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Abstract : 
 
Solutes derived from the dissolution of silicate minerals play a key role in Earth’s climate via the carbon 
and other biogeochemical cycles. Silicon (Si) is a unique constituent of silicate minerals and a 
biologically important nutrient, so tracing its behavior in near-surface environments may provide 
important insights into weathering processes. However, Si released by weathering is variably 
incorporated into secondary mineral phases and biota, obscuring signals derived from primary 
weathering processes. Due to chemical similarities, Germanium (Ge) may help better understand the Si 
cycle and its relationship to chemical weathering. With this aim, we report new measurements of the 
concentration and isotopic composition of Ge for both the dissolved and particulate phases of a variety 
of global rivers. These measurements are combined with analyses of concentration and isotopic ratio of 
Si on the exact same sample set in order to make direct comparisons of the behavior of these two 
elements in natural river systems. With this dataset, we develop a new modeling framework describing 
the full elemental and isotopic systems of these solutes in rivers (i.e., Ge/Si, δ74Ge, and δ30Si). This 
multi-proxy approach allows us to ascertain the relative importance of biological versus mineral uptake 
in modulating the fluxes of these elements delivered to the modern ocean. Dissolved δ74Ge 
composition of rivers studied thus far range from 0.9 to 5.5 ‰ with a discharge-weighted global average 
of 2.6±0.5 ‰. The Ge isotope composition of riverine suspended and bedload sediments is 
indistinguishable from silicate source rocks, which is consistent with mass balance expectations. The 
multi-proxy modeling suggests that, among the watersheds studied here, the isotopic fractionation of Si 
during secondary mineral phase precipitation (∆30Sisec) ranges from -2.7 to -0.2 ‰, which removes 
between 19-79% of the initial dissolved Si sequestration, while between 12-54% is incorporated by 
biota. For Ge, modeling indicates that 79-98% of the dissolved load is incorporated into secondary 
mineral phases with a ∆74Gesec ranging from -4.9 to -0.3 ‰. The fractionation induced by biological 
uptake is calculated to range from -2.6 to -1.3 ‰ for ∆30Sibio and -0.7±0.7 ‰ for ∆74Gebio. In addition 
to improving our understanding of the coupled Ge and Si cycles, our study provides a framework for 
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using multiple isotopic tracers to elucidate the chemical behavior of solutes in natural waters 

 

Highlights 

► Ge and Si isotope composition of water and sediments in various rivers is presented. ► Dissolved 
δ

74
 Ge range 0.9–5.5‰, river sediment δ74

 Ge range 0.5–0.7‰. ► Dissolved δ74 Ge is strongly 
fractionated due to low chemical Ge mobility. ► Ge/Si-isotope multi-proxy provides quantitative 
constraints on secondary vs biological fractionation. 
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are combined with analyses of concentration and isotopic ratio of Si on the exact same sample
set in order to make direct comparisons of the behavior of these two elements in natural river
systems. With this dataset, we develop a newmodeling framework describing the full elemental
and isotopic systems of these solutes in rivers (i.e., Ge/Si, δ74Ge, and δ30Si). This multi-proxy
approach allows us to ascertain the relative importance of biological versus mineral uptake in
modulating the fluxes of these elements delivered to the modern ocean.

Dissolved δ74Ge composition of rivers studied thus far range from 0.9 to 5.5 ‰ with
a discharge-weighted global average of 2.6±0.5 ‰. The Ge isotope composition of riverine
suspended and bedload sediments is indistinguishable from silicate source rocks, which is
consistent with mass balance expectations. The multi-proxy modeling suggests that, among
the watersheds studied here, the isotopic fractionation of Si during secondary mineral phase
precipitation (Δ30Sisec) ranges from -2.7 to -0.2 ‰, which removes between 19-79% of the
initial dissolved Si sequestration, while between 12-54% is incorporated by biota. For Ge,
modeling indicates that 79-98% of the dissolved load is incorporated into secondary mineral
phases with a Δ74Gesec ranging from -4.9 to -0.3 ‰. The fractionation induced by biological
uptake is calculated to range from -2.6 to -1.3 ‰ for Δ30Sibio and -0.7±0.7 ‰ for Δ74Gebio.
In addition to improving our understanding of the coupled Ge and Si cycles, our study provides
a framework for using multiple isotopic tracers to elucidate the chemical behavior of solutes in
natural waters.

Keywords: germanium, silicon, isotopes, rivers, weathering, fractionation

Highlights:

• Ge and Si isotope composition of water and sediments in various rivers is presented.

• Dissolved δ74Ge range 0.9-5.5 ‰, river sediment δ74Ge range 0.5-0.7 ‰.

• Dissolved δ74Ge is strongly fractionated due to low chemical Ge mobility.

• Ge/Si-isotope multi-proxy provides quantitative constraints on secondary vs biological frac-
tionation.

1 Introduction
Chemical weathering of rocks determines nutrient supply to ecosystems, landscape evolution,

and climate over geological timescales. Understanding weathering processes is challenging in
the contemporary environment and even more so in the past. Elemental and isotopic ratios of
weathering-derived chemical species in waters and sediments can indirectly trace the myriad of
water-rock-life interactions that take place in the critical zone, helping unravel solute sources
and biogeochemical transformations. Moreover, the signatures of these proxies preserved in the
sedimentary record offer the potential to reconstruct key aspects of weathering systems in the past
and to test a variety of hypotheses linking weathering and climate (e.g., Berner et al., 1983; Raymo
& Ruddiman, 1992).

With this in mind, a number of elemental and isotopic proxies, such as germanium to silicon
ratios (Ge/Si), as well as multiple metal and metalloid stable isotope ratios, have been investigated
(e.g., Murnane & Stallard, 1990; Dellinger et al., 2015; Tipper et al., 2012; Frings et al., 2016).
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Although these isotopic proxies have alluring potential to improve our understanding of the effects of
climatic forcing on critical zone processes, most field studies to date have focused on "calibrating"
the proxies, i.e. understanding their isotopic behavior, within the context of biogeochemical
processes established via alternative (often conventional) geochemical and geophysical techniques
(e.g., von Blanckenburg & Schuessler, 2014; Meek et al., 2016).

Due to the defined boundaries of river catchments, mass balance constraints can be applied
in studies of weathering tracers in river water. A mass balance approach can potentially provide
quantitative information on the biogeochemical processes that fractionate the tracer of interest
(Georg et al., 2006a; Bouchez et al., 2013). However, the associated uncertainties are large due
to poor constraints on elemental and isotopic fractionation factors, which can be highly dependent
on mineralogy, climate, ecosystem dynamics, or other aspects of the studied watershed (e.g.,
Wimpenny et al., 2015; Frings et al., 2016). As a result, most isotope weathering studies to date
have focused on empirically calibrating isotopic fractionation factors, rather than using the isotopic
information to assess the underlying biogeochemical processes (e.g., Hughes et al., 2013; Dellinger
et al., 2015; Baronas et al., 2017a).

Here, we explore the range of Ge and Si isotopic and elemental signatures in a number of global
rivers. Germanium isotopes (δ74Ge) have recently been shown to fractionate in terrestrial systems
(Baronas et al., 2017a). In this study, we present new coupled data on δ74Ge, δ30Si, and Ge/Si.
Dissolved and particulate data from the headwaters of theAmazon river system reveal that theGe and
Si systems have distinct isotopic behavior, despite their chemical affinity. Coupling these systems
thus provides the opportunity to distinguish between biological and secondary phase controls on the
Si cycle. We describe a simple multi-proxy model to quantitatively distinguish between the uptake
and fractionation of these two elements between organic (biological) and inorganic (secondary
mineral / amorphous) phases. This study significantly expands on the previous riverine δ74Ge
dataset (Baronas et al., 2017a), and now includes more of the world’s major rivers (n = 6, allowing
for revised estimates of the global riverine composition), as well as the first suspended and bed load
sediment δ74Ge data.

2 Methods

2.1 Sample collection
The sample set presented in this study covers a wide range of terrestrial environments, from

tropical lowlands, to steep mountain catchments, to glacier-fed streams (Fig. 1). In particular, a
number of dissolved and solid samples were collected along the Andes-Amazon elevation gradient
in Peru, where previous studies on the geomorphic effects on weathering (Torres et al., 2015, 2016,
2017; Baronas et al., 2017b) provide a detailed context for the interpretation of Ge and Si isotope
data.

Due to low dissolved Ge concentrations, 0.5-3 L of river water is needed to obtain >2 ng of
Ge required for a δ74Ge measurement. The data set presented here consists of samples collected
over several years (Table 1). All samples were collected in plastic bottles or bags, filtered (0.2-0.45
μm), generally within ∼24 h or less, and usually acidified with trace clean HCl or HNO3 shortly
thereafter. Tests showed that acidification is not required to keep Ge and Si in solution (except
possibly in very Fe-rich samples) and no effect of filter pore size on Ge or Si composition. The
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Figure 1: A map of major river basins (exorheic areas only), showing the locations of rivers and
streams for which Ge isotope data are now available (panel a). World’s major river basins are
outlined. Smaller rivers and streams are shown as circles. Also shown a histogram of dissolved
riverine δ74Ge values (b). Blue color indicates primarily pristine rivers, whereas orange color
indicates catchments with major anthropogenic perturbation (see Table 1). The solid blue line in
panel b shows a normal distribution fit to the pristine riverine data. The range of silicate rock values
(Rouxel & Luais, 2017) is denoted by vertical dashed lines. The map is based on WRIBASIN data
and was obtained from http://www.fao.org/geonetwork/srv/en/metadata.show?id=30914 .

collection of bedload samples in Peru is described in Torres et al. (2016). For suspended load
samples, the sediment was either rinsed off filters with deionized water, centrifuged, and dried, or
gently scraped off after drying the filter at 50-60 °C.
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2.2 Chemical analyses
A detailed description of all sample preparation and analytical methods is given in Appendix A.

Briefly, Si concentrations in solid samples were determined either via ICP-MS after acid digestion
or via colorimetry after NaOH fusion. Ge concentrations in solid samples were determined after
acid digestion on isotopically spiked aliquots purified for δ74Ge analyses (see below), via hydride
generation (HG)-ICP-MS. Two different digestion methods have been tested for both Si and Ge
analyses, and the obtained values are compared in Table 2. In addition, a number of certified
and previously measured reference materials were analyzed for Si, Ge, δ30Si, and δ74Ge using the
different digestion methods. The results of this study agreed well with previously reported values
and were reproducible using either of the different digestion methods (Appendix Table A3).

Dissolved major cation and Si concentrations were measured using MP-OES (Agilent 4100).
Additional Si analyses were done using molybdate blue colorimetry. Dissolved Ge concentrations
were measured using isotope dilution HG-ICP-MS (Baronas et al., 2016).

Si isotope analyses were performed using MC-ICP-MS after cation-exchange chromatographic
separation, adapting the method of Georg et al. (2006b). Measurements were done on a Thermo
Neptune inmedium resolutionmode (resolving powerm/Δm=4000) using the Elemental Scientific
Instruments Apex interface, at the flat part of the interference-free peak shoulder. Sample runs
were bracketed with concentration-matched NBS-28 standard solution and the δ30Si values are
reported in ‰ as 30Si/28Si sample ratio normalized to the average 30Si/28Si ratio of bracketing
NBS-28measurements. Signal sensitivity ranged between 6-13V/ppm 28Si (60-130 pA on a 1011Ω
amplifier), with eachmeasurement integrated over 4min and 4-8 replicate bracketedmeasurements.
The possible interference fromdissolved organic compoundswas tested by digesting several samples
(including Rio Negro) with conc. H2O2 prior to chromatography, which yielded δ30Si values
identical to untreated samples, suggesting that any potential matrix effects are negligible.

Ge isotope analyses were performed using HG-MC-ICP-MS after double isotope spiking (spike
73Ge/70Ge = 1, spike/sampleGemass ratio = 1-2) and anion-exchange chromatographic separation,
adapting the method of Rouxel et al. (2006) and Guillermic et al. (2017). After double spiking
but prior to column separation, dissolved Ge in river water samples was pre-concentrated by co-
precipitating with Fe oxyhydroxides, settling and centrifuging, and re-dissolving the precipitate in
HNO3. Measurements were done on a Thermo Neptune in low resolution mode, using a CETAC
HGX-200 hydride generation interface. Each analysis was performed for 8-10 min at a signal
intensity of 0.4-6V (4-60 pA on a 1011Ω amplifier) at 74Ge. Sample runs were bracketed with
concentration- and spike/sample ratio-matched NIST-3120a standard solution. The δ74Ge values
were calculated using the double-spike data reduction routine of Siebert et al. (2001) and are
reported in ‰ as 74Ge/70Ge sample ratio normalized to the average 74Ge/70Ge ratio of bracketing
NIST 3120a measurements. There are major differences between the method used in the current
study and the one previously employed by Baronas et al. (2017a) to make the first river δ74Ge
measurements (a detailed comparison is given in Appendix Table A2). To ensure reproducibility,
a number of river samples previously analyzed by Baronas et al. (2017a) were re-analyzed in this
study, giving identical results within uncertainty (Table 1).

The δ30Si and δ74Ge measurement uncertainty is reported as the external 2σ standard error
of replicate measurements, or the 2σ standard deviation of all bracketing standard measurements
within a given analytical session, whichever is higher.
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3 Results and discussion

3.1 Ge and Si isotope composition of river-transported solids in the Andes-
Amazon system

First and foremost, the Ge isotope composition of rock, bedload, and suspended load samples
falls in the narrow 0.5-0.7 ‰ range (Table 2, Fig. 2) and is indistinguishable from various rocks
analyzed previously (Rouxel et al., 2006; Escoube et al., 2012; Rouxel & Luais, 2017). Such δ74Ge
homogeneity in solids is in stark contrast with other isotopic weathering tracers, such as δ30Si and
δ
7Li (Frings et al., 2016; Dellinger et al., 2014, 2017).

1 2 3 4
Ge/Si

sed
 (µmol/mol)

-1

-0.8

-0.6

-0.4

-0.2

0

30
S

i se
d

a
1 2 3 4

Ge/Si
sed

 (µmol/mol)

0.2

0.4

0.6

0.8

1

74
G

e
se

d

b

River sediments

WSM
Bedload

C

Igneous
Shale
Susp. load

Figure 2: The relationship between rock and river sediment Ge/Si vs. δ30Si (a) and δ74Ge (b) in
the Andes-Amazon. Site naming convention retained from Torres et al. (2015) and Torres et al.
(2016) (the latter in parentheses): W = Kosñipata riv. at Wayqecha (Mountain-1); S = Kosñipata
at Sen Pedro (Mountain-2); M = Alto Madre de Dios riv. at MLC (Mountain-front); C = Madre de
Dios river at CICRA (Foreland-floodplain).

A set of river sediment samples spanning the geomorphic gradient from the Andes mountains to
the Amazon floodplain was analyzed to investigate the effect of different erosional regimes on river
sediment δ74Ge, δ30Si, and Ge/Si composition. The Andean shales and bedloads are enriched in
light Si isotopes (-0.67 to -0.18 ‰) relative to igneous rocks (which typically range from -0.3 to 0.3
‰ (Savage et al., 2013)) and exhibit elevated Ge/Si ratios (Fig. 2a), likely due to previous episodes
of weathering or marine authigenesis preceding metamorphism and exhumation. This behavior is
analogous to that observed for δ7Li, with shales found to be isotopically lighter due to inheritance
from prior weathering (Dellinger et al., 2014, 2017). It may therefore seem surprising that these
rocks retain the original primary δ74Ge composition of about 0.6 ‰ (Fig. 2b), given that Ge
isotope fractionation occurs both during weathering (Baronas et al. (2017a); see also Section 3.2)
and during marine sediment authigenesis (Baronas, 2017). These results are however consistent
with the study of Rouxel et al. (2006) showing that deep sea marine clays have δ74Ge values
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identical to bulk silicate Earth. The negligible Ge isotopic fractionation of the solids is a result
of the low chemical mobility of Ge, i.e., strong retention during clay neoformation, as indicated
by continuously increasing clay Ge/Si ratios with continued weathering (Kurtz et al., 2002). The
undetectable δ74Ge fractionation of river-transported sediments is therefore qualitatively consistent
with the conceptual model of Bouchez et al. (2013), given that typically only a small portion of Ge
(<1-2 %) is exported in dissolved form. The behavior of δ74Ge in this case contrasts with that of
δ
30Si and δ7Li systems, where the neoformed clays are often strongly depleted in heavier isotopes
relative to primary silicates, because a significant proportion of these elements (often upwards of
10 %) is exported in dissolved form (Gaillardet et al., 2014, also see Section 3.3.2).

Table 1: Sample details, dissolved Ge and Si concentrations, and isotopic compositions in the
world’s rivers studied here.

Ge, Si, Ge/Si, δ30Si,
pmol/L µmol/L µmol/mol ‰

North America this study Baronas et 
al. (2017a)

Mississippi* (Aug 2011) MI11 New Orleans, USA 2011-08-20 29.954 -90.063 mixed 266 166 1.60 2.17 ± 0.24 2.01 ± 0.22 --
Mississippi* (Jul 2015) GRO001622 New Orleans, USA 2015-07-07 29.920 -90.140 mixed 215 147 1.46 2.60 ± 0.30 -- 1.70 ± 0.15
Kaweah KW13 Sierra Nevada mts., USA 2013-08-31 34.680 -118.840 gran. 690 210 3.29 2.32 ± 0.07 -- --
Lone Pine Creek LPC13 Sierra Nevada mts., USA 2013-08-17 36.595 -118.140 gran. 94 164 0.57 2.46 ± 0.24 -- --
Kern (North Fork) KN09 Sierra Nevada mts., USA 2009-03-21 35.916 -118.444 mixed 614 327 1.88 2.70 ± 0.25 2.75 ± 0.22 --
Kern* (Lower) KL09 Sierra Nevada mts., USA 2009-03-21 35.916 -118.444 gran. 299 36 8.31 2.56 ± 0.24 3.04 ± 0.22 4.23 ± 0.20
San Gabriel (North Fork) SGN13 San Gabriel mts., USA 2013-07-28 34.343  -117.725 gran. 68 256 0.27 5.20 ± 0.24 5.61 ± 0.22 2.13 ± 0.15
Santa Clara SC13 San Gabriel mts., USA 2013-12-19 34.348 -119.052 sed. 205 414 0.50 3.38 ± 0.08 -- --
Hondo* RH08 Los Angeles, USA 2008-12-20 34.098 -118.021 urban 172 290 0.59 5.17 ± 0.24 5.50 ± 0.22 --
Los Angeles River* LAR13 Los Angeles, USA 2013-11-21 33.804 -118.205 urban 4011 155 25.9 0.93 ± 0.43 -- --
Mackenzie CAN10-(11+14) Tsiigehtchic, Canada 2010-09-07 67.458 -133.727 mixed 64 65 0.98 2.57 ± 0.09 -- 1.15 ± 0.15
Liard CAN10-(46+48) Fort Simpson, Canada 2010-09-13 61.823 -121.298 mixed 55 89 0.62 2.76 ± 0.22 -- 0.96 ± 0.22
Peel CAN10-(03+05) Fort McPherson, Canada 2010-09-07 67.430 -134.906 sed. 76 62 1.22 3.30 ± 0.09 -- 0.96 ± 0.15
Fraser FR15 Fort Langley, Canada 2013-09-30 49.180 -122.567 gran. 39 77 0.51 1.67 ± 0.28 -- 1.12 ± 0.15
Greenland
Watson JO-14 Kangerlussuaq, Greenland 2014-08-27 67.010 -50.682 gneiss 55 33 1.66 0.86 ± 0.24 -- -0.12 ± 0.15
Volcanic islands
Waimano OA14-1 Oahu, Hawai'i 2014-03-01 21.433 -157.922 bas. 47 201 0.24 2.05 ± 0.28 -- --
Uhva OA14-2 Oahu, Hawai'i 2014-03-01 21.485 -157.871 bas. 91 492 0.19 3.53 ± 0.28 -- 0.86 ± 0.15
Kahaua OA14-3 Oahu, Hawai'i 2014-03-01 21.548 -157.877 bas. 198 399 0.50 2.54 ± 0.28 -- --
Molokai ML09 Molokai, Hawai'i 2009-03-29 21.141 -157.015 bas. 809 823 0.98 2.61 ± 0.24 2.33 ± 0.22 --
Iao Valley MA09 Maui, Hawai'i 2009-03-31 20.876 -156.557 bas. 120 354 0.34 3.17 ± 0.24 3.63 ± 0.22 --
Ytra Ranga YR15 Hella, Iceland 2015-08-05 63.846 -20.394 bas. 273 364 0.75 3.97 ± 0.23 -- 1.13 ± 0.15
Grande Riviere de Goyave AN-14-(42-44) Basse-Terre, Guadeloupe 2014-06-14 16.205 -61.654 bas. 77 366 0.21 3.59 ± 0.23 -- 1.22 ± 0.15
Asia & Oceania
Changjiang* (Nov 2014) CJ14 Nanjing, China 2014-11-12 32.016 118.676 mixed 262 131 2.00 2.72 ± 0.24 -- --
Changjiang* (Jan 2015) CJ15 Nanjing, China 2015-01-10 32.016 118.676 mixed 264 121 2.18 2.50 ± 0.24 -- --
Mekong ME14 Luang Prabang, Laos 2014-03-29 19.896 102.136 sed. 240 171 1.41 2.91 ± 0.24 -- --
Nam Xong NX14 Vang Vieng, Laos 2014-04-01 18.922 102.445 sed. 84 305 0.28 3.90 ± 0.11 -- --
Otira OT14 Southern Alps, New Zealand 2015-01-31 -42.851 171.560 sed. 233 66 3.54 1.61 ± 0.24 -- --
Central & South America
Taconazo LS01 La Selva, Costa Rica 2010-05-14 10.432 -84.013 bas. 107 120 0.89 2.58 ± 0.12 -- 0.29 ± 0.13
Kosñipata (Aug 2013) MMD-02 Andes mts., Peru 2013-08-11 -13.058 -71.545 sed. 90 236 0.38 -- 4.96 ± 0.22 0.94 ± 0.15
Kosñipata (Oct 2015) KOS15 Andes mts., Peru 2015-10-25 -13.058 -71.545 sed. 76 192 0.40 3.19 ± 0.28 -- --
Carbon MMD-05 Andes mts., Peru 2013-08-12 -12.889 -71.355 sed. 258 188 1.37 -- 3.30 ± 0.22 --
Madre de Dios MMD-28 Foreland-floodplain, Peru 2013-08-16 -12.580 -70.096 sed. 107 128 0.84 -- 3.24 ± 0.22 0.82 ± 0.15
Madre de Dios MMD-32 Puerto Maldonado, Peru 2013-08-18 -12.563 -69.176 sed. 147 163 0.90 -- 3.72 ± 0.22 1.08 ± 0.15
Inambari MMD-29 Puerto Maldonado, Peru 2013-08-16 -12.719 -69.752 mixed 211 160 1.32 -- 3.17 ± 0.22 0.74 ± 0.15
Piedras MMD-34 Puerto Maldonado, Peru 2013-08-19 -12.519 -69.248 sed. 113 393 0.29 -- 4.72 ± 0.22 1.53 ± 0.15
Solimões (Jun 2005) AM-05-(05-08) Manacapuru, Brazil 2005-06-04 -3.325 -60.549 sed. 106 158 0.67 2.43 ± 0.09 -- --
Solimões (Dec 2014) AM14-36 Manacapuru, Brazil 2014-12-10 -3.317 -60.550 sed. 134 155 0.87 2.01 ± 0.24 -- 1.02 ± 0.15
Negro AM14-40 Manaus, Brazil 2014-12-11 -3.167 -60.004 sed. 70 90 0.78 2.00 ± 0.28 -- 0.56 ± 0.15
Madeira AM06-(34-43) Foz Madeira, Brazil 2006-03-19 -3.408 -58.791 sed. 146 153 0.95 2.50 ± 0.09 -- --
Amazon AM06-(23-30) Iracema, Brazil 2006-03-18 -3.318 -58.828 sed. 119 145 0.82 2.54 ± 0.09 -- 0.88 ± 0.15

River

** Dominant lithology. bas. = basaltic; gran. = granitic; sed. = sedimentary.

δ74Ge,
‰

Dom. 
lith. **Long., °Lat., °Time 

sampledSampling locationSample ID

All samples were taken at the surface (0m), with the following exceptions: AM-05-(05-08) composite of 0-21m; AM06-(23-30) composite of 0-45m (two depth profiles); AM06-(34-43) composite of 0-15m; 
AN-14-(42-44) composite of surf. samples taken at Duclas and at the mouth; CAN-10-(03+05) composite of 2.5 and 8.5m; CAN-10-(11+14) composite of 5 and 19.4m; CAN-10-(46+48) composite of 1.5 
and 4.8m. 

* Affected by anthropogenic activity. The Mississippi, Hondo, and Los Angeles rivers are incorporate significant industrial and urban runoff. Changjiang chemistry is affected by extensive irrigation and 
farming of rice paddies in the floodplain (Ding et al., 2004). Lower Kern river was sampled downstream of a dam reservoir in which water chemistry is strongly modified by diatom growth (Baronas et al., 
2017a).
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Previous work has shown how the hydrodynamic sorting of sediments in large rivers can result
in variations of the elemental (Bouchez et al., 2011) and Li isotope composition of sediments with
depth (Dellinger et al., 2014). In deep and wide river channels, the flow velocity and turbulence
are lower, allowing larger and denser grains (in many cases quartz and other primary minerals)
to preferentially settle into bedload, while smaller clay grains remain suspended (e.g., Bouchez et
al., 2011). If there is chemical difference between the fine and the coarse sediments, this can be
observed in large river depth profiles. Here we show that hydrodynamic sorting of sediments also
affects the δ30Si and Ge/Si composition of samples in the Andes-Amazon system (Fig. 3). At
high elevations, the bedload composition of shallow, turbulent streams is indistinguishable from
the shale-dominated bedrock (Fig. 3a-c). However, with decreasing elevation along the Andes-
Amazon transect, the riverine bedload δ30Si increases andGe/Si decreases (Fig. 3a,b) - the opposite
from an expected weathering signal but expected if hydrodynamic sorting is affecting the bedload
composition. Quartz, although not measured in this location, typically has the lowest Ge/Si ratios
of all silicate minerals (Mortlock & Froelich, 1987; Kurtz et al., 2002) and higher δ30Si relative
to fine sediments (Bayon et al., 2018) and becomes progressively enriched in the river bedload
relative to the suspended load during downstream transport (Bouchez et al., 2011), explaining the
distinctive trend with elevation in Ge/Si and δ30Si compositions.

The sediment depth profile in the Madre de Dios river is also expected to show a gradient in
δ
30Si due to sorting, with lower δ30Si near the surface (due to dominance of clay phases) and higher
values at depth. The observed trend (Fig. 3d) is consistent with this interpretation, although it must
be noted that the trend is small relative to the analytical uncertainty. Nevertheless, a similar sorting
effect is seen in Ge/Si signatures further downstream after the Madre de Dios joins other Andean
tributaries to become the Madeira River (Fig. 3e, Appendix Table B1). This observation is again
consistent with a hydrodynamic separation of clays (high Ge/Si) from heavier igneous minerals
(low Ge/Si) (Table 2). However, it is difficult to tell whether the clays carried in suspended load are
secondary weathering products formed within the watershed, or derived primarily from the Andean
shales (Dellinger et al., 2014) and concentrated near the surface due to sorting.

In contrast to δ30Si and Ge/Si, the downstream sorting effect is not reflected in δ74Ge values
of the bedloads in the Andes-Amazon (Fig. 3c), which implies that quartz and other heavier
minerals have δ74Ge values similar to the clay-rich suspended load or that these phases add little
Ge. Although we lack depth profile data for δ74Ge, the observation from bedload-elevation trend
is again consistent with limited Ge isotope fractionation observed in solid samples and the very
limited range of δ74Ge in various silicate rocks, despite variations in Ge/Si (Rouxel et al., 2006).
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Table 2: Ge and Si concentrations and isotope compositions of rocks and river sediments. Different digestion methods are described in
detail in Appendix A; fus. = fusion, ash. = ashing. For Peru locations, see Torres et al. (2015).

Ge, δ74Ge, δ30Si, Ge/Si,
µg/g ‰ ‰ µmol/mol

Andean rocks
HF 2.16 0.46 ± 0.23

HNO3+HF 2.19 0.54 ± 0.08
HF 1.96 0.66 ± 0.23 NaOH fus. 0.243 -0.62 ± 0.15 2.86

HNO3+HF 1.81 0.62 ± 0.08 ash. + NaOH fus. 0.266 -0.56 ± 0.16 2.63
HF 1.99 0.61 ± 0.23

HNO3+HF 1.90 0.54 ± 0.08
HF 2.64 0.58 ± 0.23

HNO3+HF 2.63 0.60 ± 0.08
Andes-Amazon river loads

NaOH fus. 0.258 -0.55 ± 0.15
ash. + NaOH fus. 0.285 -0.59 ± 0.15

Kosñipata susp. load KOS15 San Pedro, Peru 1360 HF 2.04 0.57 ± 0.08 -- -- -- --
Kosñipata bedload S200511 San Pedro, Peru 1360 HNO3+HF 2.17 0.50 ± 0.08 NaOH fus. 0.284 -0.53 ± 0.17 2.96

NaOH fus. 0.284 -0.48 ± 0.15
ash. + NaOH fus. 0.298 -0.47 ± 0.15

Madre de Dios susp. load CMD-29_3m CICRA, Peru 212 -- -- -- NaOH fus. 0.324 -0.37 ± 0.15 --
Madre de Dios susp. load CMD-29_6m CICRA, Peru 212 -- -- -- NaOH fus. 0.344 -0.35 ± 0.15 --
Madre de Dios susp. load CMD-29_8m CICRA, Peru 212 -- -- -- NaOH fus. 0.313 -0.30 ± 0.15 --
Madre de Dios bedload CMD-29_10m CICRA, Peru 212 -- -- -- NaOH fus. 0.313 -0.21 ± 0.15 --

NaOH fus. 0.368 -0.24 ± 0.15
NaOH fus. 0.380 -0.26 ± 0.15

Colorado bedload RCOL_0240 Boca Colorado, Peru 240 -- -- -- NaOH fus. 0.309 -0.22 ± 0.15 --
Amigos bedload RAMI_0225 CICRA, Peru 225 -- -- -- NaOH fus. 0.317 -0.18 ± 0.15 --
Torre susp. load RT15 Tambopata, Peru 192 HF 1.74 0.70 ± 0.24 HF 0.408 -- 1.65
Other
Watson susp. load JO-14 Kangerlussuaq, Greenland -- HF 1.09 0.48 ± 0.23 HF 0.355 -- 1.18
Mekong susp. load ME14 Luang Prabang, Laos -- HF 2.00 0.49 ± 0.24 HF 0.349 -- 2.21

Sample IDSample Digestion 
method (Ge)

Digestion 
method (Si) Si, g/gElevation, 

mLocation

3.23

1.550.52 ± 0.081.50Madre de Dios bedload

550

212

2250

Alto Madre de Dios bedload

HNO3+HFCICRA, PeruRPtMA-0177

0.56 ± 0.082.05HNO3+HFMLC, PeruRKOS-0550 2.79

ROCK-4Shale

0.59 ± 0.082.26HNO3+HFWayqecha, PeruR2250_21_03Kosñipata bedload

3472Wayqecha, PeruROCK-1Shale

4.01-0.67 ± 0.150.254NaOH fus.3472Wayqecha, Peru

3472Wayqecha, PeruROCK-2Shale 2.91-0.60 ± 0.150.259NaOH fus.

2.26-0.25 ± 0.150.373Igneous WP-13 San Pedro, Peru ~1500 NaOH fus.



3.2 Global riverine Ge isotope and Ge/Si composition
Dissolved riverine Ge is primarily derived from weathering of silicate rocks, whereas carbonate

and evaporite minerals typically contain negligible amounts of Ge (Burton et al., 1959). Rivers
draining industrialized areas have been shown to exhibit elevated Ge concentrations, most often due
to contamination via Ge-rich coal and fly-ash (Froelich et al., 1992). The dataset presented in this
study includes various rivers from around the globe, with a focus on relatively pristine catchments.
The riverine dissolved Ge isotope composition (δ74Geriv) ranges from 0.86 ± 0.24 to 5.20 ± 0.24
‰ (n = 40), with a standard deviation of 1.02 ‰ (Table 1, Figs 1b and 4), expanding the previously
reported range (Baronas et al., 2017a). All rivers measured to date are isotopically heavier than
the silicate rocks from which the dissolved Ge is sourced (δ74Gerock = 0.4 – 0.8 ‰; Rouxel &
Luais (2017)). Consistent with the previous smaller dataset of Baronas et al. (2017a), there is no
identifiable relationship between riverine δ74Ge composition and the dominant watershed lithology
(Table 1, Fig. 4), major element proxies (e.g., Ca/Na; not shown, data given in Appendix Table
B2), or degree of anthropogenic contamination.

Using the signatures of the major rivers in this dataset (Amazon, Changjiang, Mackenzie,
Mekong, and Fraser), the flux-weighted global δ74Geriv value can be estimated, using the mean
river discharge as reported by Milliman & Farnsworth (2011). On this basis, the mean Ge flux-
weighted δ74Geriv value is calculated to be 2.62 ± 0.16 ‰ (flux-weighted uncertainty, including
10% error on water discharge and analytical errors of Ge and δ74Ge measurements), significantly
lower than the previous preliminary estimate of 3.5±1.5‰ (Baronas et al., 2017a). TheMississippi,
Changjiang, andMekong rivers included here are know to be significantly affected by hydrothermal
or anthropogenic inputs (Baronas et al., 2016; Han et al., 2015). Excluding these rivers has no effect
on global δ74Geriv (2.56±0.15 ‰) but strongly impacts Ge/Siriv which is reduced from 0.90±0.06
μmol/mol to 0.68 ± 0.05 μmol/mol, bringing it to closer agreement with the previous estimate of
0.54 μmol/mol that was primarily based on small pristine streams (Froelich et al., 1992).

The large rivers analyzed in this study represent∼24%of the global water discharge (Milliman&
Farnsworth, 2011) and ∼20-30% of the estimated riverine Ge flux to the ocean (there is uncertainty
due to anthropogenic contamination). The Amazon River Ge flux (∼0.7 Mmol/y) is higher than
all the other rivers in this study combined (∼0.5 Mmol/y) and therefore exerts a strong influence
on the calculated flux-weighted composition. The Ge/Si of the Amazon river at Obidos has been
measured to vary between 0.57 and 0.79 μmol/mol (n = 3; see Appendix Table B3 and Gaillardet
et al. (1999, 2014)). Measurements of the three major Amazon tributaries (Solimões, Madeira,
and Negro) all show a remarkably narrow δ74Ge range of 2.0-2.5 ‰ (Table 1). Furthermore,
although only two data points are available, there does not appear to be a large seasonal δ74Ge
variation in the Solimões (2.0-2.4 ‰). We note that there is currently no δ74Ge data available
for two other major Amazon tributaries, the Tapajos and the Trombetas. Considering all of the
above, we propose a conservative mean (pristine) discharge-weighted global δ74Geriv of 2.6 ± 0.5
‰, adopting the value calculated above, with a higher arbitrary uncertainty which is intermediate
between the flux-weighted analytical uncertainty of large rivers (0.15 ‰, likely an underestimate)
and standard deviation of all river samples measured to date (1.0 ‰, likely an overestimate). We
expect that this value should encompass any potential inaccuracies due to as of yet unsampled rivers
or unconstrained temporal variations in large rivers. For Ge/Si, the Froelich et al. (1992) estimate
of 0.54 ± 0.10 μmol/mol is retained. Time-series measurements of the Amazon and other major
rivers of the world are needed to refine these values further.
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3.3 Mechanisms controlling Ge and Si isotope composition of rivers
3.3.1 Controls on dissolved Ge composition of rivers

The ~5 ‰ range observed globally in dissolved δ74Geriv composition is considerable, given the
relatively small mass difference between 74Ge and 70Ge. As discussed above, such high apparent
fractionation is consistent with the fact that only a few percent of Ge is exported in the dissolved
phase during weathering (Gaillardet et al., 2014), making it more sensitive to isotopic fractionation
in the dissolved load (Bouchez et al., 2013).

There is no observable relationship between δ74Geriv and dissolved Ge concentration (Fig. 4a),
which is not unexpected, given that Ge concentration can be influenced by a number of factors that
do not affect δ74Geriv, such as dilution by rain water and concentration by evaporation. A more
robust negative correlation is observed between dissolved riverine δ74Ge and Ge/Si signatures (Fig.
4b). Ge/Si ratios are primarily fractionated by the formation of secondary weathering products,
such as refractory oxides and aluminosilicate clays (Mortlock & Froelich, 1987; Kurtz et al., 2002)
and the same process appears very likely to be responsible for δ74Geriv fractionation as well.
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The good correlation between δ74Geriv and dissolved Fe/Si (Fig. 4c) provides further indication
of the important role that iron might play in Ge isotope dynamics. The siderophilic character of
Ge is well documented (Bernstein & Waychunas, 1987; Mortlock & Froelich, 1987; Pokrovsky et
al., 2006), including isotopic fractionation of Ge during adsorption and co-precipitation with Fe
oxides (Pokrovsky et al., 2014). It is therefore likely that iron oxides in particular strongly affect
δ
74Geriv signatures.

Finally, it is possible that riverine δ74Ge is also fractionated by Ge association with organic
complexes, such as humic acids (Pokrovski & Schott, 1998), potentially explaining the correlation
with dissolved Fe, as the latter is well known to associate with organic compounds (e.g., Allard et
al., 2004). However, this is unlikely to provide a systematic explanation for observed compositions,
given the similarity in δ74Ge between the DOC-rich Negro River and the DOC-poor Solimões or
Madeira (Table 1).

3.3.2 Isotopic fractionation of Ge and Si during secondary weathering processes

Due to precipitation, adsorption, and/or biological uptake, only a fraction of a given element
(X) initially released during the dissolution of primary minerals may remain in solution. Previous
studies have shown that this fraction, often referred to as fXdiss, where X is the element of interest,
can be estimated utilizing a conservative solute that is not significantly incorporated into secondary
mineral phases (or taken up by plants), for example, Na (Gislason et al., 1996):

fXdiss =
(X/Na)diss
(X/Na)rock

(1)

where subscript rock refers to the elemental ratio associated with solute release via primary
mineral dissolution, which can often be approximated by analyzing river-transported sediments or
using the composition of the Upper Continental Crust (UCC), if river sediment data is unavailable.
For accurate fXdiss estimates, dissolved Na concentrations need to be corrected for cyclic salt (rain
and evaporite) inputs.

Given that silicate rocks have a limited range of Ge/Si, δ74Ge, and δ30Si compositions (Rouxel
& Luais, 2017; Frings et al., 2016), the initial dissolution of their constituent minerals during weath-
ering should result in negligible elemental or isotopic fractionation. The variations in dissolved
riverine composition should then depend primarily on the degree of removal from solution (fXdiss)
and the fractionation factor (α) associated with this removal. Assuming the catchment behaves
like a steady state flow-through reactor ("batch" model) (Georg et al., 2006a; Bouchez et al., 2013)
yields a linear functional relationship between the elemental or isotopic ratio R and fdiss:

Rdiss =
Rrock

α + fXdiss(1 – α)
(2)

where α is the fractionation factor (often referred to as the partitioning coefficient in the case
of elemental fractionation). In cases where the exchange between the dissolving and precipitat-
ing phases is limited, the solution composition may be better described by a Rayleigh equation
(Rayleigh, 1902), resulting in a power-law relationship between R and fdiss:

Rdiss = Rrock(fXdiss)
α–1 (3)
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Applying either Eq. 2 or 3 tomeasurements of riverwaters assumes that the riverine composition
represents a single flowpath of the evolved weathering fluid, and can therefore be represented by
a single fXdiss value. Due to the non-linearity of these relationships, this assumption can lead to
spurious results if fluids that have undergone variable extents of reaction (and associated isotopic
fractionation) are mixed. To account for the effects of mixing, Druhan & Maher (2017) have
proposed a revised Rayleigh model that takes into account the mixing of variable water transit
times, therefore offering a more realistic representation of the catchment hydrology. As shown
by Druhan & Maher (2017), the use of an exponential water transit time distribution results in a
relationship between Rdiss and fdiss that is identical to Eq. 2. Equation 2 is derived from a simple
mass-balanced chemical fractionation between any two phases (Appendix C1) and was initially
applied to elemental mantle-crust differentiation (Hofmann, 1988). From here on we therefore
refer to this model as the "mixed open system" model, to acknowledge that both an exponential
fluid transit time distribution and open system isotopic exchange between fluids and solids yield
the same relationship between Rdiss and fdiss. We note that the exact water transit time distribution
in rivers is currently unconstrained. The shape of this distribution in different rivers and its effect
on solute isotope signatures requires additional work that is outside the scope of this study.
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Figure 5: Dissolved δ74Ge (a) and δ30Si (b) composition in rivers as a function of fdissGe and
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weathering phases and biota (see Eq. 1). Lines show theoretical fluid composition evolution with
a range of isotope fractionation factors (Δsolid–diss) for both models discussed in text (see Section
3.4.1).
*Small rivers draining primarily urban areas and with largely paved riverbeds.

The relationship between the isotopic composition of Si and Ge and the fraction of each
element remaining in solution is shown in Fig. 5. The individual fGediss and fSidiss values for the
rivers presented here are given in Appendix Table C1. There are three main take-aways from
this compilation. First, both in the case of δ74Gediss and δ30Sidiss, the majority of the data is
best explained by the mixed open system model, whereas the Rayleigh model predicts heavier
isotopic composition than observed, even for relatively low fractionation factors (Fig. 5). This
is not surprising, considering the complex hydrological structure of catchments which results in
both continuous chemical interaction of fluids with the rocks (open system behavior) and mixing
of fluids with variable transit times (Druhan &Maher, 2017). The one clear exception that requires
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a Rayleigh model is the Lower Kern River (KL09) δ30Sidiss composition (Fig. 5b). This strong
fractionation is caused by diatom drawdown of Si in a dam reservoir, which we discuss in Section
3.4.

Second, fGediss values are generally about an order of magnitude lower than most fSidiss values,
although the latter do span a wide range (Fig. 5, Table C1). This difference is consistent with the
contrasting δ74Ge and δ30Si behavior in weathered river sediments, as discussed in Section 3.1.

Finally, the relationships of fGediss vs δ
74Gediss and fSidiss vs δ

30Sidiss are both weak. This is
likely because mixed open system behavior reduces the variability in δdiss at low fdiss values (i.e.
in Fig. 5 the solid lines plateau at low fdiss values in log-space). Nevertheless, significant scatter
is observed in both δ74Gediss and δ30Sidiss at any given fdiss value, suggesting that substantial
isotopic variability of these solutes is caused by other factors, such as 1) variable reaction products,
mechanisms, and rates, resulting in different isotope fractionation factors (Pokrovsky et al., 2014;
Frings et al., 2016); 2) variable water transit time distributions (Druhan & Maher, 2017); 3) other
isotope fractionation mechanisms not reflected in this simple model, e.g., element cycling by
vegetation or other biota; or 4) any combination of the above. Additional insights are required in
order ascertain the relative roles of these processes on isotopic ratios.

3.4 Ge/Si-isotope multi-proxy: biological vs. secondary fractionation
It has been previously demonstrated that the coupled use of δ30Si and Ge/Si can qualitatively

deconvolve biological fractionation from that associatedwith secondarymineral precipitation, since
Ge/Si is fractionated in the opposite sense by plants (depleted Ge/Si) relative to secondary minerals
(enriched Ge/Si), while δ30Si becomes depleted during both of these processes (e.g., Cornelis et
al., 2011). This dual-proxy approach can also be applied on a global scale by comparing the δ30Si
and Ge/Si signatures in rivers. Although global compilations of both δ30Si (Frings et al., 2016)
and Ge/Si (Froelich et al., 1992) exist, they rely on separate sets of samples, and the potentially
large (or poorly constrained) temporal-variability of these signatures has until now complicated
the robust comparison of these proxies in riverine signatures on a global scale. As discussed
above, each river represents a mixture of subsurface flowpaths and the dashed trends in Fig. 6
can therefore be conceptualized as an expression of variable intra-catchment mixing between two
universal end-members (unfractionated and strongly fractionated fluids), or more realistically a
continuous probability distribution of fluid compositions. Importantly, the negative correlation
between riverine δ30Sidiss and Ge/Sidiss (Fig. 6a) demonstrates that to a first-order these signatures
are controlled by secondary mineral precipitation, with notable exceptions where strong biological
fractionation is observed. In contrast, biofractionation (as suggested by the offset along a positive
slope in Fig. 6a) appears to have little effect on δ74Gediss (no slope in Fig. 6b).

While the qualitative observations provided above are useful, ultimately, the complexity of
natural systems means that the isotopic data of a single solute is often insufficient to quantitatively
reconstruct the combination of processes that have taken place to impart that signature. However,
the combination of proxies can, in certain cases, be used to deconvolve the dominant first order
effects controlling isotopic signatures. Below, we propose a model that utilizes the combination of
riverine Si and Ge concentrations and isotopic signatures to 1) constrain biological vs. secondary
phase uptake of Si and Ge; and 2) refine the empirical estimates of biological and secondary phase
isotope fractionation factors of Si and Ge.
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(2004), Ge/Si and δ74Ge data from this study (Table 1).

3.4.1 Ge/Si-isotope fractionation model: description

Within the mixed open system (Eq. 2), the distribution of elemental or isotopic ratios between
multiple phases i can be described by a simple mass balance:

Rrock =
∑

RifXi = RsecfXsec + RbiofXbio + RdissfXdiss (4)

where fX is the molar fraction of species X in the denominator of ratio R. Equation 4 represents
the uptake of a portion of Si and Ge in secondary mineral and biological phases (subscripts sec
and bio, respectively). The equivalence of Eqs 2 and 4 in both two and three end-member cases is
demonstrated in Appendix C1.

The individual fractionation factors associated with each process are defined as:

α
R
sec =

Rsec
Rdiss

(5)

α
R
bio =

Rbio
Rdiss

(6)

Finally, maintaining mass balance requires that

fsec + fbio + fdiss = 1 (7)

Applying Eqs. 4-7 to Ge/Si fractionation (R = Ge/Si, X = Si) and rearranging yields:
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fSisec =
Ge/Sirock
Ge/Sidiss – f

Si
diss(1 – α

Ge/Si
bio ) – αGe/Sibio

α
Ge/Si
sec – αGe/Sibio

(8)

As discussed in Section 3.1, river sediment Ge/Si and Si/Na ratios can be affected by dilution
with Ge- and Na-poor quartz, especially in the bedload (Fig. 3), which can bias the fSidiss and fGediss
estimates. To minimize this possibility, we calculate the fraction of Si remaining in solution as:

fSidiss = Si/Nadiss
Ge/Sirock
Ge/Nased

(9)

where Ge/Nased is the ratio measured in river sediments and Ge/Sirock is the ratio of weathering
silicates. In the absence of robust constraints (e.g. suspended sediment depth profiles) Ge/Sirock
was taken to be intermediate between the UCC and acidic quartz-free rocks (Ge/Sirock values used
for each modeled sample are given in Appendix Table C1). This approach assumes that river
bedload Ge/Nased is a good approximation of primary Ge/Narock, which may not be exactly true.
Nevertheless, it results in a more robust estimate of fSidiss because Ge/Na is much less affected by
the quartz content of the rocks or sediments than Si/Na (compare UCC and average acidic rock
values in Table C1).

Partitioning coefficients αGe/Sisec and αGe/Sibio have been determined by previous workers in a
number of settings (often referred to as Kd or Kw) and generally are in the range of 1.2-3 for αGe/Sisec
(Murnane & Stallard, 1990; Froelich et al., 1992) and 0.005-0.56 for αGe/Sibio (Derry et al., 2005;
Blecker et al., 2007; Meek et al., 2016). These ranges were used to calculate a range of fSisec and
fSibio for the rivers presented here, with a few exceptions (Table C1; see Appendix C1 for details).

The mass partitioning of Ge between the three phases can be simply obtained from:

Ge/Sii = Ge/Sirock
fGei
fSii

(10)

where i = diss, sec, or bio. Using known Ge/Si partition coefficients (Eqs. 5-6), Eq. 10 allows
the calculation of fGesec and fGebio.

Eq. 4 can then be applied to Si and Ge isotope ratios, calculating R30/28
diss and R74/70

diss (see
Appendix C1 for an explicit expression). This is done by assigning random values to the respective
αsec and αbio factors and other input parameters fromwithin the range determined in previous studies
(Table C2). The α30/28 (often approximated as Δ30Si in ‰ notation) values are summarized in
Frings et al. (2016) and were conservatively assigned as -3 to 0 ‰ for bothΔ30Sisec andΔ30Sibio.
There are very few previous estimates of possible Δ74Gesec values and no estimates of Δ74Gebio.
Therefore, a very conservative range of -6 to +6 ‰ has been applied to each.

The calculated R30/28
diss and R74/70

diss ratios are then compared to the measured values (Table 1). If
either of the calculated values is outside of the 2 S.D. analytical uncertainty of the measured value,
the whole set of calculations is discarded. The process is repeated 1 million times (i.e., a Monte
Carlo approach), retaining only those runs where measured and calculated values agreed within the
2 S.D. analytical tolerance. This approach is immune to auto-correlation effects between variables
and allows us to assess the full uncertainty of modeling results given the wide possible range of
some input parameter values.
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3.4.2 Ge/Si-isotope fractionation model: results and discussion

The detailed modeling results are summarized in Appendix Table C3. Excluding the dammed
Lower Kern river sample KL09 (see discussion below), the calculated fraction of Si taken up by
secondary weathering phases (fSisec) in the sampled rivers ranges from (median±1σ) 19 ± 14% to
79 ± 11% (avg. 54%) and the fraction of Si taken up biologically (fSibio) ranges from 12 ± 11% to
54 ± 19% (avg. 32 %). In contrast, Ge uptake was strongly dominated by secondary phases, with
very little biological uptake: fGesec between 79-98 % (avg. 92%) and fGebio between 1-6 % (avg. 3 %).
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Figure 7: The relationship between the degree of measured apparent isotopic fractionation of
dissolved riverine Si and Ge composition and the degree of removal via secondary weathering (a-b)
and biological uptake (c-d), as modeled using dissolved Ge/Si composition (see Section 3.4 for
model discussion). Lower Kern River sample (KL09) was taken downstream of a dam reservoir
and shows an extreme degree of biological Si and Ge uptake by freshwater diatoms. KL09 is out of
range in panel b. Symbols are plotted as medians and horizontal error bars as 1 standard deviation
of the calculated range of values.

Again excluding sample KL09, neither fSisec nor fSibio shows a strong relationship with the
apparent fractionation of riverine δ30Sidiss (Fig. 7a,c; adj. R2 ≈ 0 in each case), suggesting that
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both processes fractionate δ30Sidiss to a similar degree. Apparent δ74Gediss fractionation, on the
other hand, shows a significant positive correlation with fGesec (Fig. 7b; adj. R2 = 0.32), suggesting
that riverine δ74Gediss signatures are primarily determined by fractionation during the formation
of secondary weathering phases.

In caseswhere either fXsec or fXbio dominates the uptake of elementX, the value of the fractionation
factorΔX

sec orΔX
bio, respectively, can be refined using the measured δXdiss value, using the approach

described above (Eqs. 4-10 and Appendix C1). The detailed results are given in Appendix Table
C3 and Figs. C4-C5. Excluding the glacial Watson River in West Greenland (discussed below),
the calculated Δ74Gesec ranges from –4.9 ± 0.4 to –1.6 ± 0.4 ‰ (median±1σ), whereas Δ30Sisec
ranges from –2.7 ± 0.4 to –1.1 ± 0.5 ‰. However, due to the fact that Si uptake is more evenly
distributed between biological and secondary phases in most rivers, neitherΔ30Sisec norΔ30Sibio
can be determined precisely (Fig. 8). Similarly,Δ74Gebio cannot be determined precisely because
only a very small fraction of Ge is usually taken up biologically, having little impact on δ74Gediss.

The one exception is Lower Kern River (KL09), where there is extensive biological uptake of Si
and Ge by diatoms within a dam reservoir. Using the mixed open system ("batch") model results in
an unrealistically largeΔ30Sibio of –4.6 ± 0.3 ‰ (Table C3, Fig. C4). If instead a Rayleigh model
(Eq. 3) is used for the biological uptake step, a Δ30Sibio of –2.1 ± 0.4 ‰ is calculated, in better
agreement with previous studies of diatom δ30Si fractionation (Frings et al., 2016). The biological
uptake and fractionation of Ge isotopes in the Kern River dam reservoir can be modeled even more
accurately by taking into account the difference in the composition of rivers entering and exiting
the reservoir (Baronas et al., 2017a). Modeling the biological uptake of Ge as a Rayleigh process
yields the only reliable estimate of Δ74Gebio at –0.7 ± 0.7 ‰. This result suggests that δ74Gediss
is likely to be less affected by biological uptake, in agreement with the qualitative observations
described above (Fig. 6b) and with marine diatom culture experiments (Rouxel & Luais, 2017).

The Watson River (JO-14) draining the Russel and Leverett glaciers in West Greenland also
deserves a separate mention, given that the isotopic fractionation factors calculated for its watershed
were significantly smaller compared with all other rivers (Δ30Sisec of –0.2±0.3‰ andΔ74Gesec of
–0.3±1.1 ‰; Fig. 8, Table C3). Lower δ30Sidiss composition was previously observed in Icelandic
glacial rivers (e.g., Georg et al., 2007). In contrast, δ7Lidiss in glacial West Greenland rivers was
strongly fractionated, most likely during Li uptake by Fe oxides derived from pyrite oxidation
(Wimpenny et al., 2010). The isotopic fractionation of Mg (Wimpenny et al., 2011) and Fe
(Stevenson et al., 2017) in Greenland appears to be primarily controlled by incongruent dissolution
of primary minerals rather than the precipitation of secondary phases. Similar incongruency might
affect riverine Ge/Sidiss, δ30Sidiss, and δ74Gediss of the Watson River, potentially invalidating the
modeling results here, given that the model assumes congruent dissolution of primary minerals.
However, it is notable that using a global riverine clay dataset Bayon et al. (2018) have suggested
limited δ30Si fractionation in cold and arid environments, in agreement with our results from West
Greenland. Overall, it appears that glacial weathering results in distinct geochemical and isotopic
signatures in streams, and further research is needed to understand the mechanisms responsible.

With the exception of Greenland, the range of empirical Δ74Gesec values determined here is
consistent with previous experimental (Pokrovsky et al., 2014) and ab initio modeling (Li & Liu,
2010) studies of Ge removal by Fe oxide phases which determined Δ74Gesec = –4.4 to – 1.7 ‰.
Additional studies are needed to determine Δ74Gesec associated with the formation of various
aluminosilicate clays, but it is notable that the range of experimental Fe oxide Δ74Gesec values
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Figure 8: The relationship between the Si and Ge isotope fractionation factors associated with
secondary weathering (a) and biological uptake (b). Symbols are plotted as medians and error
bars as 1 standard deviation of the calculated range of values. Note that for most samples, the
value of Δbio could not be accurately determined (i.e. the error bars span 1 st.dev. of the whole
conservative range of pre-assigned values). The notable exception was the Lower Kern (KL09)
sample, where biological fractionation was modeled as a Rayleigh process in a dam reservoir with
additional constraints on δ74Ge mass balance in the reservoir (Section 3.4.2).

can explain the majority of currently available riverine δ74Gediss data. In the case of Si, most
experimentally determined aluminosilicate and Fe- and Al-oxide Δ30Sisec factors fall in the -2 to
0 ‰ range (Frings et al., 2016), also in agreement with the majority of the values determined here
(Fig. 8, Appendix Table C3).

3.4.3 Ge/Si-isotope fractionation model: limitations and implications

Fundamentally, river waters and sediments average processes taking place on a range of spatial
and temporal scales within heterogeneous catchments. Inevitably, information is lost when large
catchments are represented by a small number of samples, as was done in this study. This can
hamper quantitative efforts, although in some cases, averaging by processes such as mixing of
waters can be helpful in reducing complexity (see discussion above and Druhan & Maher (2017)).

Currently, most of the uncertainty in these modeling results is introduced by the poor constraints
on αGe/Sisec and especially αGe/Sibio values, with the calculated fsec and fbio estimates particularly
sensitive to these parameters. The range of αGe/Sibio values reported for various plants is especially
wide, spanning three orders of magnitude (Derry et al., 2005; Blecker et al., 2007; Meek et al.,
2016, Table C2). Surveys of representative soils and plants are therefore required to obtain better
catchment-specific estimates of αGe/Sibio .

In addition, analyses of primary and secondary mineral assemblages in river sediments (along
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with relevant thermodynamic experimental data) could help significantly improve the catchment-
averaged estimates of all αsec parameters (assuming dominantly equilibrium fractionation). In the
case of dominantly kinetic fractionation, the addition of time-series data and better constraints on
water transit times within a catchment (again, along with relevant kinetic experimental data) would
also result in more accurate estimates of fractionation factors.

Given all of the above, the results of this modeling effort should be treated as preliminary.
However, this modeling framework serves as an example of how a fully integrated multi-proxy
approach can be used to move away from purely qualitative observations, opening the possibility
to quantitatively deconvolve multiple isotope-fractionating biogeochemical processes. Finally,
obtaining robust locally or globally relevant constraints on biological uptake, silicate weathering,
and their associated isotopic fractionation on the continents would greatly benefit paleorecord-based
investigations of the climate-weathering feedback.

4 Conclusions
We have analyzed the dissolved δ74Ge and Ge/Si composition of 31 rivers worldwide, including

the Amazon, Changjiang, Mekong, and Mackenzie rivers. Combined with the previous dataset of
Baronas et al. (2017a), the δ74Ge values range from 0.9 to 5.5 ‰ with a discharge-weighted global
average at 2.6 ± 0.5 ‰. Several samples of river suspended and bedload sediments exhibit δ74Ge
that is indistinguishable from silicate bedrock (0.4 - 0.8 ‰), consistent with low Ge solubility and
transport predominantly in the solid phase. In contrast, we have observed fractionation in δ30Si
of bedload and suspended load samples due to sorting of particle sizes during transport in a large
river system draining the eastern Andes.

A simple model coupling the fractionation of Ge/Si, δ74Ge, and δ30Si has enabled us to attempt
the first quantitative deconvolution of Ge and Si uptake by secondary mineral phases vs. biota
(plants or freshwater diatoms). Modeling results indicate that, depending on the river, 12-54%
(avg. 32%) of initially released Si is taken up biologically, whereas secondary phases remove
19-79 % (avg. 54 %), with 3-39% (avg. 13%) remaining in the dissolved phase. In contrast,
most dissolved Ge is taken up by secondary phases (79-98 %). The isotopic fractionation factors
associated with secondary phase uptake are estimated to range from -2.7 to -1.1 ‰ for δ30Si and
-4.9 to -1.6 ‰ for δ74Ge. The biological fractionation of Ge by freshwater diatoms was calculated
as –0.7 ± 0.7 ‰.

Overall, we have demonstrated how a multi-proxy approach, in this case coupling Ge/Si, δ74Ge,
and δ30Si fractionation, can help put quantitative constraints on biogeochemical processes like
the precipitation of secondary weathering phases and the biological uptake of solutes by living
organisms.
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A Appendix: Detailed methods

A1 Element concentration analyses
Major cation (Na, K, Ca, Mg) and Si concentrations in river water were measured using an

Agilent 4100 Microwave Plasma-Optical Emission Spectrometer (MP-OES) at the University of
Southern California. Additional Si analyses were performed using molybdate blue colorimetry
(Mullin & Riley, 1955). The values obtained via both methods agreed within uncertainty. Preci-
sion and accuracy were assessed by analyzing ION-915 (Environment Canada) certified reference
material interspersed with samples. Reproducibility of replicate analyses was better than 10% (2σ)
for all analytes.

The methods described below apply to all samples except the Madeira River data (Table B1,
Fig. 3), for which the methods are described in Bouchez et al. (2011). Briefly, the Madeira River
sediments were aliquoted after recovery (filtration at 0.22 μm, drying), ground, digested by lithium
borate fusion, and analyzed by ICP-MS for trace elements (Ge data) and ICP-OES formajor elements
(Si data) at the Service d’Analyse des Roches etMinéraux (SARM), Vandoeuvre-les-Nancy, France.

Si concentrations in solid samples were determined in one of two ways: 1) quadrupole ICP-MS
at Ifremer on aliquots from HNO3+HF digestions described below; or 2) after NaOH fusion and
dissolution in Teflon-distilled HNO3 using the method described below, followed by molybdate
blue colorimetry. A number of samples were analyzed using both methods, and some of the
Andes-Amazon rock and bedload samples have also been previously analyzed using XRF (Torres
et al., 2016). The Si concentrations agree within 10% using all three methods.

Ge concentrations in river water were measured using isotope dilution hydride generation
inductively coupled plasma mass spectrometry (ID-HG-IPC-MS) on a Thermo Element 2, as
described in Mortlock & Froelich (1996) and modified by Hammond et al. (2000) and Baronas et
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al. (2016), with a typical 2 S.D. uncertainty of <5%. Accuracy and precision were assessed by
measurements of NIST 3120a and internal river water standards analyzed alongside the samples at
similar concentrations. The procedural blank was variable but typically around 1-2 pg (15-30 fmol)
Ge. Ge concentrations in solid samples were determined during Ge isotope analyses, as described
below.

A2 Si isotope analyses
Fusion. Si isotope composition in solid samples was analyzed using a method adapted from

Georg et al. (2006b). Briefly, 10-20 mg of sample was fused with ∼200 mg trace-grade NaOH in
silver crucibles at 710 °C. The crucibles with fusion cakes were sonicated for 30 min in 20 mL
doubly-deionized water (DDIW) and left to dissolve for 24h. The solution was then transferred into
500 mL polyethylene bottles, carefully rinsing to ensure complete recovery, diluted to 400-500 mL
with DDIW, and acidified with 5 mL trace grade conc. HNO3. This method is noted as "NaOH
fus." in Table 2. A number of organic-rich shale samples were ashed in graphite crucibles at 550
°C for 2h prior to NaOH fusion ("ash. + NaOH fus." in Table 2). In both cases, the fused samples
were then processed in the same way as river water samples. The Si concentrations and δ30Si
values determined using both fusion methods were identical within uncertainty.

Cation-exchange chromatographic separation. A procedure adapted from Georg et al.
(2006b) was used for dissolved samples and for the solutions obtained from fusion. All reagents
used were either in-house Teflon-distilled or Optima-grade. A 10 mL column was filled with 1.8
mL (wet volume in 0.5M HNO3) BioRad AG50W-X12 (200-400 mesh) resin. The column was
washed with 15 mL DDIW, 3.6 mL 0.15M HF (new resin only), 10 mL 3M HCl, 5 mL 6M HCl, 4
mL 11M HCl, 5 mL 6M HCl, 5 mL 3M HCl, and 2x10 mL DDIW. Between 0.3 and 8 mL sample
was then loaded onto the column and eluted with 4-10 mL DDIW to obtain a final solution of 1.5
ppm Si. Larger batches of several standards were prepared by eluting with up to 40 mL DDIW to
obtain 3 ppm Si solutions that were then further diluted to 1.5 ppm. All bracketing standard and
reference material aliquots were purified using the same cation-exchange method as the samples.
The columns were reused up to a maximum of four times, at which point the resin was replaced.

MC-ICP-MS. Si isotope measurements were performed on a Thermo Neptune instrument at
the Water Quality Centre at Trent University. An Elemental Scientific ApexQ was used for sample
introduction at a rate of 300 μL/min. The Neptune was operated at medium resolution. 28Si, 29Si,
and 30Si were measured in cups C, H2, and H3, respectively. The measurements were done at the
flat part of the low mass peak shoulder that is free of the major interference from 14N16O+. The
measurement window was manually re-positioned at least once within each analytical session but
the drift was never more than ±0.0002 mass units. Sample runs were bracketed with concentration-
matched NBS-28 standard solution prepared using the same fusion and cation exchange methods
described above. Each sample was measured as 2-4 bracketed replicate runs consisting of 30
cycles of 8s each. This resulted in 8-16 min of counting statistics for each sample at typical signal
intensities of 8-18 V 28Si. The δ30Si values are reported as the sample 30Si/28Si ratio normalized
to the bracketing NBS-28 standard. Mass dependence was ensured by comparing the δ30Si and
δ
29Si values of each run, which were within 0.2 ‰ (in terms of δ30Si) of the mass-dependent
fractionation line for the vast majority of the measurements (Table A1). Blanks were typically less
than 80 mV or 1% of sample signal intensity. Several of different reference materials were analyzed
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multiple times interspersed with the samples, all of which agreed well with previously reported
values (Table A3). The measurement uncertainty is reported as the internal 2σ standard error of
sample replicates, or 2σ standard deviation of all NBS-28 bracketing standard measurements within
a given analytical session, whichever is higher.

A3 Ge isotope analyses
River water. 0.2 to 4.7 L of filtered river water containing 2-100 ng of Ge was acidified

with trace clean HNO3, and spiked with a Ge isotope double spike (73Ge/70Ge ≈ 1, previously
calibrated and used by Escoube et al. (2012, 2015)) in a spike/sample Ge mass ratio of 1-2 and
a purified FeCl3 solution to obtain a Fe concentration of ∼0.2 mmol/L. The samples were well
mixed, and allowed to equilibrate for at least 16h. Next, Fe(OH)3 flock was precipitated either
by adding Optima-grade NH4OH solution or bubbling pure NH3 gas through the sample until the
solution reached a pH of 8-10. The flock was collected by settling and centrifugation, redissolved
in 2 mL concentrated Teflon-distilled HNO3 and diluted to 10 mL with DDIW. The samples were
then dried down, redissolved in 1 mL concentrated Optima-grade HF and diluted to 30 mL with
DDIW to obtain a final 1M HF solution. They were then purified through anion exchange columns
as described below. The procedural blank was determined by processing spiked DDIW and ranged
from 0.01 to 0.3 ng Ge.

Rocks and sediments. A method adapted from Rouxel et al. (2006) was used for solid sample
digestion. 10-130 mg of dried ground sample containing 30-300 ng of Ge was weighed into Teflon
digestion vessels and spiked with a Ge isotope double spike (73Ge/70Ge ≈ 1) in a spike/sample Ge
mass ratio of 1-2. Two slightly different digestion methods were tested to ensure that organic-rich
shale samples were fully dissolved. Regular digestion ("HF"; Tables A3 and 2) was done by adding
5 mL of concentrated Teflon-distilled HNO3 and heating to 90 °C for 16h. The samples were then
dried down and 2-3 mL of MQ (to ensure all of sample was fully wetted) and 1m L concentrated
trace metal-grade HF were added. The vessels were tightly capped and left on a 70 °C hotplate
for 20-24h. After cooling, the samples were diluted to 30 mL with DDIW to obtain a final 1M HF
solution that was purified through column anion exchange columns as described below. A second
batch of samples including replicates ("HNO3+HF"; Tables A3 and 2) was digested by adding 10
mL concentrated Teflon-distilled HNO3 and heating in a pressurized Teflon vessel at 90 °C for
48h. Then, 1mL of Optima-grade H2O2 was added and heated uncapped at 70 °C until dry. After
cooling, 4 mL DDIW and 1mL concentrated trace-metal grade HF were added and samples were
digested at 70 °C for 48 h. After cooling, the samples were diluted to 30 mL with DDIW to obtain
a final 1M HF solution that was purified through column anion exchange columns as described
below. The full procedural blank was determined by processing only Ge double spike and was
below detection for the "HF" batch and 1.7 ng Ge for the "HNO3+HF" batch. The δ74Ge values
determined using both digestion methods were identical within uncertainty, indicating that ashing
is not necessary to extract all Ge contained in shales.

Anion-exchange chromatographic separation. A procedure adapted from Rouxel et al.
(2006) was used. All reagents used were either in-house Teflon-distilled or Optima-grade. A 10
mL column was loaded with 1.8 mL (wet volume) of BioRad AG1-X8 resin, washed with 10 mL of
3M HNO3, 0.28M HNO3, and DDIW in sequence, and conditioned with 5 mL 1M HF. Samples in
1M HF solution as prepared above were centrifuged to separate insoluble fluorides. The presence
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Table A1: Comparison of measured δ30Si and δ29Si values. A regression of all sample analyses
yields a slope of δ29Si = 0.5125 × δ30Si.

δ29Si, δ30Si,
‰ ‰

GRO001622 0.84 ± 0.08 1.70 ± 0.15
KL09 2.11 ± 0.08 4.23 ± 0.20

SGN13 1.1 ± 0.08 2.13 ± 0.15
CAN10-(11+14) 0.55 ± 0.08 1.15 ± 0.15
CAN10-(46+48) 0.46 ± 0.08 0.96 ± 0.22
CAN10-(03+05) 0.45 ± 0.1 0.96 ± 0.15

FR15 0.53 ± 0.12 1.12 ± 0.15
JO-14 -0.07 ± 0.08 -0.12 ± 0.15

OA14-2 0.45 ± 0.12 0.86 ± 0.15
YR15 0.55 ± 0.08 1.13 ± 0.15

AN-14-(42-44) 0.62 ± 0.08 1.22 ± 0.15
MMD-02 0.52 ± 0.08 0.94 ± 0.15
MMD-28 0.4 ± 0.08 0.82 ± 0.15
MMD-32 0.55 ± 0.1 1.08 ± 0.15
MMD-29 0.38 ± 0.08 0.74 ± 0.15
MMD-34 0.8 ± 0.08 1.53 ± 0.15
AM14-36 0.51 ± 0.08 1.02 ± 0.15
AM14-40 0.26 ± 0.08 0.56 ± 0.15

AM06-(23-30) 0.42 ± 0.08 0.88 ± 0.15
WP-13 -0.13 ± 0.08 -0.25 ± 0.15

ROCK-1 -0.35 ± 0.08 -0.62 ± 0.15
ROCK-2 -0.31 ± 0.11 -0.60 ± 0.15
ROCK-4 -0.37 ± 0.08 -0.67 ± 0.15

R2250_21_03 -0.28 ± 0.14 -0.55 ± 0.15
S200511 -0.27 ± 0.08 -0.53 ± 0.17

RKOS-0550 -0.23 ± 0.08 -0.48 ± 0.15
CMD-29_3m -0.2 ± 0.1 -0.37 ± 0.15
CMD-29_6m -0.17 ± 0.08 -0.35 ± 0.15
CMD-29_8m -0.15 ± 0.08 -0.30 ± 0.15
CMD-29_10m -0.11 ± 0.08 -0.21 ± 0.15
RPtMA-0177 -0.12 ± 0.12 -0.24 ± 0.15

BHVO-1 -0.25 ± 0.15 -0.37 ± 0.26
BHVO-2 -0.17 ± 0.07 -0.32 ± 0.09
SCo-1 -0.2 ± 0.18 -0.26 ± 0.01

Diatomite 0.62 ± 0.09 1.22 ± 0.14
IRMM-018 -0.82 ± 0.05 -1.57 ± 0.08

Sample ID



or amount of insoluble fluorides at this stage did not appear to affect the final Ge recovery. After
centrifugation, 10-29 mL of solution was carefully added to columns. The remaining matrix was
eluted with 5 mL of 1M HF followed by 3 mL of DDIW, leaving fluorinated Ge retained on the
column. Ge was then eluted with 10 mL 0.28M HNO3. If required, the solution was dried down
and redissolved in a smaller volume of 0.28M HNO3 to obtain the 2-10 ppb Ge concentration
required for isotope measurements. Each column was reused 4-5 times, except when retention
of DOC from the previous sample was observed based on the color, in which case the resin was
replaced. Ge blanks from reused resin were below detection limit. Ge recovery ranged from 20
to 100%, and was in the 70-90% range for most river samples and in the 100±7% range for solid
samples. Incomplete recovery of river samples was most likely due to variable Ge co-precipitation
efficiency with Fe(OH)3, due to variable precipitation rates, final pH and natural sample matrices,
as well as some loss during co-precipitate recovery from the solution. Importantly, incomplete
recovery does not affect the measured δ74Ge values, as all samples were double-spiked prior to
sample preparation. Previous tests have shown that this method separates the methylated and the
inorganic Ge species, retaining only the latter for isotopic analyses (Guillermic et al., 2017).

HG-MC-ICP-MS. Ge isotope analyses were performed on a Thermo Neptune multi-collector
ICP-MS at Ifremer using a method adapted from Rouxel et al. (2006) and Escoube et al. (2015).
Sample solutions of 2-10 ppb natural Ge in 0.28M HNO3 were introduced into an online hydride
generation system (CETAC HGX-200) at a rate of 150 μL/min where they were mixed with 0.25
M NaBH4 solution (in 1.5 M NaOH) introduced at an equal rate. The dissolved Ge(OH)4 species
was reduced to gaseous GeH4 and transported into the ICP-MS torch using Ar carrier gas. The
Neptune MC-ICP-MS was operated in low mass resolution mode, measuring 70Ge, 72Ge, 73Ge,
and 74Ge in L2, C, H1 and H2 cups, respectively. In addition, L4, L3, L1 and H4 cups were also
monitored for 68Zn (possible interference as 70Zn), 69Ga, 71Ga (possible interferences at m/z 70),
and 77Se (possible interference as 74Se), respectively. No interferences were detected in any of
the runs. The samples were bracketed using a NIST-3120a standard solution that had a total Ge
concentration generally within ∼20 % of the bracketed sample, and was double-spiked to have a
spike/sample ratio within ∼20 % of the bracketed sample. Each sample or standard run consisted
of 6 measurement blocks each lasting 2 min (30 cycles of 4 s each), and in most cases 4-5 blocks
displaying the most stable signal were retained. Therefore, each measurement represents 8-10
min of counting statistics at signal intensities ranging from 0.4 to 6 V at 74Ge (depending on Ge
concentration in sample solution, instrument tuning, and the age of NaBH4 solution). The δ74Ge
values are calculated for each block using the double-spike data reduction routine of Siebert et al.
(2001) and are reported in ‰ as 74Ge/70Ge sample ratio normalized to the average 74Ge/70Ge ratio
of bracketing NIST 3120a measurements. This method also yields Ge concentration values based
on the measured spike/sample ratio. The measurement uncertainty is reported as the internal 2σ
standard error of the used sample blocks, or 2σ standard deviation of all NIST 3120a bracketing
standard measurements within a given analytical session, whichever is higher.

A4 Cross-laboratory calibration of Ge and Si isotope analyses
The accuracy of Ge and Si concentration and isotope analyses was confirmed by re-analyzing

several reference materials and samples that have been previously analyzed in other studies. Re-
gardless of the digestion method (see above for details), the Ge and Si concentrations, δ74Ge,
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Table A2: Comparison of analytical δ74Ge methods.

Study this study Baronas et al. (2017a)

Double-spike
Ifremer aliquot; 73Ge/70Ge ≈ 1; 
calibrated and used by 
Escoube et al. (2012, 2015)

OSU aliquot; 73Ge/70Ge ≈ 1; 
calibrated and used by 
Siebert et al. (2006, 2011)

Ge co-precipitation 
method Fe(OH)3 Mg(OH)2

Purification AG1-X8 anion exchange 
column (Rouxel et al., 2006)

Offline hydride generation 
and GeH4 capture in Tedlar 
gas bags

Sample introduction
Online hydride generation 
(constant rate) coupled to MC-
ICP-MS

Pressure-controlled GeH4 

injection at variable rate

MC-ICP-MS Thermo Neptune (Ifremer, 
France)

Nu Instruments Plasma 
(Oregon State University, 
USA)

Range of 74Ge signal 
intensities                
(among all samples)

0.4 - 6.0 V 0.02 - 1.5 V

and δ30Si compositions of solids reported in this study agree within uncertainty with previously
published values (Table A3).

Eight of the dissolved river samples previously analyzed for δ74Ge by Baronas et al. (2017a)
have also been re-analyzed using the method described above. The method used by Baronas et al.
(2017a) relied on offline hydride generation, where methylated and inorganic Ge hydride species
were separated chromatographically using a liquid N2 trap and the inorganic species were collected
in Tedlar bags for later analysis on a Nu Plasma MC-ICP-MS at Oregon State University. The
differences in the methodology are summarized in Table A2. All sample replicates agree within
∼0.5 ‰ and fall within the reported external 2 S.D. reproducibility, with the exception of the Lower
Kern river for which the two reported values are very slightly outside of their 2 S.D. ranges (Table 1).
Overall, this good agreement is notable, considering that the twomethods employed in these studies
use very different approaches to purify and analyze the samples. The high degree of consistency
between these techniques most likely stems from the use of a double isotope spike that corrects for
any mass-dependent fractionation that occurs during sample preparation and measurement.
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Table A3: Ge and Si concentration and isotope analyses compared to reference values.

Ge/Si,
µmol/mol

this study prev. a this study cert. b this study prev. a this study prev. c

USGS Dunite DTS-1 HF 0.79 0.197 1.55 0.63 ± 0.23
USGS Dunite DTS-1 HNO3+HF 0.81 0.191 1.65 0.58 ± 0.06
USGS Icelandic Basalt BIR-1 HF 1.55 0.235 2.55 0.70 ± 0.08
USGS Icelandic Basalt BIR-1 HNO3+HF 1.55 0.216 2.78 0.53 ± 0.08
USGS Hawaiian Basalt BHVO-1 NaOH fus. (B3) -- 1.55, 1.64 0.253 0.233 (2.44) -- 0.55 ± 0.15 -0.37 ± 0.26-0.29 ± 0.16
USGS Hawaiian Basalt BHVO-2 NaOH fus. (Trent) -- 1.53 -- 0.233 (2.54) -- 0.51 ± 0.10 -0.32 ± 0.09-0.29 ± 0.11
USGS Devonian Ohio Shale SDO-1 HNO3+HF 0.81 -- 0.203 1.55 0.79 ± 0.08 -- -- --
USGS Devonian Ohio Shale SDO-1 ashed HNO3+HF 2.03 d -- 0.256 3.06 0.81 ± 0.08 -- -- --
USGS Cody Shale SCO-1 NaOH fus. (B3) -- -- 0.253 0.294 -- -- -- -0.26 ± 0.15 --
Quartz IRMM-018 -- -- -- -- -- -- -- -- -1.57 ± 0.08-1.63 ± 0.15
Diatomite standard Diatomite -- -- -- -- -- -- -- -- 1.22 ± 0.14 1.23 ± 0.16
a Escoube et al. (2012)
b Certified USGS value (crustal.usgs.gov)
c Georg et al. (2009)
d Uncorrected for mass loss during ashing. 

δ74Ge, ‰ δ30Si, ‰

0.230

0.75 - 0.88

1.40 - 1.53

0.64 ± 0.26

0.62 ± 0.13

-- --

-- --

Ge, µg/gDigestion 
methodIDReference material

0.189

0.224

Si, g/g
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B1 Appendix: Supplementary data

Table B1: Suspended and bedload sediment composition of the Madeira River at its confluence
with the Amazon mainstem (Foz Madeira).

Sample ID Date Lat., ° Long., ° Type Depth, 
m

SPM, 
mg/L

Ge, 
µg/g

Si, 
g/g

Ge/Si, 
µmol/mol

AM05_15 2005-06-06 03°27'00,9'' 58°48'30,1'' Susp. load 23 94 2.05 0.27 2.93
AM05_16 2005-06-07 03°27'00,9'' 58°48'30,1'' Susp. load 18 85 1.96 0.26 2.86
AM05_17 2005-06-06 03°27'57,6'' 58°48'34,7'' Susp. load 12 74 2.13 0.26 3.13
AM05_18 2005-06-06 03°27'56,8'' 58°48'33,6'' Susp. load 8 61 2.33 0.25 3.57
AM05_19 2005-06-06 03°27'56,8'' 58°48'33,6'' Susp. load 3 49 2.20 0.25 3.47
AM05_20 2005-06-06 -- -- Bedload 28 -- 1.47 0.40 1.43
AM05_21 2005-06-06 03°27'22,5'' 58°47'57,9'' Susp. load 21 101 2.29 0.26 3.40
AM05_22 2005-06-06 03°27'19,8'' 58°47'59,0'' Susp. load 15 88 2.13 0.26 3.11
AM05_23 2005-06-06 03°27'23,7'' 58°47'56,6'' Susp. load 3 71 2.26 0.25 3.44
AM05_24 2005-06-06 -- -- Bedload (fine) 21 -- 1.96 0.32 2.36
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Table B2: Major dissolved ion concentrations in the studied rivers.

Na, K, Ca, Mg, Cl SO4,
µmol/L µmol/L µmol/L µmol/L µmol/L µmol/L

North America
Mississippi* (Aug 2011) MI11 1369 137 1382 884 -- -- Baronas et al. (2017a)
Mississippi* (Jul 2015) GRO001622 835 101 988 434 705 394 Peucker-Ehrenbrink et al., unpub.
Kaweah KW13 292 39 -- 73 -- -- this study
Lone Pine Creek LPC13 120 26 -- 31 -- -- this study
Kern (North Fork) KN09 384 38 343 79 -- -- Baronas et al. (2017a)
Kern* (Lower) KL09 596 44 430 105 -- -- Baronas et al. (2017a)
San Gabriel (North Fork) SGN13 475 112 1063 484 -- -- Baronas et al. (2017a)
Santa Clara SC13 5776 194 5551 3302 -- 7868 this study
Hondo* RH08 693 75 1141 606 -- 411 Baronas et al. (2017a)
Los Angeles River* LAR13 -- -- -- -- -- --
Mackenzie CAN10-(11+14) 309 22 994 454 184 437 Dellinger, PhD (2013)
Liard CAN10-(46+48) 118 17.5 932 434 158 584 Dellinger, PhD (2013)
Peel CAN10-(03+05) 183 13.8 1227 632 39 713 Dellinger, PhD (2013)
Fraser FR15 -- -- -- -- -- --
Greenland
Watson JO-14 51 33 -- 17.2 -- -- this study
Volcanic islands
Waimano OA14-1 355 24 -- 126 -- -- this study
Uhva OA14-2 576 28 -- 333 -- -- this study
Kahaua OA14-3 420 16 -- 210 -- -- this study
Molokai ML09 -- 184 377 610 -- -- Baronas et al. (2017a)
Iao Valley MA09 247 14.6 147 130 -- -- Baronas et al. (2017a)
Ytra Ranga YR15 -- -- -- -- -- --
Grande Riviere de Goyave AN-14-(42-44) 308 13.7 128 67 269 30 Gaillardet & Bouchez, unpub.
Asia & Oceania
Changjiang* (Nov 2014) CJ14 455 82 -- 343 -- -- this study
Changjiang* (Jan 2015) CJ15 678 89 818 386 -- -- this study
Mekong ME14 404 52 910 342 -- 332 this study
Nam Xong NX14 186 12.5 1215 349 -- 168 this study
Otira OT14 56 4.8 -- 13.0 -- -- this study
South America
Taconazo LS01 60 9 14 12 53 6 Baronas, West et al. (in prep.)
Kosñipata (Aug 2013) MMD-02 127 10.2 202 131 4.0 292 Torres et al. (2016)
Kosñipata (Oct 2015) KOS15 -- -- -- -- -- --
Carbon MMD-05 76 22 82 29 0.7 2.7 Torres et al. (2016)
Madre de Dios MMD-28 92 26 344 86 5.0 54 Torres et al. (2016)
Madre de Dios MMD-32 112 26 270 81 9.7 69 Torres et al. (2016)
Inambari MMD-29 94 17 116 51 19.8 112 Torres et al. (2016)
Piedras MMD-34 318 59 427 182 5.2 12.6 Torres et al. (2016)
Solimões (Jun 2005) AM-05-(05-08) 126 23 49 212 87 29 Dellinger et al. (2015)
Solimões (Dec 2014) AM14-36 139 27 -- 58 -- -- this study
Negro AM14-40 20.0 11.3 -- 7.6 -- -- this study
Madeira AM06-(34-43) 58 32 101 58 17 49 Bouchez, PhD (2009)
Amazon AM06-(23-30) 103 20 47 204 83 35 Bouchez, PhD (2009)

Sample ID ReferenceRiver



Table B3: Sample details and dissolved composition of additional rivers.

Ge, Si, Ge/Si, Na, K, Ca, Mg,
pmol/L µmol/L µmol/mol µmol/L µmol/L µmol/L µmol/L

San Jacinto, California SJ14 2014-12-04 33.731 -116.809 18 352 0.05 626 89.6 166.7 51.8
Basse Terre, Guadeloupe AN-14-40 2014-06-14 16.178 -61.693 70 477 0.15 352.4 a 18.1 a 139.5 a 89.6 a

Mackenzie basin
Salt CAN-09-27 2009-07-17 60.021 -112.351 46 158 0.29 35217 b 61.4 b 1646 b 6608 b

-- CAN-10-18 2010 -- -- 27 51 0.53 -- -- -- --
Hay CAN-10-59 2010 -- -- 57 104 0.55 601 b 25.8 b 886 b 444 b

Amazon basin
Trombetas AM89_TR 1989-05 -1.748 -55.895 71 127 0.56 31.0 c 23.0 c 11.0 c 9.0 c

Tapajos AM14_TA 2014-07-27 -2.373 -54.808 64 157 0.41 34.0 21.4 25.1 20.5
Obidos AM14_00 2014-04-01 -1.943 -55.501 109 138 0.79 72.0 29.1 137.5 57.2
Obidos AM14_01 2014-07-28 -1.943 -55.501 75 130 0.58 66.2 21.5 97.8 35.9
a Gaillardet & Bouchez, unpublished
b Dellinger, PhD (2013)
c Allègre et al. (1996); Gaillardet et al. (1997); Dosseto et al. (2006); Dellinger et al.(2015)

River Sample ID Date Lat., ° Long., °
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C1 Appendix: Coupled Ge-Si isotope model: particulars

C1.1 Derivation of mixed open system equation
The system of equations describing themass balance for the equilibrium fractionation of isotopic

or elemental ratios between two phases is as follows:

1) Rrock = R1 f1 + R2 f2 (C1)
2) f1 + f2 = 1 (C2)

3) α1 =
R1
R2

(C3)

These equations can be combined:

Rrock = R2 f2 + α1 R2 (1 – f2)

and rearranged to solve for the ratio in one of the two phases:

R2 =
Rrock

f2 + α1 (1 – f2)
(C4)

=
Rrock

α1 + f2 (1 – α1)
(C5)

which is equivalent to Eq. 2. If phase 1 is equivalent to a precipitated solid (e.g., secondary
minerals) and phase 2 remains in solution, and is then further fractionated by a second removal
process (e.g., biological uptake), then an identical set of equations can be applied:

1) R2 = Rdiss fdiss + R3 f3 (C6)
2) fdiss + f3 = f2 (C7)

3) α2 =
R3
Rdiss

(C8)

again, yielding the composition of the final dissolved phase:

Rdiss =
R2

α2 + fdiss (1 – α2)
(C9)

Combining Eqs. C4 and C9 yields Eq. 4 and can alternatively be expressed as:

Rdiss =
Rrock(

α1 + f2 (1 – α1)
) (
α2 +

fdiss
f2 (1 – α2)

) (C10)
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Table C1: Measured Ge/Na and Si/Na ratios and calculated fdiss values for rivers presented in this
study.

Ge/Na Si/Na Ge/Na Si/Na
µmol/mol mol/mol µmol/mol mol/mol

Upper continental crust (UCC) (Rudnick & Gao, 2014) 18.28 10.53
Average acidic rocks (Edmond et al., 1995) 16.42 5.48

Mississippi* (Aug 2011) MI11 0.19 0.12 - - 0.011 0.015
Mississippi* (Jul 2015) GRO001622 0.26 0.18 - - 0.015 0.022

Kaweah KW13 2.36 0.72 - - 0.136 0.090
Lone Pine Creek LPC13 0.78 1.36 - - 0.045 0.170
Kern (North Fork) KN09 1.60 0.85 - - 0.092 0.106

Kern* (Lower) KL09 0.50 0.06 - - 0.029 0.008
San Gabriel (North Fork) SGN13 0.14 0.54 - - 0.008 0.067

Santa Clara SC13 0.03 0.07 - - 0.002 0.009
Hondo* RH08 0.25 0.42 - - 0.014 0.052

Los Angeles River* LAR13 - - - - - -
Mackenzie CAN10-(11+14) 0.21 0.21 - 53.6 0.012 0.026

Liard CAN10-(46+48) - 0.75 - - - 0.094
Peel CAN10-(03+05) 0.41 0.34 - 59.2 0.024 0.042

Fraser FR15 - - - - - -
Watson JO-14 1.09 0.66 9.8 7.3 0.111 0.146

Waimano OA14-1 0.13 0.57 - - 0.008 0.071
Uhva OA14-2 0.16 0.85 - - 0.009 0.107

Kahaua OA14-3 0.47 0.95 - - 0.027 0.119
Molokai ML09 - - - - - -

Iao Valley MA09 0.49 1.43 - - 0.028 0.179
Ytra Ranga YR15 - - - - - -

Grande Riviere de Goyave AN-14-(42-44) 0.25 1.19 - - 0.014 0.149
Changjiang* (Nov 2014) CJ14 0.50 0.25 90.8 28.8 0.005 0.009
Changjiang* (Jan 2015) CJ15 0.39 0.18 90.8 28.8 0.004 0.006

Mekong ME14 0.87 0.61 110.8 38.6 0.008 0.016
Nam Xong NX14 0.48 1.75 - - 0.004 0.045

Otira OT14 4.17 1.18 - - 0.240 0.147
Taconazo LS01 1.77 2.00 117.6 21.4 0.015 0.107

Kosñipata (Aug 2013) MMD-02 0.71 1.86 107.4 31.6 0.007 0.052
Kosñipata (Oct 2015) KOS15 - - 107.4 31.6 - -

Carbon MMD-05 3.40 2.48 - - 0.196 0.428
Madre de Dios MMD-28 1.16 1.39 74.3 47.3 0.016 0.056
Madre de Dios MMD-32 1.31 1.45 74.3 47.3 0.018 0.058

Inambari MMD-29 2.24 1.70 - - 0.129 0.294
Piedras MMD-34 0.36 1.24 - - 0.020 0.214

Solimões (Jun 2005) AM-05-(05-08) 0.84 1.25 53.0 42.3 0.016 0.071
Solimões (Dec 2014) AM14-36 0.96 1.11 53.0 42.3 0.018 0.063

Negro AM14-40 3.50 4.50 - - 0.043 0.168
Madeira AM06-(34-43) 2.53 2.66 93.4 65.4 0.027 0.086
Amazon AM06-(23-30) 1.15 1.40 43.3 35.1 0.027 0.097

River Sample ID SedimentDissolved

§ Calculated using Eq. 1. Where sediment data is not available, the fdiss range was calculated taking the intermediate X/Na value between UCC 
composition of Rudnick & Gao (2014) and the acidic rock (no quartz) composition of Edmond et al. (1995). The uncertainty was calculated by taking 
the standard error of the mean of the two values and propagating with 1σ standard deviation of dissolved Ge, Si, and Na concentration variations in 
rivers with multiple samples available (i.e. Mississippi, Changjiang, and Solimoes), which yielded uncertainties of 16% fdissGe and 37% for fdissSi. 
Where sediment data is available, the uncertainty was estimated to be 20% for fdissGe and 25% for fdissSi, propagated from sediment Ge, Si, and Na 
concentration variations with depth in Madeira river (see Table B1) and from the same 1σ uncertainties of dissolved concentrations. It was assumed 
that the higher uncertainty (20% for fdissGe and 37% for fdissSi) applies to all catchments.

* Affected by anthropogenic activity. The Mississippi, Hondo, and Los Angeles rivers are incorporate significant industrial and urban runoff. 
Changjiang chemistry is affected by extensive irrigation and farming of rice paddies in the floodplain (Ding et al., 2004). Lower Kern river was 
sampled downstream of a dam reservoir in which water chemistry is strongly modified by diatom growth (Baronas et al., 2017a).

fdissGe§ fdissSi§



which is the 2-stage fractionation equation used by Hofmann (1988) to model crust-mantle
differentiation. It could be expressed in our case, e.g., for Si isotope fractionation in the critical
zone as:

R30/28
diss =

R30/28
rock(

α
30/28
sec + (1 – fSisec)(1 – α30/28sec )

) (
α
30/28
bio +

fSidiss
1–fSisec

(1 – α30/28bio )
) (C11)

C1.2 Monte Carlo routine
To assess the uncertainty of the calculated parameters, a Monte Carlo approach is used, where

the input parameters are selected randomly from within a defined probability distribution and the
calculation routine described in the main text (Section 3.4.1 is repeated many times, to obtain a
robust uncertainty range of the calculated parameters. The data used to calculate fXdiss values and
their uncertainties are given in Table C1. The ranges and probability distributions of the other
input parameters are given in Table C2. Within individual Monte Carlo runs, certain parameter
combinations can yield physically impossible values (e.g., fSii < 0 or > 1). These runs are therefore
discarded.

For some of the samples, the αGe/Sisec range of 1.2-3 based on the studies of Murnane & Stallard
(1990) and Froelich et al. (1992) did not yield any feasible fsec and fbio values, suggesting that
the parameter space is insufficient to explain the Ge/Si fractionation during weathering in these
watersheds. In these cases, the range of allowed αGe/Sisec was extended up to 30. This range is
justified given previous observations of veryGe-rich and Si-poor secondary phaseswithGe/Si ratios
reaching above 10 μmol/mol in allophane and upwards of 100 μmol/mol in Fe/Al-(oxy)hydroxides
(Kurtz et al., 2002; Scribner et al., 2006).
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Table C2: The ranges of input values used in the model. Δ fractionation factors refer to both Δsec and Δbio.

River Sample ID Ge/Sirock, µmol/mol δ30Sirock, ‰ δ74Gerock, ‰ Δ30Si, ‰ f Δ74Ge, ‰ g αGe/Si
bio 

h αGe/Si
sec 

i

prob. distrib. normal normal normal uniform uniform uniform uniform
Mississippi* (Jul 2015) GRO001622 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Kern* (Lower) KL09 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -6 to 0 / -3 to 0 j -6 to 6 0.005 - 0.56 1.2 - 3
San Gabriel (North Fork) SGN13 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 30
Mackenzie CAN10-(11+14) 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Liard CAN10-(46+48) 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Peel CAN10-(03+05) 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Watson JO-14 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Uhva OA14-2 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 30
Grande Riviere de Goyave AN-14-(42-44) 2.2 ± 0.5 a -0.25 ± 0.08 d 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 30
Taconazo LS01 6.3 ± 1.0 b -2.07 ± 0.25 b -0.12 ± 0.12 b -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 30
Kosñipata (Aug 2013) MMD-02 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Madre de Dios MMD-28 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Madre de Dios MMD-32 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Inambari MMD-29 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Piedras MMD-34 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 30
Solimões (Dec 2014) AM14-36 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Negro AM14-40 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
Amazon AM06-(23-30) 3.0 ± 1.0 c -0.40 ± 0.20 c 0.58 ± 0.10 e -3 to 0 -6 to 6 0.005 - 0.56 1.2 - 3
a Average of Rudnick & Gao (2014) and Edmond et al. (1995)
b Baronas et al. (in prep.)
c Average of suspeded river sediment in the Amazon system (Peruvian rivers and Madeira).
d UCC composition from Savage et al. (2013)
e UCC composition from Rouxel & Luais (2017)
f Conservative range encompassing the compilation by Frings et al. (2016)
g Extremely conservative range due to lack of experimental data, encompassing values determined by Li & Liu (2010) and Pokrovsky et al. (2016)
h Encompassing the range reported by Derry et al. (2006), Blecker et al. (2007), Meek et al. (2016).
i Encompassing the range reported by Murnane & Stallard (1990) and Froelich et al. (1992). Additional justification for values up to 30 given in the text.
j The ranges used in Rayleigh / Mixed Open System models, respectively (see text for detailed discussion of sample KL09).



.

C1.3 Model results
The above-described Monte Carlo routine was repeated 106 times for each sample where all

required data was available. After selecting only those runs which reproduced the measured
δ
30Sidiss and δ74Gediss values within analytical uncertainty, anywhere between 400-6000 runs
were retained, depending on the river (Table C3). The reproducibility of the results was checked by
doing repeat runs with a smaller range of allowedΔ74Ge values, which resulted in about twice the
number of retained values. There was no difference in the median and standard deviation values
of the calculated parameters for which Δ74Ge had no influence (e.g., fsec, fbio, Δ30Si, etc.). An
example of the distribution of input parameters (Fig. C1) and the calculated values (Figs C2 and
C3) is given for the Mackenzie river (CAN10-(11+14)). The modeling results of all samples are
summarized in Table C3 and Figs C4 and C5.
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Figure C1: Distributions of input parameters used in modeling the Mackenzie River (CAN10-
(11+14)) retained after the Monte Carlo routine.
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River (CAN10-(11+14)) retained after the Monte Carlo routine. Darker color indicates higher
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Table C3: Model results. The uncertainty is reported as ±1σ (25-75th percentile). Note that in some cases the calculated (a posteriori)
parameters span the whole pre-assigned (a priori) range as given in Table C2 (e.g., Δ30Sisec for KL09 or Δ74

bio for all samples, with the
exception of KL09 "dam only" run), meaning that the model is unable to narrow down the range of possible values for those parameters.

River Sample ID model n fbioSi fsecSi fbioGe fsecGe Δ30Sibio Δ30Sisec Δ74Gebio Δ74Gesec Ge/Sibio Ge/Sisec

Mississippi* (Jul 2015) GRO001622 mixed open system 6243 0.4 ± 0.19 (0.27-0.54) 0.58 ± 0.19 (0.44-0.71) 0.07 ± 0.1 (0.03-0.14) 0.91 ± 0.1 (0.84-0.96) −1.88 ± 0.76 (−2.40 - −1.28) −2.04 ± 0.60 (−2.40 - −1.67) 0.12 ± 3.44 (−2.88-3.08) −2.17 ± 0.73 (−2.49 - −1.91) 0.43 ± 0.23 (0.22-0.63) 3.36 ± 0.69 (2.79-3.88)
Kern* (Lower) KL09 mixed open system 4827 0.93 ± 0.05 (0.89-0.96) 0.07 ± 0.05 (0.04-0.1) 0.44 ± 0.27 (0.23-0.68) 0.53 ± 0.27 (0.29-0.74) −4.60 ± 0.25 (−4.75 - −4.45) −3.00 ± 1.75 (−4.51 - −1.49) −2.13 ± 2.86 (−3.53-0.10) −2.35 ± 2.71 (−3.64 - −0.67) 1.06 ± 0.67 (0.58-1.60) 17.04 ± 4.35 (13.48-20.96)
Kern* (Lower) KL09 m.o.s. + rayleigh 1521 0.86 ± 0.05 (0.82-0.9) 0.14 ± 0.05 (0.1-0.17) 0.38 ± 0.2 (0.24-0.55) 0.59 ± 0.2 (0.42-0.74) −2.18 ± 0.38 (−2.46 − −1.89) −1.57 ± 0.87 (−2.32 - −0.79) −1.87 ± 1.52 (−3.21 - −0.99) −2.14 ± 1.34 (−2.99 - −1.29) 0.47 ± 0.30 (0.29-0.69) 9.42 ± 2.88 (7.89-11.18)
Kern* (Lower) KL09 rayleigh (dam only) 11783 0.85 ± 0.08 (0.79-0.9) - 0.4 ± 0.1 (0.34-0.47) - - - −0.70 ± 0.72 (−1.19 - −0.33) - 0.82 ± 0.34 (0.53-1.07) -
San Gabriel (North Fork) SGN13 mixed open system 5578 0.52 ± 0.21 (0.31-0.64) 0.41 ± 0.21 (0.3-0.62) 0.01 ± 0.02 (0.01-0.03) 0.98 ± 0.02 (0.96-0.99) −2.53 ± 0.59 (−2.77 - −2.20) −2.52 ± 0.52 (−2.76 - −2.15) −0.11 ± 3.49 (−3.09-3.03) −4.94 ± 0.38 (−5.23 - −4.62) 0.08 ± 0.04 (0.04-0.11) 4.99 ± 1.77 (3.46-6.56)
Mackenzie CAN10-(11+14) mixed open system 914 0.26 ± 0.16 (0.13-0.39) 0.72 ± 0.16 (0.59-0.84) 0.03 ± 0.05 (0.01-0.07) 0.96 ± 0.05 (0.92-0.98) −1.50 ± 0.85 (−2.24 - −0.79) −1.42 ± 0.48 (−1.67 - −1.17) −0.10 ± 3.43 (−3.10-2.80) −2.06 ± 0.36 (−2.20 - −1.94) 0.29 ± 0.16 (0.14-0.41) 2.50 ± 0.37 (2.19-2.72)
Liard CAN10-(46+48) mixed open system 399 0.16 ± 0.12 (0.08-0.26) 0.78 ± 0.11 (0.69-0.86) 0.02 ± 0.03 (0.01-0.04) 0.95 ± 0.03 (0.93-0.97) −1.61 ± 0.87 (−2.23 - −0.76) −1.23 ± 0.33 (−1.41 - −1.03) 0.26 ± 3.50 (−2.59-3.41) −2.30 ± 0.25 (−2.44 - −2.12) 0.19 ± 0.10 (0.10-0.27) 1.74 ± 0.18 (1.60-1.84)
Peel CAN10-(03+05) mixed open system 1629 0.32 ± 0.17 (0.19-0.45) 0.64 ± 0.17 (0.51-0.77) 0.05 ± 0.07 (0.02-0.11) 0.93 ± 0.07 (0.87-0.96) −1.42 ± 0.82 (−2.11 - −0.74) −1.21 ± 0.55 (−1.50 - −0.89) −0.10 ± 3.45 (−3.08-2.79) −2.88 ± 0.51 (−3.12 - −2.74) 0.37 ± 0.19 (0.20-0.52) 2.95 ± 0.52 (2.52-3.32)
Watson JO-14 mixed open system 1555 0.35 ± 0.22 (0.16-0.53) 0.5 ± 0.2 (0.34-0.66) 0.06 ± 0.13 (0.02-0.16) 0.82 ± 0.13 (0.73-0.86) −0.28 ± 0.60 (−0.61 - −0.12) −0.21 ± 0.30 (−0.38 - −0.10) 0.05 ± 3.46 (−2.98-3.05) −0.33 ± 1.09 (−0.60 - −0.06) 0.50 ± 0.27 (0.26-0.72) 3.61 ± 0.83 (2.91-4.26)
Uhva OA14-2 mixed open system 4495 0.37 ± 0.16 (0.25-0.48) 0.52 ± 0.15 (0.42-0.64) 0.01 ± 0.01 (0-0.01) 0.98 ± 0.01 (0.98-0.99) −1.32 ± 0.80 (−1.97 - −0.66) −1.23 ± 0.63 (−1.65 - −0.80) 0.03 ± 3.44 (−2.95-2.96) −3.00 ± 0.20 (−3.15 - −2.85) 0.05 ± 0.03 (0.03-0.08) 4.10 ± 0.98 (3.27-4.82)
Grande Riviere de Goyave AN-14-(42-44) mixed open system 4547 0.38 ± 0.16 (0.25-0.49) 0.47 ± 0.15 (0.38-0.59) 0.01 ± 0.01 (0-0.02) 0.98 ± 0.01 (0.97-0.98) −1.64 ± 0.78 (−2.24 - −1.04) −1.76 ± 0.68 (−2.20 - −1.32) 0.00 ± 3.43 (−2.90-3.00) −3.08 ± 0.19 (−3.21 - −2.94) 0.06 ± 0.03 (0.03-0.09) 4.50 ± 1.13 (3.56-5.35)
Taconazo LS01 mixed open system 894 0.55 ± 0.2 (0.36-0.64) 0.34 ± 0.19 (0.26-0.53) 0.02 ± 0.02 (0.01-0.03) 0.97 ± 0.02 (0.95-0.98) −2.54 ± 0.57 (−2.81 - −2.17) −2.40 ± 0.62 (−2.73 - −1.93) 0.01 ± 3.50 (−3.15-2.91) −2.79 ± 0.18 (−2.91 - −2.67) 0.26 ± 0.14 (0.13-0.38) 17.21 ± 5.98 (11.72-22.06)
Kosñipata (Aug 2013) MMD-02 mixed open system 4475 0.53 ± 0.19 (0.39-0.65) 0.41 ± 0.18 (0.31-0.55) 0.02 ± 0.02 (0.01-0.03) 0.98 ± 0.02 (0.96-0.99) −1.38 ± 0.70 (−1.89 - −0.91) −1.42 ± 0.76 (−2.00 - −0.89) −0.11 ± 3.46 (−3.04-2.97) −4.47 ± 0.22 (−4.61 - −4.33) 0.11 ± 0.06 (0.05-0.16) 7.31 ± 2.41 (5.41-9.26)
Madre de Dios MMD-28 mixed open system 496 0.2 ± 0.16 (0.09-0.35) 0.77 ± 0.15 (0.62-0.87) 0.02 ± 0.05 (0.01-0.05) 0.96 ± 0.05 (0.93-0.98) −1.40 ± 0.83 (−2.21 - −0.79) −1.24 ± 0.45 (−1.48 - −0.97) 0.30 ± 3.50 (−2.53-3.36) −2.78 ± 0.34 (−2.96 - −2.65) 0.24 ± 0.14 (0.11-0.35) 2.17 ± 0.32 (1.90-2.36)
Madre de Dios MMD-32 mixed open system 705 0.24 ± 0.17 (0.11-0.39) 0.72 ± 0.17 (0.58-0.85) 0.03 ± 0.06 (0.01-0.07) 0.95 ± 0.06 (0.91-0.97) −1.55 ± 0.86 (−2.22 - −0.79) −1.51 ± 0.55 (−1.81 - −1.20) 0.19 ± 3.47 (−2.96-3.03) −3.28 ± 0.41 (−3.47 - −3.13) 0.27 ± 0.14 (0.14-0.38) 2.36 ± 0.36 (2.05-2.57)
Inambari MMD-29 mixed open system 2076 0.26 ± 0.18 (0.13-0.4) 0.54 ± 0.14 (0.43-0.64) 0.04 ± 0.08 (0.01-0.09) 0.83 ± 0.08 (0.78-0.85) −1.41 ± 0.80 (−2.05 - −0.77) −1.45 ± 0.62 (−1.84 - −1.06) 0.00 ± 3.44 (−3.02-3.00) −3.11 ± 0.59 (−3.39 - −2.90) 0.39 ± 0.21 (0.20-0.56) 3.26 ± 0.6 (2.75-3.64)
Piedras MMD-34 mixed open system 2421 0.35 ± 0.2 (0.18-0.51) 0.45 ± 0.16 (0.33-0.59) 0.01 ± 0.02 (0-0.02) 0.97 ± 0.02 (0.96-0.98) −2.19 ± 0.71 (−2.60 - −1.64) −2.40 ± 0.64 (−2.71 - −1.96) −0.01 ± 3.48 (−2.99-3.06) −4.25 ± 0.20 (−4.38 - −4.13) 0.08 ± 0.05 (0.04-0.12) 5.99 ± 1.69 (4.65-7.28)
Solimões (Dec 2014) AM14-36 mixed open system 639 0.23 ± 0.16 (0.11-0.36) 0.74 ± 0.16 (0.61-0.85) 0.03 ± 0.05 (0.01-0.06) 0.95 ± 0.05 (0.92-0.97) −1.46 ± 0.85 (−2.22 - −0.73) −1.48 ± 0.52 (−1.75 - −1.18) −0.17 ± 3.42 (−3.16-2.78) −1.49 ± 0.39 (−1.69 - −1.31) 0.26 ± 0.14 (0.14-0.38) 2.26 ± 0.34 (1.98-2.45)
Negro AM14-40 mixed open system 441 0.19 ± 0.14 (0.09-0.31) 0.72 ± 0.13 (0.61-0.82) 0.02 ± 0.04 (0.01-0.05) 0.93 ± 0.04 (0.9-0.95) −1.52 ± 0.86 (−2.20 - −0.71) −0.96 ± 0.45 (−1.23 - −0.65) 0.04 ± 3.49 (−3.06-3.09) −1.53 ± 0.31 (−1.72 - −1.36) 0.22 ± 0.12 (0.12-0.32) 2.02 ± 0.30 (1.75-2.21)
Amazon AM06-(23-30) mixed open system 2338 0.67 ± 0.18 (0.53-0.76) 0.22 ± 0.17 (0.15-0.35) 0.04 ± 0.05 (0.02-0.08) 0.93 ± 0.05 (0.9-0.95) −1.42 ± 0.54 (−1.75 - −1.08) −1.49 ± 0.82 (−2.17 - −0.80) 0.02 ± 3.40 (−2.90-3.06) −2.09 ± 0.39 (−2.25 - −1.95) 0.23 ± 0.13 (0.12-0.33) 12.82 ± 5.97 (8.06-18.00)
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Figure C4: Probability distributions of calculated parameters for all modeled rivers. For Lower
Kern (KL09), the red distributions are calculated using Rayleigh equations for the biological uptake
step and the blue distributions are calculated using Rayleigh equations to calculate only biological
uptake in the dam reservoir (Table C3), using measured δ74Gediss of incoming rivers (North and
South Fork Kern, Baronas et al. (2017a)) as an additional constraint, yielding a much more precise
calculation of Δ74Gebio.
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Figure C5: Probability distribution heatmaps (2D histograms) of calculated parameters for all
modeled rivers (normalized to equal density).
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