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ABSTRACT. At Earth's surface the stable isotope ratio of strontium (88Sr/86Sr) is
predominantly set by biological uptake of Sr and its storage in plant litter. This
conclusion was reached from a stable isotope mass balance that was independently
validated by direct determination of elemental fluxes between the Critical Zone com-
partments (rock, soil, vegetation, and stream water) of three field sites located in the
Swiss Alps, the US Sierra Nevada, and the tropical highlands of Sri Lanka. These sites
cover a gradient in erosion rates, which is inversely related to the residence time of
solids in the Critical Zone thereby constituting an “erodosequence”. For eroding
landscapes, previous stable isotope models predicted that isotope ratios are set by
the rate at which secondary solids form during the conversion of rock to regolith.
Counter to this expectation we found that, after release from primary minerals, Sr is
partitioned into one fraction taken up by plants and the remainder into dissolved Sr
flux. The formation of secondary weathering products such as clays and oxides plays
a subordinate role in determining the Sr budget. A Sr isotope fractionation factor for
biological uptake was determined for each of the three ecosystems from the average
Sr stable isotope composition in bulk plants and its dissolved counterpart in stream
water. This fractionation factors range from ca. 20.3 % for the Alps and Sierra
Nevada to ;0 % for the tropical Sri Lanka site. That these isotope fingerprints
caused by biologic uptake are preserved means that more Sr was physically removed
in plant litter than recycled. Such Sr removal in plant litter appears to be strongest at
the slowly-eroding site, whereas the dissolved Sr export by streams is highest at the
site with the fastest erosion rate. There, all Sr taken up by plants is returned from lit-
ter back into solution. The site with short residence time of solids is the only one at
which parent material and dissolved export differ in their Sr isotope composition.
Our study shows that the behavior of Sr in the Critical Zone is in stark contrast to
that of metals of which the isotope fractionation is not affected by biological uptake
(for example lithium, mostly set by formation of secondary solids) or affected
by both secondary solid formation and biological uptake (for example silicon).
Strontium stable isotope signatures offer the new opportunity to quantify nutrient cy-
cling in the Critical Zone as a function of environmental and ecological parameters.
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introduction
Weathering is a key biogeochemical process converting rock into soil, releasing

nutrients into soil- and river water, balancing the atmospheric CO2 budget, and in
general shaping Earth's surface. All these processes operate within the thin layer
encompassing weathered rock, saprolite, soil, water, and biota now termed the
Critical Zone (for example Anderson and others, 2007). Exploring the extraordinary
complexity, heterogeneity, and interdependence of processes in the Critical Zone
requires novel tools that disclose the functioning of this biogeochemical reactor. In
this regard, much hope rests on the isotope ratios of metal (for example Li, Mg, Si, K,
Ca, Cr, Fe, Cu, Zn, Sr, Mo, Ba, or U) and metalloid (for example B, Si, or Ge)
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elements (Schmitt and others, 2012; Wiederhold, 2015; Sullivan and others, 2016).
The basic principle is simple and common to all these elements: as chemical elements
are partitioned between the compartments of the Critical Zone - such as primary min-
erals, secondary solid phases, water, gases, microbes, or higher organisms like animals
and plants - their stable isotopes undergo a certain degree of fractionation, leading to
the build-up of specific isotope fingerprints in each compartment. Metal stable iso-
tope systems are particularly sensitive to the formation of secondary weathering prod-
ucts in soils and rivers, such as clays and oxides; and to uptake by plants and other
living organisms (Bullen and Eisenhauer, 2009; von Blanckenburg and others, 2009).
These isotopic fingerprints can be employed to quantify the partitioning of elements
between compartments, provided that a framework exists for their interpretation.

The sensitivity by which these isotope ratios record Critical Zone processes and
fluxes is a matter of active research. In particular mass balance and reactive transport
models suggest that metal stable isotope ratios vary with the rate at which solids (for
example, Bouchez and others, 2013) and fluids (for example, Wanner and others,
2017; Druhan and Winnick, 2019; Golla and others, 2021) travel through the Critical
Zone. These predictions are now supported by a number of field observations
(Dellinger and others, 2015, 2017; Wang and others, 2015; Frings and others, 2016; Li
and others, 2019; Frings and others, 2021a, 2021b). In particular, a simple steady-state
mass balance framework (Bouchez and others, 2013) shows that the signatures of
metal stable isotopes in the Critical Zone depend on (1) the isotope ratios of the par-
ent material undergoing weathering; (2) the isotope fractionation factors involved
when an element moves from one compartment to another; (3) the relative element
fluxes between these compartments.

Amongst these three factors, the rate at which solid material is advected towards
the Earth surface by erosion and thus the chemical weathering rate and intensity (for
example, Ferrier and Kirchner, 2008) has been shown to be the key determinant of
isotope ratio differences between rock and fluid (for example, Dellinger and others,
2015). This rate is in turn driven by the erosion rate, the rate of removal of matter
from the Earth surface. If we are to use metal stable isotopes in dissolved and particu-
lar river loads to characterize the functioning of the Critical Zone over large continen-
tal areas (for example, Dellinger and others, 2015), or if we are to reconstruct paleo-
environments from these isotopes extracted from sedimentary archives (for example,
Misra and Froelich, 2012; Fontorbe and others, 2020), then constraining how the sta-
ble isotope signatures of these metals vary at Earth's surface as a function of the ero-
sion rate is an essential prerequisite.

Biological cycling is a major factor in isotope partitioning at Earth's surface (for
example, Schmitt and others, 2012). Consequently, metal isotope ratios in the Critical
Zone are now used to constrain the fate of rock-derived nutrients after acquisition by
plants (for example, Uhlig and others, 2017; Baronas and others, 2020; Oeser and
von Blanckenburg, 2020a). A simple yet important consideration dictates that only if
elemental recycling by plants is incomplete, meaning that a fraction of a bio-utilized
element contained in particulate organic material or biosilica is exported by erosion,
the control over the isotope fingerprints of rock-derived nutrients in Critical Zone
compartments emerges (Bouchez and others, 2013; Uhlig and others, 2017; Oeser
and von Blanckenburg, 2020a; Charbonnier and others, 2020; Frings et al., 2021a). If,
in contrast, in a steady-state system a bio-utilized element is fully returned to soil by lit-
terfall and is redissolved thereafter, stable isotope signatures of this element dissolved
in soil or river water remain unaffected by plant uptake - regardless of the uptake flux.

However, many stable isotope systems are sensitive to both biological cycling and
formation of secondary weathering products and (for example, Si and Ge/Si: Baronas
and others, 2018; Frings and others, 2021a, 2021b; Ba: Charbonnier and others, 2020;
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Mg: Schuessler et al., 2018), preventing the simple derivation of relative fluxes into ei-
ther of these compartments.

In this regard, the stable isotopes of the trace alkali earth element strontium (Sr)
offer the opportunity to single out biological processes in the Critical Zone. Although
Sr is not an essential nutrient per se, it is utilized by higher plants (for example, Bullen
and Chadwick, 2016). A simple explanation for this observation is the biogeochemical
similarity between Sr and the macro-nutrient calcium (Ca; Rediske and Selders, 1953;
Gupta and others, 2018; Burger and Lichtscheidl, 2019). Also, strontium is one of the
most soluble elements: a behaviour that is consistent with the low affinity of Sr for sec-
ondary phases (with the exception of soils developed on volcanic substrates where
smectite can incorporate Ca and most likely Sr; Dahlgren and others, 2004; or in soils
where pedogenic carbonates form; Quade and others, 1995). We know this from the
comparison of its abundance as a dissolved species in world rivers with its concentra-
tion in rocks relative to other elements (Gaillardet and others, 2014).

Strontium has four naturally-occurring isotopes, all of which are stable: 84Sr (nat-
ural abundance: 0.56 %), 86Sr (9.86 %) and 88Sr (82.58 %). The radiogenic isotope
87Sr (ca. 7 %) varies in its abundance relative to the other isotopes due to the b� radio-
active decay of 87Rb (half-life of 49 Gyr; Faure and Powell, 1972). The 87Sr/86Sr system
constitutes the well-known Rb-Sr geochronometer and serves to trace the provenance
of Sr at the Earth surface as a function of age and Rb/Sr ratio of source rocks.
Importantly, while shifts in the isotope ratios of all Sr isotopes are controlled by mass-
dependent fractionation, such shift in the “radiogenic” 87Sr/86Sr ratio is removed by
normalization during reduction of mass-spectrometric data. Therefore, the Sr isotope
system is of particular interest for Earth surface studies as it features both the radio-
genic 87Sr/86Sr ratio providing information about element sources, and the stable
88Sr/86Sr ratio that shifts with isotope fractionation, thereby yielding insight into
transformations in the binding form of Sr.

The Sr radiogenic isotope system has long been used for the study of the Critical
Zone to quantify the differential weathering rates of silicate minerals in natural set-
tings (for example, Bain and Bacon, 1994; Blum and Erel, 1997; Bullen and others,
1997; Clow and others, 1997; Nezat and others, 2010); or to identify the sources of
nutrients for plants and their shift during soil development and ecosystem history (for
example, Åberg and others, 1990; Kennedy and others, 1998; Vitousek and others,
1999; Poszwa and others, 2002; Bullen and Bailey, 2005; Pett-Ridge and others, 2009;
Oeser and von Blanckenburg, 2020b). By comparison, studies of Sr stable isotope
ratios in weathering systems are still scarce. The range of variation in the 88Sr/86Sr ra-
tio is only slightly above one permil in planetary materials (Charlier and others, 2012;
Moynier and others, 2012). This range is much more limited in terrestrial rocks
(Amsellem and others, 2018). A number of field-, experimental-, and theoretical stud-
ies have demonstrated the preferential incorporation of 86Sr into abiotic and biogenic
carbonates and sulfates (Rüggeberg and others, 2008; Ohno and others, 2008; Böhm
and others, 2012; Raddatz and others, 2013; Stevenson and others, 2014; Widanamage
and others, 2014, 2015; Al-Khatib and others, 2016). However, to date only preciously
few studies have shown fractionation of Sr isotopes during Critical Zone processes,
namely the formation of soil secondary carbonates (Shalev and others, 2013, 2017)
and plant uptake (de Souza and others, 2010; Bullen and Chadwick, 2016;
Guilbourdenche and others, 2020; Oeser and von Blanckenburg, 2020a). Indirect evi-
dence from a series of larger-scale studies suggests that plant uptake (Andrews and
others, 2016), secondary phase formation (Wei and others, 2013; Chao and others,
2015; Pearce and others, 2015a; Stevenson and others, 2016; Stevenson and others,
2018), anthropogenic inputs (Pearce and others, 2015b), or differential weathering
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of minerals (Andrews and Jacobson, 2017, 2018) might all affect the isotope composi-
tion of dissolved Sr exported from watersheds.

In this study, we explore how stable Sr isotope ratios vary with the rate of matter
removal at the Earth surface, using field sites for which the erosion rate is well charac-
terised. These sites constitute a gradient of erosion rates, a so-called “erodosequence”,
resulting in a gradient of residence time of solids in the Critical Zone, from long (Sri
Lankan Highlands) through intermediate (Sierra Nevada) to short residence times
(Swiss Alps). These three sites are well characterized for total mass and element-spe-
cific rate and fluxes of weathering and erosion (see the companion paper by von
Blanckenburg and others, 2021). Our objectives are to (1) determine the partitioning
of fluxes between compartments by means of a stable isotope-based mass balance, and
we ground-truth these novel approaches with specific, element-based mass balances;
(2) use the estimates from both these approaches to interrogate whether indeed bio-
logical cycling rather than partitioning into abiogenic solids plays the predominant
role in the cycle of Sr and its isotope partitioning; (3) use the measured isotope differ-
ences to estimate Sr stable isotope fractionation factors; (4) determine the dominant
processes that set Sr fluxes in the Critical Zone. Finally, we provide recommendations
on the use of Sr stable isotopes to characterize catchment-scale ecosystem nutrition
strategies from river data.

study sites, samples, and analytical methods
The three sites (fig. 1) define a gradient in weathering regime, from slow land-

scape-scale denudation, erosion, and weathering rates associated with thick regolith
and high weathering intensity (Sri Lanka), to fast denudation, erosion, and weather-
ing rates associated with thin regolith and low weathering intensity (Swiss Alps). We
describe these sites briefly; for a more detailed description the reader is referred to
von Blanckenburg and others (2021), who report also elemental compositions and
fluxes for each site.

In the Swiss Alps our main sampling site (called the “Goms” site) is located on a
soil-mantled ridge on top of a south-facing slope of the Upper Rhone valley, and is
covered by grass (fig. 1). The main rock type is foliated gneiss with quartz, plagioclase,
and orthoclase as major minerals, and biotite and muscovite as minor minerals. Soil
of 30 cm thickness is underlain by thin saprolite. The average soil denudation rate is
38.4 mm ky�1 (103 6 40 t km�2 y�1; note that the landscape-scale denudation rate
measured from cosmogenic nuclides in river sediments reach 220 to 5,500 t km�2 y�1;
Norton and others, 2010). Norton and von Blanckenburg (2010) determined a mean
Chemical Depletion Fraction (CDF, that is the relative amount of initial mass rock lost
to solution through weathering; see equation (4) of von Blanckenburg and others,
2021) of 0.30, yielding a chemical weathering rate of 12 mm ky�1 (32 t km�2 y�1) and
an erosion rate of 26 mm ky�1 (71 t km�2 y�1). Using a regolith depth of 0.35 m and
this denudation rate, a regolith residence time of 10 kyr can be calculated for this site
(von Blanckenburg and others, 2021). The mean annual temperature and precipita-
tion are 3.1°C and 1,137 mm, respectively, and the Gross Primary Production (GPP) is
estimated at 779 6 18 t km�2 y�1 (von Blanckenburg and others, 2021). A second site
(”Aare” site) is located in the Rhine valley a few km beneath the Grimsel Pass in the
upper Aare valley. At this site the Aare granitic parent rock (with similar albeit slightly
more felsic mineralogy compared to the Goms parent rock) crops out as a flat, gla-
cially eroded surface. The granitic rock is overlain by a ca. 10 cm-thick organic-rich
“mat” rather than by a structured regolith. However, isolated mineral grains can be
found within the mat, the vegetation atop consisting mostly of grass and shrubs. We
also collected several groundwater samples in a tunnel located 400 m below the sur-
face close to Grimsel Pass, part of an experimental study site on the geological
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disposal of radioactive waste (”Grimsel Test Site”; Blechschmidt and Vomvoris, 2015),
operated by the Swiss National Cooperative for the Disposal of Radioactive Waste.
Rock, soil, soil water, stream water (including the large Upper Rhone River), ground
water, stream bed sediments, and plant samples from the Alps sites were taken during
a field campaign in July 2010.

The Sierra Nevada sampling site is located in and around the Kings River
Experimental Watershed (KREW) in the Southern Sierras mountain range, USA (fig.
1). We sampled the compartments of the weathering zone in particular within the
Southern Sierras Critical Zone Observatory (CZO) located within four small forested
catchments (drainage area < 1 km2) located at an elevation ranging from 1,479 to
2,113 m. At these sites the bedrock is dominated by the “Dinky Creek” granodiorite.
The annual precipitation is 750 to 2,000 mm and the mean annual air temperature is
7.8°C (Liu and others, 2013). Dixon and others (2009) report average denudation
rates of 82 mm ky�1 (221 t km�2 y�1) and a CDF of 0.36. This results in a chemical
weathering rate of 30 mm ky�1 (80 t km�2 y�1) and an erosion rate of 52 mm ky�1

Fig. 1. Map of the sampling sites and sampling locations: Alps (A); Sierra Nevada (B); and Sri Lanka
(C). In each of the three panels, the inset shows the location of the site within the region.
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(141 t km�2 y�1). Using a regolith depth of ;7 m (as measured for the “Balsam pro-
file”, see below) and the above denudation rates, a regolith residence time of 86 ky is
calculated. The GPP is estimated to be 1348 6 54 t km�2 y�1 (von Blanckenburg and
others, 2021). Most samples were collected during a field campaign in May 2010
(Uhlig and others, 2017). Several Critical Zone compartments (including upper sap-
rolite, soil, soil water, stream water, bed sediments, and plants) were sampled in the
catchments. In addition, a whole regolith profile (here called the “Balsam profile”)
was sampled along a road cut from the top soil to bedrock. This sample set is comple-
mented by stream water collected at five locations in February 2011, February 2012,
and June 2012, and by stream and ground water samples taken in December 2009.

The third sampling site is located in the Central Highlands of Sri Lanka (fig. 1).
The Hagkala sampling site is underlain by charnockite, a high-grade metamorphic
rock that makes up approximately 50 % of the bedrock of the Highlands. Most of the
landscape is mantled by a thick regolith cover (several meters) and by a high-canopy
(20 m) tropical forest. The topography is relatively steep, but erosion and weathering
rates are low (Hewawasam and others, 2003, 2013; von Blanckenburg and others,
2004; Behrens and others, 2015). The regolith sampling site, located at an altitude of
1,753 m, is characterized by a mean annual temperature of 16°C and a mean annual
precipitation of 2,013 mm. The thick regolith profile (; 10 m) has been shown to be
affected in its uppermost meter by the input of carbonate-rich dust, either from local
or global origin (Hewawasam and others, 2013). The average denudation rate on soils
in the vicinity of the sampled profile is 15.5 mm ky�1 (or 42 t km�2 y�1; Hewawasam
and others, 2003, 2013). The CDF is around 0.5 at the top of the saprolite, thus yield-
ing similar values for erosion and weathering rates around 7 mm mm ky�1 (21 t km�2

y�1). Using a regolith depth of 10 m and the above denudation rates, a regolith resi-
dence time of 600 ky results (von Blanckenburg and others, 2021). The GPP at this
site is 2957 6 106 t km�2 y�1. Rock, saprolite, soil, soil water, and plant samples were
all taken during a field campaign carried out in October 2010 (Hewawasam and
others, 2013). Water was sampled in three small creeks draining pristine hillslopes
and located within a few hundreds of meters from the Hagkala regolith profile, and
in the larger Uma Oya River that drains both pristine forests and areas affected by ag-
ricultural activity in October 2010, January 2012, and April 2012 (Hewawasam and
others, 2013).

Sr isotope ratios were measured on a selection of rock, saprolite, soil, soil water,
ground water, river water, and plant (both woody and leafy parts) samples from the
three sites. For selected soil and saprolite samples, Sr isotope ratios were measured on
sequential extractions (Appendix A) in addition to bulk analyses. All chemical proce-
dures and measurements were performed at the HELGES laboratory of GFZ Potsdam
(von Blanckenburg and others, 2016). Previous publications describe the methods
used for mineralogical and elemental analyses (von Blanckenburg and others, 2021),
sample digestion (Hewawasam and others, 2013; Uhlig and others, 2017; Schuessler
and others, 2018; von Blanckenburg and others, 2021), as well as Sr chromatographic
extraction and radiogenic isotope analysis (Hewawasam and others, 2013; Oeser and
von Blanckenburg, 2020b; von Blanckenburg and others, 2021). Further details are
provided here on sequential extractions of specific regolith fractions (Appendix A)
and stable Sr isotope analysis (Appendix B). We report the Sr stable isotope composi-
tion as d88Sr, which is the deviation in permil of the 88Sr/86Sr ratio of the sample com-
pared to that of the international isotope standard NIST SRM987. The uncertainty on
sample 87Sr/86Sr ratios and d88Sr values are reported as 95 % confidence intervals
(C.I.) and are on the order of 10�5 and 0.03 %, respectively (Appendix B; tables A1
to SL3). All isotopic and elemental concentration data produced in this study are pro-
vided in an open-access online publication (Bouchez and von Blanckenburg, 2021)
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hosted at GFZ data services. Hereafter these tables are called “Data Tables” (http://
earth.eps.yale.edu/%7eajs/SupplementaryData/2021/Bouchez). All samples have
been attributed a unique identifier, an “International Geo Sample Number” (IGSN).

results
We focus here on the results pertaining to Sr elemental and isotope behaviour at

the three sites, and we refer the reader to the companion paper by von Blanckenburg
and others (2021) on these field settings for more detailed information on chemical
weathering intensity and erosion and weathering fluxes.

Sr Abundance
The loss of Sr relative to parent material during weathering can be quantified

using sSr, the “mass transfer coefficient” of Sr (eq 5 of von Blanckenburg and others,
2021). In the Swiss Alps sSr range from �0.23 (meaning that 23 % of the Sr initially
present in the bedrock was lost to solution during weathering) in the lowermost hori-
zons to �0.65 in the O horizon (Data Table A1; fig. 2). Values of sSr at the Aare site
reach around �0.9, indicating strong Sr depletion there (Data Table A1). In Sierra
Nevada Sr is only moderately lost at the bottom of the Balsam profile (sSr = �0.57),
but loss increases at the top of the profile (sSr = �0.78; Data Table SN1; fig. 2). Sr loss
is weaker in the augered saprolite from the Providence Creek catchment (sSr = �0.53
to �0.62), and even less so in cored top soil samples (sSr = �0.24 to �0.49). In Sri
Lanka, samples from different layers of a “corestone” collected in the deep saprolite
display sSr between �0.17 and 0.18, indicating no significant bulk loss of Sr beyond
uncertainty at this early stage of weathering (Data Table SL1; fig. 2). However, sSr indi-
cate rapid and strong loss of Sr in the saprolite, with values ranging from �0.32 in the
lower saprolite to �0.99 in the upper part of the saprolite. Values of sSr are consis-
tently higher in the top soil (�0.94 to �0.96; Data Table SL1; fig. 2), which can be
explained by Sr addition through dust (Hewawasam and others, 2013).

Results from sequential extractions (Appendix A) disclose the amounts of Sr
stored in the secondary chemical compartments of the regolith. Water-extractable Sr
typically corresponds to less than 1% of bulk Sr. NH4Ac-extractable Sr is generally also
lower than 1% of bulk Sr, but can attain 8.5 % in top soil samples of Sri Lanka (Data
Table E). Carbonate-bound Sr has been quantified in only two samples from Sierra
Nevada and Sri Lanka, respectively, and is around 1% of bulk Sr. Strontium associated
with (hydr)oxides extracted using NH2OH represents between 0.5 and 2.4 % of bulk
Sr. Clay-sized fraction Sr ranges from less than 1% to more than 10 % in rindlet sam-
ples from the corestone of the Sri Lankan regolith profile.

In the Swiss Alps, stream water dissolved Sr concentration ranges from 1.5 to 106
mg L�1 in the Goms (von Blanckenburg and others, 2021; Data Table A2). This large
variation exceeds the variation in dissolved Na, a conservative element, and is thus not
exclusively due to a dilution effect. Dissolved Sr concentrations and Sr/Na ratios are sys-
tematically higher in groundwater samples collected in the tunnel of the Grimsel Test
Site, where dissolved Sr concentrations range from 152 to 557 mg L�1. In soil water sam-
ples of the Sierra Nevada site, Sr concentrations range from 21 to 106 mg L�1, which is in
the same range as river and ground water samples that range from 15 to 119 mg L�1

(Data Table SN2). At the Sierra Nevada site the highest Sr/Na ratios are observed for soil
water samples (4.6–122 mmol mol�1) and the lowest Sr/Na ratios for ground water sam-
ples (0.28-4.5 mmol mol�1). In Sri Lanka, the dissolved Sr concentrations range from 2.9
to 27 mg L�1 in soil solutions sampled in October 2010 with tension lysimeters, and from
2.0 to 116 mg L�1 in stream water (Data Table SL2). This variability is strongly reduced by
Na normalisation, hinting at a strong dilution effect.
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In vegetation samples, Sr concentrations are significantly lower in plant material
from the Swiss Alps than those from others sites, ranging between 2.2 and 10.7 mg g�1

(von Blanckenburg and others, 2021; Data Table A3). Higher Sr concentrations were
measured in plant samples from Sierra Nevada, with concentrations ranging from 4.6
to 63.7 mg g�1 (Data Table SN3). Lower Sr concentrations are observed in woody
organs than in foliage. In Sri Lanka, the concentration of Sr in plant samples ranges
from 2.0 mg g�1 to 59.0 mg g�1 (Data Table SL3). For a given species, woody organs
(branches and twigs) have lower concentrations than foliage, by a factor of 2 to 3.

Ratios of Sr to Ca are broadly similar between the exchangeable extracts from
the regolith and the plant samples. Nevertheless, and as observed by previous stud-
ies (Dasch and others, 2006; Oeser and von Blanckenburg, 2020b) discrimination of
Sr relative to Ca during plant uptake is apparent along the erodosequence from the
comparison of Sr/Ca ratios between the exchangeable pool and the plant parts. Sr/
Ca ratios range from 7 to 35 mmol mol�1 in the exchangeable pool (with overall
higher ratios in deep saprolite samples than in topsoil samples, and with higher
ratios in the NH4Ac-extractable pool than in the H2O-extractable pool; Data Table
E) whereas Sr/Ca ratios are 0.05 to 13 mmol mol�1 in plants (Data Tables A3, SN3,
SL3). In addition, Sr/Ca ratios are usually higher in woody parts than in foliage by a
factor of ;2 (Data Tables A3, SN3, SL3), showing the enrichment of Ca over Sr
from wood to foliage in plants (Poszwa and others, 2000; Drouet and others, 2007;
de Souza and others, 2010).

Sr Radiogenic Isotope Ratios
The 87Sr/87Sr ratios and d88Sr values are plotted in figures 3 and 4. The three

sites are distinct in their bedrock 87Sr/87Sr ratios (fig. 3), in line with the underlying li-
thology. In the Swiss Alps, saprolite samples have the least radiogenic 87Sr/86Sr ratios
(around 0.7078) and are rather homogeneous with depth (Data Table A1; fig. 3). The
stream water samples display large spatial variability (Data Table A2). Sr in the ground
water samples collected deep in the Aare massif is more radiogenic than Sr in the ma-
jority of the other samples from the Swiss Alps, with 87Sr/86Sr ranging from 0.7176 to

Fig. 2. Sr mass transfer coefficient (sSr) as a function of depth in the regolith profiles of the three sites
of the erodosequence.
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0.7235. The grass sample from the Goms site is the least radiogenic of all vegetation
samples from the Swiss Alps (87Sr/86Sr = 0.7093, close to the value of the O horizon of
the Goms regolith profile; Data Table A3). Higher ratios are observed for the vegeta-
tion samples from the Aare site (87Sr/86Sr = 0.7119–0.7131), overlapping with the
range defined by the soil water and soil samples from this site.

In the Sierra Nevada the most radiogenic 87Sr/86Sr ratio of of 0.70993 is obtained
for the Balsam rock sample (Data Table SN1; fig. 3). Saprolite samples are the least
radiogenic of our entire sample set (fig. 3) and display the narrowest range at the
scale of a site, with 87Sr/86Sr ratios ranging from 0.7078 to 0.7085 in (Data Table
SN1), from 0.7076 to 0.7089 in water samples (Data Table SN2), and from 0.7076 to
0.7082 in vegetation samples (Data Table SN3). No systematic trend in 87Sr/86Sr with
depth is observed across the regolith (fig. 3). 87Sr/86Sr ratios in most streams are
invariant within uncertainty (Data Table SN2). The 87Sr/86Sr ratios of the corre-
sponding soil water samples (sampled within each stream's catchment) do not
overlap with the range defined by the stream ratios, with no systematic mismatch,
neither in terms of magnitude nor direction. 87Sr/86Sr ratios in seep and well
water samples are in the same range as those of soil and stream water samples.
Vegetation samples show 87Sr/86Sr ratios in the same range as saprolite and soil
water samples (Data Table SN3; fig. 3). With the notable exception of the Pinus
Ponderosa samples, woody and leafy parts of the plant samples yield the same
87Sr/86Sr ratios, but these ratios show significant variability from one specimen to
the other (or from one species to the other). The tall coniferous samples (Pinus
Ponderosa and Pinus Jeffreyi) display more radiogenic ratios (87Sr/87Sr = 0.7080–
0.7082) than those of bush samples (Ceanothus cordulatus and Arctostaphylos
Manzanita; 0.7076–0.7077; Data Table SN3).

The most radiogenic 87Sr/87Sr ratios are observed for Sri Lanka and range from
0.7181 to 0.8131 for regolith samples (Data Table SL1), 0.7177 to 0.7239 for water
samples (Data Table SL2), and 0.7119 to 0.7186 for plant samples (Data Table SL3).
For the saprolite and corestone samples, the 87Sr/86Sr ratios of the “exchangeable”
and “oxihydroxide” fractions are usually more radiogenic than the corresponding
bulk samples (Data Table SL1). However, the clay-sized fractions display higher
87Sr/87Sr ratios only in the saprolite, whereas these ratios are in remarkable agree-
ment with those of the bulk sample for the corestone. Less radiogenic ratios in top
soil samples and soil and river water indicate dust inputs, as shown by Hewawasam
and others (2013) and Schuessler et al. (2018). This less radiogenic, atmosphere-
derived Sr component is also present in the vegetation samples (Data Table SL3; fig.
3). Significant temporal variability in the 87Sr/87Sr ratio is observed for the stream
water samples, especially for the large Uma Oya (with 87Sr/87Sr varying from less than
0.718 to nearly 0.723 across the sampling period; Data Table SL2). Woody and leafy
parts of any given tree agree in their 87Sr/87Sr ratios. At the three sites, the similarity
in 87Sr/86Sr ratios between the plant sample parts and the top soil exchangeable pool
is compatible with the exchangeable pool being the source of Sr to plants (as already
shown by for example, Poszwa and others, 2002; Bullen and Chadwick, 2016; Oeser
and von Blanckenburg, 2020a).

Sr Stable Isotope Signatures
Values of d88Sr across our sample set range from �0.28 % to 0.57 %, which

encompasses the entire range range reported to date for terrestrial samples with the
exception of animal tissues (Hajj and others, 2017). The rock sample analyzed in the
Swiss Alps (Goms site) displays a d88Sr value of 0.23%, slightly lower than the regolith
samples from both the Goms and Aare sites (with v88Sr values of 0.27 % and 0.34 %,
respectively; Data Table A1; fig. 4). The NH4Ac-extractable and clay-sized Sr pools of
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the Goms A horizon have a similar d88Sr value at 0.14% and 0.22 %, within the range
defined by the regolith bulk samples (Data Table A1). The stream and ground water
samples show a large range of d88Sr values (0.33 % to 0.47 % for stream water and
0.32 % to 0.52 % for ground water; Data Table A2), which is intermediate between
the saprolite and soil water samples (fig. 3). The lowest d88Sr values in the Alps are
obtained for the plant samples (0.03% to 0.23%; Date Table A3).

The highest d88Sr value of all rock samples is obtained for the Sierra Nevada rock
(0.35 %; Data Table SN1; fig. 4). Similar values are obtained across the Balsam rego-
lith and augered bulk samples from the Providence Creek catchment (0.32 % to
0.40 %). Values of d88Sr observed in sequential extractions also show a large range,
but are mostly lower than the range defined by the bulk saprolite samples (Data Table
SN1; fig. 4). Soil water samples show lower values (�0.08 % to 0.10 %; Data Table
SN2). By contrast, Sr in river and seep/well waters yield much higher d88Sr values
(0.26 % to 0.56 %), overlapping with those of rock and saprolite samples. The range
of d88Sr values defined by the river water samples alone (0.26% to 0.37%) is fairly re-
stricted, with no significant temporal variability. The range of d88Sr values found in
the vegetation is large (�0.28% to 0.27%; Data Table SL3; fig. 4). These values, close
to those of soil water samples, are systematically smaller than those of the rock, sapro-
lite, and stream and ground water samples.

In Sri Lanka, the analyzed rock samples show a significant variability in d88Sr val-
ues, ranging from 0.07 % to 0.26 % (Data Table SL1). The range covered by the

Fig. 3. 87Sr/86Sr “radiogenic” isotope ratios in the compartments of the Critical Zone at the three sites
of the erodosequence. For soil and saprolite, large symbols represent bulk data and small symbols repre-
sent data from sequential extractions. If not labeled otherwise (“H2O-ex”), small light blue symbols corre-
spond to NH4Ac extracts. If not labeled otherwise (“oxides”), small orange symbols represent clay
extracts. For the Alps, closed symbols represent samples from the Goms site, and open symbols samples
from the Aare site.
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corestone and lowermost saprolite samples is very similar (0.13 % to 0.27 %), but
higher up in the saprolite, d88Sr values are much lower (down to �0.16 %). In the
uppermost saprolite and in top soil, d88Sr values increase back to 0.05 % to 0.10 %
(Data Table SL1, fig. 4). Top soil water-extractable and NH4Ac-extractable Sr yield
d88Sr values in the same range as soil water (0.20 % to 0.28 %, Data Table SL1), while
clay-sized fractions from saprolite display much lower d88Sr values (�0.17 % to
�0.11 %; Data Table SL1; fig. 4), similar to the bulk saprolite samples of the cor-
responding horizons. Sequential extractions of the corestone samples show sub-
stantial variability, even within a given pool. However, the range of d88Sr values of
extracted pools is overall lower than the corresponding bulk corestone samples
(fig. 4). Soil water samples display d88Sr values (0.16 % to 0.34 %) which is higher
than those of the corresponding soil samples, and is overlapping with stream
water samples (0.12 % to 0.33 %; Data Table SL2; fig. 4). Dissolved d88Sr
varies neither with the depth of soil water nor with the period of stream water col-
lected. The larger Uma Oya River yield d88Sr values in the upper range of those
defined by the smaller creeks sampled in the vicinity of the Hagkala profile. The
d88Sr values of the vegetation samples (0.03 % to 0.23 %; Data Table SL3) are
higher than those of the bulk soil samples but lower than those of the soil water.
For the only specimen where the comparison can be made (Ixora walkeri), the
leaves have a higher d88Sr value than the corresponding woody part (0.19 % vs.
0.0 6 %).

Fig. 4. 88Sr/86Sr “stable” isotope ratios (d88Sr) in the compartments of the Critical Zone at the three
sites of the erodosequence. For soil and saprolite, large symbols represent bulk data and small symbols
represent data from sequential extractions. If not labeled otherwise (“H2O-ex”), small light blue symbols
correspond to NH4Ac extracts. If not labeled otherwise (“oxides”), small orange and brown symbols repre-
sent clay extracts. For the Alps, closed symbols represent samples from the Goms site, and open symbols
samples from the Aare site.
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discussion
Stable isotope signatures in the Critical Zone are set by a combination of (1) the

isotope ratio of the parent materials undergoing weathering; (2) the isotope fractiona-
tion factors of the processes biogeochemical transformations accompanying element
fluxes between compartments; (3) the relative magnitude of these fluxes. In the
Critical Zone the formation of secondary weathering products and biological uptake
are thought to be decisive for controls (2) and (3). We first discuss Sr stable isotopes
from our erodosequence within the context of these three controls, before exploring
how Sr fluxes vary along the three sites.

Strontium Isotope Composition of Parent Materials
The stable isotope composition of the parent material undergoing weathering at

the Earth surface sets a “baseline” for all isotope signatures that are observed in
Critical Zone compartments, and thus needs to be determined for any cross-site study.
Strontium 88Sr/86Sr ratios vary only marginally (typically by no more than 0.2–0.3 %)
amongst different silicate minerals and rocks (Charlier and others, 2012; Moynier and
others, 2012; Amsellem and others, 2018). Data collected on rocks along the erodose-
quence confirm this observation (fig. 4), with a rock d88Sr value of 0.23 % (n = 1) for
the Alps (Data Table A1), 0.35 % (n = 1) for Sierra Nevada (Data Table SN1), and
0.246 0.03 (1SD, n = 3, excluding one outlier) for Sri Lanka (Data Table SL1).

However, “external” Sr that differs in its d88Sr from local bedrock (Vollstaedt and
others, 2014) can be delivered to the Critical Zone in appreciable amounts by carbon-
ate-rich dust. Given that carbonate minerals are rich in Sr, their potential contribu-
tion has to be accounted for the Sr isotope composition of the weathering parent
material. The isotope signature of this composite parent material is hereafter referred
to as dSrparent (for a list of mathematical terms used in this contribution, see table 1). In
particular at the Sri Lanka site carbonate dust input is significant (Hewawasam and
others, 2013; Schuessler and others, 2018). Using a combination of elemental and
87Sr/86Sr-based mass balances we provide an estimate of dSrparent that includes dust input
of 0.09 6 0.03 % (68 % confidence interval; table 2) for Sri Lanka (Appendix C). As
shown in our previous study on the Sierra Nevada site (Uhlig and others, 2017), no
such correction is required there given the negligible contribution of dust to the rego-
lith profile (dSrparent = 0.35 6 0.01 %; table 2). For the Alps, 87Sr/86Sr ratios (fig. 3) and
elemental mass balances (Appendix C) both suggest that the contribution of carbon-
ate to the studied regolith profiles is negligible, such that dSrparent can be estimated to be
0.23 6 0.03 % there (table 2). However, the strong enrichment of Ca, Mg, and Sr in
some stream water samples suggests that in the Alps rock carbonate delivers Sr at the
watershed scale (von Blanckenburg and others, 2021). Taken together, in the Alps we
do not correct rock and regolith for dust input. However, a correction of stream dis-
solved Sr abundance and isotope composition is required to allow for a comparison of
the stream data with regolith data (Appendix C).

We have thus determined as control (1): the isotope ratios of the parent material
set the baseline on isotope signatures in the weathering zone. In the next section we
quantify control (2), the isotope fractionation factors.

Strontium Isotope Fractionation Factors
Isotope fractionation during formation of secondary weathering products.— Sr isotopes

have been suggested to fractionate during formation of secondary weathering prod-
ucts (Chao and others, 2015). Direct evidence exists for such fractionation for carbon-
ate formation (for example, Rüggeberg and others, 2008; Böhm and others, 2012; Al-
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Khatib and Eisenhauer, 2016; Shalev and others, 2017). However, the pH recorded
for the small streams at all sites (5–6.5), together with the relatively low LOI and Ca
content of the soils and XRD spectra (von Blanckenburg and others, 2021) at all sites
argue for the absence of pedogenic carbonates.

Adsorption of Sr onto mineral- and organic surfaces, as well as (hydr)oxide and clay
formation may lead to Sr stable isotope fractionation, an effect that has not yet been
quantified, or has been shown to be ineffective (Bullen and Chadwick, 2016). We first
evaluate the isotope fractionation during adsorption of Sr, as along the erodosequence
the exchangeable pool is sizeable (Data Table E). In Sri Lanka, the exchangeable Sr
pool yields the same d88Sr composition within uncertainty as soil water (in topsoil)
and as bulk soil and other extracts in the corestone and saprolite samples (fig. 4).
Therefore at this site adsorption of exchangeable Sr does not appear to induce

TABLE 1

List of stable isotope and flux variables used in this and in other contributions in
the same journal issue (Frings and others, 2021a,b)

Name Description Relevant 
equation(s) in 

this study 

Difference in 
terminology from 

Bouchez and others 
(2013) 

Isotope composition of the metal X in Critical Zone compartments 
  Dissolved load (soil water, river water) (1), (2), (5), (9) None 

 Secondary weathering products (clays, oxides) (1) None 
 Vegetation  (2) None 

 Parent material (rock plus/or dust) (5), (9)  
 Bulk solids (soil, river sediment) (9)  

Isotope fractionation factors of metal X in Critical Zone processesa 
  Formation of secondary products (1) Δ  

 Biological uptake (2) Δ  
Relative partitioning of the metal X into Critical Zone compartments 
relative to its release from primary mineralsb 

 

 Into secondary products (3) /  

 Into organics (living biota plus litter) (5) /  

 Into dissolved load   
 Release from litter to solution (6) None 

Export fluxes of X from the Critical Zone relative to total supply c 
  Dissolved export (8) None 
  Solid export  None 

  Export of primary minerals  None 

Derived from the approach initially developed in Bouchez and others (2013), the terminology has been slightly
amended to account for newer developments. For the definition of element-based metrics used in our study and the
companion papers of Frings and others (2021a,b), the reader is referred to the table 1 of von Blanckenburg and
others (2021).

Footnotes:
a The DX

j�i-notation used in Bouchez and others (2013) is better suited to describe a measured isotope difference
between two compartments (d X

j � d X
i ). Bouchez and others (2013) show that only at steady state, DX

sec�diss ¼ «X
prec

and DX
org�diss ¼ «X

upt.
b These variables denote elemental fluxes normalized to the release flux from primary minerals.
c These variables denote elemental fluxes normalized to the total elemental flux comprising regolith production

(as in Bouchez and others, 2013).
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TABLE 2

Strontium stable isotope composition, field-derived estimates of isotope fractionation
factors, and fluxes amongst compartments of the Critical Zone along the erodosequence.

See references to equations for their calculation

 Alps Sierra Nevada Sri Lanka Note 
Isotope composition of Critical Zone compartments 

  0.23 ± 0.03 0.35 ± 0.01 0.09 ± 0.03 a 
 / / -0.14 ± 0.04 b 
 0.12 ± 0.10 -0.02 ± 0.27 0.12 ± 0.07 c 
 (0.39 ± 0.15) 0.32 ± 0.03 0.18 ± 0.13 d 
 0.27 ± 0.01 0.37 ± 0.01 0.07 ± 0.02 e 
−  (0.16 ± 0.15) -0.03 ± 0.03 0.09 ± 0.13 f 

Isotope fractionation factors 
ε  (equation 1) / / -0.32 ± 0.13 g 
ε  (equation 2) (-0.27 ± 0.18) -0.34 ± 0.23 -0.06 ± 0.15 h 
Flux-derived flux variables 

 (equation 3) 0.16+0.24
-0.27 0.07+0.25

-0.33 0.02+0.02
-0.03 i 

 0.30+0.66
-1.76 -0.09+0.38

-0.33 0.39+0.20
-0.20 j 

 0.62+1.61
-0.67 1.12+0.44

-0.61 0.59+0.20
-0.19 k 

 (equation 4) 0.69+1.75
-0.66 1.22+0.78

-0.46 0.61+0.20
-0.19 l 

 0.05+0.04
-0.03 0.80+0.63

-0.42 6.4+4.6
-3.6 m 

 (equation 6) -0.23+1.85
-0.65 0.93+0.99

-0.66 6.0+4.3
-3.6 n 

 (equation 8) 0.59+1.30
-0.56 1.01+0.34

-0.29 0.60+0.20
-0.20 o 

 (equation 10) -0.28+0.20
-0.49 -0.34+0.17

-0.16 -0.02+0.02
-0.03 p 

Isotope-derived flux variables 
 (equation 5) 0.44+0.89

-0.45 -0.07+0.08
-0.15 0.11+1.76

-1.43 q 
 (equation 9)  (0.14+1.90

-1.62) 0.51+0.69
-0.89 0.52+1.46

-1.20 r 

All uncertainties are reported here as 68% confidence intervals.
a Estimated from the average and standard deviation of d 88Sr values obtained on all available rock samples for

each site (one for the Alps, hence uncertainty corresponds to analytical 1SD; one for Sierra Nevada for which only
one measurement was available, hence uncertainty corresponds to the 1SD of repeated measurements of the basalt
reference material BHVO-2; three for Sri Lanka where one sample with a much lower d 88Sr value was excluded;
Data Tables A1, SN1, and SL1).

b Estimated from the average and standard deviation of d 88Sr values obtained on two clay-sized separates from
the same samples for Sri Lanka (Data Table SL1). Estimate is impossible for the Alps and Sierra Nevada because
of the absence of any measurable pool of secondary weathering products there.

c Estimated from the average and standard deviation of d 88Sr values obtained on all available vegetation samples
(three for the Alps, six for Sierra Nevada, eight for Sri Lanka) for each site (Data Tables A3, SN3, and SL3).

d Estimated from the average and standard deviation of dissolved d 88Sr values obtained in small stream samples
(excluding D102) for Sierra Nevada (Data Table SL2) and in small stream samples (excluding the larger Uma Oya)
in Sri Lanka (Data Table SL2). Note that the estimate for the Alps (in italics) is strongly biased because the carbon-
ate contribution is impossible to correct for (Appendix C).

e Estimated from the average and standard deviation of d 88Sr values obtained on selected top soil samples for
each site (three regolith samples for the Goms profiles for the Alps; one top soil sample for Sierra Nevada for which
only one measurement was available, hence uncertainty corresponds to the 1SD of repeated measurements of the
basalt reference material BHVO-2; two top soil samples for Sri Lanka; Data Tables A1, SN1, and SL1).

I Calculated using the average tSr and tCa values of the A horizons of the Goms profiles B1, B2, B4, B4, and B6 for
the Alps; of the uppermost three saprolite samples augered in the P301 catchment for Sierra Nevada; and of the five
uppermost saprolite samples from the Hakgala profile of Sri Lanka (all data from von Blanckenburg and others, 2021).

l From von Blanckenburg and others (2021).
m From von Blanckenburg and others (2021).
o Calculated using the same estimates as in notes (a) and (d) for dissolved and rock Sr/Na ratios and tNa values.
d,f,h,r Note that the estimate for the Alps (between parentheses) is strongly biased because of the carbonate contri-

bution to the stream dissolved load composition is impossible to correct for (Appendix C).
a-h Uncertainty is assumed to be symmetric because it is directly derived from analytical uncertainty.
f,h,r Uncertainty estimated through Gaussian error propagation.
i-r Note that the central estimates correspond to the median (D50) of the distribution obtained for Monte Carlo

simulations with 5,000 runs. Uncertainty was also assessed using the D16 and D84 of these distributions (von
Blanckenburg and others, 2021).
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resolvable isotope fractionation. In the Sierra Nevada, we observe lower d88Sr in the
exchangeable fraction of the upper saprolite than in stream water. However, these values
are very close to those of the soil water from overlying horizons (fig. 4). We interprete
this close agreement to indicate infiltration of soil water to lower layers without isotope
fractionation. Finally, at the Goms site in the Alps, a d88Sr value for the H2O-soluble
extract that is;0.1% lower than that of the bulk exchangeable value of the correspond-
ing upper soil horizon is observed. Nevertheless, this extract also displays a high K/Na ra-
tio, which might indicate release of Sr from litter. As a consequence the Sr source of this
exchangeable extract is likely the overlying vegetation which displays a similar d88Sr value
(fig. 4). Altogether, our data do not argue for appreciable Sr isotope fractionation dur-
ing adsorption of Sr onto the exchange complex along the erodosequence, rendering
this process unlikely to shift d88Sr in soil and stream water.

We evaluate next whether the incorporation of Sr into clays or oxides leads to iso-
tope fractionation. We were not able to access the Sr isotope composition of the
(hydr)oxide pool because of lack of sufficient amounts of Sr in those leachates. Sr iso-
topes in clay-sized separates could be measured only for the Sri Lanka profile (figs. 3
and 4). We thus provide an estimate for eSrprec , the Sr stable isotope fractionation factor
associated with Sr incorporation into clays for Sri Lanka only. To this end we make
use of the mass balance assumption that fluxes in our eroding sites are at steady-state.
In this case isotope differences between exchanging compartments are equal to the
fractionation factor (Bouchez and others 2013):

« Sr
prec ¼ d Sr

sec � d Sr
diss (1)

where dSrsec and dSrdiss are the d88Sr composition of the secondary phase formed and of
the dissolved Sr exported from the weathering zone, respectively. Using the average
of the d88Sr values obtained for two clay-sized separates to estimate dSrsec , combined
with the average riverine dissolved Sr composition for dSrdiss, the best estimate we obtain
for eSrprec from in Sri Lanka is �0.326 0.13% (table 2).

This analysis provides the first quantitative constraint on Sr stable isotope fractio-
nation for the formation of secondary weathering products in the Critical Zone.
However, as shown below, secondary solid formation is small in terms of Sr fluxes
along the erodosequence, and is thus unlikely to provide a viable explanation for the
relatively high d88Sr values found for Sr in stream waters in the erodosequence. This
finding differs from that suggested by previous studies (Wei and others, 2013; Chao
and others, 2015; Shalev and others, 2017). Therefore, and as suggested by Andrews
and Jacobson (2016), biological uptake appears to be the much stronger driver of Sr
stable isotopes in the Critical Zone.

Isotope fractionation during plant uptake.—Only few studies have shown that plants
preferentially take up the light isotopes of Sr (de Souza and others, 2010; Bullen and
Chadwick, 2016; Guilbourdenche and others, 2020; Oeser and von Blanckenburg,
2020a). To complement this initial set of isotope fractionation factors during plant
uptake of Sr (eSrupt) we again revert to the steady state mass balance allowing for the
derivation of isotope fractionation factors from differences in isotope ratios (Bouchez
and others 2013):

« Sr
upt ¼ d Sr

veg � d Sr
diss (2)

where dSrveg is the d88Sr of plants. In the absence of constraints on the relative contribu-
tion of Sr in the various plant parts to total plant mass - as well as measurements of
root mass and its Sr concentration - we take the simple average of all d88Sr values
measured on plants at a given site as an estimate of the local dSrveg . We acknowledge
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that this approach neglects any potential intra-plant fractionation, as observed for Sr
isotopes by de Souza and others (2010), Bullen and Chadwick (2016), and Oeser and
von Blanckenburg (2020a).

For the Swiss Alps sites, measurements of d88Sr in plant samples are available only
for the Aare site (0.12 6 0.10%), and stream water d88Sr composition could not be
corrected for non-silicate inputs (Appendix C; 0.39 6 0.15 %). Consequently, stream
water d88Sr may not reflect the Sr that is available to plants growing on granitic sub-
strate, and the estimate of eSrupt (�0.27 6 0.18) at this site needs to be treated with
caution.

In the Sierra Nevada, two groups of plants can be singled-out based on their Sr
isotope signatures (fig. 3). High-standing trees (Pinus Ponderosa and Pinus Jeffreyi)
have higher radiogenic 87Sr/86Sr ratios (around 0.7080–0.7082) than shrubs
(Ceanothus cordulatus and Arctostaphylos Manzanita, around 0.7076–0.7077; fig. 3),
regardless of whether leafy or woody parts are considered. Because the 87Sr/86Sr ratio
traces source and not isotope fractionation, this means that the Sr source differs
between these plant species, for example by roots tapping different depth intervals
(Uhlig et al., 2020). The lower 87Sr/86Sr ratios of shrubs are closer to those of top soil
water (fig. 3). Although their sampling sites are not exactly the same, these plants
also differ in their d88Sr (fig. 4), with pines yielding higher d88Sr (0.16 6 0.15 %)
than shrubs (�0.21 6 0.06 %; Data Table SN3). We use the average d88Sr composi-
tion of all plant samples (�0.02 6 0.23 %) and the average composition of the local
stream dissolved Sr (0.32 6 0.06 %), yielding an estimate for eSrupt of �0.34 6 0.23 %
for Sierra Nevada.

In Sri Lanka, plant 87Sr/86Sr ratios overlap with those observed in bulk topsoil
(fig. 3) which is thus the source of Sr to plants. This assumption is consistent with the
complete Sr depletion observed through most of the profile. Also d88Sr in bulk topsoil
is identical to plants within uncertainty (0.07 6 0.03 %; Data Tables SL1 and SL3).
Soil water and exchangeable Sr pools have overlapping d88Sr values (fig. 4; Data
Tables SL1 and SL2). The average river river dissolved d88Sr is 0.18 6 0.13 %. The
eight plant samples from Sri Lanka also overlap in their d88Sr and have an average of
0.12 6 0.07 %. This leads to an isotope fractionation factor during plant uptake eSrupt
that is essentially zero within uncertainty (�0.066 0.15%).

Altogether, our estimates for the Sr isotope fractionation factor during plant
uptake is �0.34 6 0.23 % for Sierra Nevada and �0.06 6 0.15 % for Sri Lanka. We
emphasize that at both these sites the fractionation factor is subject to a substantial
degree of uncertainty that arises from the method used for these estimates, and from
the data on which we rely (for example, the samples may not be considered to be truly
representative). Yet they are consistent with values obtained at the site of the Damma
Glacier in Switzerland (de Souza and others, 2010), those calculated from soil
exchangeable Sr and plant Sr isotope composition along a soil “climosequence” in
Hawaii (Bullen and Chadwick, 2016), and are essentially identical to those obtained
between the soil bio-available Sr fraction and plants in the Chilean Coastal Cordillera
(Oeser and von Blanckenburg, 2020a). The fact that virtually no isotope fractionation
is observed for the tropical rain forest in Sri Lanka is consistent with previous findings
on Mg stable isotopes at the same site (Schuessler and others, 2018). We note that
taxon-specific isotope fractionation has been reported for other metals in organisms
(for example, Fe: Guelke and von Blanckenburg, 2007; and Mg: Bolou-Bi and others,
2010; Pokharel and others, 2018), linked to different strategies of nutrient acquisition.
Therefore, the fact that the dominant plant types and ecosystems vary between the
sites (temperate montane shrubs and conifers in Sierra Nevada, and tropical forest in
Sri Lanka) offers a potential explanation for the different values of eSrupt . In addition,
for a given species, plant uptake strategies might vary with nutrient availability or
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climatic conditions. For example, in Sri Lanka a “direct uptake” path from high-qual-
ity litter might prevail, engineered for instance by arbuscular mycorrhizal fungi that
dominate tropical forests (Hättenschwiler and others, 2011), and that directly extract
elements from leaf litter, thereby bypassing the dissolved Sr pool which could alterna-
tively be fed during bacterial litter remineralization (Schuessler and others, 2018).

Regardless of the still widely unknown controls over Sr fractionation by plant
uptake, our analysis shows for the first time that in the Critical Zone Sr isotopes can
be fractionated by two categories of processes (defined as control (2) in our introduc-
tion): incorporation into clay minerals and biological uptake, both preferring the
light Sr isotopes over the heavy ones. However, such fractionation will only have lever-
age to set the isotope composition of the dissolved load if Sr fluxes result in sufficient
Sr separation between compartments (condition (3) in the introduction; Bouchez
and others, 2013). In the following section we thus turn towards the quantification of
these Sr fluxes amongst Critical Zone compartments.

Flux of Strontium into Secondary Weathering Products
We first evaluate whether the offset in d88Sr between the dissolved Sr pool and

that of the parent material results from Sr incorporation into (hydr)oxides and clay
minerals. A first way to appraise the fluxes involved is to quantify the fraction of bulk
regolith Sr that is hosted by such secondary phases. Sr bound to Fe-Al-(hydr)oxides is
around 0.5 % in the regolith samples of the Sierra Nevada site, and 1 to 2.5 % in the
corestone samples of the Sri Lanka site (Data Table E). Clay-sized material typically
hosts 0.1% of bulk Sr (excluding separation performed on the Sri Lanka corestone
that contained fine-grained, primary minerals containing Sr; Data Table E). These
quantities appear negligible. Nevertheless, even the formation of a small amount of
Sr-bearing secondary phases in Sri Lanka may result in a measurable isotope effect on
the d88Sr in bulk regolith given that the loss of Sr from primary minerals is almost
complete (fig. 5). We also note that the settling-based separation of clay-sized material
might under-estimate clay-bound Sr if large clay aggregates settle during the separa-
tion and thus remain undetected. Overall, at first sight the Sr amounts found in sec-
ondary solids appear to exert negligible leverage for isotope fractionation.

However, the relative net flux of Sr into secondary solids divided by the Sr release
flux from primary minerals in the regolith (effect (3) in the introduction), rather
than the Sr amounts in a given compartment, is the parameter that is critical for the
stable isotope ratio of the involved compartments. (Here “net” refers to Sr precipita-
tion minus Sr re-dissolution; Bouchez and others, 2013). We call this term f Srsec . Note
that this term is equivalent to the ratio eSrsec=s

Sr
prim introduced by Bouchez and others

(2013), that is the removal of Sr bound to secondary phases by erosion (eSrsec) relative
to the Sr release flux from the partial dissolution of primary minerals (sSrprim). Indeed,
physical removal from the regolith by erosion is the most obvious way to prevent such
isotopically-fractionated secondary solids from re-dissolution. f Srsec can be estimated
from the depletion of Sr across the regolith relative to the depletion of a fully soluble
element (for example, an element not retained in secondary weathering products,
here we use Ca). This estimates requires making two assumptions: i) Sr and Ca are
hosted by the same primary minerals; ii) Sr and Ca are released from primary miner-
als in a congruent way, meaning without elemental fractionation upon primary min-
eral dissolution:

f Srsec ¼ 1� t Sr
tCa

(3)
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f Srsec denotes that flux fraction of Sr that, unlike Ca, is locked and then potentially
eroded in secondary solids. Even if these solids accumulate in the regolith during a
transient state, rather than getting eroded, the mass balance approach of Bouchez
and others (2013) used here is still valid.

To quantify the s-values to be used in equation (3) we used the regolith sample at
the point where the formation of secondary weathering products is the most
advanced, while the influence of biological cycling is still minimal. The composition
of the upper saprolite is representative of this condition.

Estimates of f Srsec are 0.1610.24
�0.27 in the Alps, 0.0710.25

�0.33 for Sierra Nevada,
and 0.0210.02

�0.03 in Sri Lanka (table 2; fig. 6). These numbers indicate only limited
formation of Sr-bearing secondary weathering products along the erodosequence.
Such minor Sr fluxes into secondary weathering products imply that the Sr depletion
in bulk regolith can be interpreted solely in terms of primary mineral dissolution. The
regolith sSr values that increase from Sri Lanka to Sierra Nevada to the Alps (figs. 2
and 5) indicate decreasing Sr depletion along the gradient and thus reflect kinetic li-
mitation on mineral dissolution, imposed by decreasing regolith residence time (West
and others, 2005; Dixon and others, 2012). The flux of Sr release from the regolith,
W Sr

regolith (von Blanckenburg and others, 2021), is highest in Sierra Nevada even though
amongst the erodosequence this site features intermediate regolith residence time
(von Blanckenburg and others, 2021). We interpret this apparent contradiction to
result from the fast supply of fresh minerals in Sierra Nevada. Such fast supply is
indeed likely to sustains a high Sr release flux from the regolith at this site.

The fast supply of dissolved Sr from primary minerals in Sierra Nevada would also
favor the formation of Sr-bearing secondary weathering phases. Indeed, Sr incorpora-
tion into secondary weathering products, although small and associated with signifi-
cant uncertainty, is most prominent in the Sierra Nevada. This behavior is consistent
with the “boomerang” or “croissant” relationship between the formation of secondary
weathering products hypothesized by Bouchez and others (2013) and observed for Li,
Si, and K at the scale of large rivers (Dellinger and others, 2015; Frings and others,
2016; Li and others, 2019). According to this prediction the formation of Sr-bearing
secondary products is hampered when the residence time of solid material in the
Critical Zone is short, as dictated by fast erosion and thin regolith (Alps). Conversely,

Fig. 5. Sr mass transfer coefficient (sSr, panel a) and parent-corrected "stable" isotope ratios
(d88Srsolid-d

88Srparent, panel b) as a function of normalized depth (that is, depth divided by regolith thick-
ness) in the regolith profiles along the erodosequence. By definition, the rock composition plots at the
coordinates (1,1) and (0,1) in panel a and b, respectively (the local rock composition was used as the esti-
mate for d88Srparent; potential dust inputs were not taken into account; see Appendix C).
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Sr-bearing clays undergo re-dissolution in contact with undersaturated pore waters in
the uppermost horizons of the regolith (Golla and others, 2021) if the residence time
is long, which is the case at low erosion rates and thick regolith (Sri Lanka).

In any case the main finding of this analysis is that the overall small relative
amount of Sr transferred into secondary weathering products is unlikely to influence
the signature of the dissolved Sr exported by isotope mass balance. Sr biological cy-
cling is the isotopically relevant process along the erodo-sequence. We quantify the
associated Sr fluxes in the next section.

Biological Uptake Flux of Strontium
The net formation and removal of strontium-bearing organic material.—Although Sr is

not an essential nutrient per se, it is still utilized by higher plants. A simple explanation
is the biogeochemical similarity between Sr and Ca, which is a macro nutrient to
plants (Rediske and Selders, 1953; Gupta and others, 2018; Burger and Lichtscheidl,
2019). For a bio-derived isotopic signature to be preserved in the complementary dis-
solved product, a fraction of the element initially taken up by plants in a fractionated
form needs to be preserved and removed in solid organic matter rather than being
made available for renewed recycling after litter remineralization (Bouchez and
others, 2013; Uhlig and others, 2017; Charbonnier and others, 2020). In other words,
the preservation, or “net” formation of organic material containing Sr is what sets
these isotope signatures.

Again, we can use an independent mass balance method to constrain this isotope
partitioning. Essentially, if a fraction of an element X released from parent material is
partitioned into organic solids without return into the dissolved load a deficit in dis-
solved export will emerge. This deficit can be quantified by the “Dissolved Export
Efficiency” DEESr

Na introduced by Uhlig and others (2017) and calculated by von
Blanckenburg an others (2021) for the erodosequence sites:

DEESr
Na ¼

Sr=Nað Þdiss
Sr=Nað Þparent

=
t Sr
tNa

� �
(4)

Essentially, DEESr
Na is the river dissolved flux of an element divided by the net rego-

lith release flux of the same element. A DEESr
Na of 1 means complete transfer of dis-

solved Sr from regolith into runoff, a DEESr
Na < 1 denotes a reduced export efficiency

because some solute is retained in organic solids. To account for unknown variations
in export flux from variations in runoff Na is used here as a normalizing element as it
is neither sensitive to formation of secondary weathering products in the regolith, nor
to biological uptake. Details are provided in von Blanckenburg and others (2021)
about how (Sr/Na)diss values are corrected from non-silicate inputs (Alps) or how Sr
contribution from dust in included in the estimate of (Sr/Na)parent (Sri Lanka); and
for the derivation of DEE.

Although we interpret a DEESr
Na < 1 to indicate preservation and export of Sr con-

tained in plant debris or organic particulates derived thereof, it is important to note
that low DEEX

Na values can indicate a more general imbalance between release from
parent material and export in rivers. Indeed along the erodosequence such imbalance
is apparent for many elements (von Blanckenburg and others, 2021), including insol-
uble, non-plant-utilized metals like Al. Because of the Na normalization employed
such imbalance cannot easily be attributed to changes in runoff. Rather, unlike Na, a
part of a “missing dissolved flux” of an element might correspond to a certain amount
of this element complexed to organic or inorganic molecules present in a colloidal
fraction (Trostle and others, 2017). This fraction might get preferentially exported
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during flood events that were not fully contained in our stream sampling campaign,
and may thus not be accounted for in the dissolved loads. However, Sr is not prone to
complexation to colloids (Trostle and others, 2017). We thus attribute the DEESr

Na < 1
to be due to erosion of Sr hosted by plant debris.

Calculated values of DEESr
Na are 0.6911.7

�0.66 for the Alps, 1.210.8
�0.4 for Sierra

Nevada, and 0.6710.14
�0.25 for Sri Lanka (von Blanckenburg and others, 2021; fig. 6).

We note that these estimates could be biased to some extent by an inaccurate estimate
of the source rock composition that is used in equation (4) to calculate (Sr/Na)parent
(for example, if rocks sampled in the vicinity of the regolith profile may not be repre-
sentative of those drained by the streams). Similarly, the estimate of the silicate-
derived (Sr/Na)diss in equation (4) could be non-representative if it contains solutes
from different bedrock.

We can use this estimate to derive relative net incorporation of Sr into organic
solids f Srorg (analogous to f Srsec defined in eq 3). This flux-derived f Srorg is equal to 1-DEESr

Na

Fig. 6. Sr partitioning in the Critical Zone for the three sites of the erodosequence. (a) The "missing
dissolved Sr" is indicated by DEESr

Na (eq 4). The grey field denotes the area of DEESr
Na values . 1 that cannot

be explained at steady state - unless some Sr sources have not been accounted for. (b) The relative fluxes
of secondary solid formation f Srsec , uptake into vegetation f Srorg , and remaining dissolved fraction f Srdiss . Here,
only central estimates derived from Monte Carlo calculations are displayed. Negative relative fluxes are
not represented.
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provided that Sr is not significantly affected by the formation of secondary weathering
products in the regolith, as is the case here, as discussed above. Using the values of
DEESr

Na above, f
Sr
org estimates are 0.3010.66

�1.76 for the Alps, �0.0910.38
0.61 for the Sierra

Nevada, and 0.3910.20
�0.20 (table 2; fig. 6). The net incorporation – and possibly ero-

sion – of Sr contained in organic solids or in plant debris is thus a significant player of
Critical Zone Sr cycling at both the Alps and Sri Lanka sites, whereas it is negligible in
the Sierra Nevada.

Estimating biological fluxes of strontium using its isotopes.— Stable Sr isotope ratios
offer an alternative, totally independent means of estimating the values of f Srorg . If as is
the case for Sr the role of the formation of secondary weathering products can be
neglected, equation (17) from Bouchez and others (2013) becomes:

Isotope-derived f Srorg ¼ � d Sr
diss � d Sr

parent

DSr
upt

(5)

Using isotopes, values of f Srorg are 0.4410.89
�0.45 for the Alps, �0.0710.08

�0.15 for
Sierra Nevada, and 0.1111.76

�1.43 for Sri Lanka (note that the large uncertainty for Sri
Lanka stems from the low absolute value of eSrupt ; see above and table 2). These values
compare reasonably well to the above-determined, flux-derived f Srorg estimates (fig. 7).
(Note that the estimate of dSrdiss in the Alps is not corrected for non-silicate inputs
(Appendix C), and that there we used a putative value for of eSrupt of �0.27 6 0.18).
The agreement between these fully independent estimates is remarkable, and lends
confidence in our organic matter erosion fluxes. Both elemental and isotope mass bal-
ance consistently show how the erosion vs. dissolution (see below) of Sr in litter or
other organic particles varies along the erodosequence, with minimal erosion in
Sierra Nevada and maximal erosion in the Alps and in Sri Lanka.

Estimating the release of strontium from litter.— The difference in f Srorg between sites
shows that not all Sr taken up by plants is eroded in organic particles. Some of this Sr
is released from organic particles. We can quantify this flux, again relative to Sr
release from primary minerals. This litter dissolution flux is called sSrorg . The assump-
tion we make is that all Sr taken up into bulk plants, (quantified relative to released
from regolith, called RecSr eq 12 in von Blanckenburg and others, 2021), is initially
returned to the ground by litterfall. In that case:

sSrorg ¼ RecSr � f Srorg (6)

It may appear counterintuitive that sSrorg can be higher than unity, as RecSr can be
much higher than 1. The simple explanation is that with several recycling loops Sr
can be equally solubilized from litter several times, such that the organic solubilisation
flux becomes a multiple of its release by weathering.

Note that because RecSr is relative to release from regolith whereas f Srorg is calcu-
lated relative to release from primary minerals equation (6) is valid only for elements
which are not significantly retained in secondary phases, like Sr. We obtained site-spe-
cific bulk ecosystem Sr uptake RecSr assuming that it depends linearly on biomass
growth as estimated from NPP (Net Primary Production of carbon from FLUXNET
network; for details see von Blanckenburg and others, 2021). Further assuming that
dry biomass consists of 50 wt% carbon ( C½ �plants), and multiplying biomass growth with
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the site-specific average Sr concentration in plants Sr½ �plants (Data Tables A3, SN3, and
SL3) we obtained the dimensional Sr biological uptake flux U Sr :

U Sr ¼ NPP � Sr½ �plants
C½ �plants

(7)

Values of U Sr are 4.512.6
-3.1 t km

�2 yr�1 for the Swiss Alps, 51128
�28 t km

�2 yr�1

for Sierra Nevada, and 134194
�97 t km�2 yr�1 for Sri Lanka (von Blanckenburg and

others, 2021) which corresponds to the gradient in biomass growth along the erodose-
quence. Corresponding values of RecSr are 0.0510.04

�0.03 for the Swiss Alps,
0.8010.63

�0.42 for Sierra Nevada, and 6.414.6
�3.6 for Sri Lanka (von Blanckenburg and

others, 2021; table 2). The increase in relative Sr uptake from the Alps to Sierra
Nevada to Sri Lanka is consistent with findings made for a whole suite of plant-benefi-
tial elements on the same sites (von Blanckenburg and others, 2021), and in particu-
lar Mg (Uhlig and others, 2017 and Schuessler and others, 2018). This pattern is also
consistent with shifts in nutrient cycling across sites that differ in rock mineral compo-
sition (Uhlig and von Blanckenburg, 2019), age (Chadwick and others, 1999), or cli-
mate and related biomass production (Oeser and von Blanckenburg, 2020b).
Essentially, element recycling is a composite result of geogenic and biogenic factors:
in temperate ecosystems underlain by regolith of fast supply by erosion, such as in the
Alps and Sierra Nevada, supply by weathering is high whereas biomass growth is low
to intermediate. Tropical ecosystems such as Sri Lanka are often underlain by supply-
limited and hence strongly nutrient-depleted regolith, yet biomass growth is high due
to favourale climatic conditions. The resulting deficit in nutrient supply is compen-
sated for by more efficient nutrient recycling (Uhlig and von Blanckenburg, 2019).

Fig. 7. Comparison between flux-based (X-axis) and isotope-based (Y-axis) estimates of the relative
flux of Sr contained in eroded plant debris f Srorg (eq 5). The areas shaded in orange denote the limits in
flux allowed by the steady state model of Bouchez and others (2013).
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The RecSr values for each site can now be used in equation (6) to obtain estimates
of sSrorg along the erodosequence. Values of sSrorg are �0.2311.85

�0.65 for the Alps,
0.9310.99

�0.66 for Sierra Nevada, and 6.014.3
�3.6 for Sri Lanka (table 2). Although

plagued by large uncertainty due to error propagation, these figures show how release
of Sr from organic matter is an insignificant process in terms of Sr fluxes in the Alps,
becomes relevant in Sierra Nevada, and overwhelming in Sri Lanka.

We have now established the third (3) and last control on stable isotope ratios for
Sr, namely the relative Sr fluxes between the compartments of the Critical Zone.
Finally we examine how Sr isotopes partitioning into plants and litter within the
Critical Zone sets Sr isotopes signatures in streams.

Export of Strontium from the Critical Zone
Export of dissolved strontium.—The assesment of export fluxes first requires the esti-

mate of the dissolved Sr flux, relative to total supply to the Critical Zone (or equiva-
lently at steady state, to total export). A first estimate of the dissolved Sr flux WX

river can
be obtained from the product of water discharge and dissolved Sr concentrations in
rivers (corrected for carbonate inputs in the Alps; Appendix C), as was compiled by
von Blanckenburg and others (2021). Here we normalize these data twice. First, to
produce a metric comparable to a “weathering intensity” that we show below to be in-
dependently obtainable from an isotope mass balance, we normalise WX

river flux by
regolith production of Sr, RPSr (including dust inputs in Sri Lanka; Appendix C).
Second, as done for calculating the DEESr

Na we normalise both WX
river and RPSr to the

corresponding fluxes of the fully soluble Na to account for climate-related variations
in discharge. Thus we obtain a first expression of wSr , that is an estimate of the relative
dissolved Sr export based on elemental measurements only:

Element-basedwSr ¼
W Sr

river

.
RPSr

W Na
river

.
RPNa

¼ Sr=Nað Þdiss
Sr=Nað Þparent

(8)

Note that like f Srsec or f
Sr
org defined in the present study, wSr is a relative flux normal-

ized to total regolith production (RPSr) rather than to Sr release from primary miner-
als (SXprim). Values of w

Sr are 0.5911.30
�0.56 in the Swiss Alps, 1.0110.34

�0.29 in the Sierra
Nevada, and 0.6010.20

�0.20 in Sri Lanka (table 2). These estimates indicate that frac-
tional dissolved Sr export is greatest in Sierra Nevada and lowest in Sri Lanka and in
the Alps. This gradient is exactly the inverse pattern of f Srorg (table 2, fig. 7). This con-
trast suggests that along the erodosequence Sr storage in organic matter is a main
pathway to the prevent the export of Sr as stream dissolved load.

An isotope steady-state mass balance again serves to provide fully independent
estimates of the relative fluxes from the weathering zone (Bouchez and others, 2013;
Uhlig and others, 2017; Schuessler and others, 2018; Charbonnier and others, 2020):

Isotope-derivedwSr ¼ d Sr
parent � d Sr

solid

d Sr
diss � d Sr

solid

(9)

where dSrsolid is the d88Sr composition of the bulk solid exported from the Critical Zone.
For all sites we use river and topsoil d88Sr data as representative of dSrdiss and dSrsolid ,
respectively. Note that the value of the isotope-based wSr for the Alps is most likely
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biased because of a significant non-silicate component on dSrdiss which is difficult to cor-
rect for (Appendix C). Estimates of isotope-based wSr are 0.1411.76

�1.62 for the Alps,
0.5110.69

�0.89 for the Sierra Nevada, and 0.5211.46
�1.26 for Sri Lanka (table 2). Despite

the significant uncertainties associated with these estimates, we find that the central
estimates of the dissolved Sr fractional export calculated from elemental budgets and
from isotope budgets vary in the same sense along the erodosequence, with lower frac-
tional export in the Alps compared to Sierra Nevada and Sri Lanka (fig. 8). This ob-
servation provides confidence on the preferential partitioning of Sr into biological
compartments in the Critical Zone, with (a) a strong contribution of release from lit-
ter to the dissolved export, and (b) the predominance of organic-bound Sr on the
particulate export.

Export of particulate strontium.— An evaluation of the role of Sr preservation in lit-
ter on the stream particulate export flux can also be made. By definition the erosion
flux eSr (relative to total element supply to the regolith, RPSr) is the complement of
wSr , that is eSr = 1 � wSr . Furthermore, eSr can be split into three contributions:
eSr ¼ eSrprim1eSrsec1eSrorg , which reflect the erosion of primary minerals, secondary weather-
ing products, and plant debris, respectively (Bouchez and others, 2013). Defining
f Srdiss ¼ 1 � f Srsec � f Srorg as the dissolved Sr fraction that remains after some of the Sr
released from primary minerals has been partitioned by secondary phase formation
and biological uptake (fig. 6), we can calculate:

eSrprim ¼ f Srdissð�t Sr Þ � wSr : (10)

In this equation the ð�sSr Þ term transforms f Srdiss into the formation and erosion
flux of secondary solids relative to the total Sr supply to the regolith RPSr , as
are eSrprim and wSr Calculated values of eSrprim are �0.2810.20

�0.49 for the Alps,
�0.3410.17

�0.16 for Sierra Nevada, and �0.0210.02
�0.03 in Sri Lanka (table 2).

Therefore, the particulate export of Sr as primary minerals is virtually negligible at all
sites of the erodosequence. Such a low erosional Sr flux by primary minerals reflects
that the Sr-containing primary minerals have mostly been dissolved. The major path-
way of Sr particulate export along the erodosequence is eSrorg . Again this consideration
lends support to biological cycling being the most prominent factor in setting Sr
fluxes in the Critical Zone.

Strontium Internal Cycling and Eport along the Erodosequence
The estimates obtained for Sr fluxes and internal cycling in the Critical Zone

along the erodosequence are summarized in figure 9:

• In the Alps, Sr solubilized from regolith has two fates: two thirds of this Sr are
directly drained to aquifers and streams without experiencing any biological cycling
at the surface of the regolith. One third of this Sr is taken up by plants, from which
none is released back into solution nor re-utilized by plants. This bio-utilized Sr is
exported in its entirety as particulate organic debris.

• In the Sierra Nevada, plants take up the entirety of the Sr solubilized from regolith.
Following uptake and litter fall, Sr release from litter is complete and re-utilization
is negligible. Strontium released from litter comprises the entire flux of stream Sr
export, which occurs exclusively as dissolved Sr.
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• In Sri Lanka, not only do plants utilize all Sr released from regolith, but each atom
of Sr is bio-utilized multiple times (typically 6 times) by release from plant litter
before export to streams. However, a significant fraction of Sr in litter still remains
refractory to re-dissolution. Thus export of Sr in organic debris dominates the
stream export, dwarfing both dissolved Sr stream export and that eroded in primary
minerals.

Whether Sr is exported in organic particles or is remobilised by dissolution from
litter does not appear to depend on erosion rate nor residence time, a control that
was identified for Sr export in the Chilean Coastal Cordillera (Oeser and von
Blanckenburg 2020a). In the Alps, where grasslands were sampled, it is most likely
that the steep slopes and an absence of canopy favor litter erosion through sheet wash
and other surficial erosion processes, or, possibly, through grazing by the lifestock
present at the site. In Sri Lanka, in contrast, a corollary of the low erosion rates is that
litter-bound Sr is not efficiently removed by erosion. On the other hand, Sr is avaible
for re-utilization by plants which can be related to the high litter quality typically
observed for some tropical ecosystems (Hättenschwiler and others, 2011).

These effects are element-dependent, however. We note that efficient re-dissolu-
tion of Mg from litter in Sri Lanka was reported by Schuessler and others (2018) in
the absence of its erosion in organic particles, while for Sierra Nevada Uhlig and
others (2017) showed incomplete Mg re-dissolution from litter accompanied by its
erosion in plant debris, unlike what we find for Sr in the present study. Although we
have no means to pinpoint the reason for this difference between Mg and Sr, it can be
speculated that this difference is due to the “speciation” that might differ between Sr
(for example located in oxalates; Hanger, 1979) and Mg in the plant (for example in
chlorophyll; Maguire and Cowan, 2002). In addition, Sr is likely present mostly in leaf

Fig. 8. Comparison between element-based (X-axis) and isotope-based (Y-axes) estimates of the rela-
tive export flux of dissolved Sr wSr (eqs (8) and (9)). The areas shaded in orange denote the limits in flux
allowed by the steady state model of Bouchez and others (2013).
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litter, whereas a substantial proportion of Mg may get eroded in tree trunks (Uhlig
and others, 2017). Another picture still emerges for Si, where high fractions of Si in
plant debris or biosilica are eroded (20–40 %), as suggested by both the values of
DEESi (ca. 50 %) and constraints from Ge/Si (Frings and others, 2021a, 2021b).

The high primary productivity at the Sri Lanka site is typical for tropical forests.
The only way to maintain such a productive ecosystem in spite of sometimes total solu-
ble element depletion is through the intensive recycling of rock-derived nutrients.
Such strategy does not appear to be a requirement in fast eroding landscapes (Alps
and Sierra Neveda), where weathering fluxes are sufficiently high to compensate for
particulate (Alps) or dissolved (Sierra Nevada) Sr losses from the litter pool.

conclusions

The main methodological finding of our study is:
(i) For an erodosequence, where fluxes are assumed to be at steady state, two

entirely different means to determine elemental export fluxes provide internally con-
sistent results: Sr stable isotope signatures on the one hand, and independent flux
estimates from elemental Sr mass balance on the other hand.

These estimates show that:
(ii) Incorporation of Sr into secondary products of weathering (that is, through

the formation of clays and oxides, or through adsorption onto mineral and organic
surfaces) does not constitute a significant flux of Sr at the scale of the weathering
zone, regardless of the erosion rate. Thus Sr fluxes from either elemental mass bal-
ance or Sr stable isotopes allow for the evaluation of pathways exclusively arising from
primary mineral dissolution and biological cycling.

Fig. 9. Sketch of relative Sr fluxes between Critical Zone compartments along the erodosequence.
The size of the arrows scales with the size of the fluxes. Fluxes in orange depict the regolith, in green the
plant compartment (higher plants and litter), in blue the dissolved stream export and in brown the partic-
ulate organic export. Regular text denotes compartment names (regolith and plant plus litter) and text in
italics denotes processes. Because the erosion does not impact isotope ratios and because the formation of
secondary solids can be neglected, the stream export of minerals is not shown. The absence of a brown
arrow for the Sierra Nevada site reflects the complete re-dissolution of Sr from litter at this site, whereas
the circular shape for the Sri Lanka site reflects the efficient recycling of Sr from litter.
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(iii) At the site featuring the lowest denudation rate, secondary solids like oxides
or clay minerals do host some Sr, and these are enriched in the light Sr isotopes com-
pared to Sr in solution. A first Sr stable isotope fractionation factor for formation of
secondary solids derived thereof is �0.32 6 0.13 % (Sri Lanka). In contrast, Sr iso-
topes are not significantly fractionated when Sr is sorbed into the exchangeable pool
from soil water.

(iv) The Sr stable isotope fractionation factor associated with biological uptake
into plants ranges from �0.346 0.23% (Sierra Nevada) to �0.066 0.15 (Sri Lanka).
These differences might reflect a role of plant species-specific factors.

(v) Biological uptake of Sr, followed either by release from litter to the soil solution
or by litter erosion, acts as the major pathway of Sr in the Critical Zone. As a conse-
quence, biologically cycled Sr dominates Sr dissolved stream export, while Sr bound to
solid organic matter constitutes the predominant form of particulate Sr stream export.

Combined with other metal stable isotope tracers such as the Li or Si systems, Sr
stable isotopes appear to offer a potentially powerful tool to disentangle the effects of
biological processes from the overall cycling of elements in the Critical Zone.
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appendix a

Methods for Sequential Extractions from Saprolite and Soil Samples
Sequential leaching was performed on selected saprolite and soil samples. The

procedure (summarized in table A1) was adapted from previous protocols used in soil
and river sediment studies (Tessier and others, 1979; Wittmann and others, 2012) and
those used in studies of Sr isotopes in weathering systems (for example, Bullen and
others, 1997; Pett-Ridge and others, 2009). Non-grinded sample splits < 2 mm (only
samples from the corestone collected in the deep saprolite in Sri Lanka were crushed
and ground) were first transferred to clean PP tubes, in which all extraction steps were
carried out sequentially. For each extraction step, after immersion in the reagent, sam-
ples were centrifuged, the supernatant was pipetted out, and the settled material was
flushed at least once with the same reagent or with water, and the supernatant pipet-
ted out again. The two supernatants were combined and transferred into clean PP
tubes. Samples were first immersed in Milli-Q water in order to retrieve the “water-
soluble” phase, thought to reflect the composition acquired by infiltrating water upon
contact with the regolith. Then, ammonium acetate (NH4Ac, 1M, buffered at pH 7)
was used to extract the “exchangeable” phase, followed by carbonate selective diges-
tion using 1M acetic acid. Fe-Mn-(oxy)(hydr)oxides were then leached from the sam-
ple using hydroxylamine (NH2OH 1M in HCl). This procedure dissolved both
amorphous and crystalline oxides. Organic material was then dissolved using a HNO3-
H2O2-H2O mixture. We note that this step has the potential to dissolve silicate mate-
rial to some extent. From the residue, the clay-sized fraction was finally separated with
a gentle centrifugation step resulting in the decantation of larger particles. The cut-off
size was estimated to be around 2 mm, although we acknowledge that this estimate suf-
fers from a considerable uncertainty.
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The major element composition of sequential leaches was measured by ICP-OES
in HNO3 0.3M after appropriate dilution, using calibration standards with a matrix
matched with that of the extraction step when necessary (NH4Ac, acetic acid, or
NH2OH).

We note that the different fractions thus extracted are only operationally defined.
In particular, the method we used to separate the clay-sized fraction (gentle centrifu-
gation) most likely does not separate all clay material: while on the one hand the fine-
grained material in suspension after centrifugation might still contain very fine pri-
mary minerals, on the other hand clay minerals attached to coarser primary silicates,
or aggregated with or without other material such as oxides, may have not beed con-
tained in the clay-sized fraction.

The selectivity of this procedure can be assessed by the major element composi-
tion of the various leachates (Data Table E). Depending on the sample, the exchange-
able fraction represented between 0.1 and 18.0 % of the total budget for soluble
elements, with usually higher contribution for alkali-earth elements (Mg, Ca, Ba, Sr)
than for alkali elements (Na, K). Only marginal contributions (< 0.1%) of Si, Ti, Al
and Fe were found in this fraction, but significant contribution of Mn (up to 3.5 %).
In general, the elemental contribution of this fraction to the total budget was found to
be higher in the Sri Lanka samples, in particular in soils samples, than in other sam-
ples. The “carbonate” fraction hosted a significant contribution of the Mg, Ca, Ba, and
Mn (and to a lesser extent Fe) but Sr was not detectable in most of these leachates.
The “oxihydroxide” fraction contained a large contribution of total Fe (3.9–26.2 %),
Mn (0.8–74 %), Al (1.6–9.9 %), and Mg (0.4–21.7 %), lesser amounts of Ca, Ba, and
Ti and marginal contributions of Na, K, Si, and Sr (up to 2.4 % of total Sr). The “clay”
fraction contained a large contribution of total Sr, Ca, K, and Al (Si was not measura-
ble in those leachates, as they were digested with HF), that is up to on the order of
10%. The “clay” fraction represented a small contribution of the total elemental budg-
ets in the Swiss Alps and Sierra Nevada total regolith, and even in the samples of upper
saprolite and top soil of the Sri Lankan regolith.

appendix b

Methods for Strontium Separation and Stable Isotope Analysis
Strontium was separated from the sample matrix using column chromatography

based on 0.2 mL of Sr-SPEC resin (Eichrom), following a procedure adapted from
that traditionally used for radiogenic Sr isotope analysis (Horwitz and others, 1992;
Pin and Bassin, 1992). Aliquots of the elution fractions were systematically analyzed by
ICP-OES to check for 100 %-yield and purity. Special care was taken to purify Sr from
Ca and Ba, the elution of which can show tailing and therefore can contaminate the
Sr fraction and compromise the measurement of Sr stable isotopes by bracketing
(Scher and others, 2014; Romaniello and others, 2015). If significant residual Ca
and Ba were observed in the Sr elution fraction (Ca/Sr or Ba/Sr . 1), which was in
particular observed for organic-rich matrices such as found in topsoil or vegetation
samples, the eluate was evaporated and processed again through the same Sr-SPEC
column.

Sr isotope ratios were measured using a MC-ICP-MS Neptune (ThermoFischer,
Bremen) at GFZ combined with Jet- and X-cones in static mode. An APEX-Q (ESI)
desolvating unit and a PFA micronebulizer (100 mL min�1) was employed as a sample
introduction system. A sensitivity of 5 V ng�1 min�1 was typically achieved for 88Sr.
Measurement parameters and methods for data reduction for 87Sr/86Sr are discussed
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elsewhere (Hewawasam and others, 2013; von Blanckenburg and others, 2021). For
88Sr/86Sr ratios, instrumental mass fractionation was corrected by standard-sample-
standard bracketing (Fietzke and Eisenauer, 2006; Rüggeberg and others, 2008; Ma
and others, 2013). This method is more demanding in terms of Sr recovery yield dur-
ing chemical purification, solution purity, and instrument stability during measure-
ments compared to the double-spike technique (Krabbenhoft and others, 2009;
Shalev and others, 2013; Neymark and others, 2014). However, the approach does not
require the calibration of a spike solution and allows for the measurement of all iso-
tope ratios of interest (88Sr/86Sr and 87Sr/86Sr) in a single run. Tests were made using
the Zr-doping technique (Ohno and Hirata, 2007; Yang and others, 2008;
Krachmaninov and others, 2012), but these tests did not yield satisfactory results. It
was ensured that the drift of instrumental fractionation was as small as possible
between a sample and its two bracketing standards. To this end, short integration
times were used, such that each standard-sample-standard sequence was achieved within
a few minutes. If the drift between two standards exceeded 0.1 % in 88Sr/86Sr, sample
results between these two standards were discarded. Intensity matching between samples
and standards was systematically checked to be within 6 20%. Stable Sr isotope ratios
were finally reported as:

d 88Sr ½%o� ¼
88Sr=86S r
� �

sample
88Sr=86S r
� �

SRM987

� 1

 !
(A1)

TABLE A1

Protocol for sequential extractions used in this study

Fraction Reagent Time Procedure Recovery Note 
Water-soluble -Milli-Q H2O 

2 mL 
30 min Ultrasonic 

bath 
Centrifugation 4,400 rpm 

10 min + pipetting 
Centrifugation step is short 

to avoid release from 
minerals 

Exchangeable - NH4Ac 1M 
(pH 7) 
4 mL 

1 h Ultrasonic 
bath 

Centrifugation 4,400 rpm 
10 min + pipetting, repeat 

with 2 mL NH4Ac 

 

Carbonates - Acetic acid 
1M 

4 mL 

2 h Ultrasonic 
bath (50ºC) 

Centrifugation 4,400 rpm 
10 min + pipetting, repeat 

with 2 mL MilliQ H2O 

Followed by soaking the 
residue in 5 mL H2O 

overnight in an ultrasonic 
bath to disperse particles 

(then decanted by 
centrifugation for 10 min at 

4,400 rpm + pipetting) 
Oxides - NH2OH 

1M 
4 mL 

3.5 h Ultrasonic 
bath (80ºC) 

Centrifugation 4,400 rpm 
10 min + pipetting, repeat 

with 2 mL MilliQ H2O 

Includes both crystalline 
and amorphous oxides  

Organics - H2O2  30% 
1.5 mL 

- HNO3  14M 
2 mL 

- MilliQ H2O 
1.5 mL 

2 - 12 h Transfer to 
teflon vials 

Centrifugation 4,400 rpm 
10 min + pipetting, repeat 

with 2 mL MilliQ H2O 

Most likely contains 
elements released from 

silicate minerals, thus not 
considered here 

Clays - MilliQ H2O 
5 mL 

2 min Back in 
centrifuge 

tubes, 
centrifugation 

500 rpm 

Pipetting and drying 
followed by HF-HNO3 

digestion 

Centrifugation is used here 
to settle silt- and sand-

sized particles 
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where SRM987 is a solution made from the international isotope Sr carbonate standard
NBS SRM987. Repeated runs of the SRM987 solution over several years served to check
the accuracy and repeatability of the 87Sr/86Sr mass spectrometric measurements, but
also the stability of the drift in instrumental mass fractionation during sessions.

Over three years of measurements and a dozen of measurement sessions, a pure
Sr solution (ICP standard Certipur) was regularly measured by bracketing, and gave
d 88Sr = �0.019 6 0.098 % (2 standard deviation = 2SD, n = 154) and 87Sr/86Sr =
0.708600 6 0.000069 (2SD, n = 162). This uncertainty provides an estimate of the
instrument stability between sessions. However, it does not reflect the uncertainty on
the mean value of the measurements, which is provided in this study by the 95% confi-
dence intervals of repeated sample measurements (hereafter referred to as C.I., calcu-
lated as tn�1 � S:D:=

ffiffiffi
n

p
, with n being the number of measurements and tn�1

Student's factor for n�1 degrees of freedom). When several chemical separations
were made from the same sample, all measurements were combined to calculate the
C.I. For the Certipur solution, the C.I. on d 88Sr is 0.016% (meaning that our best esti-
mate for this value is �0.019 6 0.008 %) and the C.I. on 87Sr/86Sr is 0.000011 (best
estimate 0.7086006 0.000006).

To ascertain accuracy of our measurements, and given the scarcity of well-con-
strained d 88Sr values of natural material in the literature, we processed in-house
synthetic standards, made from a Certipur ICP standard Sr solution and other
mono-elemental solutions, through the separation procedure and measured their
isotope ratios as if they were samples. The composition of these synthetic standards
is provided in table A2. Given the numbers provided above for the Certipur solu-
tion, accurate measurements of these synthetic standards should yield d 88Sr =
�0.019 6 0.008 %, 87Sr/86Sr = 0.708600 6 0.000006. Results of measurements of
d 88Sr and 87Sr/86Sr are provided in table A3 and show that within uncertainty, our
separation and measurement method produces no shift in d 88Sr shift and only a
minor upward shift in 87Sr/86Sr values which might be due to the presence of mi-
nute amounts of Sr in the mono-elemental solutions used to produce these synthetic
standards. To further check the accuracy of our method, we processed several reference
materials for which d 88Sr data exist in the literature, again yielding a good agreement
between our ownmeasurements and previously reported values (table A3). We also proc-
essed and measured reference materials for which, to our knowledge, no available d 88Sr
data exist, but served as tests for the repeatability of our measurements and provide a
benchmark for future Sr isotope measurements (table A3).

appendix c

Non-Silicate Strontium Contribution to The Critical Zone
Strontium can be delivered to weathering profiles not only by conversion of rock

to regolith, but also through atmospheric inputs at the top of the regolith. This effect
is likely to be the most prominent for low-erosion settings where the rock supply is the
slowest (Jssacobson and others, 2002; Kurtz and others, 2001). Quantifying Sr external
inputs to weathering profiles might be of importance for d 88Sr, as for example carbon-
ate minerals sometimes contained in dust will have a lower d 88Sr composition
than that of silicate minerals (the average d 88Sr value of Phanerozoic carbonates
being 0.16%; Vollstaedt and others, 2014). Conversely, wet atmospheric inputs have a
d 88Sr composition close to that of seawater, heavier than that of most minerals
(Pearce and others, 2015a). To quantify carbonate-derived inputs for the three sites of
the erodosequence, we use results from Sr source apportionment based on the
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“radiogenic” Sr isotope ratio, as reported by von Blanckenburg and others (2021). As
discussed by Uhlig et al. (2017) and von Blanckenburg (2021), no particular correc-
tion with respect to atmospheric inputs is needed for the Sierra Nevada site.
Therefore, in the following we discuss the role of this contribution for the Alps and Sri
Lanka sites only.

For the Alps von Blanckenburg and others (2021) show that although the
sampled regolith profiles are not affected by dust inputs, a measurable contribution of
a carbonate end member to the dissolved load is apparent in the streams samples
nevertheless. Radiogenic Sr isotope ratios show that the fraction of silicate-derived dis-
solved Sr ranges from 0.42 in streams draining the Goms profile hillslope to 0.05 in
the larger Rhone River (von Blanckenburg and others, 2021). Together with a ;10%
correction on the Na dissolved load from wet deposition contributions (von
Blanckenburg and others, 2021), a silicate-derived (Sr/Na)diss ratio can be calculated
(Data Table A2), with values of 1.29 6 0.95 (1SD) for Goms stream water. This is the
ratio we use in equations (4) and (8). In principle the inferred Sr contribution from
the silicate end member values could be used to estimate the d 88Sr value of the silicate
end member, provided that the d 88Sr of the carbonate end member is known.
However, in the case of the Alps the value of this end member is difficult to constrain.
A mean of 0.16 % is reported for Phanerozoic carbonates by Vollstaedt and others
(2014), but with a wide range of variations. Therefore, given the uncertainty that
would be associated with such a correction on the dissolved d 88Sr values of the water
samples in the Alps (especially for those samples with very low values contribution of
the silicate end member to dissolved Sr) we did not attempt any correction.
Unfortunately, this introsduces potential bias into the calculations made using equa-
tions (1), (2), and (9) for the Alps.

For Sri Lanka Hewawasam and others (2013) and Schuessler and others (2018)
show dust input to be important for major elements and for Sr for the Hakgala profile.
In terms of solid material, such contribution is apparent from the much lower
87Sr/86Sr ratios in topsoil and plant samples than in the underlying weathering profile
(fig. 3). Because in Sri Lanka – unlike in the Alps – dust is deposited onto the regolith
(for example, fig. 3) and thus contributes to Sr cycling by plants, the “raw” (that is, not
corrected for non-silicate contribution) (Sr/Na)diss and dissolved d 88Sr values can be
used in equations (4) and (8) (von Blanckenburg and others, 2021).

However, in order to provide a value for d Sr
parent that takes into account dust input,

it is required to estimate the relative Sr contribution to the regolith profile of rock
weathering ansd dry deposition. The contribution of dust-derived Sr to the Critical
Zone in Sri Lanka can be estimated from its contribution to stream dissolved Sr (von
Blanckenburg and others, 2021). This estimate yields fractional contributions of the
silicate Sr end member between 0.08 and 0.16 for the small creeks around the regolith

TABLE A2

Composition of the in-house synthetic samples produced to check accuracy of Sr isotope
measurements. The X/Sr ratio of the solutions made are given, as well as the typical Sr
amount that was loaded onto the Sr-SPEC columns for each in-house synthetic standard

 X/Sr ratio Sr 
load  

Synth. 
sample 

Si Na K Mg Ca Al Fe Ti Ba Cr Mn Co Ni Cu Zn B [µg] 

RW1 100 100 50 25 100            1.0 
RM3 1500 50 67 50 50 400 250 25 2.5 0.3 4.2 0.3 0.3 0.3 1.0  0.2 
Plant3 160 1 640 120 600 12 4.0  2.0  2.0    0.4 1.0 0.2 
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profile (von Blanckenburg and others, 2021). This means that carbonate dust contrib-
utes to around 85% of the Sr supply to the regolith profile in Sri Lanka, and thus that
the RPSr value provided by von Blanckenburg and others (2021) derived only from sil-
icate weathering in the saprolite has to be multiplied by around 7 to take carbonate
input into account. Using these fractional contributions together with the d 88Sr values
of bedrock (0.24 6 0.03, excluding one sample with lower d 88Sr value; Data Table
SL1) and top soil (see above) we estimate that d Sr

parent = 0.09 6 0.03. This value is used
for estimates of « Sr

prec (eq 1), « Sr
upt (eq 2), eSrorg (eq 5), and wSr (eq 9). However, this esti-

mate of d Sr
parent may be biased if either dust Sr or silicate Sr solubilisation is incomplete.

The fact that Sr release from the Sri Lanka local bedrock is complete is shown by the
the tSr values of �1 in the upper saprolite (fig. 2). However, dissolution of carbonate
dust in top soil is not complete (fig. 2). Nevertheless, because the difference between
the d 88Sr values of bedrock and carbonate dust is minor, this assumption does not
strongly affect our estimate of d Sr

parent .

TABLE A3

Summary of 87Sr/86Sr and d 88Sr measurement statistics for refence materials and in-house
synthetic samples.

  87Sr/86Sr �88Sr 
 nc Mean 2SD 2SEt ns nm Mean 2SD 2SEt ns nm 
   [10

-6
]  [10

-6
]    [‰] [‰] [‰]   

Reference materials 
SLRS-5a 5 0.711047 42 8 5 29 0.336 0.144 0.033 5 21 
SRM1640a 3 0.708867 30 7 4 21 0.139 0.080 0.019 4 19 
SRM1515 4 0.713541 150 32 3 21 0.241 0.046 0.010 3 23 
SRM2709ab 4 0.708133 70 14 4 28 0.245 0.116 0.027 3 20 
BHVO-1c 2 0.703479 32 17 1 6 0.266 0.026 0.016 1 5 
JLs-1d 2 0.707887 34 18 1 6 0.336 0.110 0.068 1 5 
JSl-1 3 0.711836 44 17 1 9 -0.199 0.100 0.042 1 8 

In-house synthetic samples 
RW1 3 0.708664 96 18 5 29 -0.034 0.096 0.028 3 14 
RM3 4 0.708629 190 47 3 18 0.031 0.098 0.037 2 9 
Plant3 3 0.708662 100 25 2 18 0.007 0.082 0.017 2 24 
Certipur NA 0.708600 69 11 8 162 -0.019 0.098 0.015 7 154 

nc, ns, and nm refer to the number of runs of chromatographic separation, number of MC-ICP-MS sessions, and
number of individual measurements that were performed for each solution. 2SD is twice the standard deviation on
all measurements and 2SEt is the corresponding confidence interval at 95%, calculated with Student's law at nm
degrees of freedom. nm can differ between between between 87Sr/86Sr and d 88Sr because (1) some 87Sr/86Sr data
were discarded when Kr interference on mass 86 was too high, and (2) some d 88Sr data were discarded when the
drift in instrumental mass fractionation was higher than 0.10 (in d 88Sr unit) between two consecutive standards.
The composition of the in-house synthetic standards is given in Table A2. The results of 87Sr/86Sr and d 88Sr meas-
urements of the "Certipur" solution (mono-elemental Sr ICP standard) used to supply Sr to these in-house synthetic
samples is given for reference.

a Krabbenhöft and others (2010) report a d 88Sr value of 0.34 6 0.03 % (2SE) for the St-Lawrence river, from
which the reference material SLRS-5 was sampled.

b Brazier and others (2020) report a d 88Sr value of 0.162 6 0.019 % (2SD, n ¼ 69) and a 87Sr/86Sr ratio of
0.70814 6 0.00002 (2SD, n ¼ 25).

c Charlier and others (2012) report a d 88Sr value of 0.29 6 0.08 % and 0.32 6 0.11 % (2SE), Wei and others
report a 87Sr/86Sr ratio of 0.703484 6 0.000021 (2SD, n ¼ 8), and Andrews and others (2016) report a d 88Sr value
of 0.267 6 0.008 % (2SE, n ¼ 12) for BHVO-1.

d Ohno and Hirata (2007) report a d 88Sr value of 0.26 6 0.04 % (2SD) for JLs-1, and Brazier and others (2020)
report d 88Sr values of 0.257 6 0.019 % (2SD, n ¼ 69) and 0.225 6 0.019 % (2SD, n ¼ 69) depending on the
digestion protocol.
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