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QUANTIFYING BIOTIC AND ABIOTIC SI FLUXES IN THE CRITICAL
ZONE WITH GE/SI RATIOS ALONG A GRADIENT OF
EROSION RATES

PATRICK J. FRINGS*f, FRANZISKA SCHUBRING*, MARCUS OELZE*,
and FRIEDHELM VON BLANCKENBURG*-**

ABSTRACT. Silicon (Si) is an important nutrient for many plant and algae spe-
cies, and the ultimate source of Si is silicate mineral weathering reactions. These
topics have inspired the application of Si isotope geochemistry to quantifying Si cy-
cling in the Critical Zone, though the interpretations are often equivocal. Because
germanium (Ge) geochemistry is similar to that of Si, the Ge/Si ratio is considered a
tracer that provides additional constraints on Si cycling. Here, we provide Ge/Si
ratios for three sites that span a gradient of erosion rates and thus time that material
spends in the weathering zone before being removed. We present Ge/Si ratios in
bulk rock, soil and saprolite, clay-size fractions, plant biomass, and river water from
the Central Swiss Alps, the southern Californian Sierra Nevada, and the highlands of
Sri Lanka. Our data perform two functions. First, they provide insight into the Ge/Si
system. In particular, we document the presence of a substantial pool of Ge in plant
biomass that is not associated with phytoliths, suggesting that overall plants do not
discriminate against Ge relative to Si during uptake. We also quantify the preferential
incorporation of Ge into clay minerals. We show that Ge/Si ratios in secondary clays
may be a better proxy for weathering intensity (the fraction of denudation achieved
chemically) than the Ge/Si ratio of river solutes. Ge/Si ratios in secondary clay min-
erals also perform as well as or even better than silicon isotopes as weathering inten-
sity proxies. Second, the Ge/Si data are used in conjunction with silicon isotope data
to develop a catchment Si mass-balance model. It suggests that the export of second-
ary, fractionated solids (largely clays and plant material) becomes increasingly impor-
tant at shorter regolith re51dence times: 80_24 % of total solubilized Si in the rapidly
eroding Alps site, vs. ?)2+ % in the slowly eroding Sri Lanka site. The results also
suggest that plant materlal is a surprisingly large contributor to Si export from these
catchments, likely equivalent to 25 to110 % of dissolved Si export.

INTRODUCTION
The weathering of silicate rocks is coupled to the carbon cycle by the sequestra-

tion of COy (Berner and others, 1983; Frings, 2019) and through the supply of min-
eral nutrients, amongst them silicon (Si). In broad strokes, the main pathways in the
terrestrial Si cycle are well known. Si is released from the primary minerals comprising
bedrock during weathering as dissolved silica (dSi, typically as the neutral species
monosilicic acid H4SiO4). This dSi has several potential fates. It can be transported
directly to the fluvial system via groundwater or soil water flow. It may be precipitated
or adsorbed into secondary phases, including the clay minerals and various oxides or
amorphous and shortrange order phases. Finally, it may be taken up by plants or soil
organisms to produce biogenic silica (bSi; hydrated amorphous SiOy) (Alexandre
and others, 1997; Sommer and others, 2006; Carey and Fulweiler, 2012). All these
phases may be further redissolved, recycled, or geochemically altered before the Si is
ultimately transported by rivers to the ocean as dSi or as eroded particulates.
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Biological Si utilisation is increasingly recognised as a central part of terrestrial Si
cycling (for example, Meunier and others, 1999; Gerard and others, 2008). Though
not strictly bio-essential, Si provides benefits for many vascular plants. For example, it
can provide physiological and structural advantages, or convey resistance to herbivory
(Ma and others, 2001; Pilon-Smits and others, 2009; Guntzer and others, 2012), and
so some plant taxa actively accumulate Si. In other cases, it may simply be taken up
passively. Upon plant death or leaf abscission, plant bSi is returned to the soil system
where is may be stored, be eroded, or redissolve to produce dSi. Si uptake by biomass
is often of the same order of magnitude or greater than Si release during weathering
(Conley, 2002; Carey and Fulweiler, 2012), so terrestrial ecosystems can be concep-
tualised as a buffer between silicate weathering and the ultimate delivery of Si to
the ocean (Derry and others, 2005). There is a sizable body of literature examining
Si budgets and fluxes within ecosystems (Conley, 2002; Clymans and others, 2016;
de Tombeur and others 2020), or the storage of phytoliths in soils (for example,
Meunier and others, 1999; Li and others, 2020). Despite this, the removal of plant
bSi via erosion has not received much attention. Nevertheless, export of plant ma-
terial may be a non-negligible component of many element budgets (for example,
Oeser and von Blanckenburg 2020; Bouchez and von Blanckenburg, 2021; von
Blanckenburg and others, 2021).

Geochemical tools are a promising means of characterising the Si cycle in the
Critical Zone — the layer of the Earth surface that extends from the bottom of ground-
water to the tops of trees (Brantley and others, 2007). In particular, Si isotope ratios
are well established (De La Rocha and others, 2000; Ziegler and others, 2005a, 2005b;
Opfergelt and Delmelle, 2012; Frings and others, 2015, 2016). Expressed as 520si (a
permil deviation in the 30 Si/ 28§i ratio from the reference material NBS28), they have
been extensively used to trace aspects of Critical Zone Si cycling. The approach bene-
fits from the observation that Si isotope ratios in bulk igneous silicate rocks are reason-
ably consistent, falling around §°’Si = —0.28 = 0.15 %o (Savage and others, 2018a). In
contrast, biotic and abiotic formation of solids creates a range of over 10 %o in Earth
surface 8°Si (Frings and others, 2016). Both sequestration of Si into secondary miner-
als and Si uptake by plants favour the incorporation of the lighter Si isotopes. Both
therefore require a residual dSi pool enriched in *°Si. This is found in soil- and stream
waters that are almost exclusively higher than bedrock values (8°°Si between —0.1 and
+4.66 %o; values compiled in Frings and others (2016)). Since Si isotope fractiona-
tions associated with both processes result in lighter 5°Si values in the new solids rela-
tive to the source material, Si isotope ratios alone cannot sufficiently resolve which of
the two processes governs river 5°’Si, limiting its potential as a weathering or nutrient
cycling tracer.

To distinguish between plant uptake and clay formation, germanium/silicon
ratios (Ge/Si, expressed in pmol mol ') are a potentially complementary tool (Kurtz
and others, 2002; Derry and others, 2005; Scribner and others, 2006; Blecker and
others, 2007; Opfergelt and others, 2010). Ge and Si are both group IV elements and
have similar geochemical characteristics. In particular, they have the same outer elec-
tron structure and similar bond lengths in Ge-O (1.75 A) and Si-O (1.64 A) tetrahe-
dra, which allow the substitution of Si by Ge in silicate minerals (Goldschmidt, 1926;
Martin and others, 1996). Indeed, germanium is often described as a “pseudoisotope”
of Si (for example, Kurtz and others, 2002), which ‘fractionates’ (partitions) relative
to Si at the Earth Surface.

One of the first usages of Ge/Si ratios was as a proxy for weathering intensity —
the fraction of denudation accomplished chemically (Murnane and Stallard, 1990).
Subsequent work (for example, Froelich and others, 1992; Baronas and others, 2018)
related Ge/Si ratios to the stochiometry of net weathering reactions. For most silicate
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rocks the Ge/Si ratio lies around 2 pmol mol ™' (De Argollo and Schilling, 1978;

Bernstein, 1985; Lugolobi and others 2010). Ge/Si ratios in secondary clay minerals
are typically higher (> 4 pmol mol b, reflecting the preferential partltlonlng of Ge
relative to Si into them. As with §*°Si, a complementary low Ge/Si pool is required by
mass—balance this is also found in river solutes, which typically have lower Ge/Si (< 1
pmol mol™ 1) than the source rock (Froelich and others, 1985; Mortlock and Froelich,

1987). Riverine Ge/Si thus reflects the partitioning of Ge relative to Si into secondary
phases, which in itself reflects weathering intensity. River Ge/Si ratios also have the
benefit — and complication — of integrating over the whole Critical Zone. In general,
low intensity settings produce low dissolved Ge/Si (most Ge in clays) while higher-in-
tensity settings produce higher dissolved Ge/Si (closer to parent material ratios, when
soils are more highly leached) (Murnane and Stallard, 1990; Kurtz and others, 2002).

One putative benefit of Ge/Si ratios over Si isotopes is that plants are thought to
discriminate against Ge: almost all available data show that phytoliths separated from
plant biomass have low Ge/Si ratios, and so plants are thought to discriminate against
Ge during Si uptake (Kurtz and Derry, 2004; Derry and others, 2005; Blecker and
others, 2007; Delvigne and others, 2009; Cornelis and others, 2010; Lugolobi and
others, 2010; White and others, 2012; Meek and others, 2016). Because this is oppo-
site in direction to the partitioning of Ge into clays, a combination of Ge/Si ratios and
§°Si may yield 1n51ghts into Si cycling in a way that either alone cannot.

Yet several issues surrounding the interpretation of Ge/Si ratios remain unad-
dressed. For example, Lugolobi and others (2010) report that Ge/Si ratios of primary
minerals vary from 0.5 (quartz) to > 5 pmol mol ! (biotite and hornblende). Ge sub-
stitution for Si thus appears to decrease with the degree of linkage in the crystallo-
graphic structure of the mineral (Bernstein, 1985; Lugolobi and others, 2010). This
implies that preferential dissolution of some primary minerals may produce a solute
Ge/Si ratio that differs from the bulk rock during initial weathering in sites where
only some of the minerals dissolve before being lost to erosion. Additionally, most
plant Ge/Si determinations to date have been made on phytolith separates rather
than bulk plants, but a recent determination of a Ge bulk concentration yielded 70 ng
g~ ! in the Rye Grass standard (ERM-CD281; Delvigne and others, 2018) Coupled
with the recommended value for Si mass, fraction in Rye Grass (1.3 g kg™ '), this pro-
duces a Ge/Si ratio of ca. 20.8 pmol mol L. Thus at least some plants have Ge/Si ratios
much greater than typical phytolith values of <1 pmol mol " (Derry and others,
2005). Elsewhere, hydroponic experiments show no sign of discrimination during
uptake by banana plantlets (Delvigne and others, 2009). Together, this challenges the
assumption of Ge discrimination relative to Si during plant uptake. Finally, the con-
trols on the extent to which Ge is preferentially partitioned into clay minerals in natu-
ral systems is poorly understood, and the range of magnitudes of this preferential
partitioning experienced in natural systems is wide and poorly delimited. These pa-
rameters are a fundamental part of any interpretative framework.

To improve the mterpretatlonal framework for Ge/Si ratios, and to show how a
combination of Ge/Si and 8°°Si can be used to quantify the continental Si cycle we
investigate Ge and Si partitioning in bulk soil and saprolite (chemically altered rock),
the claysized fraction, plants, and waters at three different field sites (named ‘Alps’,
‘Sierra Nevada’, and ‘Sri Lanka’). The field site in Sri Lanka represents a supply-lim-
ited regime: erosion rates are low and the supply of fresh weatherable minerals is the
factor that limits weathering rates. The Alps site represents a kinetically limited re-
gime, where mineral supply rates are sufficiently high that dissolution kinetics limit
weathering rates. The field site in the Sierra Nevada displays an intermediate weather-
ing regime. Each of these field sites is underlain by similar felsic rocks and is well char-
acterised, with minimal anthropogenic influence. The three sites constitute an
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TaBLE 1

Main characteristics of the three study sites

Alps Sierra Nevada Sri Lanka
Profile depth (cm) 35 700 1000
Denudation rate (t km? yr')® 103+40 22456 424+6.4
Denudation rate (mm kyr!)® 38.1£15 81.9+21 15.4+£2.3
Mean CDF 0.3140.21 0.36+0.09 0.5+0.15
Weathering rate (t km? yr) 32425 80 20.8
Erosion rate (t km? yr?) 71£55 141 20.8
Regolith Residence time (kyr)® ~10 ~86 ~600
Weathering regime Kinetically limited Intermediate ~ Supply limited

Data and uncertainties (expressed as * 1 o) from von Blanckenburg and others (2021). *Assumed equal to rego-
lith production rates (see von Blanckenburg and others, 2021 for details). ®Calculated assuming a bedrock density
of 2.7 t m™. “Calculated assuming regolith thicknesses of about 0.4, 7.0 and 9.2 m.

‘erodosequence’ (see details in von Blanckenburg and others, 2021). This is a power-
ful approach for the ‘calibration’ of novel isotope or elemental ratios. Primary min-
eral persistence, secondary mineral formation, the physical architecture of the Critical
Zone, and ecosystem functioning, are all related to regolith residence time that trans-
lates into weathering intensity (von Blanckenburg and others, 2021). This erodose-
quence thus provides the opportunity to examine the behaviour of novel geochemical
tools in different weathering settings. Eroding sites have the advantage of behaving as
geochemical flow-through reactors (Lebedeva and others, 2010; Bouchez and others,
2013) so that simple mass-balance models can be applied.

Here, we show that Ge/Si ratios in clay minerals are a useful proxy for the weath-
ering intensity of a site. However, we also show that the potential of Ge/Si ratios as a
tool to distinguish between Si sequestration into secondary minerals and the Si taken
up by plants is not as straightforward as previously thought. We use these insights to
create a Ge/Si-5*’Si mass balance model that suggests an important role for biology in
terrestrial Si cycling.

STUDY SITES

The main characteristics of each site are summarized below and in table 1.
Figure 1 shows the geographical setting of the three sites. Detailed descriptions of the
Alps, Sierra Nevada and Sri Lanka sites are given in Norton and von Blanckenburg
(2010), Uhlig and others (2017), and Hewawasam and others (2013), respectively.
von Blanckenburg and others (2021) present a comparison of the key physical and
geochemical characteristics of the sites, the erosion, weathering, and elemental eco-
system fluxes, key features of sample locations and detailed sampling strategies.

Alps

The site is located in the Swiss Central Alps on a soil mantled ridge in the Upper
Rhone valley at an altitude of 2565 m (Figure 1A). Mean annual precipitation is about
1140 mm yr ' and mean temperatures are 3.1 °C (as recorded at Ulrichen in the
Gorn at 1345 m altitude). No saprolite is present and soils are thin (< 50 cm).
Bedrock is the Aare Massif, which is mainly foliated gneiss (modal mineralogical com-
position of 23 % quartz, 53 % plagioclase, 17 % orthoclase, 4 % biotite and 3 % mus-
covite) and granite (34 % quartz, 35 % plagioclase, 27 % orthoclase and 4 % biotite).
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Figure 1. Locations of the three study sites defining our ‘erodosequence’, and specific sampling sites.
A: Alps; B. Sierra Nevada; C. Sri Lanka. More details are given in the main text and in von Blanckenburg
and others (2021).

Soils are mostly organic rich podzols (Egli and others, 2008), and contain both sec-
ondary clay minerals and unweathered primary minerals.

A mean denudation rate of 103 t km Zyr ' (81.1 mm kyr ') was estimated from
in situ "*Be (Norton and others, 2010). A mean chemical depletion fraction (CDF, a
zirconium based weathering index after Riebe and others, 2003) of 0.31 implies chem-
ical weathering rates of 32 t km™ % yr ' and erosion rates of 71 t km ™ *yr'. The result-
ing regolith residence time is 10 kyr.

Sierra Nevada
Samples come from the Critical Zone Observatory (CZO) Kings River
Experimental Watersheds (KREW) in the Southern Sierra Nevada mountain range
(fig. 1B). Catchments in the KREW range in size between 0.49 to 1.32 km? and are
located at altitudes between 1479 and 2113 m, with precipitation of 750 to 2000 mm
yr*1 (Hunsaker and Neary, 2012). Mean annual temperature is 7.8 °C (Liu and
others, 2013). Different soil profiles were sampled within catchments located at the
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Providence Creek (P301, P303, P304) and are underlain by the Dinkey Creek granodi-
orite and the Blue Canyon quartz diorite unit, noted as (Bateman and Wones, 1972).
The soils in these catchments are well drained, dominated by a coarse-loamy, mixed
soil (“Shaver soil series”) and have an organic rich soil horizon. The weathering of
feldspars at this site produces kaolinite (Dahlgren and others, 1997; Aguirre, ms,
2019). A deep regolith profile — ‘Balsam profile’ — located to the northeast of Shaver
Lake and about 12 km northwest of the observatory was also sampled. This profile is
underlain by the same Dinkey Creek foliated granodiorite. This contains quartz (22.9
vol %), plagioclase (48.1 vol %) and K-feldspar (10 vol %) as major minerals, with
others including biotite, hornblende, sphene, apatite and ilmenite making up the re-
mainder (data from Bateman and Wones, 1972). The Blue Canyon quartz diorite is
reported to be compositionally similar. See also USGS Geologic Quadrangle Maps
GQ-1271 and GQ- 987

Mean in situ "’Be denudation rates of 221 t km™* yr ' (81.5 mm kyr ') and a
mean CDF of 0.36 (Dixon and others 2009) yield weathering rates of 80 t km ™ * o
and erosion rates of 141 t km ™ yr ', The corresponding regolith residence time is 90
kyr (von Blanckenburg and others, 2021).

Sri Lanka

The Hakgala profile is located on a hillslope in the tectonically inactive central
Highlands of Sri Lanka at 1753 m altitude (Figure 1C). It is influenced by monsoonal
precipitation (2000 mm yr~') and a mean annual temperature of 16 °C. Local bed-
rock is charnockite with a SiOy content of > 65 %, with Kfeldspar (32 %), quartz
(30 %), plagioclase (25 %) as the major mineral components, and biotite (7 %) and
orthopyroxene (4 %) as minor components. The profile has a depth of more than 10
m. From bedrock to 8 m depth, charnockite corestones with early weathering features
are present. Charnockite blocks with of diameter of up to 50 cm occur in the 6 to 8 m
section of the profile. In the soil and saprolite, quartz, goethite and kaolinite are the
only quantitatively important minerals. The saprolite is blanketed by a red-yellow later-
itic soil that supports a natural tropical forest with a thick canopy (Hewawasam and
others, 2013).

Denudatlon rates estimated from in situ '’Be average 42 t km™ % yr ' (15.4 mm
kyr™ Y (Hewawasam and others, 2013). A mean CDF of 0.5 was determined (see Von
Blanckenburg and others, 2021 for detalls) producing weathering rates of 21 t km™*
yr~ ' and erosion rates of 21 t km ™ yr~'. The low denudation rates, coupled with the
thick regolith, imply a residence time of ca. 600 kyr.

MATERIALS AND METHODS

Sampling.— A detailed description of the sampling strategy is given in von
Blanckenburg and others (2021), including profile photos and sketches, and further
background data. Below, we outline the key points.

Alps.— Soil profiles were sampled on the soil-mantled ridge top from a 4 m? area
to decrease site specific variations. Where possible, soil samples were taken from
below the organic rich horizon. Some soil samples contained up to 10 % by volume
cm-scale rock fragments. All soil samples were sieved at 1 cm and then oven dried at
60°C. Parts of different plant species were taken and oven dried at 60°C. Water sam-
ples were filtered using 0.22 um-porosity PES (polyethersulfone) filter membranes
and stored in pre-cleaned PE bottles after acidifying with HNOg to a pH of 2.

Sierra Nevada.— Soil samples were taken as depth profiles. In catchment P303 in
the KREW a depth profile from the surface to 30 cm was sampled with a soil corer.
Samples from different profiles for a specific depth were amalgamated. Samples from
Balsam profile were taken from 178 cm to 688 cm depth, so the profile starts at the
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soil/saprolite interface and ends at the saprolite/bedrock interface. Parts of different
plant species were taken and oven dried at 60°C. Water samples from the Providence
Creek were taken as described above.

Sri Lanka.—From a vertical section of the exposed regolith profile at Hakgala, 2
soil and 23 saprolite samples (each ca. 500 g) were taken. About 10 m upslope, nine
extra soil samples were collected using a soil corer to sample three parallel profiles
that were located ca. 1.5 m apart. Three depth intervals were integrated (0 to 20 cm,
20 to 40 cm, 40 to 60 cm) by mixing each depth interval with the corresponding depth
interval of the other profiles. Water samples from three streams draining catchments
adjacent to the profile at Hakgala were collected as above. Fragments from various
plant species were collected and oven dried at 60 °C.

Clay Size Fraction Separation

Laboratory work mostly follows Frings and others (2021a) and is only described
briefly here. An amorphous Si fraction was leached from ~500 mg sample material in
0.2 M NaOH at 80 °C in a water bath for 5 hours (Sauer and others, 2006), after which
the solution and sample were separated by filtration (0.2 um polyethersulfone syringe
filter). A clay-size separation by differential settling in a centrifuge performed on
the residual material (USGS protocol OFR01-041). The settling was performed only
once to obtain a relatively pure fraction, rather than an estimate of the total clay mass.
The amorphous fraction was analysed for its Si isotope composition (Frings and
others, 2021a) but Ge/Si ratios are not reported here. We expect the removal of the
amorphous phase prior to clay separation to have negligible impact on Ge/Si ratios of
the clays, since a) the Si mass fraction in the amorphous fraction is low, and b) initial
analyses of a subset of samples showed Ge/Si ratios were similar to the clay size frac-
tion. Clay size separates were combusted in silver crucibles at 700 °C for > 2 hours to
remove organic residue, after which 3 ml of 1.6 M NaOH (about 190 mg NaOH total)
solution was added to each crucible. This solution was evaporated and then the
NaOH coating on the walls and base of the crucible used for an alkaline fusion as
detailed below. The clay aliquots were analysed for their Si isotope composition
(Frings and others, 2021a) and their Ge/Si ratios (below).

Solid Sample Digestion

All solid samples (bulk soil and saprolite, and plants) were dried and ground.
Plant samples were washed with Milli-Q water prior to drying and grinding. Samples
were digested by alkaline fusion with sodium hydroxide (NaOH) following Georg and
others (2006). Briefly, 5 to 20 mg (bulk soils/saprolites) or 50 to 500 mg (plant mate-
rial) were combusted by ramped heating (2 hours at 200 °C and 4 hours at 650 °C) in
silver crucibles to remove organic material. Subsequently, about 400 mg of high purity
NaOH was added, the crucibles capped and heated for 15 min at 750 °C. After cool-
ing, the fusion cake was dissolved in Milli-Q) water and 0.03 M HCI and acidified with
concentrated HCI to a pH of ca. 1.5. Si concentrations in the final sample solutions
were kept below 30 pg g71 to avoid silica precipitation. Reference materials (NBS28,
BHVO-2, Diatomite) and procedural blanks were processed simultaneously.

Si and Ge Purification and Analysis
The procedures exploit the recent demonstration that Ge and Si remain unfrac-
tionationed during the protocols used to purify Si for §*°Si analysis (Delvigne and
others, 2018). The advantage is that Ge concentrations can then be readily deter-
mined on an ICP-MS with perfectly matrix matched standards at a high throughput
rate. Water samples were pre-concentrated by partial evaporation in Teflon beakers at
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110 °C (taking care to avoid potential precipitation of Si above 30 pg g ).
Purification of Si and Ge from solutions was adapted from the cation exchange proto-
col of Georg and others (2006). Because of the similar chemical behaviour of Si and
Ge, both are present in solution as the uncharged molecules silicic acid and germanic
acid, respectively, at low to neutral pH and therefore do not interact with cation-
exchange resin. 1.5 ml of DOWEX 50WX8 (200-400 mesh) resin was used to retain
sodium and other cations, while Si and Ge are completely eluted with Milli-Q water
(Delvigne and others, 2018).

Most previous Ge/Si determinations have been made by isotope-dilution hydride-
generation ICP-MS (Mortlock and Froelich, 1996; Kurtz and others 2002; Derry and
others, 2005; Kurtz and others, 2011; Meek and others, 2016) for Ge and ICP-OES or
colorimetry for Si. Here, we use a single collector quadrupole ICP-MS (iCAP Q;
Thermo-Fisher, Bremen) equipped with a collision cell for the removal of polyatomic
interferences. The samples are introduced to the instrument as a wet aerosol from sam-
ples in 0.3M HNOj and between 2 and 10 pg g~ ' Si. For each set of samples, we pre-
pared a set of gravimetrically prepared, matrix-matched calibration standards with a
single, matching Si concentration (between 2 and 6 pug g~ ') but varying Ge concentra-
tions (molar Ge/Si ratios between 0-10 pmol mol ™ '). From these standards, a calibra-
tion regression relating sample Ge/Si ratio was defined from the measured beam
intensities. In other words, we directly obtain a Ge/Si ratio rather than two independ-
ent concentrations. The isotopes “*Ge and ?’Si were integrated 300 times for 0.1 s, and
Ge/Si ratios calculated directly from the ratio of beam intensities. The isotope **Si was
monitored in ‘high’ resolution mode to lower the count rate. Polyatomic interferences
(for example, A Ar on 74Ge) were removed by a collision cell with He as reaction
gas, at a flow rate of 5 L. min~'. We also monitored Ge (20 at%) and "*Ge (27 at%),
for 0.01 s integrations. We observed excellent correlations between the "’Ge, ?Ge and
Ge intensities, and natural abundance ratios, suggesting no isobaric or polyatomic
interferences during measurement. The collision cell reduced background counts on a
0.3M HNOg matrix to typically < 2 cps on “*Ge. Regression of the standard Ge/Si ratios
with the measured ratio of beam intensities produced precise and accurate calibration
curves (72 > 0.99). The secondary reference materials BHVO-2 (literature molar
Ge/Si = 2.65 pmol mol '), BIR-1a (literature Ge concentration = 1.46 ng gfl) and
NBS28 were interspersed with unknown samples. The limit of detection with this instru-
mental protocol is about 0.4 pg g~ ' Ge. An internal standard (1 ppb Rh) was used to
monitor measurement stability. The limiting factor for the precision of the measure-
ments was typically the intensities on the germanium isotopes. Future work could
improve the protocol by adapting the Si column protocol to yield higher Si (and thus
Ge) concentrations.

Quantification of Germanium Partitioning
Throughout, we enumerate the discrimination of Ge relative to Si through the
use of an exchange coefficient, Kp, following the terminology of Beattie and others

(1993):
Kp = (Ge/Si)sond 1)

(Ge /Si) solution

Importantly, this is an apparent, or bulk exchange coefficient, while a true exchange
coefficient for trace-element partitioning depends on the stoichiometry of the min-
eral forming (Prieto, 2009; Perez-Fodich and Derry, 2020). KD is analogous to an iso-
tope fractionation factor a (Coplen, 2011). Note that in the literature, Kp is variously
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termed a distribution coefficient, a partition coefficient, or a fractionation factor (for
example, Froelich and others, 1992; Kurtz and others, 2002; Blecker and others, 2007;
White and others, 2012).

RESULTS

Ge concentrations and Ge/Si ratios for the reference materials BHVO-2, BIR-1a
and Rye Grass agree well with published values (table 2). We also present new results
for the reference materials NBS28, Diatomite and Japanese Chert 1 (JCh-1) for future
use as Ge/Si reference materials. We also note that the Ge/Si ratios we measure for
soils and river waters of the KREW watersheds (see below), including very low river sol-
ute ratios, agree well with independently generated data by isotope-dilution hydride-
generation ICP-mass spectrometry (Aguirre, ms, 2019). As a conservative estimate of
uncertainty on the Ge/Si ratios we use 2 standard deviations of the BHVO-2 measure-
ments (= 0.26 umol mol_l, n = 12), encompassing multiple digestions and analytical
sessions. Preliminary analyses show that this precision is improved at higher solution
Si concentrations, suggesting the potential for future improvement to the analytical
protocol.

A site-wise summary of Ge/Si ratios for bulk soils and saprolite, clay size fractions,
plant material, and water samples is given in table 3 and figure 2. Full details of the
results, along with silicon isotope ratios (from Frings and others, 2021a) and bulk
chemical compositions (from von Blanckenburg and others, 2021) are provided in an
open-access online publication hosted at GFZ data services (Frings and others, 2021b)
hereafter called ‘Data Tables.” The aim is to make this data readily available for global
compilations. All samples have been assigned a unique identifier, an ‘International
Geo-Sample Number’ (IGSN). Full sample metadata is linked to IGSNs at http://igsn.
org.

Bedrock at all three sites has a similar Ge/Si ratio (1.2 to 1.7 pmol mol_l; table
3). Water samples at all three sites have the lowest Ge/Si ratios, below 1 pmol mol ™},
with Ge concentrations in the column elutions often falling below instrumental detec-
tion limits, even after partial evaporative enrichment. Bulk soil and saprolite samples
have Ge/Si close to bedrock (1.34-3.71 pumol mol™). Ge/Si ratios in plant samples
are variable, including values both below and above parent rock (from <0.10 to
4.42 pmol mol ™). Clay-size fraction samples from all three sites span a range of
almost 5 pmol mol ™! (from 1.58 to 6.33 pmol mol ') in their Ge/Si ratio and are Sys-
tematically higher than bedrock.

The three sites differ in the Ge/Si ratios of the various pools. Stream and water
samples from Sri Lanka have the highest values, while those from Sierra Nevada are
the lowest (almost uniformly with Ge below detection). Similar tendencies are exhib-
ited in the bulk soil and saprolite samples, and the clay size fractions: Sri Lanka has
the highest values, while Sierra Nevada and the Swiss Alps have lower ratios (table 3,
fig. 2).

DISCUSSION

Ge and St Partitioning in the Critical Zone

Our Ge/Si data define trends with the associated silicon isotope distributions
(fig. 3; Frings and others, 2021a). During initial weathering, germanium and silicon
are solubilized from silicate minerals. We assume that any potential non-stoichiomet-
ric release cannot be maintained as the mineral grain progressively dissolves, such
that the solute has a ratio that reflects that of the mineral(s) dissolving. As secondary
minerals precipitate, they tend to preferentially incorporate Ge over Si, and 2*Si over
396i, in their structures or adsorbed to their surfaces (fig. 3A-C, E). Most of the
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TaBLE 3

Summary of Ge/Si ratios in different ecosystem components in the Alps-Sierra Nevada-
Sri Lanka erodosequence

Bedrock Bulk Clay size fraction Plant material Water samples
soil/saprolite
Alps 1.71+£0.04,n=6* 1.66 £0.32,n=9 2.76+1.13,n=183.10+1.43,n=100.51 £0.32,n=4
Sierra 1.79£0.14,n=7%222+022,n=12391 £0.64,n1=232.00+ 1.16,n=6 <0.10,n=6
Nevada

Sri Lanka 1.23+£0.03,n=4 229+0.63,n=154.890+0.92,n=25242+121,n=6 046=+0.14,n=4

A full breakdown is given in the supporting Data Tables hosted at GFZ data services (Frings and others, 2021b).
* 1 outlier removed.

solubilized Ge thus ends up in the high-Ge/Si clay size fraction, and only a small frac-
tion is exported from the system as dissolved Ge. River waters thus have lower Ge/Si
ratios and higher 5°’Si (fig. 2; fig. 3A-C), an observation that is consistent across tropi-
cal, subtropical, and arctic systems (Kurtz and others, 2002; Anders and others, 2003;
Lugolobi and others, 2010; Ameijeiras-Marino and others, 2018; Baronas and others,
2018, 2020). Bulk soils and saprolites represent a balance between moderate Ge/Si
primary minerals, and high Ge/Si secondary minerals (Ameijeiras-Marino and others,
2018), and so tend towards higher values along the weathering intensity gradient
Alps-Sierra Nevada-Sri Lanka (fig. 3A-C, D) as secondary minerals become a propor-
tionally larger component of the soil.

Interpreting river solute Ge/Si ratios can be non-trivial, since they reflect a bal-
ance of all Critical Zone processes and thus time-dependent contributions from vari-
ous solute sources (for example, Kurtz and others, 2012; Ameijeiras-Marino and
others, 2018). Additionally, at least four non-weathering controls on stream water Ge/
Si ratios have been documented. First, settings experiencing fly-ash deposition from
the burning of coal with high Ge concentrations (Froelich and others, 1985). Second,
systems with localised hot-spring or other hydrothermal inputs that can introduce
waters with Ge/Si ratios up to 1000 pmol mol ™! (Evans and Derry, 2002). Third, sys-
tems where a large fraction of the solute flux is generated subglacially tend to have
elevated Ge/Si ratios (Anders and others, 2003), suggested to reflect the preferential
dissolution of high Ge/Si biotite (typically > 5 pumol mol '). Fourth, in-stream pro-
duction of diatom biomass with an associated discrimination against either Si or Ge
may shift riverine Ge/Si. There is no evidence for extensive pollution or hydrother-
mal activity in these sites, and none are glaciated. Stream lengths are short, and most
biogenic silica is likely terrestrial rather than aquatic (Cary and others 2005,
Schoelynck and others 2019). We thus assume all measured ratios can be interpreted
in terms of Critical Zone biogeochemical processes.

A factor that we lack the data to fully evaluate is the importance of inter-mineral
heterogeneity in Ge/Si. Elsewhere, it is shown that Si isotope ratios differ by up to
0.85 %0 among minerals (Frings and others, 2021a), so incongruent dissolution at the
rock scale might induce variation in the §°Si of Si released during solubilisation. We
do not have mineral-specific Ge/Si ratios for the rocks underlying the Alps, Sierra
Nevada and Sri Lanka, but the available evidence suggests they may differ substan-
tially. Since at least 1943, it has been realised Ge preferentially substitutes for Si in the
least-linked tetrahedra (Wickman, 1943). Early work (Novokahatskiy and others,
1967, cited in Mortlock and Froelich, 1987) yielded biotite values of ca. 9 pmol/mol
and quartz ratios of < 1 pmol mol ™', in line with the Wickman (1943) rule. This
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Figure 2. Summary of Ge/Si ratios in different CZ compartments in the Alps-Sierra Nevada-Sri Lanka
erodosequence. Large filled symbols with bars represent site-averages *1c, small open symbols represent
individual samples. Also shown as open symbols is independently generated data from Aguirre (ms, 2019)
for waters, bulk soils, and parent rock of the same Sierra Nevada site. The data show the general partition-
ing of material solubilized from rock into high Ge/Si secondary phases and plants and low Ge/Si river
solutes.

observation has been repeated many times since. Blotlte from a diverse range of set-
tings, is consistently high Ge/ Si: 4 pmol mol ! in Hlmalaya gneisses (Evans and
Derry, 2002), 4.1 pmol mol ' in a b10t1te—musc0v1te gneiss in southern California
(Filippelli and others, 2000); 5.2 to 6.1 pmol mol ' in a Puerto Rican granodiorite
(Kurtz and others, 2002, Lugolobi and others, 2010). Aguirre and others (2017) meas-
ured biotite Ge/Si of 2.58 in a Colorado gneiss, but flagged potential quartz inclu-
sions. Most other rock- formmg minerals have consistently lower Ge/Si: plagloclase
muscovite and kyanite in the Himalayan gne1ss are around 2 pmol mol °, muscovite
in the Cahfornlan gneiss is 2.0 pmol mol™ ", and quartz in the Puerto RICO diorite is
0.5 umol mol . Feldspar in the Puerto RlCO diorite is also lower Ge/Si, at around 1.5
umol mol ™ (Lugolobl and others, 2010). Here, we assume that the Ge/Si ratio of
solubilized Si is equivalent to bulk rock but acknowledge that future work could test
the validity of this assumption via in sifu analytical techniques or digestion of mineral
separates.

Germanium Discrimination During Plant Uptake?

Our data is inconsistent with the assumption that both plants and clays partition
Ge relative to Si in opposite directions. The current paradigm is that plants ostensibly
discriminate against Ge and thus have lower Ge/Si ratios than bedrock (Kurtz and
Derry, 2004; Derry and others, 2005; Blecker and others, 2007; Delvigne and others,
2009; Cornelis and others, 2010; Lugolobi and others, 2010; White and others, 2012;
Meek and others, 2016). However, plant material analysed in this study does not show
the expected discrimination of Ge over Si during plant uptake. Indeed, with only a
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Figure 8. A comparison between Ge/Si ratios and §°°Si (Frings and others, 2021a), two geochemical
tracers of silicon partitioning at the Earth's surface. Panels A-C show different CZ compartments at each
of the sites in the Alps-Sierra Nevada-Sri Lanka erodosequence. Panels D-F show data from all three of the
sites separated into bulk soil/saprolite, the clay size fraction, and plant material. The grey shaded area is
an approximation of typical granitoid bedrock values.

few exceptions the plant samples have Ge/Si ratios in the range of parent material or
higher (fig. 3F). Assuming that stream water is a good approximation of the soil water
the plants obtain their Si from, we can calculate K;® values of ca. 5 (Alps and Sri
Lanka) to >20 (Sierra Nevada) (see table Al).

One key difference between our analytical protocol and those previously pub-
lished is the pre-treatment of plant material prior to dissolution. Essentially, most pre-
vious work reports Ge/Si ratios of phytolith extracts (Kurtz and Derry, 2004; Derry
and others, 2005; Blecker and others, 2007; Delvigne and others, 2009; Cornelis and
others, 2010; Lugolobi and others, 2010, White and others, 2012; Meek and others,
2016). In contrast, the bulk plant analysis by NaOH fusion performed here targets
phytolith silica plus any non-phytolith plant silicon pools. Table Al summarises the
range of phytolith Ge/Si and K;,® (eq 1) values observed in previous experimental
and empirical work. Two related observations stand out. First, experiments that track
the evolution of Ge and Si in hydroponic growth solutions suggest no resolvable dis-
crimination of Ge relative to Si during plant uptake (Rains and others, 2006; Delvigne
and others, 2009). Conversely, measurements of phytolith Ge/Si ratios require dis-
crimination at some stage before phytolith precipitation. Second, when analysed sepa-
rately, root material often has higher Ge/Si than stem or leaf material (Delvigne and
others, 2009).

Two non-exclusive explanations for the hydroponics/phytolith discrepancy exist:
preferential Ge sequestration relative to Si in plant roots, or a high Ge/Si plant Si
pool that is not sampled by the phytolith extraction protocols. In support of the
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hypothesis of preferential Ge sequestration in roots, Ge/Si ratios in the roots of
Banana (Musa acuminata) and Horsetail (Equisetum sp.) grown in natural soils have
been shown to be high (> 2.3 pmol mol™ ') in some settings (Delvigne and others,
2009), though not in Western Wheatgrass (Agropyron smithit) (Blecker and others,
2007). It is also supported by the demonstration of low Ge/Si ratios (< 0.6 pmol
mol ") in sap waters of three temperate tree species (Meek and others, 2016), suggest-
ing that discrimination against Ge relative to Si occurs somewhere during or before
transport across the root endodermal cell layer into the vascular system. In situ imag-
ing of the roots and shoots of grasses by secondary ion mass spectrometry demon-
strated that Si and Ge are highly localised and not equally distributed (Sparks and
others, 2011) — the ratio of Ge to Si was greater in roots than shoots of blue grass (Poa
annua) and orchard grass (Dactylis glomerata). Again, this suggests the preferential
transport of Si relative to Ge through the xylem. Arguing against preferential root Ge
sequestration as the sole explanation, the Ge/Si ratios measured in the dominant spe-
cies of plants along the Alps-Sierra Nevada-Sri Lanka erodosequence (from 0-4.4
umol mol !, table 3 and fig. 3F) require that at least in some taxa, Ge is preferentially
transported through the xylem. Yet it is apparently not found in phytoliths (table Al).
This requires a non-phytolith, high Ge/Si pool in vascular plants.

In support of the suggestion of a Ge-rich and non-phytolith Si pool, analyses of
whole plant samples following a lithium-borate fusion by Delvigne and others (2009)
and Delvigne and others (2018) corroborate the observation of high Ge/Si ratios in
bulk plant biomass. The nature of this pool is unclear. Since Ge is more readily com-
plexed by organic molecules than Si (Pokrovski and Schott, 1998), one possibility is
that Ge but not Si is hosted in organic compounds, perhaps sulphur-containing pro-
teins (Wiche and others, 2018). Alternatively, plant bio-silica deposits besides micro-
metre size phytoliths could have high Ge/Si ratios. Multiple high-resolution
spectroscopic and microscopic studies of plant Si localisation allow plant silica precipi-
tation to be classified into three pathways: silica deposition onto carbohydrate matri-
ces, silica deposition in the cell lumen without an obvious matrix; and in intercellular
spaces (Sangster and others, 2001; Hodson, 2016, 2019), with distinct chemistries,
morphologies and structures. The first two pathways produce distinctive phytoliths
that can persist in the soil following leaf abscission and decomposition (Stromberg
and others, 2016). The last pathway apparently produces fragile smaller silica bodies
(Sommer and others, 2006). Because these different forms of plant silica are precipi-
tated via different mechanisms, it is plausible they have variable Ge/Si ratios. Thus,
Ge may be found in leaves either associated with reactive Si phases, or in organic com-
pounds, that are solubilized by acid and/or oxidative leaching steps in phytolith
extraction protocols.

To our knowledge, the only determinations of Ge/Si ratios in an acid leaching
step before phytolith dissolution have recently been published by Kaiser and others
(2020). They observe that in three graminoid species, the majority (>80 %) of Ge is
contained in a non-phytolith pool. In contrast, phytoliths comprise the majority of the
plant Si pool (> 70 %) but have Ge/Si ratios a factor of 10 lower. In situ analysis by
laser-ablation ICP-MS confirmed that Ge is distributed throughout leaf cells, while Si
is localised in phytoliths (Kaiser and others, 2020). Our data adds support from field
settings to these experimental results and questions the paradigm that plants and sec-
ondary clays have differential discrimination of Ge relative to Si.

The concept of two discrete plant pools with different Ge/Si ratios creates the
potential for differential recycling efficiencies. Mass balance models of the style pro-
posed by Bouchez and others (2013), that we explore in more detail below, assume
that eroding organic matter is equivalent in composition to living biomass. If the puta-
tive Ge-rich organic phase remineralises more quickly than the Ge-poor phytolith
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phase, for example, then this assumption may not hold. On the other hand, the Ge-
rich phase might be more susceptible to erosion, or even subsurface transport (Kim,
Gu, and Brantley, 2018). We can begin to explore the sensitivity of models to these
issues (see section ‘Application of Coupled Ge/Si-3*’Si Mass Balance Models’), but
ultimately future work could seek to experimentally determine the labilities and ero-
sive susceptiblites of the two Ge-containing plant pools.

The heterogeneity in our measured plant sample Ge/Si ratios may be related to
the plant species, which in turn may be related to the presence of specific Si trans-
porters and dominant form of silicification. Wiche and others (2018) review the
genetic and physiological basis of plant Ge uptake, concluding that species is an im-
portant control on Ge uptake kinetics, and thus presumably Ge/Si discrimination.
The highest plant Ge/Si ratios we measure (>4 pmol mol ') derive from moss sam-
ples in the Alps. While the emergence of biosilicification mechanisms among land-
plants is a complex and poorly understood subject (Trembath-Reichert and others,
2015), mosses have some of the earliest diverging proteins that constitute the aqua-
porins (transmembrane proteins) responsible for dissolved Si uptake. Thus, it is rea-
sonable that they have subtly different Ge uptake and deposition mechanisms.
Overall, any intra-species differences in bulk Ge/Si ratios are deserving of further
investigation.

Germanium Partitioning into Secondary Weathering Products

Any quantitative interpretation of Ge/Si ratios in river water or clays requires the
discrimination of Ge relative to Si into clays to be known. The preferential incorpora-
tion of one element over another into a phase is enumerated by an exchange coeffi-
cient K (eq 1). The available data consistently suggest Ge is preferentially
incorporated. These estimates include Kj“ = 1.6 for the synthesis of allophane
(AlsO3(Si0Og9)9) at 90 °C (Kurtz and others, 2002), and K}}* ~ 3 for the formation of
kaolinite from plagioclase in Puerto Rico (Kurtz and Derry, 2004, Scribner and others,
2006). Cornelis and others (2010) report clay size fraction Ge/Si ratios of 6.1 and 6.3
pmol mol ™! for two samples from a beech forest in central France. XRD revealed
these were a mixture of quartz, kaolinite, illite, illite—vermiculite mixed layers, smec-
tite, and chlorite. Corresponding soil solutions had a Ge/Si ratio of 1.4 umol mol ',
producing K} ~ 4.4. Elsewhere, Aguirre and others (2017) present Ge/Si data for
the clay-size fraction from borehole soil samples from a small Colorado catchment
underlain by biotite gneiss. These average 2.47 pmol mol ™' (n = 3), but a geochemical
correction to account for quartz results in a kaolinite Ge/Si of 5.2 pmol mol .
Groundwater Ge/Si ratios varied between 0.2 to 0.5 pmol mol ™', depending on sam-
pling site, yielding K = 10.4 to 26. Finally, four clay samples from intensely weath-
ered soils developed over andesitic lava flows in Costa Rica averaged 7.35 pmol mol '
(Baronas and others, 2020). Local streams and groundwater seeps (n = 15) were lower
Ge/Si (mean = 0.60), producing a face-value estimate of K;* of 12.3. The authors use
a more sophisticated approach based on local soil-water chemistry and the mass-bal-
ance model in Baronas and others (2018) to derive K} = 3.4: still a substantial positive
discrimination of Ge relative to Si.

Two novel approaches also permit estimates of KJ° associated with clay forma-
tion. First, in a range of global rivers, an inversion of a germanium and silicon isotope
mass-balance model yielded K* from 2 to 22 (Baronas and others, 2018, Baronas and
others, 2020). A conceptually similar reactive-transport-model applied to groundwater
flowing through volcanic tuff in Costa Rica suggested K;;* = 10 (Baronas and others,
2020). Second, Perez-Fodich and Derry (2020) take a thermodynamic approach to
determine Kj;* for kaolinite, in a approach that is independent of field data. They
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derive a best-estimate of 50 (range: 9-280), in good agreement with the experimental,
soil-profile and catchment scale studies reviewed above.

Preferential incorporation of Ge into secondary weathering products also finds
qualitative support elsewhere. Opfergelt and others (2010) present Ge/Si ratios for
the clay size fraction of basaltic soils in Cameroon that average 4.28 * 1.05 pmol
mol ! (mean * 1o, n=18) — above local bedrock (2.21 pmol mol '), but with no cor-
responding dissolved load data. Anders and others (2003) present experimental data
showing that Ge is preferentially adsorbed relative to Si on to hydrous iron oxides, but
do not quantify a partition coefficient. Pokrovsky and others (2006) performed
adsorption experiments of Ge onto goethite. By comparison of their results with other
experimental studies focusing on silicon (for ecample, Dietzel, 2002), they conclude
Ge is preferentially adsorbed. In their pioneering work, Murnane and Stallard (1990)
quantify Ge/Si exchange coefficients of 1.3 to 2.7 but consider only bulk solid mate-
rial rather than any specific mineral phase. Overall, all available data thus suggests
that formation of secondary minerals is associated with K}}* > 1, that is, Ge is preferen-
tially partitioned into secondary silicate phases or adsorbed onto oxide surfaces, rela-
tive to Si.

The dominant clay mineral forming in the Sri Lanka site is kaolinite (Behrens
and others, 2015). XRD analysis of bulk samples from the Sierra Nevada sites
detected only kaolinite (Uhlig and others, 2017), although analysis of clay size sep-
arates — which should be more sensitive — from a nearby site also identified
hydroxyl-Al interlayered vermiculite and gibbsite (Dahlgren and others, 1997). No
XRD analysis has been undertaken on the Swiss Alps samples. However, the clays in
soils forming nearby under similar climate and on similar parent lithology (Drever
and Zobrist, 1992, Egli and others, 2001) are dominated by primary phyllosilicates
(chlorites and micas) or the incipient/early products of weathering (a ‘hydrobio-
tite’), plus limited smectite and kaolinite. Note that unlike Frings and others
(2021a), but in line with previous work, we do not account for the potential ‘con-
tamination’ of the clay size fraction by primary minerals, since their Ge concentra-
tions are not well-constrained. In Sri Lanka, the average clay size fraction has a Ge/
Si ratio of 4.89 pmol mol . In Sierra Nevada, this ratio is 3.91 pmol mol~! and in
the Alps it is 2.76 pmol mol ™! (table 3). Measured dissolved ratios take values of
0.46 and 0.51 pmol mol ' for Sri Lanka and the Alps, respectively. Our Sierra
Nevada stream water ratios (<0.1 pmol mol™'); samples from 2010-2014) are in
strikingly good agreement with the 2009 water year data from the same catchments
measured by hydride-generation isotope-dilution ICP-MS by Aguirre (ms, 2019)
(mean * 16 Ge/Si = 0.06 £0.02 pmol mol !, n = 89). These ratios produce K} of
10.7 in Sri Lanka, 65 in Sierra Nevada, and 5.4 in the Alps. Independently gener-
ated soil water Ge/Si ratios from the same Providence Creek catchments in Sierra
Nevada are higher (1.19%0.53 pmol mol ', n = 26; Aguirre (ms, 2019)) and yield
K}y© =3.29. The K} values derived from stream-water Ge/Si thus do not necessarily
reflect the sub-micrometre scale process of clay formation, but rather the net result
of all catchment processes, in a similar way to the isotope fractionations in the
mass-balance model of Bouchez and others (2013).

The calculated K}° values for the erodosequence sites and the available literature
data are not clearly linked to weathering intensity or secondary-phase mineralogy. A
mechanistic explanation for the range of K} requires further work but may lie in the
different aqueous behaviour of Ge and Si. In particular, as discussed above Ge is more
likely to form stable complexes with functional groups in common soil organic acids
(Pokrovski and Schott, 1998). Future work could focus on understanding the wide
range of observed Kj;* values for the Ge/Si system.
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Figure 4. Comparison of the utility silicon isotope ratios (A, C) and Ge/Si ratios (B,D) in clay size
fractions as proxies for weathering intensity. Both are plotted against two indices of bulk soil/saprolite
weathering progression: the Chemical Index of Alteration (CIA; panels A,B; eq 2 in main text) or tg;
(panels C,D; eq 3 in main text) Solid lines depict least-squares linear regressions through the data, with
the amount of variance in 3*°Si or Ge/Si explained by the CIA or tg; given in the upper right. Dashed
lines represent 95 % confidence intervals on the regressions. The results show that Ge/Si is equally power-
ful as a weathering intensity proxy as silicon isotope ratios.

Ge/Si Ratios as a Weathering Proxy

A compilation of bulk soil silicon isotope ratios from soils shows that 5°°Si values
decrease with increasing weathering intensity, defined as the fraction of total denuda-
tion that is accomplished chemically (Opfergelt and Delmelle, 2012; Frings and
others, 2021a). Along a land-use gradient on rhyodacitic soils, Ameijeiras-Marino and
others (2018) demonstrate that the same concept applies to Ge/Si ratios of bulk soil.
Frings and others (2021b) and Bayon and others (2018) also demonstrate that the
clay size fraction 8*’Si itself is a sensitive tracer of weatherlng This gives clays ut111ty as
a potential (palaeco)weathering proxy, since the clay size fraction is presumably mini-
mally biased by size and density sorting during transport and deposition (Dinis and
others, 2019).



Critical Zone with Ge/Si ratios along a gradient of erosion rates 1221

In figure 4, we show both §°°Si and Ge/Si ratios of the clay size fraction as a func-
tion of two widely used weathering indices: the chemical index of alteration (CIA;
Nesbitt and Young, 1982) and the Si mass-transfer coefficient tg; (Brimhall and
Dietrich, 1987). The CIA is calculated from the concentrations (in wt%) of major
oxides:

AloOg
AlyOg + CaO" + NayO + KoO

CIA = - 100 (2)

where CaO" refers to the calcium content of silicate minerals only. CIA does not
consider parent composition, but typically takes a value of around 50 for unweath-
ered granites and granodiorites and increases to a maximum of 100 with the pro-
gressive loss of the cations Ca%, Na™ and K*. The mass-transfer coefficient tg; is
defined as:

[Si]soil > [Zr]rock _
[Sﬂrock [Zr]soil

where the subscripts rock and soil refer to concentrations in the parent rock and the
weathered soil/regolith material, respectively, and where Zr is assumed immobile dur-
ing weathering. A tg; value of 0 implies no loss of Si, while tg; of ca. —0.5 denotes the
maximum Si loss typically attainable in felsic rock (given the presence of quartz).
Empirically, Ge/Si ratios in clays are at least as useful as silicon isotopes as a
weathering proxy: the same strength correlation exists between the weathering
indices CIA and tg;, and the 8°°Si values and Ge/Si ratios of the clay fractions
(fig. 4), corroborating the results of Baronas and others (2020). Samples from Sri
Lanka have the highest weathering intensity, the lowest 5°°Si values and the highest
clay Ge/Si. Samples from the Alps show the lowest weathering intensity, the highest
5%°Si values and the lowest clay Ge/Si. Sierra Nevada takes intermediate values.
Hence, both Si isotope ratios and Ge/Si ratios of the clay size fraction can be used
as tracers for the weathering intensity of bulk soil and saprolite samples, even in
the absence of parent material for indexing weathering degree to (see also Baronas
and others, 2020). Since the determination of Ge/Si ratios is analytically simpler
than 5°°Si, Ge/Si ratios in clays have promise as a widely applicable silicate weather-

ing proxy.

Tsi = 1 (3)

Application of Coupled Ge/Si-8°°Si Mass Balance Models
To explore how Ge/Si evolves between secondary solids and solutes we employ a
mass-balance framework. For stable isotope ratios, a well-established mass-balance
tracks the evolution of isotope ratios (in “6” notation) in the dissolved pool as a func-
tion of (i) the partitioning f of the export flux of that element between a fractionated
solid product and a residual dissolved phase, and (ii) the fractionation & associated
with that partitioning:

8residual = 6im’tial - ‘9(1 _f) (4)

Spmdu(ft =96 initial — €. f (5 )

As noted elsewhere (for example, Criss, 1999, Hayes, 2004), these are approximations
of more rigorous calculations of isotope ratios that suffice because ¢ is typically very
small (that is, a few per mil). Working with ratios (rather than d-values) allows these
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frameworks to be extended to trace-major element ratios. For the example of the ger-
manium-silicon ‘pseudoisotope’ ratio as fractionated solids form from a solution:

Ge
Ko — ( /Si)solid — fxolzd Gew’f fdlss Gewt ( 6)
(Ge/ Si) diss fsohd Sltl)t f;lixs Sltot

where the subscripts ‘solid’, ‘diss’ and ‘tot” denote the fractionated secondary solids,
dissolved material, and bulk system, respectively, and f is the fraction of Ge or Si in ei-
ther phase. Since jiffh-d +fd)l-‘;s = 1, equation (6) can be expressed as:

G- (1= £3)
KD _ sqll(l solid (7)
sggid ’ (1 - socl§d)
Solving for G :
se KD soli
[y = " Sola ®)

I+ SDltd(KD - 1)

Since (Ge/Si),,;; is the numerator of the terms in equation (6) (that is,
(Ge/Si) g = (fGe,/f35) - (Ge/Si),,» and assuming that the Ge/Si ratio of the total sys-
tem ((Ge/Si),,) is equivalent to that of parent material (that is, congruent dissolu-
tion), then simplifying yields an expression for the Ge/Si ratio of fractionated
secondary phase as a function of Si partitioning into secondary solids (that is, /3 )
and parent composition:

Ge
(Ge/ ) N Ko ( /Si) parent (9)
81/ solid - 1+ sohd (KD — 1)

And (Ge/ Si) ;;, is thus similarly:

Ge )
( /S parent

Ge ) _
( /S] diss 1+ wlzd (KD_ 1)

(10)

Figure 5 shows these relationships graphically. These expressions can also be
applied to isotope ratios, with K; becoming the fractionation factor (expressed as o)
and the raw isotope ratio (that is, not expressed in delta-notation) replacing Ge/Si.
This framework is conceptually similar to the two-endmember mixing model for Ge/
Si ratios in stream water (for example Froelich and others, 1992; Kurtz and others,
2002). For the possible range of f3  (that is, 0 to 1), Ge/Si ratios predicted for the
secondary solids fall between (Ge/Si)parenc and Kp(Ge/Si) parent- For dissolved Si and
Ge, the range is Kp(Ge/Si)parent to (Ge/Si) parent- Since Kp between secondary clays
and dissolved loads is > 1 (section ‘Germanium Partitioning Into Secondary
Weathering Products’ above), this demonstrates why Ge/Si ratios in secondary solids
should be more sensitive as a weathering proxy than solutes. For a given analytical
uncertainty on Ge/Si ratios the resolvable change in secondary mineral vs. dissolved
load Si partitioning (the x-axis in fig. 5) is smaller for ratios from secondary clays than
solutes. Indeed, figure 4 shows how Ge/Si ratios in clay fractions correlate well with
indices of weathering intensity along the erodosequence. Conversely, Ge/Si ratios in
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Figure 5. Evolution of Ge/Si ratios in fractionated secondary solids and residual dissolved Si and Ge,
as a function of the fraction of dissolved Si partitioned into secondary solids (/35 ,), based on equation (9)

and equation (10). This example uses a solution initial Ge/Si ratio of 2 pmo mol ! and Kp, = 5. Also

shown in red is the evolution of silicon isotope ratios in the same material as a function of f3; and a frac-

tionation factor o calculated using the same equations but rescaled to the more conventional §°°Si nota-
tion for plotting. These lines depict a scenario with an initial solution composition of —0.25 %o and a
fractionation factor of 0.998. These lines appear straight because a is very close to unity. The error intro-
duced on §*°Si using the approximations of equation (4) and equation (5) instead of equation (9) and

equation (10) is less than 0.005 %o. This figure shows that we would expect Ge/Si ratios of secondary

phases to be a more sensitive tracer of weathering congruency (that is, £5.,) than Ge/Si ratios in stream

water.

stream waters at the most (Sri Lanka) and least (Alps) intensely weathered sites over-
lap (fig. 2). Thus, although Ge/Si ratios in river waters were among the first geochem-
ical weathering intensity proxies (for example, Murnane and Stallard, 1990), Ge/Si
ratios of secondary minerals appear to be a more sensitive weathering proxy.

Figure 5 also permits a comparison of Ge/Si ratios and §°’Si for discriminating
solid-solute Si partitioning. The ratio of analytical reproducibility (ca. 0.25 pmol
mol ™" and 0.15 %o) to total signal range is similar for the two proxies, but the form of
the expressions in equation (5) and equation (9) means they have different sensitiv-
ities at either end of the fs;f}ld spectrum. At low fsffid, where most Si is in the dissolved
phase, Ge/Si should be a more sensitive proxy than §°°Si. At the other end of the £,
spectrum, the Ge/Si curve is flattened and 3°’Si should be a more sensitive proxy.
This can serve to guide proxy selection for systems where £, can be estimated before-
hand, though a combination of both Ge/Si and 5%°Si would be most powerful.
Building on the work of Baronas and others (2018, 2020), we show below that a
strength of a combination of Ge/Si and 5°’Si lies in their ability to disentangle the var-
ious fluxes that together make up the fractionated solid export.

Quantifying Si Export by River Solutes and in Eroded Clays and Biomass
As applied to a weathering zone, the term £ in equation (9) and equation (10)
reflects the balance between export of Si in all fractionated solids and solutes.
However, the solids typically comprise many individual components (for Si, particu-
larly secondary minerals and plant biomass). After Bouchez and others (2013), mass-
balance equations can be written for any given element in a weathering zone at
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steady-state. At steady state, the total element specific denudation rate (t km 2 yr ') is
equal to that leaving the zone and is partitioned into a fraction that is solubilized and
a fraction that is not:

D[X] rock — Sprim [X] rock 1 Eprim [X] rock (11)

where [X] 1s the concentration of the element of interest (g g~ b, D is denudaUOn
(t km 2 yro ) Sprlm is the rock solubilisation flux (dlssolutlon t km 2 yro ) and Eprim
is the physical erosion of unaltered rock (t km 2 1. This formulation assumes con-
gruent dissolution at the rock-scale. The fractlon of element that is solubilized has
three fates:

S[X]rock = Egec [X]sec + Eorg [X]org + W[X]TDS (12)

Where Eay, Eorg and W represent these options: to be eroded as secondary minerals
or as bloglenlc material, or to be removed as solute (‘weathered’), respectively (all in t
km~? yr~ '), and where the subscripts ‘sec, ‘org’, and “TDS’ refer to the element con-
centration in the pool of clay, biomass, or solute, that is removed. We use the subscript
‘org’ to denote all plant material, but note that it need not be organic from a molecu-
lar perspective. Note that [X]pg is not a concentration per unit of water, but rather a
concentration normalised by the sum of all solutes. Applying this framework to Ge
and Si, and normalising by the solubilisation of Ge or Si S results in two mass balance
equations:

[Ge]rock = Cclay [Ge]clay + eorg[Ge]org + W[Ge]TDS (13)

[Si}rock = Cclay [Sl] clay + Corg [81] org + W[Si]TDS (14)

where the lower-case letters denote fluxes normalised to elemental solubilisation.
Combining equation (13) and equation (14) results in the mixing equation:

() = 58+ (5),, () )
Si rock ¥\ Si sec S\ Si org Si TDS

where the superscripted Si terms denote the proportion of Si in each flux. We can
write a similar mixing equation for Si isotopes:

8"k = € 87 Sisec + €51, 8™ Sigrg + w8 Sirps (16)

sec org

Including the mass-balance constraint for the solubilized fraction of Si:

ettt =1 (17)

sec 01g

results in a system of three equations with three unknowns (that is, 3, ¢ WZ , wS). We
solve equations (15), (16), and (17), accounting for uncertainty in the measured 5111-
con isotope and Ge/Si ratios by a Monte Carlo approach to parameter selection (10°

ensembles with each parameter drawn randomly from a normal distribution with
mean and standard deviation as defined in table 3 for Ge/Si. 5°’Si values are given in
the supporting Data Tables and summarized in Frings and others (2021a). The low
Ge/Si Sierra Nevada water samples are included as a uniform distribution between 0
and 0.1. Figure 6 and table 4 display the results, which imply substantial differences in

the way Si is exported at the three sites.
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At the long residence time Sri Lanka site, the median fraction of solubilized Si
that is exported as solid is 0.32, with 95 % of solutions falling between 0.13 and 0.54
(that is, Ef;g +EY /S;an = 0.32%032). In Sierra Nevada, the same value is O.75f8"§g
and in the Alps it is0.807(57. The median fraction of solubilized Si that leaves the sys-
tem as solute (that is, %) is 0.68, 0.25 and 0.20 in Sri Lanka, Sierra Nevada, and the
Alps, respectively (fig. 6D). Since the plausible solution space resulting from the

Monte Carlo analysis largely falls on contours of w* (lines of constant ¢}, + ¢, , with a

gradient of —1; see inset panel in fig. 6C), albeit different between the sites, the calcu-
lated w¥ terms are robust to the uncertainty on measured Ge/Si and Si isotope ratios.
This presumably reflects the same direction of isotope-fractionation and element par-
titioning into clays and biomass. A sensitivity analysis is included in Appendix B, and
demonstrates these conclusions are robust to the presence of plausible biases on the
input Ge/Si and 5%°Si data. An alternative Si isotope only mass-balance approach is
given in Appendix C that yields corroborating results.

The first-order conclusion that emerges from this analysis is that fractionated
solid export increases with decreasing regolith residence time. We suggest that this
can be explained by three factors. First, secondary phases are produced in situ rela-
tively quickly as a net part of typical weathering reactions but are at the thermody-
namic limit making them resistant to dissolution (Winnick and Maher, 2018).
Second, the net weathering reactions at low-weathering intensity sites tend to form
smectite-group or similar clays, so a large fraction of solubilized Si is retained in the
new solid (Frings and others, 2021a). Finally, plant biosiliceous production effectively
takes subsurface soil water dissolved Si and returns it to the soil surface in an easily
erodible form. These factors combine to mean a larger proportion of the solubilized
Si is exported as a fractionated solid in the Alps and Sierra Nevada, than in Sri Lanka.
Note also that this is equivalent to the section of the hyperbola extendin% from the
maximum to its right hand side that emerges from a plot of dissolved 8°Si or 87Li
against weathering intensity (W/D, the fraction of total denudation accomplished
chemically) (Dellinger and others, 2015, Frings and others, 2016).

Recently, Baronas and others (2018) presented a conceptually similar mass-bal-
ance model based on river solute Ge/Si ratios, 63081, and germanium isotope ratios
(8™Ge). Applied to a range of global rivers, including several of the world’s largest
catchments, their model predicts ¢* spans from 0.19 to 0.79 (mean = 0.54), ej;‘.é from
0.12 to 0.54 (mean = 0.32), and w* from 0.03 to 0.40 (mean = 0.14). Thus, at the
global scale considered by Baronas and others (2018) only about 14 % of Si solubi-
lized from parent rock appears in stream water as solutes, with the rest split roughly
60/40 between secondary clays and biogenic material. These results are remarkably
similar to our independent Ge/Si-3*’Si based mass-balance (table 4; fig. 6) despite dif-
ferent underlying assumptions and approaches. Specifically, Baronas and others
(2018) use river chemistry and dissolved Ge 8"*Ge as additional constraints, and addi-
tionally solve for the isotoge fractionations associated with clay formation and biologi-
cal uptake (and thus 8*’Si and 8"Ge of these phases). In contrast, we directly
measure their composition and include these values as constraints in the mass-bal-
ance. It is noteworthy that this conclusion was largely corroborated in an intensely
weathered, andesitic setting in lowland Costa Rica where measured clay and biomass
compositions could further constrain the model (Baronas and others, 2020).

It is instructive to consider the nature of the fractionated solid. In our conceptu-
alisation, it can be either secondary clays or plant material. Note that we use the term
clay to include oxides and other phases formed as a result of silicate weathering reac-
tions. Based on the median values of all successful Monte Carlo iterations, the export
of secondary clays and the export of biogenic material are roughly equivalent: ¢ is

sec
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Figure 6. Density plots of solutions to mass- balance equations to estimate the mechanism of Si export
(relative to Si solubilisation) in secondary solids (P ), plant-derived solids (e ) and dissolved Si (w®)
from the three sites (eq 15 — eq 17). Dashed red lines indicate the boundaries within which 95 % of all sol-
uuons fall, and red circles indicate median solutions. The color scale indicates the density of solutions to
10° randomly drawn input Ge/Si ratios and 3°°Si values, drawn from normal distributions defined by sam-
ple means and standard deviations (table 3, with the exception of Sierra Nevada waters where we prescrlbe
a uniform distribution between 0 and 0.1). See also table 4 for results. Inset panel shows contours of w™
(constant ¢ + e(s);g) The results show a) a decrease in w* with decreasing regolith residence time, that is,
relatively greater fractionated solid export at short residence times, and b) an increase in the relative im-
portance of biogenic Si export at high erosion rates.

ca. 1.4x higher than ¢ ., in the Alps, but 0.8x and 0.6x smaller in Sierra Nevada and Sri
Lanka, respectively. The calculated export of biogenic material is surprisingly large,
corresponding to median values of 35 + 22 %, 43 = 23 % and 21 * 12 % of total solu-
bilized Si in the Alps, Sierra Nevada and Sri Lanka, respectively. Based on these me-
dian values (fig. 6; table 4), Si exported in biogenic material is 171 %, 166 % and
29 % of dissolved Si export (that is, w*) in the Alps, Sierra Nevada and Sri Lanka.
However, as figure 6A-C shows, essentially any combination of ¢% and ¢’ . is plausible
at the three sites: the 95 percentile contour intersects both axes at all three sites.
This implies that the partitioning of Si export between clay minerals and blogenlc ma-

terial is poorly constrained. Nevertheless, we suggest these estimates of ¢ 072 are
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accurate, for two main reasons. First, our values agree with those of Baronas and
others (2018), who present an independent 87Ge-3""Si mass balance for global rivers
spanning a range of sizes, lithologies and climates. They derive ¢ , estimates of 0.12 to

0.54, neatly bracketing our values. Second, when we rerun our analyses but make the
assumption that only phytolith material is likely to erode (because they are more likely
to survive redissolution), the results are largely unchanged. In this case, we prescribe a
literature value of 0.5+0.1 pmol mol ' for the biogenic material (based on data com-

piled in table Al). This produces estimates of e;ﬁg of 34 %, 35 %, and 15 % of total

solubilized Si in the Alps, Sierra Nevada and Sri Lanka, respectively. Further details
are given in Appendix B, which details a sensitivity analysis. Overall, the conclusion
that biomass Si erosion is roughly equal to, or greater than, dissolved Si export
appears to be a robust prediction of coupled Ge and Si mass balance models.

A” missing” Si flux is found in plant material? —Havmg quantlﬁed the partitioning
of solubilized Si between biomass-erosion (¢ ), clay-erosion (e ), and export of dis-

org
solved Si (w%), we can compare this result to estimates of weathering intensity

(W/D)¥. Note that unlike the term we introduce above (that is, w = 1 —

(B + E) /53

P O ;mm) which considers the partitioning of Si after it is solubilized,

(W/D)¥ quantifies the net fraction of total denudation achieved chemically, that is,
including erosion of primary minerals (eq 11). Here, we calculate weathering inten-

sity (W/D)* in three different ways. First, using the data of Frings and others (2021a),
a silicon-specific weathering intensity can be quantified from isotope partitioning
(Bouchez and others, 2013):

30Q; 30Q;

) SISCd -0 Slrock
30Q; 30Q;

07" Sigeq — 07" Sidiss

(W/ )lsotope = (18)

where 8%Sigq, 8%°Sigis and 8°°Si,c are the mean Si isotope ratios of all solid material
leaving the catchment, of river solutes, and of bedrock, respectively. As done else-
where, we assume that bulk topsoils are representative of river sediment (Bouchez
and others, 2013). This expression is derived from the mass-balance in equation (4)
and equation (5): at low weathering intensities, the isotope composition of the sedi-
ment approaches that of the rock, so the numerator tends towards zero. The term

(W/D)mmp(, takes values of 0.05, 0.10 and 0.39, in the Alps, Sierra Nevada, and Sri

Lanka, respectively. Second, von Blanckenburg and others (2021) use an approach
based on the ratio of measured river loads to total Si-specific denudation:

Q[S l] diss

(W/ )rle = [Si}mng

(19)
where le river runoff (m yr~ b, 8] diss 18 S1 concentratlon (mol m~?) in river water,
[Si] ock 18 the concentration of Si in bedrock (mol kg~ 1, and D is denudation rate
(kg m 2 Y from cosmogemc in situ ""Be (von Blanckenburg and others, 2021).
(W/D)% s similar to (W/D)lsompe, equating to 0.06, 0.08 and 0.18 in the Alps, Sierra
Nevada, and Sri Lanka, respectively. Both these estimates are substantially lower than
a third metric of weathering intensity, (W /D)% regolith?
lost from regolith by using representative —tg; values (eq 3) and results in 0.34, 0.35,
and 0.52 for the Alps, Sierra Nevada, and Sri Lanka, respectively (von Blanckenburg

and others, 2021). In other words, there is a discrepancy between metrics of weather-
ing intensity that rely on measurement of Si dissolved flux exported in a river (Si flux

river

that provides an estimate of net Si
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and/or §°Si; that is, (W/D)mmpp and (W/D)¥
Si from the regolith (that is, (W/D)rmmh)

Conceptually, this discrepancy is related to the observation that ‘Dissolved Export
Efficiency’ (DEE) is often less than unity for many elements. The DEE is a metric
introduced by Uhlig and others (2017) and expanded on by von Blanckenburg and
others (2021) and Bouchez and von Blanckenburg (2021). The DEE metric quantifies
the observed riverine export of a solute from a catchment relative to its release by
weathering from regolith. In its simplest form, a silicon specific DEE can be expressed
as (Uhlig and others, 2017):

) and those that reflect the net loss of

river

(w/ D)

regolith

DEES =

Because (W/D)mw 1ntegrates over the period of river load monitoring, maximally
a few decades, whereas (W/D)Wgomh integrates over regolith residence time — typically

>10° yrs (table 1), timescale differences may arise. To eliminate these, both fluxes are
normalised to a conservative element like Na:
() e /
s
_ (55)

(W/D)} /
DEE%@ _ (VV/D) ?7’1 ver INal ) yock

W/ D) regolith / T }l, /
(w/D)};

n'gv»lzth

(21)

Na is selected since it is neither incorporated into secondary minerals, nor taken
up by plants to an appreciable degree. The rationale is that any deviation in DEEV“
reflects the difference in timescales the two estimates of W /D integrate over. A DEEY,
index below one implies that there is a ‘missing’ flux of the element: less is being
exported as solute than expected based on soil or regolith chemistry. For Si, the best
estimate of DEE (that is, from eq 21) is 0.49, 0.53 and 0.63 in the Alps, Sierra Nevada
and Sri Lanka, respectively (von Blanckenburg and others, 2021). This means the dis-
solved Si flux is about half of that expected based on regolith geochemistry. This defi-
cit implies that dissolved Si is removed from regolith (as required by the tg; values)
but does not reappear in the river. Expressed alternatively, the Si/Na ratio of mass
removed from the regolith is higher than that observed in stream water. Discounting
a timescale mismatch, which the Na normalisation (eq 21) aims to account for, one
possible explanation (see von Blanckenburg and others (2021) for details, and other
potential explanations) is that the Si is utilised by plants, and that erosion of biogenic
material is responsible for its loss. In support of this hypothesis, note that the exis-
tence of DEEY ~ 0.5, and the prediction made here that esz ~ w¥ (see table 4), are

internally consistent.

Magnitude and mechanisms of biomass erosion.— The estimates of ¢ introduced
above and in table 4 are non-dimensional but can be scaled by the dissolved Si export
fluxes presented in von Blanckenburg and others (2021). For the Alps, Slerra Nevada,
and Sri Lanka, these are 2.06 = 1.36, 4.86 = 1.48, and 0.85 = 0.28 t km ?yr™ !, respec-
tively. They are calculated as the product of monitored river discharge and dlssolved
Si concentration. This yields E;f,’g estimates of about 3.51 = 8.62 t km % yr ! in the
Alps, 8.05 = 5.66 t km 2 yr ! in Sierra Nevada, and 0.25+0.18 t km 2 ylfl in Sri
Lanka, with all uncertainties propagated in quadrature (table 4). Both the estimates
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of river dissolved Si flux, and the results of our geochemical inversion (section
‘Quantifying Si export by river solutes and in eroded clays and biomass’) have large
relative uncertainties (expressed as 15), though we have no reason to suspect they are
biased. We consider these propagated uncertainties on the magnitude of the biomass
erosion flux of Si to be conservatively large. The uncertainties notwithstanding, are
these numbers feasible? As a first-order sanity check, we can compare them to the
mass of biogenic silica available to be eroded. Total biomass production at these sites,
as approximated by gross primary productivity (GPP) estimates, is 779 = 9, 1350 = 30
and 2560 = 50 t km 2 yr71 (Jung and others, 2019, von Blanckenburg and others,
2021). Si concentrations are heterogeneous in plant biomass, and root pools are noto-
riously hard to access for measurement. Our sampling therefore does not allow a
weighted average to be made, so we take a representative value of 0.3 wt% from Carey
and Fulweiler (2012) for illustrative purposes. This yields ecosystem Si fixation rates
(U5 of about 2.3, 4.0 and 8.9 t km 2 yr71 in the Alps, Sierra Nevada, and Sri Lanka,
respectively. Note that an estimated concentration of 0.3 % for the grass taxa of the
Alps may be an underestimate since grasses typically actively accumulate Si. The pre-
dicted Efjé fluxes are larger than U% in the Alps and Sierra Nevada sites (by about a
factor of 1.6 and 2.0), but we consider that, given the uncertainties associated with for
example, plant Si concentration, GPP, and the results of our mass-balance model (fig.
6; table 4) that predicted E;jg and calculated U% are equivalent. A precise quantifica-

tion awaits more detailed mass-balance work, but the implication is clear: the majority
of Si fixed by plants in the Alps and Sierra Nevada ecosystems is eroded rather
recycled. This differs from previous work (for example, Derry and others, 2005) that
argues that a large fraction of stream dissolved Si has passed through a biogenic pool
but was ultimately re-dissolved before export. For the Sri Lanka site, only about 3% of
annual plant Si fixation is predicted to be eroded, which is in line with the general
‘recycling’ character of this ecosystem (von Blanckenburg and others, 2021). While
the ecosystem Si fixation rates are ‘back-of-the-envelope’ calculations, they corrobo-
rate the feasibility of the calculated E;)S;f'q fluxes.

The inference that Izosr‘g is of a similar magnitude as U in two of three sites is sur-
prising. Previous work has emphasised the recycling of plant biogenic silica as a nutri-
ent retention strategy (for example, de Tombeur and others, 2020). Further support
for substantial Efrlg comes from a) the observation of a DEE < 1 (von Blanckenburg

and others, 2021; see above), b) independent mass-balance calculations in other
catchments that also predict a substantial erosional flux of biogenic Si (Baronas and
others, 2018, Baronas and others, 2020), and c¢) the observation (Frings and others,
2015, 2016) that Si/Na in river waters is often much lower than that expected based
on source rock Si/Na and typical net weathering reaction stochiometries. Using ero-
dosequence examples from Frings and others (2021a; their table 5), between 35 and
80 % of Si solubilized should be retained in secondary clays, depending on the reac-
tion. For a typical granite Si/Na molar ratio of ca. 3 to 4 (ignoring an inert quartz
component) river water should thus generally be > 1 mol/mol Si/Na. This is often
not the case (Frings and others, 2016, their fig. 8), even after accounting for Na from
rainwater and evaporites, which implies Si removal from solution into solid, but non-
clay phases.

The question then arises: what is the mechanism of such substantial erosion of
biogenic silica? We identify at least five non-exclusive pathways: (i) the erosion of fine-
grained biomass debris, (ii) the erosion of coarser biomass, (iii) anthropogenic ‘ero-
sion’, via logging, (iv) the appearance of biomass erosion, via non-steady-state biomass
aggradation, and (v) in-stream production of biogenic silica (bSi) by diatoms or other
primary producers.
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The first potential export mechanism is the erosion of fine-grained biogenic silica
phases, including Si in phytoliths or otherwise associated with particulate organic mat-
ter originally contained in the foliage of plants. This fulfils the constraint that Si is
removed from regolith (as required by the tg; values) without allowing it to reappear
in the dissolved form in the river. Because calculated eSlg ~ w¥, then the ratio of bio-

genic silica in river sediment to dissolved Si should be around one. This is larger than
typically seen in selective leaches of river suspended sediment (Conley, 1997;
Carbonnel and others, 2009; Smis and others, 2011; Clymans and others, 2013; Frings
and others, 2014). These analyses target amorphous Si phases (assuming this is domi-
nantly biogenic silica) with basic leaching solutions and typically yield Si concentra-
tions equivalent to around 10 to 20% of river dissolved Si. In the Ganges and its
tributaries, Frings and others (2014) show that extrapolation based on concentrations
in surface-water suspended sediment may underestimate total fluxes, and thus depth-
integrated water-column sediment fluxes are needed (compare with Bouchez and
others, 2011). Estimates of suspended load flux may underestimate true solid trans-
port because of the stochastic nature of sediment transport, particularly in mountain-
ous headwater catchments. Scaling blogenlc 51hca export by independent estimates of
river sediment flux (for example, from in situ "°Be) may yield more reliable values but
requires knowing the fraction of river sediment that is biogenic silica. The available
data from large rivers (including the Ganges, Amazon, Huang He and Changjiang)
suggest a value of around 1 to 2 % of river sediment may be reasonable (Conley, 1997,
Frings and others 2014, Liu and others, 2016). Taking a global sediment flux of
1562 £ 2.8 Gtyr ! (Wittmann and others, 2020), then 2.5 - 5.0 x 10'% mol bSi) is esti-
mated to be delivered to the global ocean. This is equivalent to about 40 to 80 % of
river dSi flux (Beusen and others, 2009). Making the assumption that the river bSi
flux is relatively larger in headwater catchments (that is, before phytoliths have time
to dissolve), then we suggest this exercise corroborates the feasibility of E;fq > WSi.

A second (and related) biomass-export mechanism is the export of coarse or-
ganic particulates, not typically included in river sediment fluxes. Recent evidence
suggests it is an important mass flux term, especially in small mountain headwater
streams akin to those investigated here (Wohl and others, 2012; Turowski and others,
2016; Kramer and others, 2017). Its importance in carbon export and burial is receiv-
ing attention (West and others, 2011; Lee and others, 2019), but other elements con-
tained in the coarse particulates have been neglected. Turowski and others (2016)
estimated coarse biomass fluxes at Erlenbach, a Swiss Prealps site, comparable in cli-
mate, elevation, and vegetation to our Alps 51te w1th three different methods. They
derive an annual flux of 87.7 = 51.9 t C km ? yr ' and note that rare flood events
dominate this term. Assuming that carbon is approximately 50 % of the total mass,
and silicon about 0.3 % (see above) this yields an estimate of ESZg (in coarse biomass
only) of ca. 0.5 t Si km ™2 yr ! for a small, mountainous catchment. Subsequent work
suggests the Ehlenbach coarse biomass fluxes are towards the high end of the spec-

trum of plausible values (Bunte and others, 2016), so the estimate of coarse E;r’g i

likely also an upper limit. We tentatively conclude that erosion of coarse biomass de-
bris is a small but non-negligible vector of Si export from catchments. Additionally,
the Alps site is located on grasslands that are grazed by goats in the summer. Recent
work has shown how animals can be unexpectedly large vectors of Si and other nutri-
ent fluxes (Schoelynck and others, 2019), so their repackaging of grass biomass into
faecal pellets may increase the erosional efficiency.

A third biomass-export mechanism is the logging or harvesting of catchment bio-
mass, which would have the same impact: mass would be being removed from the
catchment without appearing in river sediment. This is what de Oliveira Garcia and
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others (2018) term a ‘negative nutrient budget.’ It is well established for silicon cy-
cling that in agricultural systems crop harvesting is a substantial term, which can be
greater than, for example, input from weathering (Sferratore and others, 2005;
Vandevenne and others, 2012; Klotzbiicher and others, 2018), so even relatively
small harvests could impact Si export if maintained over sufficiently long timescales.
To our knowledge, there is no large-scale modern-day logging or any form of har-
vesting that removes biomass from the catchment at our sites, though there has
been in the past (see below). We discount this as a mechanism of Effg in the three
erodosequence sites.

The fourth mechanism we consider is the growth of a Si pool within the catch-
ment, rather than export of that pool per se. If the ecosystem is growing and living (or
dead) biomass is accumulating (Struyf and others, 2010; Wohl and others, 2012;
Clymans and others, 2016), this would be equivalent to an export flux with biogenic
composition from the soil/regolith. For the three sites investigated here, vegetation
the Alps is mostly grasses, so there is not much scope for transient ecosystem Si accu-
mulation. At the Sierra Nevada site the Pinus ponderosa forests were nearly entirely
clear-cut in the late 19th century and have experienced logging of some form until
the 1960s (Uhlig and others, 2017). Although a stable vegetation density is likely now
attained, there may still be a slight net-aggradation of above- and below-ground
(woody) biomass. As a rainforest reserve, the Sri Lanka site has not been affected by
agricultural or forestry uses (Hewawasam and others, 2013) and we assume the ecosys-
tem is at steady-state. Some minor net biomass-Si aggradation might be occurring in
Sierra Nevada, but is unlikely elsewhere.

Finally, in-stream production of diatoms is a potential explanation for a regolith
removal flux that does not appear in stream waters. However, point-counting of river
biogenic Si particles tends to suggest the dominance of phytolith over diatoms in con-
tributions to total river biogenic silica, in particular in small rivers (Cary and others,
2005; Zang and others, 2016; Schoelynck and others, 2019). The only systems where
diatoms are the most abundant biogenic silica particles are dams that provide the low-
turbidity environments needed for diatoms to thrive (Meunier and others, 2015; Ran
and others, 2016; Baronas and others, 2018). Coupled with the short stream lengths,
turbid flow, and low P concentrations (von Blanckenburg and others, 2021), we dis-
count the possibility of in-stream biogenic silica production by diatoms or other silici-
fying organisms.

Overall, the most the most likely dominant mechanism of erosion of biomass
seems to be the removal of Si in phytoliths or fine-grained particulate organic car-
bon phases produced by degrading plant biomass. We note that previous work has
highlighted how this fine fraction can be preferentially mobilised during overland
flow, especially at low magnitude erosive events, due to its size and density (Clymans
and others, 2015). This seems to operate particularly efficiently (that is, most bio-
genic Si in litterfall is eroded) in the steep Alps and Sierra Nevada sites, and less effi-
ciently (only a small fraction of litterfall Si is eroded) at the Sri Lanka site. This is
consistent with stand-level investigations of Si recycling efficiency in temperate eco-
systems vs. tropical ecosystems (Lucas, 2001). Repackaging of biogenic silica into
faecal pellets in the Alps, and aggradation of biomass at the Sierra Nevada sites, may
also contribute to the interpretation that a substantial fraction of biologically fixed
Si is lost via erosion. Logging and in-stream diatom growth are unlikely to be a
mechanism of Si export from the studied catchments, though may be important
elsewhere. Others have demonstrated the importance of biological activity to Si cy-
cling at the soil-profile scale (for example, Li and others, 2020); we suggest here this
importance extends to the export of Si at the catchment scale.
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CONCLUSIONS
We have quantified Ge/Si ratios in multiple ecosystem pools (bedrock, bulk soil
and saprolite, the clay size fraction, plant biomass and stream water solutes) at three
sites spanning a gradient of erosion rates and thus weathering intensities. This data,
in combination with silicon isotope data on the same samples presented in a compan-
ion paper, permits insight into the relative partitioning of Ge and Si at the Earth’s sur-
face. Specifically, we demonstrate that:

A compilation of literature data shows that primary mineral specific Ge/Si ratios

can vary between < 0.5 to > 6 pmol mol ™', This underscores the need to consider

individual mineral weathering rates, particularly in kinetically limited settings.

® Ge discrimination relative to Si during biological uptake is not a widespread plant strat-
egy. Instead, some plants appear to preferentially take up Ge, some with no discrimina-
tion, and some discriminate against Ge. The common observation of low Ge/Si
phytoliths must therefore be explained by processes that occur internal to the plant.

® Ge is preferentially incorporated into secondary clays relative to Si, with exchange
coefficients at the catchment scale between 5.4 to 65, extending the range of values
derived from other settings.

® Because these exchange coefficients are consistently greater than unity, Ge/Si

ratios in secondary clays are more sensitive tracers of weathering regime than Ge/Si

ratios in stream solutes, the more conventional proxy. This conclusion is arrived at

both empirically (fig. 2 and fig. 3) and via a mass-balance framework (section

‘Application of Coupled Ge/Si-67’Si Mass Balance Models’ and eq 9 and eq 10).

Beyond this, we show how a series of coupled Ge/Si and silicon isotope mass
balance equations can be solved to quantify in which form Si is exported from a
catchment. The results define a decrease in weathering congruency with decreasing
regolith residence time. They also require that between 18 % to 39 % of Si that is
solubilized from primary minerals is exported from the catchment in a biogenic
form. This is a surprisingly large fraction, but is consistent with independent lines of
evidence, and is feasible given the currently available constraints.
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Appendix B: Sensitivity Analysis of Coupled Ge/Si-6 308 Mass Balance Model

The Ge/Si-0 30Gi mass-balance presented in the main text predicts 80 %, 75 %
and 32 % of Si solubilized from parent rock is exported as fractionated solids that
form in the weathering zone in the Alps, Sierra Nevada, and Sri Lanka, respectively.
Of these fractionated solids, 58 %, 44 %, and 39 % are exported as biomass (table 4).
The feasibility and implications are discussed in the main text; here we present a sim-
ple sensitivity analysis to assess (i) the robustness of the conclusions, and (ii) identify
which parameters need to be most tightly constrained in future field-campaigns.

As we highlight in the main text, the modelled ratio €', /w" is larger than the available
river amorphous-silica concentrations would suggest. Might this prediction simply be
an artefact of the model? We explore this further by prescribing effg in equations
(15)=(17) in the main text to be a constant fraction of w% (taking 0.16 after Conley
(1997)) and solving instead for one of the eight ratios used as input for the mass-bal-

30Q: 30Q: 30Q: 30Q; > :
ance (6 SerCk’ 6 Slsec’ 6 Slorg’ 6 Sldiss’ (%) rock’ (%) sec’ (%) org’ or (%) diss)’ h01d1ng

the rest constant. Although this exercise does not allow for co-variation in these terms,

it allows the robustness of the conclusion that e‘gig is large to be assessed.

Solving for 8%°Si values in clays, plant material, or in river water when €org =
0.16 - w requires that the measured values would have to be incorrect by > 1 %o to close
the mass-balance. We thus rule out bias in these values. Parent material §°Si would
have to be positive to produce a closed mass-balance, yet essentially all measurements
to date of granitoid rocks cluster consistently around -0.2 to -0.3 %o (Savage and others,
2012, 2013b, 2014), so we also rule this out. Note that any apparent or real fractiona-
tion during dissolution would operate in the other direction, that is, to preferentially
release the lighter Si isotopes (for example, Ziegler and others, 2005a; Frings and
others, 2021a). Thus, the conclusion eiﬁQZw‘gi is insensitive to assumptions about §°°Si

of the various pools.
G G
e)sec or ( e)diss when eqy = 0.16 - w pro-

Solving the mass-balance equations for (& S
duces negative Ge/Si ratios, so this is also not a plausible explanation. However,
possible adjustments to the Ge/Si ratios of parent material or clay minerals would
allow the mass-balance to be closed. The clay size fraction would be required to
have a ratio ca. 1 wumol mol ™' lower, or the rocks ca. 0.5 umol mol ™' higher, to pro-
duce a result that is consistent with the Conley (1997) estimate of amorphous Si
concentrations in rivers. As detailed in our companion paper (Frings and others,
2021a), silicon isotope ratios can differ in rock-forming minerals by a substantial
amount (0.4 to 0.8 %o at the erodosequence sites). If these differentially undergo
weathering, then the isotope ratio of Si released to solution will not be equal to
bulk rock. Although bulk rock Ge/Si is similar at the three sites (table 3), the
same is true for Ge/Si ratios (see compilation in main text, section ‘Ge and Si par-
titioning in the Critical Zone’). It is plausible that preferential weathering of bio-
tite relative to less mafic minerals releases Si with a higher Ge/Si ratio than the
bulk rock, closing the mass-balance with a biomass export flux in line with expect-
ations. However, we tentatively discount this explanation, since (i) the high Ge/Si
minerals tend to be a small fraction of total bedrock Si (Frings and others, 2021a),
and (ii) primary mineral dissolution is relatively complete at the Sierra Nevada
and Sri Lanka sites, meaning bulk-rock must be a good approximation of the Ge/
Si ratio of solubilized Si. Preferential weathering of high Ge/Si mafic phases may
be part of the explanation in the Alps site: future work could seek to constrain
inter-mineral Ge/Si differences here. We also discount a bias on the Ge/Si ratio
of the clay fraction, since we observe these ratios tend to increase towards the top

of the regolith profiles. This means that if there is a bias on (%)m, it is in the
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TaABLE A2

Results of sensitivity test to assess robustness of the coupled Ge/Si-8°Si mass balance
model, when we assume the non-phytolith, high Ge/Si pool of Si in plants is much more
readily remineralised and thus the exported material consists only of phytoliths.

€sec Corg w €org/(€secteorg) €org/W
Alps 0.47+0.15 0.34+0.15 0.18+0.07 0.42 1.84
Sierra Nevada 0.39+0.08 0.35+0.16 0.26+£0.12 0.47 1.34
Sri Lanka 0.17+0.04 0.15+0.09 0.68+0.08 0.48 0.22

Here we assume the non-phytolith, high Ge/Si pool of Si in plants is much more readily remineralised and thus
the exported material consists only of phytoliths. In this case, we prescribe (Ge/Si),, = 0.5 based on typical phyto-
lith values compiled in Table Al.
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Figure Al. Results of Ge/Si-3°"Si geochemical mass balance when prescribing (%) = 0.5%0.1 (based
. or;
on values compiled in Appendix table Al). Some of the higher ef;g scenarios in ﬁguﬁe 6 are no longer
possible, but the model prediction of median €S, and wS are largely similar (Appendix table A2). For fur-
ther details, see figure 6.
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wrong direction. Overall, it is difficult to close the mass-balance when imposing
the constraint that e,;g = 0.16 - w.

Finally, we note that these conclusions are relatively insensitive to the Ge/Si ratio
of organic material (fig. Al; table A2). Making the assumption that phytoliths are
more refractory and thus more likely to be eroded than the putative Ge-rich organic

complex (Kaiser and others, 2020), the values of the term (%) org would instead be in

the range of those in table Al derived from phytolith extracts. Using an arbitrary but
representative value of 0.50.1 umol mol ™! yields (Eorg+Esec)/S = 0.82 in the Alps,
0.74 in Sierra Nevada, and 0.32 in Sri Lanka. Erosion of biogenic material is calcu-
lated to be remarkably similar to the values derived using measured bulk plant Ge/Si:
€org = 0.34, 0.35 and 0.15, along the Alps-Sierra Nevada-Sri Lanka transect. This crude
sensitivity analysis suggests that the conclusion that biomass erosion is a substantial
fraction of Si export from a catchment is robust, as independently validated elsewhere
(Baronas and others, 2018, Baronas and others, 2020)

Appendix C: A Silicon Isotope Mass-Balance to Predict Plant Biomass Erosion

The mass-balance framework presented by Bouchez and others (2013) shows
that:

6% Sigss — 5Sirp 1 — CDF [Si] o+ [Si] g

F - - T;izm [SZ] rock

(S1)

where §°’Si is the silicon isotope ratio of the dissolved phase and rock (subscripts
. et . . . . .

‘diss” and ‘rock’), A" is the weighted average fractionation associated with all proc-

esses forming new Si-bearing solids, and CDF is a zirconium-based index of weather-

ing intensity after Riebe, Kirchner, and Finkel (2003). The term I;,im is related to the

term Tg;, the silicon mass-transfer coefficient (Brimhall and Dietrich, 1987, von
Blanckenburg and others, 2021) but indexes loss only from primary minerals, rather
than the net effect of primary mineral dissolution and secondary mineral precipita-
tion. See Bouchez and others (2013), their equation (16), for more detail. With the

. S 4 . .
exception of r}fﬁim, A™, and [Si],,, all terms are empirically constrained at the Alps-

Sierra Nevada-Sri Lanka erodosequence, with values from von Blanckenburg
and others (2021) for CDF (0.31, 0.36, 0.50) and Frings and others (2021a) for 5°°si
values (-0.36 =0.10, —1.33 *£0.50 and -2.03 *0.31 %o), and Si concentrations in clays
(9210 =6530, 22300 15100 and 26800 =10700 ug g~ '). We take the plant and clay
fractionations as derived in Frings and others (2021a) as upper- and lower- limits
for the value of A% (their tables 6 and 7, spanning a range from —3.36 + 0.51 %o to

—1.12 = 0.20 %o0). Note that the A% can also be derived from rock and river 5°°Si
and Si/Na ratios to define f3., (for example, Hughes and others, 2013; Frings and

others, 2015; Baronas and others, 2018), though this makes little difference to the
results. Finally, 1!

pﬁim is defined as:

. Si|piim  |Z
Si —[ ]p X[r]ﬂ_l

brim ~ . ( S2 )
? [Sl] rock [Zr] soil

T

where [Si]prim is the Si concentration of silicon remaining in rock that is hosted by pri-
mary minerals. By making the substitution that [Si]prim = [Si]pux — [Silgec — [Si]org, we
can solve equation (S1) for [Sz’]org, using a Monte-Carlo approach to propagate
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TaBLE A3

Results of a solely silicon-isotope based mass-balance to predict the relative partitioning of
Si export between clays and biomass. Units are g Si per gram bulk soil

[Si]puik [Si]prim [Si]sec [Si]org [Si]org/[Si]sect[Silorg
Alps 0.319 +0.007 0.288 +£0.019 0.010£0.006  0.021 £0.016 0.674 £ 0.638
Sierra Nevada  0.282 £ 0.025 0.269+£0.034  0.024+£0.016  0.043+0.026 0.646 £ 0.495
Sri Lanka 0.306+0.010  0.215+0.032 0.027 £ 0.011 0.010 +0.029 0.268 £ 0.817

uncertainties in parameter values. This approach yields estimates of Si concentra-
tions bound to organic matter in the regolith (see table A2). According to these
calculations, 67% = 63, 27% = 82 and 656% = 49 of the fractionated Si (that is Si in
clay or biomass) is eroded as Si bound to organic matter for the Alps, Sri Lanka
and the Sierra Nevada field sites, respectively. Thus — despite the difficulties in

defining r[mm or the silicon isotope fractionation factors — this approach supports

the conclusion of the coupled Ge/Si- 5%°Si mass-balance model in the main text:
that Si incorporated into biogenic material is an important silicon export vector in
small catchments.
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