroborated by a Ge/ Si-5%°Si mass balance model Frings and others,
2021b), which is independent of fluxes and relies only on element and isotope ratios.
This model showed that the export of biomass Si is of the same order of magnitude as
dissolved Si. For Si, another possibility is that very fine Si-oxide particles are leaving
the weathering zone several meters beneath the surface (Kim and others, 2018) and
go undetected as they are removed by filtration (see above; scenario 1).

The suggestion that DEEy, < 1 is the expressmn of a genuine phenomenon (sce-
nario 4 above) requires support from a tool that is insensitive to the potential biases
discussed (scenarios 1 to 3 above). One such tool is a graphical analysis that shows
how a loss in one part of the system shows up as an excess in another. In figure 13 a
set of X/Na ratios are plotted against each other, assuming Na is conservative once
solubilised from rock, and not part of the “hidden” flux or pool. X is a less soluble ele-
ment that is prone to be partitioned into the “hidden” flux or pool, be that by colloid
partitioning or by bio-uptake. In this figure, X/Na ratios are normalized to the parent
rock ratios, to represent data from different sites on the same scale; and presented in
logarithmic scale in order to enable a graphical representation of the parameters of
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Fig. 13. Graphical representation of the combined effects of net weathering loss (mineral dissolution
minus secondary phase precipitation, quantified by T X) and additional partitioning of elements into a
“hidden” sink and quantified by the new metric DEENa a) Conceptual diagram where X/Na of Critical
Zone compartments are normalized to the source rock X/Na ratio for comparison of data from different
sites on the same scale and logged to enable a graphical representation of DEEﬁa. By definition, the rock
lies at the origin. Residual solids remaining after weathering (best represented by the upper saprolite) are
most depleted in Na and less depleted in the less soluble elements (Mg, Ca, K, Ba, or Si), shifting them
into the upper-right quadrant The ratio between the X/Na ratios of the weathering solid residual and the
source rock is equal to (1+ 7 N/(1+ ™ (see derivation in Appendix 1). The predlcted composition of
the complememary load exported by water from the weathering zone lies in the lower left, that is,
enriched in Na over the less soluble elements and should be offset from the origin by ¢ /‘L' . The actual
(measured) composition of water is displaced from the “predicted” water composition by the DEENa (see

derivation in Appendix 1). DEE%H thus quantifies element partitioning into “hidden” solid compartments
not contained in dissolved river water or upper saprolite. Panels b-d show Na-normalized concentrations
for the three sites; b) Si versus K; ¢) Mg versus Ca (shown only for Sierra Nevada, since uncertainties from
the carbonate correction are too high in the Alps and Sri Lanka); d) Ba versus Si. An offset between ‘pre-

dicted' and observed water composition (that is, DEE§Q< 1) is observed for Mg in Sierra Nevada, K in the
Alps, and Ba and Si at all three study sites; of which all elements have well defined biological roles.

DEEY,. The coordinate of the most weathered material is equal to (1 + ™ /0 + N
(see derivation in Appendix). This treatment allows us to determine where the water
chemical composition deriving from this weathering should plot, provided that the
partitioning into the missing flux of this element was absent: the coordinate of this
“predicted water” is equal to 7~/7 The difference between “predicted water” and
the actual water exported from the weathering zone is a graphical representation of



cycling along an erodosequence 1151

DEEX,. A depletion of the actual river water in missing elements with respect to Na rel-
ative to the “predicted” water” strongly suggests that this difference is due to incorpo-
ration into such pool. At our sites, such a difference is observed for Mg in Sierra
Nevada, K in the Alps, and Ba and Si at all three sites (fig. 13), consistent with our
DEEY, calculations (fig. 12).

Another tool is found in the ratios of metal stable isotopes. Along our erodose-
quence, the average isotope ratio of dissolved elements being exported from the
weathering zone is not equal to that of the bedrock. This is not surprising in itself: dif-
ferences in isotope ratios between an element contained in rock and that in the solute
released from this rock often emerge in the weathering zone due to isotope fractiona-
tion during weathering and bio-cycling. However, the mass balance assuming that a
weathering rock is partitioned into soil that is eroded as river sediment and the com-
plementary dissolved load is often not fulfilled. Expressing this imbalance as a mixing
equation we get:

6rock 7é f‘sdiss + (1 - f)asuil (16)

where 0 is the conventional isotope ratio notation that denotes deviation in permil
from the isotope ratio of a reference material, f is the fraction of element X exported
as solute, and the subscripts ‘diss” and ‘soil’ refer to dissolved and topsoil, respectively,
the measurements of which implicitly include dust inputs, if present. We can obtain
an estimate of f from 7. Expressed in words, the mean isotope ratio of solute and
topsoil, weighted by —7% and (1 + 73,), respectively, is often not equal to parent mate-
rial. Bouchez and others (2013) show how a normalized dissolved element export flux
can be defined based on isotope ratios alone:

86X — 8%
X _ sotl rock
wisotope 5 5 ( 1 7)
soil — “diss

where the lower case wgompe implies the weathering flux (including dust, if present)
normalized to elemental regolith production (eq 3). This requires no knowledge of
fractionation factors but does assume steady state mass balance. Since the equivalent

normalized flux for VVregollth is W;egohm/RPX = — 75, then the isotopic manifestation of

the DEE phenomenon can be quantified as:

DEEX _ zuguzopf/ . (18)

isotope A
Zr

This is an isotopic expression of DEE%,I differing from unity, and is a feature we
observe at these sites for Mg stable isotopes (Uhlig and others, 2017), Si stable iso-
topes (Frings and others, 2021a), Sr stable isotopes (Bouchez and von Blanckenburg,
2021), and the Ge/Si pseud01sotope ratio (Frings and others, 2021b), and at sites
comprising a vegetation gradient in Chile where DEEZSOW correlates with bulk soil
erosion rate (Oeser and von Blanckenburg, 2020b). Assuming that isotope fractiona-
tion during mineral dissolution is absent (a reasonable assumption beyond the time
scale of “incipient weathering”) the two important processes that generate differences
in isotope ratios between fluids and solids (Bouchez and others, 2013) are fractiona-
tion during incorporation into secondary materials, and uptake of elements into

ants.
’ For Mg, Ca, and Sr isotope ratio differences between river solutes and regolith
(assumed to be representative of bulk sediment exported by rivers) have been
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reported (for example, 88Sr/%Sr (Andrews and others, 2016, Oeser and von
Blanckenburg, 2020b), **Mg/**Mg (Uhlig and others, 2017), and **Ca/*’Ca (Lehn
and others, 2017) and for these specific studies these differences cannot be explained
by secondary solid formation, since the phases forming at these sites do not incorpo-
rate Mg, Ca or Sr to an appreciable extent. Yet these elements are bio-essential. The
separation of these isotope compartments can thus be explained by incorporation of
an isotopically fractionated mass into the body of plants, whilst at the same time pre-
venting its return into the dissolved pool by recycling.

General Significance of the Erodosequence Approach

Our ‘erodosequence’ and the methods we combine in novel ways provide important
mechanistic information about chemical weathering and nutrient cycling in settings
whose distinct difference is primarily erosion rate. In fast eroding mountains the majority
of the weathering flux is generated in those parts of the landscape that are covered by
soil that is eroding at slower rates than the mountain range. We have also shown that,
provided the steady-state assumption embedded into the erodosequence approach is
valid over the integration time scales of the weathering zone, powerful metrics for nutri-
ent recycling and for potential export or net storage of elements contained in plant litter
can be easily derived. However, we also caution that for sites experiencing non-negligible
atmospheric inputs (whether wet or dry depositional fluxes), careful accounting of the
non-regolith element sources is a prerequisite to the accuracy of these metrics.

In terms of ecosystem nutrition, our erosion-rate driven gradients show character-
istics similar to those found in the chronosequence approach, that differ in the degree
of regolith depletion. For example, old, climatically buffered, infertile landscapes
(OCBILS) or those with high plant diversity and strong nutrient recycling differ from
lower diversity ecosystems commonly found in young, frequently disturbed, fertile
landscapes (YODFELSs) (Lambers and others, 2008). It was suggested that these differ-
ences in plant diversity are set by phosphorus availability (Laliberte and others, 2013).
These predictions are opposite to those by Shakespeare (in Henry IV): “Best is the fat-
test soil to weeds”.

Regarding weathering and the operation of the global thermostat via COy draw-
down, an important consequence is that ecosystems have the ability to buffer mineral
nutrient uptake via recycling, and thus weathering rate is not a straightforward func-
tion of primary production (Uhlig and von Blanckenburg, 2019; Oeser and von
Blanckenburg, 2020a). More specifically, plant growth may not necessarily accelerate
rock weathering as suggested in models and syntheses of weathering throughout
Earth's history (Berner and others, 2003, Pagani and others, 2009). Rather, there may
be many subtle ways including positive as well as negative feedbacks in which traits of
plants and associated soil microbiota shape the weathering zone and control element
fluxes. We hope that the suite of new metrics introduced in this study, and associated
isotope studies, will eventually allow us to pinpoint these interactions in novel ways.

A criticism of this approach could be that our “erodosequence” approach is sub-
ject to confounding factors. For example, bedrock properties are similar but not
identical, and climate (and thus vegetation) also differs between sites. Thus the “ero-
dosequence” contains components of a “climosequence” (for example, Egli and
others, 2003; Ferrier and others, 2012; Oeser and others, 2018). Another criticism
could be that even if steady state is attained in weathering zone thickness, some prop-
erties of the Critical Zone may fluctuate at much shorter time scales, by, for example,
species invasion, such that weathering fluxes and bio-uptake fluxes are partially
decoupled on observational time scales. Finally, the apparent observation of system-
atic flux imbalances, expressed as dissolved export efficiencies < 1, is the first of its
kind. Whether it is due to a hitherto unidentified bias, or even if the observation is
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valid elsewhere, requires further field testing. Nevertheless, the independent stable
isotope partitioning studies that hint at the same effect lend support to the interpreta-
tion that plant biomass erosion plays a widespread and important role in Critical Zone
element budgets.

Implications for Critical Zone Metal Isotope Geochemistry

Stable isotope ratios of metals and metalloids like Li, B, Mg, Si, Fe, Cu, Zn, Sr, Mo,
Ba, U have recently emerged as proxies for aspects of the weathering process. They
might also record weathering in the past, when extracted from the sedimentary record
(Frings, 2019). In general, these isotope ratios trace processes in the Critical Zone such
as (1) the formation of secondary phases during (Frings and others, 2016), or (2) bio-
logical cycling (Opfergelt and Delmelle, 2012; Bullen and Chadwick, 2016; Uhlig and
others, 2017). These tools do not trace absolute rates, but rather the relative magnitude
of these fluxes relative to element (Bouchez and others, 2013). An important point is
that a difference in isotope ratios between source rock and exported solutes for metals
that are not incorporated into pedogenic clays or oxides can develop only if some frac-
tion of plant biomass containing that element escapes re-dissolution and is exported or
stored as solid plant debris. Indeed, the companion papers to this publication, that rely
on the same sample set and background data as presented here, contain examples of
this point. For example, the companion papers show how Ge/Si ratios in conjunction
with Si isotope data can be incorporated into a Si mass-balance model which requires
that the export of secondary, fractionated solids (largely clays and plant material)
becomes increasingly important at shorter regolith residence times (80 % of initially
solubilized Si in the rapidly eroding Alps sites versus 32 % in the slowly eroding Sri
Lanka site). The mass-balance also shows that plant material is a surprisingly large con-
tributor to Si export from these catchments (Frings and others, 2021a, 2021b). Along
the same lines, stable ®Sr/®®Sr ratios (Bouchez and von Blanckenburg, 2021) from
these samples show that in the Alps, one third of Sr solubilized from regolith is directly
drained to aquifers and streams without experiencing any biological cycling. Two thirds
of this Sr are taken up by plants and is exported in its entirety as particulate organic de-
bris, in line with the DEF-based interpretation reported here. In the Sierra Nevada plants
take up the entirety of the Sr solubilized from regolith and re-release it wholesale into
stream discharge. In Sri Lanka, despite intense recycling a significant fraction of Sr in lit-
ter still remains refractory to re-dissolution and is exported in organic debris.

Nevertheless, a quantitative interpretation of these isotope data, and their use in
inferring scenarios of Earth's surface evolution (Misra and Froelich, 2012; Pogge von
Strandmann and others, 2013; Caves and others, 2019) requires knowledge of how
the isotope ratios respond to the controlling tectonic, climatic and biological factors.
We still lack systematic observations of isotope variations across a large range of denu-
dation rates and thus the “weathering intensity” that controls the manifestation of iso-
tope fractionation between regolith and fluid (Dellinger and others, 2015). The
erodosequence presented in this study, and the associated gradient in elemental
fluxes between different Critical Zone compartments, provides the necessary frame-
work to calibrate these isotope systems.
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APPENDIX

GRAPHICAL ANALYSIS OF THE DISSOLVED EXPORT EFFICIENCY (DEEy,) AND THE MASS
TRANSFER COEFFICIENT (%)

We used Na-normalized element concentrations (X/Na) in both End Member
Mixing Analysis (EMMA) (Appendix S2, fig. S2) and to represent the effect of weather-
ing and biological uptake on the various compartments of the Critical Zone as denoted
by the DEEX (fig. 13). Here we show a derivation for a graphical representation of the
mass transfer coefficient 7¥ (eq 5) and the dissolved export efficiency DEEY, (eq 14) in
X/Na diagrams. Introducing X/Na ratios into the definition of 7¥in equation (5) (the
subscript “Zr” is omitted here for the sake of clarity):

() (%) (Z)
X +1= Zr)weathered __ \Na)weathered Zr Jweathered Al
T =X =T /x X T (Na (A1)
(Z)rock (m)mck (Z)rack
Because the term W is equal to 7™ +1 (from eq 5 when X = Na), it follows:
X X
(Na)wenthered _ T +1 A9
&), A1 (A2)
Na/Jrock

This allows us to plot the position of the solid weathered component (taken here as
the uppermost saprolite) in a X/Na diagram normalized to the parent rock X/Na ratio
(such that sites with different bedrock chemistry can be displayed simultaneoklsly). The
coordinate of the weathered component along the X/Na-axis is thus equal to It

The same approach can be followed to derive a “predicted” water component -
the dissolved counterpart to the solid weathered component. By definition, the rela-
tive amount of element X lost to solution during weathering is —TX, such that the
X/Na ratio of the dissolved load resulting from weathering should be:

X X < X )
= (=) x(I- (A3)
(N a)predicted water <N a) rock e

From which it follows that:

(R *
Walprediced water _ 7" (Ad)

(%)rock TN

The coordinate of the predicted water end member along the X/Na-axis in the
diagram is therefore equal to L.
Finally, DEEY, emerges from the difference between the predicted water and the meas-

ured water Recalling the definition of DEEY, from equation (14) and using equation (A4):

(%) ()
Na Jwater Na )water

<

D E E X _ Nl‘?)mck _ (%)mck _ (%)wﬂter A
Ne = T T aEs (Ab)
Na Na/predicted water Na/predicted water

(% )mck
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DEEYX, is therefore equal to the ratio between the X/Na ratio of the measured
water and the X/Na ratio of the water composition predicted from the comparison
between the rock and the weathered solid. Representing this ratio graphically as an
offset along the X /Na-axis is best achieved by logging both sides of equation (Ab):

1 X _ (%)water (%)predicted water
0g19(DEEY,) = logy &) —logyy f (A6)
Na/rock Na/rock

The magnitude of DEEI}\(;,, can therefore be evaluated graphically for two elements
(two X's) in a log-log plot of X/Na ratios as the difference between the position of the
measured and predicted water components. In such a diagram, the position of the
weathered solids and of the predicted waters are given by (from eqs A2 and A4):

TX+1 % weathere
() (@)
X (%) redicted water
log, (%) = logy, <7V fg)td - ) (A8)
Na/rock
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