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The role of biological cycling on the chemistry of rivers remains poorly understood. In
an attempt to close this knowledge gap, here we examine the difference between the
elemental supply to catchments through rock degradation and the corresponding
elemental riverine export, for two non-nutrient elements lithium (Li) and sodium
(Na) and two nutrients-like elements potassium (K) and barium (Ba), in 20 of the
largest world river catchments. Overall, the riverine export of K and Ba are lower than
their estimated release by catchment scale rock degradation, while the two fluxes
match for Li and Na. Barium isotope constraints lending support to this observation,
we take this difference between these two element groups as a suggestion of the
influence of biological uptake of rock-derived nutrients on river chemistry.

Nevertheless, the magnitude of riverine K depletion cannot be reconciled with a pervasive growth of the biota on continents,
nor with an “occult” export of organic material that would go unnoticed by common sampling protocols. One plausible explanation
for this conundrum could lie in the complex partitioning of elements amongst soil, biota, and dead organicmatter. As a consequence,
our study emphasises the need for further work aiming at deciphering the cycle of rock-derived nutrients in the Critical Zone.
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Introduction

The Earth surface hosts a suite of complex interactions between
the lithosphere, the hydrosphere, the atmosphere, and the
biosphere which all occur in the “Critical Zone” (CZ) between
un-weathered rock and the atmosphere (Riebe et al., 2017).
Chemical weathering within the CZ regulates atmospheric
CO2 over million year timescales, influences soil formation,
and releases rock-derived nutrients to ecosystems, thereby pro-
foundly influencing life on Earth (Gaillardet et al., 2018).

As the CZ cannot be sampled in its totality, river chemistry
is an integral tool for large scale studies of the CZ processes.
River loads of base cations (Naþ, Kþ, Mg2þ, and Ca2þ) and dis-
solved silica (SiO2) are commonly used to derive catchment scale
weathering fluxes and associated CO2 consumption (Bouchez
and Gaillardet, 2014). This approach assumes some balance
between the production of major solutes by rock weathering
and their riverine export. However, this assumption is falsified
if processes exist in the CZ that transiently store base cations.
In particular, the biological uptake of the major rock-derived
nutrients Ca, Mg, K, and Si is almost always assumed to be in
balance with their release during organic matter degradation
in soils (Viers et al., 2014). Were this assumption violated, river
chemistry would not faithfully record chemical weathering proc-
esses and rates. An apparent deficit of rock-derived nutrients in
the river load, together with shifts in their isotope signatures, has

been reported for a range of bio-utilised elements such as K,Mg,
Ca, P and Ba in streams (von Blanckenburg et al., 2021) as well as
in the Amazon (Charbonnier et al., 2020), suggestive of imbal-
ance in the export of rock-derived nutrients. Such deficit might
be due to changes in the size of the biological reservoir with time
beyond the typical observational time scale of a few years; or
might occur if the transport of unsampled river particulate
organic matter constitutes a significant pathway of rock-derived
nutrient export from the catchment.

Here we show that data from the largest world rivers pro-
vide evidence for a global imbalance in the river export of cations,
and examine the role potentially played by the biota as an
“embezzler” of nutrient river fluxes (Fig. 1). We achieve this goal
through the comparison of estimates of rock-derived nutrients
supply to the CZ though rock weathering – along with their
isotopes – against their actual riverine export.

A Global Imbalance in Rock-Derived
Nutrient Riverine Export from the
Critical Zone

Wequantify the catchment scale budgets between rock degrada-
tion by chemical weathering and subsequent riverine export for
some of the world largest rivers, for a series of elements: lithium
(Li), sodium (Na), potassium (K), barium (Ba). Large rivers
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draining significant portions of the continents offer unique
access to first order, global information on the cycle of elements.
The set of large rivers considered here encompasses various
geological, geomorphological, and climatic contexts. Detail on
sample locations and analytical methods is provided in the
Supplementary Information, together with a full derivation of
the mass balance equations used to quantify the river mass
budget.

Briefly, in this approach inspired from previous work such
as Gaillardet et al. (1999), we establish the equation: bedrock=
dissolved loadþ particulate load, for some silicate-derived solu-
ble elements (i.e. partitioned between the dissolved and residual
particulate phases of weathering) such as here lithium, sodium,

potassium and barium, as well as for insoluble elements (such as
aluminium, samarium and thorium) that are only transported in
the particulate form (Fig. 1). Graphically, data for different ele-
ments and rivers can then be plotted in a diagram representing
the fraction of the soluble elementX transported in the dissolved
load, against the relative depletion factor of this soluble element
in the particulate load (compared to bedrock), as in Figure 2.
A balanced river mass budget is manifested as data points lying
on the down sloping diagonal in Figure 2, whereas depletion of
X in the total river export (be it a deficit in the river dissolved or
solid load) translates into data points below this diagonal.
Critically, partitioning of X between the dissolved and solid river
exports does not have any influence on the results of the river
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Figure 1 Conceptual sketch of the catchment scalemass budgets, forX=Na, Li (non-nutrients) and for nutrient/nutrient-like elements (X=
K and Ba). This approach aims to quantify the catchment scale (im)balance between the supply of a rock-derived nutrient X through rock
degradation (DX) and the summed dissolved and solid riverine export (WX and EX, respectively). The difference in the “solubility” translates
into a difference in the size of the WX and EX arrows.
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Figure 2 Comparison between the relative dissolved export of an element X and its depletion in river solids compared to source rock for
X=Na, Li, K, and Ba for some of the world largest rivers. A catchment scale balance between river export and supply by rock degradation is
represented by the diagonal line. The root mean square deviation from the trend of a balanced budget (diagonal line) is much higher for Ba
and K (0.51 and 0.35, respectively) than for Na and Li (0.14 and 0.11, respectively). Detail about calculations is provided in the Supplementary
Information.
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mass budget, as it does not move data points away from or closer
to the diagonal. Rather, this analysis is only sensitive to whether
the overall elemental riverine export reflects the abundance of
this element in the rock weathered.

In the world’s largest rivers, for the two non-nutrient ele-
ments sodium (major element, Na) and lithium (trace element,
Li), the supply to the CZ by rock degradation is balanced by
the combined dissolved and solid riverine export (Figs. 2, 3).
Such agreement was already noticed based on Li isotopes by
Dellinger et al. (2015). Such balance is remarkable as the forma-
tion of river solids and solutes in soils by chemical weathering
operate over different timescales, implying that at any time vary-
ing soil formation and erosion should lead to significant imbal-
ance in river mass budgets. In other words, this observation
suggests that the formation of secondary weathering phases
in the CZ, such as clays or (hydr)oxides in soils, is balanced by
their export as river solids, and that consequently no significant
net accumulation of a Li-bearing secondary phase within the
global CZ is occurring.

Conversely, the major rock-derived nutrient potassium
(K; group 2 in the classification of Marschner et al., 1996)

and the minor, nutrient-like element barium (Ba; Bullen and
Chadwick, 2016) show a widespread imbalance between supply
to the CZ and riverine export fluxes by rivers (Fig. 2), consistent
with previous studies on headwater catchments (von
Blanckenburg et al., 2021) and in the Amazon (Charbonnier et al.,
2020). Collectively, these results suggest that Ba and K sourced
from silicate weathering are fractionated between a “residual”
reservoir in the CZ and the total riverine export.

Accumulation of secondary phases of weathering within
the CZ could explain this deficit. However, in such a scenario
our data would reflect the formation and accumulation of spe-
cific, Ba- and K-hosting phases not exported by rivers, at least
not in the same way as Na and Li. These Ba- and K-bearing
phases could be of inorganic nature. In fact, the K and Ba river
mass budget equations used here are relative to the insoluble
element thorium (Th), meaning that the observed imbalance
suggests the formation of high Ba/Th and K/Th reservoirs within
the CZ, whereas the river export is lower in Ba/Th and K/Th
compared to source silicate rocks. Given the insoluble and
non-nutrient nature of Th, such enriched Ba and K components
can hardly derive from the scavenging into classical secondary

Figure 3 Quantification of catchment scale elemental and isotope (im)balance for the world largest rivers using river mass budgets. The
upper right map indicates the studied river catchments. Elemental imbalance (“Elt”) is expressed in percentage, and the isotope imbalance
(“Iso”) is expressed as the isotope difference quantified in Equation S-8. Due to the mass difference between Ba and Li, the magnitude of
isotope fractionation is much larger for Li than for Ba, resulting in larger numbers for the isotope imbalance. Tomake the numbers for both
isotope systems comparable, we multiply each of the “raw” numbers for the isotope imbalance (as quantified by Eq. S-8) by the ratio
between the mass of the element (e.g., 137.32 for Ba) and the difference of mass of the two isotopes used (e.g., 138− 134= 4 for Ba).
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soil phases. Even though iron oxides can be characterised by
higher Ba/Th ratios than silicate minerals (Gong et al., 2019),
such phases should be exported from the CZ together with other
secondary phases of weathering. Further, K does not show such
enrichment in iron oxides (Gong et al., 2019), showing that the
positive relationship between themagnitudes of Ba andK imbal-
ance (Fig. S-4) cannot derive from a global retention of iron
oxides in soils. This analysis argues for a role of organic phases
in the Critical Zone in producing the observed global K and
Ba imbalance.

Furthermore, the Ba river export by most large rivers is
characterised by an isotope signature heavier than that of the
Ba input to the CZ by rock degradation (see Supplementary
Information; Fig. 3). This either means that heavier-than-
thought Ba is released to the CZ during rock degradation, or that
a Ba component enriched in the light isotope is missing.
Regarding the first possibility, recent work suggests that the
weathering of black shales delivers heavy Ba isotope signatures
(Charbonnier et al., 2022). Nevertheless, such a heavy Ba flux is
associated with an elemental excess of Ba (Charbonnier et al.,
2022), which is observed only for the Mackenzie Basin in the
present global dataset. Furthermore, no relationships between
dissolved Ba isotopes and sulfate content or osmium isotopes
(two tracers of black shale weathering) emerge (not shown).
Therefore, an isotopically light reservoir of Ba must exist in the
global CZ. As suggested above, this isotopically light Ba reservoir
could reflect the formation of secondary weathering products
and their retention in soils (Gong et al., 2019), or biological
uptake (Bullen and Chadwick, 2016).

Barium adsorption onto river sediments, although able to
account for variations in dissolved Ba isotopes (Bridgestock et al.,
2021), cannot influence the results of river mass budgets, which
sum together the signatures of the dissolved and solid river loads
leading to an isotope neutral effect for the processes partitioning
the elements between the different river phases. Finally, forma-
tion and retention of secondary weathering products in soils
should result in a strong Li isotope imbalance, as the light isotope
of Li is preferentially incorporated in these phases (Pogge von
Strandmann et al., 2012). As this is contradictory to our observa-
tions (Fig. 3), we are left with biological uptake as the only
explanation for the relatively heavy Ba isotope composition in
our global river dataset.

Testing for the Role of Biological Uptake
in Deleting the River K and Ba Exports

Taken at face value, the depleted river export of rock-derived
nutrients might reflect their locking within biological materials
through two categories of phenomena. First, (1) the correspond-
ing biological material could be exported from catchments as
particulate organic carbon that is not adequately sampled. For
example, Abbe andMontgomery (2003) have shown that signifi-
cant river transport of woody debris would not be properly
accounted for by traditional methods used for sampling large
rivers. Another possibility for such “hidden” export of particulate
organic matter is tree logging by human activities. Alternatively,
(2) accumulation of biological material within the catchment as
above or underground biomass or as litter would also result in an
imbalance, at least over the timescale over which the data used
for the river mass budget are collected. Below, we show how the
results of our investigations are difficult to reconcile with these
scenarios.

First of all, basins characterised by the strongest negative
imbalance in the river mass budgets of rock-derived nutrients
are not characterised by the strongest logging activities (see

Supplementary Information). Therefore to test for scenario
(1) above, that is one of a “ungauged organic flux”, we estimate
the amount of river particulate organic carbon (C) that would be
needed to account for the observed imbalance in K (Fig. S-5) by
using a typical K/C mass ratio for plant material of 0.0012
(Charbonnier et al., 2020). For a given catchment, the inferred
missing flux of river particulate organic C ismore than two orders
of magnitude higher than the river export of particulate organic
carbon estimated by Galy et al. (2015) (Fig. S-5). It seems unre-
alistic that 99 % of the biogenic particulate organic carbon is
exported through poorly- or non-sampled episodic and/or
coarse vegetation debris in large river systems for this K/C ratio
(a ratio the validity of which will be further discussed).

The likelihood of organic matter accumulation within
catchments as an explanation for the global imbalance in catch-
ment scale mass budgets (a “growing organic pool” scenario,
labelled as (2) above) can first be appraised using a back-of-
the-envelope calculation. Using typical K concentrations in rocks
and plants and estimates of organicmatter stocks in biomass and
soils (see Supplementary Information), we calculate that an
annual 0.1–0.2 % increase in the biomass can explain the
observed imbalance in K catchment scale mass budgets. Al-
though the time scale over which the observed catchment
scale imbalance is established remains elusive, we note that if
such an increase in biomass or organic matter were sustained
over 30 yr – a period over which we believe constraints on the
global land carbon pools are reasonable – this would result in
an overall biomass growth by 3.5–8.0 %, which has not been
reported (Friedlingstein et al., 2020).

Overall, the results of the first order calculations presented
above challenge the biological uptake role in deleting the global
river exports of K and Ba. However, we also note that some
degree of decoupling might exist between biological uptake
and riverine export of rock-derived nutrients. In particular, bio-
logical activity is known to exert an indirect control on the dis-
tribution of rock-derived nutrients and their isotopes amongst
the different CZ compartments (Bullen and Chadwick, 2016).
For example, the top layer of soils accumulates a sizeable reser-
voir of nutrients that are readily accessible for the biota, a feature
known as “bio-lifting” (Jobbágy and Jackson, 2004). If these top-
soil horizons were disproportionately contributing to the global
river particulate carbon export, such enrichment leading to
elevated nutrient-to-carbon ratios in exported organic matter
would require revision of the K/C ratio used above, possibly to
a level where the scenarios explored above would become plau-
sible. Clearly, further work is needed to pinpoint how life might
(a) transiently divert rock-derived nutrients released by rock
weathering from river export, and (b) partition rock-derived
nutrients amongst the CZ compartments.

Implication for the Study of Critical
Zone Processes from River Chemistry

The global balance of riverine Li and Na and the global imbal-
ance of riverine K and Ba, supported by isotopic observations,
raises the possibility that nutrient-like elements are “diverted”
from the riverine export, and may constitute a tangible influence
of biological uptake on riverine export of rock-derived nutrients.

Nonetheless, comparison between the depleted flux of
riverine K and Ba cannot be reconciled with reasonable figures
for globally growing biomass, or for unsampled biogenic river
components, indicating that the exact distribution of rock-
derived nutrients amongst the various CZ compartments consti-
tutes a critical knowledge gap. Overall, contrasting patterns
between riverine exports of nutrient and non-nutrient elements
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suggest that major river cations are likely “less conservative”
than previously thought. As a consequence, the way geochemi-
cal processes are deduced from river chemistry might warrant
reconsideration.
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1. Sample Set and Sampling Methodology 

The sampling locations of the rivers analysed in this study are presented in Figure S-1. Most river samples come 

from the sample repository of Institut de Physique du Globe de Paris, and were collected over the 1990–2000 decades 

during various sampling campaigns (Gaillardet et al., 1999a, 1999b; Lemarchand et al., 2000; Tipper et al., 2006, 

2010). Time series from Arctic rivers and from the Congo Basin were collected by other research groups (Holmes et 

al., 2012; Spencer et al., 2012). Altogether, this dataset includes the Congo and Niger rivers in Africa, the 

Brahmaputra, Ganges, Hong He, Irrawaddy, Mekong, Narmada, Salween, and Tapti rivers in southeast Asia; 

the Changjiang, Huang He, and Xijiang rivers in China, the Amazon, Madeira, Solimões, Negro, and Orinoco 

rivers in South America; the Fraser, Kolyma, Lena, Mackenzie, Nass, Ob, St-Lawrence, Stikine, Yenisey, and 

Yukon rivers in the Arctic region; and the Seine in Europe. The cumulative water discharge represented by this 
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data set (letting aside the Solimões, Madeira, and Negro which are tributaries of the Amazon, already featured in 

the sample set) is around 36 % of the global water discharge to the ocean, and their cumulative surface represents 37 

% of the continental surface draining to the oceans (Milliman and Farnsworth, 2011). 

 Classically, river water is filtered immediately after collection through 0.2-µm porosity cellulose acetate 

or poly-ether sulfone filters, using Teflon-coated, under-pressure filtration units. Filtered river water represents 

the dissolved load, while suspended sediments are retrieved from the filter, but note that in the present study as 

in many others, colloidal matter (that is, solids in suspension but with size <0.2 µm) is operationally considered 

to be part of the dissolved load. Because of their low hydrolysis constant, the four soluble elements considered 

here (Na, Li, K, Ba) are not likely to be strongly complexed to organic colloids nor present in significant amount 

in colloidal-sized clay particles. However, a significant fraction of the insoluble element loads used for 

normalization in the mass budget equations (section S-4) such as Th, can be present in this colloidal fraction, 

which can generate some bias for rivers rich in colloids, as discussed below. 

 Importantly for the topic addressed in the present study, because with the adopted sampling scheme in 

most large river studies, with a typical volume of a river water sample is in the range 0.5 to ~10 L, large organic 

debris (macrophytes, trunks) cannot be sampled, and their contribution to the river POC export is missed by 

this sampling scheme. However, fine organic material, being associated to minerals or transported as small 

organic debris, can be retrieved on filters (Galy et al., 2008). 

 

2. Analytical Methods 

Both the elemental and isotope data for river dissolved and solid loads are reported in Table S-1. 

 

2.1 Major and Trace Element Determinations 

Major and trace element concentrations of river sediments were measured by ICP-AES and ICP-MS, respectively, at 

the SARM (Service d’Analyse des Roches et des Minéraux, INSU facility, Vandoeuvre-les-Nancy, France; analytical 

details available at http://helium.crpg.cnrs-nancy.fr/SARM). Major cation and anions of the dissolved load were 



 
 
 

Geochem. Persp. Let. (2022) 21, 32–36 | https://doi.org/10.7185/geochemlet.2214   SI-3 

 

measured using ionic chromatography, while dissolved silica has been measured using UV-Vis spectrophotometry. 

Trace elements in the dissolved load were measured using ICP-MS, all at the High-Resolution Analytical Platform 

(PARI) of IPGP. Except for Ba abundance, all major element concentration data are from Lemarchand et al. (2000). 

 

2.2 Isotope Measurements 

For the present study, only barium (Ba) stable isotope ratios were analysed, as all other isotope measurements 

(lithium: Li) were already reported in previous studies (Dellinger et al., 2014, 2015a, 2015b, 2017; Wang et al., 2015; 

Henchiri et al., 2016). The protocols for Ba separation and isotope measurements are described in Charbonnier et al. 

(2020). Briefly, a minimum of 200 ng Ba for each sample was separated from the sample matrix by ion 

chromatography (AG50W-X8 resin) using 2.5 N HCl to elute the matrix and 6 N HCl to elute Ba. For each sample, 

the separation procedure was performed two times to ensure a complete purification. The isotopic ratios were 

measured by MC-ICP-MS (Thermo Fisher Scientific, Neptune) at the PARI analytical platform of IPGP. Mass 

instrumental fractionation was corrected for using sample-standard bracketing. The interference of Xe on mass 134 

was corrected for by on-peak zeroes. Barium isotopic ratios in the samples and standards were measured as: 

 

δ!Ba = %
"

!"#

!"$%& #
'"()*+

"
!"#

!"$%& #
',"-."/.

&× 1000     Eq. S-1 

 

with x = 137 or 138. The standard used in this study was the NIST SRM 3104a. For the sake of consistency, data 

were converted to δ138/134Ba assuming that δ138/134Ba ≈ 1.33 × δ137/134Ba. Uncertainties on δ138Ba are reported as 95 

% confidence interval following a Student distribution, and are typically between 0.04 and 0.20 ‰. The long-term 

accuracy of the data was checked using the JB-2 (0.04 ± 0.16, 2 s.d., n = 7), Babe27 (−0.80 ± 0.15, 2 s.d., n = 7), 

BHVO-2 (−0.01 ± 0.15, 2 s.d., n = 8) and AGV-2 (0.05 ± 0.15, 2 s.d., n = 16) reference materials (Miyazaki et al., 

2014; van Zuilen et al., 2016; Charbonnier et al., 2018; Gou et al., 2020). 
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3. Global Input of Barium to the Ocean 

The isotope cycle of Ba has recently gained momentum due to its potential for reconstructing the strength of the 

ocean biological pump through geological timescales (Horner et al., 2015; Bridgestock et al., 2018, 2019), but the 

use of this proxy requires constraining the riverine input of Ba to the ocean. Below, because of the novelty of these 

Ba isotope data, we provide an analysis of the dissolved and solid riverine fluxes of Ba from the world largest rivers. 

 

3.1 Abundance and Isotope Signature of Ba in the Global Solid Riverine Export 

The Ba abundance in river suspended sediments shows significant variation from 138 mg/kg (Narmada) to 948 mg/kg 

(Stikine). The Ba/Th ratio of river sediment which, unlike  Ba concentration, is not affected by dilution by Ba free-

phases such as quartz, ranges from 15 to 263, and thus for some rivers differs significantly from the upper continental  

crust (UCC) value (Ba/Th ≈ 50; Taylor and McLennan, 1995; Rudnick and Gao, 2014). The δ138Ba values of river 

suspended sediments (denoted δ138Baspm in the following, ‘spm’ standing for "suspended particulate matter") vary 

between −0.14 and +0.34 ‰, whereas that of riverbed sediments (called δ138Barbs hereafter) range from −0.25 to +0.36 

‰ (Table S-1, Fig. S-2). River material δ138Baspm values are thus significantly different from the Ba isotope 

composition the UCC (0.00 ± 0.04 ‰; Nan et al., 2018). For any given river, δ138Baspm and δ138Barbs are close 

to one another, suggesting a relative invariance of sediment Ba isotope composition despite grain size variations 

(Bouchez et al., 2011), in contrast with results for other isotope systems (Dellinger et al., 2014; Garçon et al., 2014) 

but in agreement with observations made for Ba from river depth profiles in the Amazon Basin (Charbonnier et al., 

2020). Nonetheless, the wide δ138Ba range of the solid load is quite surprising regarding the relative homogeneity 

of δ138Ba in the rock forming the UCC and the weathering product of other large rivers (Nan et al., 2018; 

Charbonnier et al., 2020; Gou et al., 2020). 

 

3.2 Abundance and Isotope Signature of Ba in the Global Dissolved Riverine Export 

The Ba abundance in the dissolved load varies from 0.05 µmol/L (Yenisey) to 0.76 µmol/L (HuangHe) and an average 

of 0.21 µmol/L (Table S-1), similar to the world average of 0.17 µmol/L estimated by Gaillardet et al. (2014). 
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However, Ba abundance in the dissolved load is likely influenced by water dilution. A way to cancel out this 

dilution effect is to normalise the Ba concentration to that a conservative element, here sodium (Na*), where "*" 

refers to the Cl-based correction from sea salt and halite inputs (Gaillardet et al., 1997). Across our dataset, 

Ba/Na*ratios also vary widely from 0.0001 (Irrawaddy) to 0.022 (Rio Negro). 

 The fraction of total Ba river transport that occurs as dissolved species can be calculated as follows: 

 

𝑤$ = [$].0''
[$].0'''	[$]')(	×	[*+,]

     Eq. S-2 

 

with [X]diss the dissolved concentration of X (e.g., in µg/L), [X]spm the concentration of X in the river sediment (e.g., 

in mg/kg) and [spm] the concentration of suspended sediment in the river (in g/L). In this study we use the long-

term (typically multi-decadal) estimates of [spm] provided by (Milliman and Farnsworth, 2011). 

 The dissolved phase represents on average 20 % of total river Ba (i.e. wBa ≈ 0.2; Fig. S-3, Table S-2). 

However, the global range of variation of wBa is very large: for some rivers, mainly those characterised by low 

erosion rates such as the Congo Basin, almost all Ba is transported in the dissolved load (wBa ≈ 0.86), whereas in 

highly erosive contexts such as in the Huang He Basin, river Ba is entirely transported as solids (wBa ≈ 0.01). The 

δ138Ba values of the dissolved load of large rivers (δ138Badiss) range from −0.02 to +0.80 ‰ (Table S-1, Fig. S-

2), on average significantly higher than that of the UCC (0.00 ± 0.04 ‰; Nan et al., 2018). This first-order 

observation suggests that at the continental scale, the Ba dissolved flux to the ocean is influenced by processes 

such as secondary phase formation or biological uptake; by the release from rock types unaccounted for in 

estimates of the UCC composition; or by a combination thereof. 

 

3.3 The Isotope Composition of the Global Ba Flux to the Ocean 

According to the global Ba fluxes reported by Gaillardet et al. (2014) and Viers et al. (2009), our river sample set 

represents 44 % (340 × 103 t yr−1 of 860 × 103 t yr−1) and 30 % (2387 × 103 t yr−1 of 7835 × 103 t yr−1) of the river Ba 
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dissolved and solid fluxes to the ocean, respectively. These numbers indicate that our dataset is representative of the 

global riverine export of Ba. 

 Our estimates for the Ba isotope composition of the global dissolved Ba flux (δ138Badiss,global) and solid Ba 

flux (δ138Baspm,global) are 0.24 ± 0.02 ‰ and 0.07 ± 0.03 ‰, respectively. Note that these isotope signatures are 

representative of the global Ba river fluxes before they enter estuaries, and thus can be affected afterward by estuarine 

processes (Bridgestock et al., 2021). 

 The δ138Badiss,global calculated from our study is slightly higher than the previously reported figure (0.16 ‰; 

Cao et al., 2020). The reason for the higher δ138Badiss,global found here stems from the presence of rivers having higher 

δ138Badiss in our dataset such as the Mackenzie, Congo and other Arctic rivers. Nonetheless, for those rivers where 

the comparison can be made, we note that our values are similar to those of Cao et al. (2020). 

 

4. Derivation of Catchment-Scale Mass and Isotope Budget Equations 

In the present study, we establish catchment-scale mass budgets for the two non-nutrient elements lithium (Li) 

and sodium (Na), for the major nutrient potassium (K) (Chaudhuri et al., 2007) and for a nutrient-like trace element: 

barium (Ba) (Bullen and Chadwick, 2016; Charbonnier et al., 2020). 

 The fate of a chemical element after its release by rock dissolution can be investigated using so-called 

"catchment-scale" or "river mass" budgets (Gaillardet et al., 1995; Stallard, 1995). In this approach, we test whether 

for an element X the sum of the river fluxes of dissolved material derived from chemical weathering (FX
diss) and of 

sediment derived from physical erosion (FX
sed) reflects the input of rock material to the Earth surface (FX

rock): 

 

𝐹-./0$ = 𝐹12**$ + 𝐹*31$       Eq. S-3 

 

 If Equation S-3 is valid for an element X, the catchment-scale mass budget of this element can be qualified 

as "balanced". Conversely, a mismatch between the two sides of Equation S-3 indicates either (1) a poor estimate 

of FX
rock, (2) that the river export fluxes FX

diss  and FX
sed have not been properly measured, or (3) that rivers do not 
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currently export the exact amount of X supplied to the Earth surface (in other words, that the catchment is 

currently accumulating or losing X), or any combination thereof. In terms of absolute fluxes, the term FX
rock of 

Equation S-3 is usually estimated from the sum of FX
diss and FX

sed, which can be difficult to obtain except in 

relatively rare occasions where suitable river gauging protocols are in place. To circumvent this issue, we 

introduce soluble-to-insoluble element ratios. Noting first that for an insoluble element Y, wY ≈ 0: 

 

𝐹-./04 = 𝐹*314       Eq. S-4 

 

Dividing Equation S-3 by Equation S-4, and recognizing that the flux ratio 51
2

51
3  is equal to the elemental 

abundance ratio .$
4
/
6
: 

 

.$
4
/
-./0

= 5.0''
2 	'	5'+.

2

5'+.
3 	

= 5'+.
2

5'+.
3 + 5.0''

2

5'+.
3 = .$

4
/
*31

+ 5.0''
2

5'+.
3    Eq. S-5 

 

The right-hand side of Equation S-5 still features flux terms that are difficult to measure directly. We divide 

each side of Equation S-5 by .$
4
/
-./0

 and use Equation S-4: 

 

1 = ($/4)'+.
($/4)/456

+ 05.0''
2

5'+.
3 1 / 05/456

2

5/456
3 1 =

:23;'+.
:23;/456

+ 5.0''
2

5/456
2 = (1 + 𝜏!) + 𝑤$  Eq. S-6 

 

where 1 + 𝜏! is the ratio between (X/Y)sed and (X/Y)rock, and represents the relative depletion of X in river 

sediment with respect to the source rock (using for notation purposes the definition of the so-called "mass 

transfer coefficient" 𝜏!  classically used in weathering studies at the soil scale; e.g., Brimhall et al., 1991). The 
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1 + 𝜏! term also corresponds to the inverse of the α-depletion factor of soluble elements (𝛼$ = ($/4)/456
($/4)'+.

) in 

river sediments defined by Gaillardet et al. (1999a). The ratio 5.0''
2

5/456
2  represents the relative transport of X as a 

dissolved species, that is equal to 𝑤$ defined in Equation S-2. 

 By definition, Equation S-6 is valid when the riverine export balances the amount of material supplied 

to the critical zone through rock degradation. If not, the imbalance is quantified as follows: 

 

𝑓2,<=>=?/3$ = 1 − (1 + 𝜏!) − 𝑤$ = −𝜏! −𝑤$    Eq. S-7 

 

If 𝑓2,<=>=?/3$  > 0, X is "less exported" by rivers than predicted by rock degradation. Conversely, if 𝑓2,<=>=?/3$  < 0, 

X is "more exported" by rivers than predicted. 

 In the present study we apply this approach to the nutrient(-like) elements K and Ba. In principle this can also 

be done for the other major cations Ca and Mg. Nevertheless, the significant contribution of carbonate to F-./0@  as 

well as F12**@ , and to a lesser extent 𝐹*31$ , makes it difficult to constrain their catchment-scale mass budgets. 

All results of Equation S-6 are reported in Figure 2 as a cross-plot of (1 + 𝜏$) vs. wX. 

 Although the introduction of element ratios in lieu of flux ratios in Equation S-3 mitigates the issues 

associated with the estimation of absolute fluxes, considerable uncertainty might stem from the fact that different 

rock types have different (X/Y)rock ratios. The first reason why (X/Y)rock ratios might differ between rock types 

is the differences in magmatic compatibility, which translates into variability in (X/Y)rock ratios between different 

types of crystalline rocks. In that respect, for a given soluble element X the best choice for the insoluble element Y 

is an element with a magmatic compatibility similar to that of X. In this study, following the approach of 

Gaillardet et al. (1999a) we use the Ba/Th, K/Th, Li/Al, and Na/Sm ratios. 

 The second reason why (X/Y)rock might differ between rock types is the depletion of meta-sedimentary 

rocks in soluble elements X compared to their crystalline protoliths, due to the fact that such rocks have already 

undergone loss of soluble elements during previous weathering episodes (Gaillardet et al., 1999a). However, we first 
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note that the Ba/Th ratio of igneous rocks and shales are relatively similar. Only andesites, which are significantly 

present in the Solimões, Stikine and Nass basins, show a much higher Ba/Th ratio (Charbonnier et al., 2020). In 

this case, we compute the (Ba/Th)rock ratio as a mixture between andesites and shales rocks using the relative rock 

contribution estimated by Dellinger et al. (2017). Potassium shows a relatively limited range of variation (from 

28,000 to 33,083 mg/kg; Taylor and McLennan, 1995; Rudnick and Gao, 2014) between igneous rocks and shales. 

Therefore, we assume a single (K/Th)rock value of 2,500 for all rock types. The variability in Na abundance between 

meta-sedimentary and crystalline rocks is the highest (Taylor and McLennan, 1995; Rudnick and Gao, 2014), due to 

the high solubility of Na during weathering and the absence of reverse weathering reactions in the ocean involving 

Na. When possible, we use independent constraints on the bedrock undergoing weathering for the Amazon and its 

tributaries, the Congo, the Changjiang, the Mackenzie, and the Ganges-Brahmaputra systems from Dellinger et al. 

(2017). For rivers for which we do not have the required data, we assumed that the river bed sediment chemistry is 

representative of that of bedrock, as coarse sediment are thought to best represent the products of erosion of the rock 

undergoing degradation, but with no measurable effect of chemical weathering (Potter, 1978; Dellinger et al., 2014). 

 The comparison between the catchment-scale mass budgets of elements of importance for plant nutrition 

with those of elements with no physiological role is a test for the influence of biological cycling on global river 

solute export. Previous studies have already suggested that at the global scale the river mass budgets of Li is 

balanced (Dellinger et al., 2015a, 2017). However, we re-visit these results in the scope of detecting any pattern 

specific to the rock-derived nutrients K and Ba. Below, we provide a comparison of river mass budget results of 

K, Na, and Li as a function of Ba. 

 The two bio-utilised elements Ba and K show negative imbalance (the difference between what is supplied 

to the critical zone by rock degradation and the riverine export; see Eqs. S-6 and S-7) for most of the studied rivers 

(Fig. S-4a), the cause for which is discussed in the main text. Here, we point out the interesting feature that Ba 

and K riverine imbalance show a positive relationship, suggesting a common mechanism for their missing 

components (see main text), whereas no correlation emerges between the imbalance of Ba and Na (Fig. S-4b). 

The Li imbalance is hardly resolvable given the uncertainties, suggesting a balanced mass budget (Fig. S-4c). 

We note that for a few rivers, a positive imbalance is observed: there, the export of rock-derived nutrients outpaces 
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their supply to the Earth surface by the rock degradation. This is the case for the St. Lawrence River, where relatively 

recent ice cap retreat might result in an imbalance in the dissolved and solid riverine export (Gaillardet et al., 1999a). 

In tropical rivers showing this type of positive imbalance, such as the Congo and Negro rivers, the presence of organic 

colloids enhanced the transport as a dissolved species of insoluble elements such as Th, thus compromising the use 

of Equation S-6 (Charbonnier et al., 2020). In cold Arctic rivers such as the Fraser and the Mackenzie, source rocks 

may contain unaccounted-for rock sources of Ba—thought to be linked to the presence of black shale rocks in the 

catchment—that contribute to the riverine export (Guay and Falkner, 1998; Charbonnier et al., 2022). 

 The same type of mass balance can be performed using isotope ratios (see Bouchez et al., 2013). In such 

approach, the flux-weighted sum of the solid and dissolved isotope compositions should in principle be equal to the 

isotope composition of the rock undergoing weathering: 

 

δ-./0$ = 𝑤$ × 𝛿12**$ +(1 − 𝑤$) × δ*31$      Eq. S-8 

 

with δX
rock, δX

diss, and δX
sed the isotope composition of element X in the rock undergoing weathering, the river dissolved 

load, and the river solid load, respectively. As for elemental mass balance, any difference between the value of δX
rock 

calculated from river loads (right-hand side of Eq. S-8) and that estimated for bedrock from independent constraints 

(left-hand side of Eq. S-8) suggests that a fractionated reservoir of X is not exported by river, or at least not sampled 

properly in the river export. 

 Here, this calculation is performed for Ba and Li based on our own Ba data and Li data from Dellinger et al., 

(2014, 2015b, 2017) and Wang et al. (2015) (see Table S-2). We took the estimation of the continental crust of Ba 

from Nan et al. (2018) for δBarock since there is, on average, no significant variation between different rock types. 

δLirock are taken from (Dellinger et al., 2017), as the isotope composition of bedrock Li can vary widely between 

catchments, due to the difference in Li isotope composition between igneous and sedimentary silicate rocks (Dellinger 

et al., 2015a). Results are reported in Table S-2 and discussed in the main text. 
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5. Testing for a "Poorly Gauged Flux" as an Explanation of the Observed Imbalance 

in Rock-Derived Nutrients in River Exports 

Here we test the hypothesis that part of the observed rock-derived nutrients imbalance is due to a “poorly gauged 

flux”, as river export of coarse vegetation debris, in particular during high-flow events, is likely to be missed by 

classically-used sampling schemes of large rivers (see section S-1 above) (Abbe and Montgomery, 2003; Heartsill 

Scalley et al., 2012; Wohl et al., 2012; Uhlig et al., 2017). To that effect, we first quantify the flux of river particulate 

organic carbon required to account for the observed riverine K imbalance (FCmiss) following Charbonnier et al. (2020): 

 

𝐹,2**A = 5(0''
7

(B/A)804
      Eq. S-9 

 

with (K/C)<2. the K/C ratio of the biological component exported by rivers (data from Charbonnier et al., 2020); 

FCmiss the required missing carbon flux, and FKmiss the estimated missing potassium flux calculated as follows: 

 

𝐹,2**B = 𝐷	 ×	[K]-./0 	× 	𝑓2,<=>=?/3B     Eq. S-10 

 

with D the denudation rate D is the sum of the chemical weathering and physical erosion rates, typically estimated 

at the catchment-scale using either the river fluxes of weathering-derived solutes and sediments; or using the 

concentration of the cosmogenic nuclide beryllium-10 in river sands. Here it is used as a proxy for the rate at which 

rock is delivered to the Critical Zone at the catchment scale. 

 In Fig S-5, we compare the inferred carbon missing flux from Equation S-9 with independent constraints on 

particulate carbon riverine export (Galy et al., 2015). This comparison is made using the relationships between POC 

export and the denudation rate D as (1) estimated from our own data on rock-derived nutrient (Eq. S-9) and (2) 

reported by Galy et al. (2015) from actual measurements of POC export. The relationship estimated from our data is 

two orders of magnitude higher than the observed relationship (Fig. S-5). This difference is likely too large to be 

realistic, suggesting that a poorly gauged POC flux alone is not responsible for the observed imbalance in rock-
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derived nutrients catchment-scale mass budget. 

 Alternatively, tree logging by human activity could be responsible for such a poorly gauged flux. 

Nonetheless, river catchments characterised by the strongest negative imbalance in the river mass budgets rock-

derived nutrients (Orinoco, Niger, Ganges-Brahmaputra) do not correspond to regions where deforestation is the most 

intense (Canada, Northern, Russia, Amazon plains and Congo Basin; Curtis et al., 2018). Second, using the Global 

Forest Change map (Hansen et al., 2013; https://glad.earthengine.app/view/global-forest-change), we quantified the 

relative forest lost from 2000 to 2020 for five basins: Amazon, Congo, Orinoco, Fraser, and Mackenzie. These basins 

feature different degrees of deforestation as well as different degrees of K depletion in rivers. The comparison 

between these two parameters does not show any meaningful relationship (see Fig. S-6). This first-order examination 

suggests that logging cannot account for the deleted K component of large river rivers. 

 

A Limited Role of Anthropogenic Inputs to the K Riverine Budget 

 Regarding the potential role of fertiliser on the global K riverine budget, we first note that most of rivers 

show a depletion in K export, whereas any additional, non-accounted for source (such as fertiliser or atmospheric 

inputs) should lead to an excess of K in rivers. In addition, following the approach of Li et al. (2022), we compare 

the average NO3/Na* and NO3/K ratios for our rivers of 0.45 and 0.89, respectively, which are much lower than the 

anthropogenic signatures of fertilisers at NO3/Na = 7 and NO3/K = 4 (Chetelat et al., 2008). In fact, across our dataset 

only the Changjiang shows a relatively high NO3/K ratio of around 3. Of course, these elemental ratios only disclose 

the contribution of K-fertiliser to the dissolved load. However, given the high solubility of K-fertiliser (Mikkelsen, 

2007), the latter should have a minor influence on the K river solid flux, that represents the main path of K riverine 

export. For these reasons, we assume that fertiliser should play a minor role in the K mass budget of large rivers. 

 

6. Testing for a "Growing Organic Pool" as an Explanation of the Observed Imbalance 

in Rock-Derived Nutrients in River Exports 

In this study, we explore the possibility that biological uptake is responsible for the observed widespread imbalance 
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in the riverine export of nutrient-like elements. One possible explanation might lie in short-term variability in the 

biota size at the catchment scale, which leads to net nutrient uptake or release. In particular, changes in the magnitude 

of the land carbon sink over the last decades (Pan et al., 2011) might lead to imbalance in catchment-scale rock-

derived nutrient export. As a test of this hypothesis, below we provide a derivation for quantifying the amount of the 

rock-derived nutrient that is taken up for a given increase in the size of the continental biota (in terms of total biomass), 

relative to the supply of this nutrient by rock degradation. We define the rate of increase of the size of the biota as: 

 

𝑟 = C(D804)
CE

      Eq. S-11 

 

where Mbio is the mass of the biota reservoir within a given large river catchment. Such an increase of the biota size 

is accompanied by an incremental flux of uptake of the nutrient X: 

 

𝑈$ = 𝑟	 ×	[𝑋]<2.     Eq. S-12 

 

with [X]bio the concentration of X in the biota. 

Then, normalizing UX by the amount of X supplied by rock degradation yields the uptake of the nutrient X 

by the biota relative to the supply of X provided by rock degradation, a ratio hereafter called β: 

 

𝛽 = F	×	[$]804
G	×	[$]/456

= 5804
2

5/456
2      Eq. S-13 

 

The β value is basically an estimate of the catchment-scale imbalance of X (as defined in Eq. S-7 above) that should 

be observed if the biomass in the catchment were increasing at a rate r, given a catchment-scale denudation D. Thus, 

calculated values for a given r can then be compared to observed estimates of X imbalance to assess the plausibility 

of the "growing organic pool" scenario. We calculate β for an incremental increase in the biota size of 0.1 and 0.2 % 

as estimated recently for the average yearly land C sink on the continents (Friedlingstein et al., 2020), for a range of 

D of 10–500 t/km2/yr as observed in most large river catchments (Milliman and Farnsworth, 2011; Wittmann et al., 
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2020) for a range of elements (Al, B, Ba, Ca, Cu, Fe, Mg, Mn, Mo, Ni, P, K, Rb, Na, Sr, Zn) with different abundances 

in plants, ranging from essential nutrients to non-nutrient elements (Table S-3). We calculate [K]bio values using (a) 

a compilation for the chemical composition of plant parts from Charbonnier et al. (2020) and (b) a compilation for 

the chemical composition of leaves made in the frame of the present study. We plot the β value for K in Fig. S-7 as 

the latter is a major rock-derived nutrient for which we observed a riverine imbalance (Fig. 2). The order-of-

magnitude difference between the two panels of Fig. S-7 is driven by the difference in the value of [K]bio used, 

showing how this calculation is sensitive to this poorly constrained parameter. 

With this simple model, explaining the observed range K riverine imbalance (Fig. S-7) requires that [K]bio is 

higher than that proposed by Charbonnier et al. (2020). This is plausible as the compilation of Charbonnier et al. 

(2020) might be biased by an important number data entries of trunk samples, being characterised by lower 

concentrations of rock-derived nutrients compared to other plant tissues such as foliage. Conversely, the β value of 

K calculated with the foliage compilation should lead to an overestimation of the [K]bio, thereby providing a 

“maximum” estimate. Therefore, although this calculation is subject to large uncertainties, it provides 1) a range of 

minimum and maximum uptake of K as a function of estimates for catchment-scale biomass growth denudation and 

2) a first estimate for β values (as [X]bio remains hard to constrain) on major and trace elements at the Earth surface 

(see Tables S-3). This analysis shows that, except for elements such as Al or Na, biological cycling could in principle 

affects most of the elements and their isotope signatures exported by rivers. However, this requires a long-term 

growing organic pool to influence riverine export, of a magnitude that seems unlikely at the global scale (see main 

text). 
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Supplementary Tables 

 

Table S-1 Elemental and isotope data on large rivers. 

 

Table S-2 Results of the river mass budget calculations (Supplementary Information section 4). 

 

Table S-3 Compilation of abundance of rock-derived nutrients in plants used to test for the "growing organic 
pool " scenario (Supplementary Information section 6). 

 

Tables S-1 to S-3 are available for download (Excel) from the online version of the article at 
https://doi.org/10.7185/geochemlet.2214. 
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Supplementary Figures 

 

 

Figure S-1 World map showing the sample locations and river basins. 

 
 

 

Figure S-2 Ba isotope composition of the dissolved and solid loads of the world’s largest rivers. The value of 
the Upper Continental Crust (UCC), taken as the composition of the source rock, is derived from Nan et al. (2018). 
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Figure S-3 Partitioning of Ba (wBa) between the river dissolved (blue) and the solid loads (brown) across the 
world largest rivers. 
 

 
 

 
 

Figure S-4 Comparison of the Ba imbalance with (a) K imbalance, (b) Na imbalance, and (c) Li imbalance in 
their river mass budgets, as calculated using Equation S-7. 
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Figure S-5 Comparison of the relationship between denudation rate (D) and river particulate organic carbon 
(POC) flux estimated by Galy et al. (2015) from actual measurements of POC (black stippled line), and the same 
relationship calculated from catchment-scale mass budgets of rock-derived nutrients (Eq. S-9) shown as data points. 
 
 
 
 
 
 

 
Figure S-6 Comparison between the relative K imbalance (quantified using Eq. S-7) and the relative forest loss 
during the last twenty years (2000–2020) using the Global Forest Change map (Hansen et al., 2013; see Section 5). 
 

Fl
ux

 o
f r

ive
r p

ar
tic

ul
at

e
or

ga
ni

c
ca

rb
on

(P
O

C)
 in

 
kg

/k
m

2 /y
r

D (t/km2/yr)

Biogenic POC erosion from Galy et al. 2015

108

107

106

105

104

103

102

101

100
100 101 102 103                           104

Missing river POC estimated fro
m the missing river  K

0.0

0.1

0.2

0.3

0.4

0.5

0 5 10 15

fK
im

ba
la

nc
e

(E
q.

 S
-7

)

% forest loss

Amazon

Congo
Mackenzie

Orinocco

Fraser



 
 
 

Geochem. Persp. Let. (2022) 21, 32–36 | https://doi.org/10.7185/geochemlet.2214   SI-19 

 

 

Figure S-7 β value (expected catchment-scale imbalance of a rock-derived nutrient in the case of biomass 
growth; Eq. S-13) of K for a denudation ranging from 10 to 500 t/km2/yr. The green band indicates the range of K 
imbalance in the catchment-scale mass budgets of large rivers, as computed from Equation S-7. In the legend, r 
corresponds to the yearly relative rate of biomass growth. Results presented in (a) correspond to those obtained using 
a K content in organic matter ([K]bio) taken from the compilation of Charbonnier et al. (2020) and those in (b) rely 
on the use of the chemical composition of leaf reference materials. 
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