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Key Points:

+ Organic acids contribute substantially to the alkalinity budget in the Kasai Basin.

* Dry deposition and canopy exchange are important solute sources in Kasai rivers.

« Quantifying carbon sequestered through enhanced rock weathering applications
can be particularly complicated in tropical Africa.
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Abstract

Silicate weathering is one of the ultimate geologic sinks of atmospheric CO2. En-
hanced rock weathering (ERW), aiming at accelerating this natural process to mitigate
anthropogenic warming, has received significant attention due to high projected COs re-
moval potential and possible agricultural co-benefits applications in the tropics. Yet, the
natural baseline of chemical weathering in low-relief, tropical landscapes, especially cen-
tral Africa, remains poorly characterized. Here, we systematically sampled river and sus-
pended sediments in the Kasal Basin, the largest tributary of the Congo River. We con-

strained chemical weathering dynamics with river solute data and other hydro-chemical /physical

observations. We show that organic acids contribute substantially to the alkalinity bud-
get, and, through a mass-balance model, we demonstrate that dry deposition and canopy
exchange processes are important solute sources in Kasal rivers and can bias silicate weath-
ering flux estimates. These complications point to particular challenges in quantifying
carbon sequestered through ERW applications in tropical Africa.

Plain Language Summary

The chemical breakdown (i.e. weathering) of silicate rocks consumes atmospheric
CO; and plays an important role in the global climate and carbon cycle. Despite grow-
ing interests in accelerating this natural process to mitigate anthropogenic warming by
amending soils with finely crushed rocks (i.e. enhanced rock weathering, ERW) in cen-
tral Africa, the baseline behavior of chemical weathering in these tropical landscapes re-
mains poorly constrained. In this work, we conducted systematic sampling of rivers in
the Kasai Basin, the largest tributary of the Congo River, and characterized the chem-
ical weathering dynamics. We found that the alkalinity budget, usually composed of in-
organic carbon species (products of weathering), can be primarily composed of organic
acids in the Kasal Basin. In addition, forest canopy processes source a substantial amount
of river solutes in the Kasal Basin, which may result in an overestimation of chemical
weathering flux. We further discussed these findings in the context of ERW applications
in tropical Africa, particularly with respect to site-specific quantification and monitor-
ing of CO4 sequestration.

1 Introduction

The chemical weathering of silicate minerals, coupled to the burial of calcium car-
bonate in marine sediments, is one of the ultimate geologic sinks of atmospheric carbon
dioxide (CO3). The temperature dependence of primary mineral dissolution allows for
a negative feedback between atmospheric CO5 levels and silicate weathering flux, and
is considered to have, at least partially, regulated planetary climate on geological timescales
(Kump et al., 2000; Eiriksdottir et al., 2013). It has been widely acknowledged, however,
that other surface processes and environmental conditions (e.g., lithology, erosion rate,
and hydrology) can meaningfully impact the rate and intensity of silicate weathering (Bluth
& Kump, 1994; Maher & Chamberlain, 2014; West, 2012; Gudbrandsson et al., 2008).

How silicate weathering operates under different tectonic and hydroclimatic boundary
conditions therefore remains incompletely understood but is crucial in assessing the strength
of the climate-weathering feedback and its evolution over time.

On regional to sub-continental scales, rivers integrate weathering signals over their
drainage basins by carrying weathering derived solutes and sediments. Understanding
weathering processes and quantifying associated fluxes on these spatial scales are thus
important for determining global sensitivity from local empirical constraints, as Earth’s
surface is inherently heterogeneous. However, existing work is heavily biased towards river
catchments that either have high weathering rates (e.g., volcanic islands and erosive ter-
rains) or are easily accessible (e.g., northern hemisphere temperate zones). In particu-
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lar, the Congo River Basin (Figure 1A), despite being the second largest river by drainage
area and discharge, is one of the least studied major river basins on Earth (Alsdorf et
al., 2016). Characterized by a wet tropical climate and covered extensively by tropical
rain forest, the Congo Basin sits atop some of the longest exposed, most deeply weath-
ered land surfaces on Earth (Braun et al., 2026; Vasconcelos et al., 2019) and is partic-
ularly under sampled — filling the observation gaps in these unexplored landscapes is im-
portant to better understand chemical weathering in highly productive, low-relief trop-
ical systems. Furthermore, growing interests in enhanced rock weathering applications
in the tropics, particularly in central Africa (Schiedung et al., 2026; Haque et al., 2025),
warrant first-order characterization of weathering processes in these environments to es-
tablish natural baselines.

Enhanced rock weathering (ERW), as a novel COg removal (CDR) strategy to mit-
igate anthropogenic climate change, aims at speeding up the geological process of sili-
cate weathering by amending soils with finely crushed silicate rocks. Similar to weath-
ering of silicate minerals in natural environments, CO4 dissolved in surface waters as car-
bonic acid is converted to bicarbonate and carbonate ions (i.e., carbonate alkalinity) within
drainage systems and considered to be durably removed from the atmosphere over mil-
lennial timescales. ERW applications in the tropics have recently received significant at-
tention due to high projected CDR potential (Goll et al., 2021) and possible agricultural
co-benefits (Swoboda et al., 2022). In particular, hot and humid tropical climate is ex-
pected to accelerate mineral dissolution kinetics and hence increase weathering inten-
sity and subsequent alkalinity export. Nutrient addition from rock powder may addition-
ally promote primary productivity and subsequent organic matter storage in soils, po-
tentially contributing to additional CDR (Goll et al., 2021; Edwards et al., 2017). Fur-
thermore, initial pot experiments and field trials with silicate amendments demonstrates
promising results of improving soil fertility and increasing crop yield (Swoboda et al.,
2025; Conceigao et al., 2022; Haque et al., 2019). Given the nutrient depletion of trop-
ical soils and the high food production demand driven by rapid population growth (Meybeck
et al., 2017), ERW applications may help meet the challenge of ensuring food security
in the Global South, especially in central Africa, despite uncertainties in scalability, dura-
bility, and efficiency associated with ERW as a CDR strategy (Schiedung et al., 2026).

In this work, we present new river solute and suspended sediment observations from
the Kasai River Basin, the largest tributary of the Congo River, which features nutrient-
poor soils and gradients of hydroclimate and vegetation cover. We constrain the alka-
linity budget for the Kasai rivers and find substantial contribution from organic acids.
Contrary to previously reported results for the Congo main stem (Wang et al., 2013),
the amount of organic alkalinity does not correlate with the content of dissolved organic
carbon due to the presence of highly diverse organic acids across the basin. Using a mass
balance model, we additionally demonstrate that up to 60% of river solutes can be sourced
from dry deposition and forest canopy processes, potentially biasing silicate weathering
flux estimates. We further discuss the implications of these findings for ERW applica-
tions in tropical Africa, particularly with respect to site-specific quantification and mon-
itoring of CO4 sequestration.

2 Materials and Methods
2.1 Study Sites

The Kasai River Basin (890,000 km?), is the largest tributary of the Congo River
(Fig. 1A). It contributes approximately one-fourth of the Congo River’s discharge (Mushi
et al., 2019) and exhibits the highest sediment flux (~10 Tg yr=!) of any tributary in
the Congo Basin (Carlier et al., 2026; Laraque et al., 2009; Datok et al., 2021). The Up-
per Kasai originates in the Angolan highlands at an altitude of ~1310 m (Van Pul, 2023)
and experiences an elevation drop of almost 1000 m before reaching the city of Ilebo (4°19’
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S, 20°36’ E). In contrast, the lower Kasai — i.e., from Ilebo to its confluence with the Congo
River at Kwamouth (3°10’ S, 16°12’ E) — exhibits a mere 66 m elevation decrease over

the course of ~600 km (Van Pul, 2023). The Upper Kasai primarily drains the Angolan
Shield (Congo Craton), with minor contributions from Proterozoic metamorphosed sed-
iment and carbonate lithologies (Schliiter, 2006; Jelsma et al., 2018), whereas the Lower
Kasal is underlain by Phanerozoic continental clastic sediments (Schliiter, 2006; Leper-
sonne, 1974).

Mean annual precipitation (MAP) in the Kasai Basin is approximately 1500 mm
yr~! (Fick & Hijmans, 2017). Unlike the Congo Basin, which straddles the equator, the
entire Kasail Basin lies in the southern hemisphere, where rainfall and discharge are char-
acterized by a single seasonal peak in austral summer. Within the Kasai Basin, MAP
varies between 1000 and 2200 mm yr~! averaging over 1970 and 2000, with MAP de-
creasing and seasonal variability increasing from north to south (Fick & Hijmans, 2017).
Vegetation cover broadly mirrors precipitation patterns, with tropical forests mainly dis-
tributed in the north of the basin and predominantly shrubland and savanna in the south
(Zanaga et al., 2022). However, rapid population growth in the Kasal Basin in recent
decades (CIESIN, 2018) has resulted in continued deforestation and agricultural conver-
sion (Zhang et al., 2024; Lou et al., 2025), with a recent study estimating that up to one
quarter of the basin was cultivated at least once between 2017 and 2024 (Zhao et al., 2026).

2.2 Sample collection, field observations, and analytical methods

A total of 80 samples from 43 rivers in the Kasal Basin and the Congo River were
collected during five field campaigns between August 2022 and August 2024, with 36 rivers
sampled in both dry and wet seasons (Figure 1B). Sampled river catchments are described
by a limited range of MAP but variable forest coverage (Figure 1C). The Congo River
was sampled upstream of Kinshasa (4°18’ S, 15°27’ E) before Pool Malebo (4°17’ S, 15°29’
E) twice in August 2022 and January 2024. The main-stem Kasai River was sampled
at multiple locations — before its confluence with the Congo River at Kwamouth, near
Bandundu (3°19’ S, 17°22’ E), and near Ilebo. The major Kasal tributaries — e.g., Sankuru,
Kwilu, Kwango, Lwange, and Fimi rivers — as well as smaller rivers, were sampled im-
mediately upstream of their confluence with the main-stem Kasai River or their conflu-
ence with the higher-order tributaries. Details on river-water sampling, suspended sed-
iment sample collection, field observations (e.g., temperature, pH, discharge), and chem-
ical analyses are described in Supporting Information Text S1.

2.3 Estimating non-carbonate alkalinity

Non-carbonate alkalinity (nCAlk), i.e. the sum of acid neutralizing capacity from
deprotonated organic acids (organic alkalinity, OrgAlk) and conjugate bases of other weak
acids (other alkalinity, e.g., B(OH);, PO3~, HPO?™, H3Si0} ), was calculated as the dif-
ference between total alkalinity (TA) and carbonate alkalinity (CAlk; Morel & Hering,
1983; Wang et al., 2013) following

TA = [HCO; ] + 2 x [COZ7] + [OrgAlk] + [other alkalinity] +[OH™] — [H']. (1)

carbonate alkalinity (CAlk) non-carbonate alkalinity (nCAlk)

Here, TA was determined by major ion charge balance, and CAlk was determined with
CO2SYS (Lewis & Wallace, 1998; Van Heuven et al., 2011; Sharp et al., 2020) using the
freshwater option (see Supporting Information Text S2 for details). Error estimates were
propagated from analytical uncertainties (20) of the solute measurements.

2.4 Mass balance modeling of river solutes

The fractional contribution of different biogeochemical processes to river solutes
was constrained using an inverse end-member mixing model (MEANDIR, Kemeny & Tor-
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Figure 1. Study site. (A) Map of the Congo Basin (blue outline), the Kasal Basin (black
outline), Democratic Republic of Congo (DRC, gray dashed outline), and the location of Kin-
shasa (red triangle). (B) Elevation map of the Kasai Basin projected with WGS 84/UTM Zone
34S. The Digital Elevation Model was acquired using the QGIS SRTM Downloader (Duester,
2024, v3.2.3, NASA server). Samples were collected from the Kasal tributaries (circles), main-
stem Kasal (triangles), and main-stem Congo (square). (C) catchment percentage of forest cover
(Zhao et al., 2026) vs. catchment-averaged MAP (1-km resolution; Fick & Hijmans, 2017), color-

coded by watershed size. Error bars represent MAP coefficient of variation.
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res, 2021). That is, the normalized concentration of a solute in a given river water sam-
ple should equal the sum of the normalized concentration of this solute in all end-members
weighed by their fractional contribution (Négrel et al., 1993; Gaillardet et al., 1999; Moon
et al., 2014; Burke et al., 2018; Kemeny & Torres, 2021). We specifically let

(), -2 (=), <2>

where X is the concentration of solute i (= Na®, Mg?t, Ca?*, K+, CI~, or SO37), ©F
is the sum of major cation plus sulfate concentration such that

o = [Ca®*] + [Mg®] + [Na*] + [K*] + [SOT ], (3)

f; is the fractional contribution of end member j to the total concentration in measured
river sample “riv”’; and n is the number of end members. We opted to include sulfate
in the normalization (Eq. 3) to better parameterize the dissolution of sulfide minerals.

Here, we included five end members as major river solute sources in the model —
the dissolution of silicate, carbonate, and sulfide minerals; precipitation; and forest canopy
throughfall. Importantly, it has been shown that canopy exchange and dry deposition
can significantly modify the composition of precipitation and account for substantial ion
mass fluxes in forested catchments (Bauters et al., 2021, 2022; Hothansl et al., 2011). We
therefore explicitly included throughfall — the chemistry of which theoretically integrates
both canopy processes and aerosol deposition — in the model to account for these pro-
cesses and more accurately partition river solutes. The composition of the throughfall
end member was obtained using a 2-year field measurement time-series from the Yoko
Forest Reserve (0°17'N, 25°18’E) in the Congo Basin (Makelele et al., 2022; Bauters et
al., 2022).

By solving Eq. 2 using a Monte Carlo inverse approach, our model allows the some-
times large uncertainties in end-member compositions to be treated probabilistically and
accounts for potential end-member heterogeneity between different tributaries. For ex-
ample, the silicate end member at our study sites is not directly constrained, as it is dif-
ficult to access and sample fresh, unweathered bedrock in such extensively weathered wa-
tersheds overlain by thick regolith. Furthermore, even in the scenario where bulk rock
chemistry is available, differences in primary mineral dissolution rates, grain-scale het-
erogeneity, or uptake by secondary phases may result in nonstoichiometric solute release
(Bickle et al., 2015; Ruiz-Agudo et al., 2012; Misra & Froelich, 2012). Similar logic ap-
plies to other end members (see Supporting Information Text S3 for a detailed descrip-
tion of all end-member composition parameterizations and model implementation).

3 Results and discussion
3.1 DOC control on the presence of non-carbonate alkalinity

TA exceeds CAlk in 49 out of 80 water samples. Given that conjugate bases of other
inorganic weak acids are usually present in negligible amounts in natural freshwater sys-
tems, nCAlk should be comprised predominantly of OrgAlk (Eq. 1). We therefore as-
sume OrgAlk ~ nCAlk in the following discussions. We found the presence of up to ~200
uEq L~! OrgAlk (one outlier removed; Figure 2A); specifically, OrgAlk dominates over
CAlk at low pH (<6) and at low cation load (<200 uEq L~1; Figure 2B). Nevertheless,
OrgAlk does not correlate with DOC concentration (Spearman’s p = 0.15, p = 0.29; Fig-
ure 2A), likely pointing to a diversity of site density (i.e., the number of acidic functional
groups per unit of C) and charge density (i.e., the number of dissociated acidic functional
groups per unit of C) of DOC in the Kasai Basin.

The charge density of DOC can be estimated by dividing OrgAlk by DOC concen-
tration. The average of calculated DOC charge density for all rivers that have non-zero
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OrgAlk is 11.1 pEq (mg C)~! (median = 9.5 uEq (mg C)~!; inter-quartile range = 3.7—
16.6 uEq (mg C)~1; Figure 2C). As natural DOC is composed of complex organic acid
mixtures with different dissociation constants (pKa values; Perdue et al., 1984), charge
density is a function of pH and approaches site density (i.e., 100% deprotonation) at the
high end of natural surface water pH (Hruska et al., 2003). The molecular composition

of DOC in our samples is unavailable. Instead, we estimate site density following a tripro-
tic model of organic acid dissociation presented in Hruska et al. (2003) with three ap-
parent pKa values (pKy1 = 3.04, pK,2 = 4.51, pK,3 = 6.46), assuming the same rela-
tionship between pH and degree of dissociation. Using this model, we calculate an av-
erage DOC site density of 15.4 uEq (mg C)~! (median = 15.2 yEq (mg C)~?; inter-quartile
range = 5.5-22.8 uEq (mg C)~!; Figure 2D). Our average DOC site density estimate for
the Kasai Basin is higher than previously reported values in temperate rivers, which range
between 4.6 and 10.2 peq (mg C)~! (Oliver et al., 1983; Driscoll et al., 1994; Kohler et
al., 1999; Hruska et al., 2003; Morel & Hering, 1983), but is similar to exchange acidi-

ties of 10.5 and 12.3 peq (mg C)~! for hydrophobic and hydrophilic acids estimated from
forest floor leachates (Vance & David, 1991). This result is consistent with the high nor-
malized chromophoric dissolved organic matter absorbance observed in the Congo River,
which has been attributed to elevated organic acid concentrations (Spencer et al., 2009,
2012).

Estimated OrgAlk and site density of DOC can vary substantially between wet and
dry seasons in some rivers in the Kasal Basin (Figure 2D and Figure S1A). Wet-season
OrgAlk is higher than that in dry seasons for most rivers (Figure S1A), indicating a strong
hydrological control on the production, mobilization, and export of organic acids, con-
forming to previous observations at the event scale (David et al., 1992). However, sea-
sonal changes in DOC site density are less systematic and do not correlate with the per-
centage of forest cover in the catchment (Figure 2D), pointing to the high compositional
diversity of DOC in tropical rivers (Lambert et al., 2016; Spencer et al., 2016).

On the basin scale, we find that pH — rather than DOC concentration — is a bet-
ter predictor of the fraction of OrgAlk (Figure 2B, Figure S1B), highlighting the cou-
pling between inorganic and organic carbon cycling. At any given DOC concentration,
higher pH promotes more complete organic acid dissociation, therefore generating more
OrgAlk, with the variability in the intrinsic properties of DOC (i.e., site density) exert-
ing a secondary control. Meanwhile, higher cationic load and higher CAlk at higher pH
result in OrgAlk accounting for a smaller fraction of TA. However, despite exhibiting pro-
portionally less OrgAlk, circumneutral rivers can have similar OrgAlk and CAlk concen-
trations (Figure 2B), with OrgAlk comparable to that in the acidic, DOC rich, forested
rivers (Figure 2A). Such rivers — which sometimes exclusively drain rainforests — often
feature low pH, high DOC, low suspended sediment content, and are usually referred to
as “blackwater” or “black” rivers due to their dark color (Dupré et al., 1996; Berner &
Berner, 2012). Still, as there is no quantitative or formal definition for “blackwater” rivers,
we refrained from categorizing the rivers sampled here. Rather, samples form a contin-
uum in environmental parameter space (Figure S2), where pH, DOC concentration, and
suspended sediment load all co-vary. The presence of this continuum in Kasal Basin rivers
again highlights that a substantial contribution of organic acids to the TA budget is not
limited to “blackwater” rivers on which most previous work has focused.

3.2 Throughfall as an important river solute source

Estimated fractional contributions of each end member (f;) to each river sample
(3%; Eq. 3) are shown in Figure S2-S3. Briefly, model results show that f; values for
each end member vary substantially between rivers (Figure S3A): while solute input from
pyrite weathering and precipitation are minor in most samples (median foyrite = 0.03;
median fprecipitation = 0.06), silicate and carbonate weathering can each supply anywhere
between 0 to almost 80% of river solutes (Figure S2A-B). Furthermore, throughfall — an
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Figure 2. Estimated Alkalinity. Cross plots of (A) organic alkalinity (OrgAlk) concen-
tration vs. DOC concentration (outliers are defined as data points more than three standard
deviations from the mean), (B) OrgAlk fraction vs. total cation load, (C) calculated DOC charge
density vs. pH, and (D) estimated wet- vs. dry-season DOC site density. Markers are color coded
by pH and percentage of forest cover in panels A-B and C-D, respectively. Error bars represent

error estimation propagated from analytical uncertainty (£20) of solute measurements.



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

forest cover (%)

Cropland cover (%)

forest cover (%)

0 20 40 60 80 100 90 60 30 0 0 20 40 60 80 100
T — o —
A B [}
Qo
500 ' 0.6 5
' Tl s o0 ‘ | ® £
= | @ ¢
3 s¢e ©9° o 5
< ‘ £ &7 o L4 3
s — - = 504 £
& s \ | e
. - K] o _g
¢ T £ | . @ =
| 5 [ )  J 5
9 —@-° eo.zt l 2
B od | £ L O 0" 3
100 - AR i ’
p=0.7341 ( I p=0.6272 8
p=21E-7 { 4 p=23E5 w
OI
10 100 1000 0 20 40 60 80 100 02 04 06 08

silicate weathering derived cations (uM) Forest cover (%)

Figure 3. Partitioning of river solutes. Cross plots of: (A) seasonal averages of measured
dissolved Si concentration vs. model estimated silicate weathering derived cation concentration,
color coded by percentage of catchment forest cover; (B) seasonal averages of model estimated
throughfall contribution (finroughfail) vs. percentage of catchment forest cover, color coded by
percentage of catchment cropland cover (Zhao et al., 2026); and (C) model estimated silicate
weathering contribution without throughfall as an end member vs. with throughfall as an end
member, color coded by percentage of catchment forest cover. Error bars represent one standard
deviation (£10) in panels A-B and the inter-quartile range of all successful simulations of a given

sample (river) in panel C.

end member rarely considered in river chemistry budgets — can contribute up to 60% of
river solutes (Figure 3A, S2E). The fractional contributions of different end members also
vary by season (Figure S4A-E); however, such seasonal variability is largely site-dependent,
as no systematic trend was observed across all rivers (Figure S4F). This is somewhat ex-
pected — the substantial variations in the size and other geomorphic attributes between

f silicate With throughfall end member

the catchments can lead to considerable variations in their hydrological functioning (Kirchner

et al., 2023; Beven et al., 1988).

Our model results are independently validated by measured riverine dissolved Si
concentrations (Figure 3A). In the Kasal Basin, Si cycling is partially decoupled from
cation cycling as most river suspended sediments are composed of only quartz (SiOs)
and kaolinite (AlSi;O5(OH)4; Figure S5), both of which do not contain cations in their
crystal structure. We therefore did not include dissolved Si concentration as an additional
solute constraint — nor secondary clay formation as an additional end member — in the
end-member mixing model. Still, as all dissolved Si in the river is ultimately sourced from
the dissolution of primary or secondary silicate minerals, riverine Si concentration should
correlate with silicate weathering sourced cation concentrations, calculated as the ob-
served cation concentration times the fractional contribution of silicate weathering es-
timated by the model (fsiicate). Indeed, we observed a positive correlation between Si
concentration and independently estimated silicate weathering sourced cation concen-
trations (Spearman’s p = 0.73, p = 2.1 x 10~7, Figure 3A), which lends confidence to
our model results. Several other processes, including uptake by higher plants and the
dissolution of biogenic silica (i.e., phytoliths; Alexandre et al., 1997), can modulate Si
cycling on the catchment scale, which may partially explain the spread in the data.

Positive correlations were observed between finroughfall, the estimated fractional con-
tribution from throughfall, and (1) the percentage of forest cover in the catchment (Figure

3B; Spearman’s p = 0.63, p = 2.3 x 107°; Zhao et al., 2026) and (2) the catchment-averaged
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aboveground biomass (Figure S6; Spearman’s p = 0.63, p = 1.1 x 10~%; Santoro & Car-
tus, 2025), highlighting the important role of canopy exchange processes. Interestingly,
fenhroughfall @ppears to be more variable in catchments with limited forest cover, possi-
bly reflecting dry deposition. In addition to canopy leaching and uptake, aerosol emis-
sions from prevalent slash-and-burn agricultural practices (Peltier et al., 2014; Tanzito
et al., 2020) and high incidence of grassland and savanna fires (Van der Werf et al., 2010)
can substantially alter the chemical composition of rainwater. In contrast, no significant
correlation was observed between finrougnfail and the extent of either cropland or grass-
land cover in the catchment, likely due to temporal and spatial stochasticity of natural
fires and the evolving nature of croplands in the Kasai Basin (Zhao et al., 2026). While
the quantification of relative solute/mass fluxes from canopy processes vs. dry deposi-
tion requires site-specific assumptions (e.g., aerosol composition; Hofhansl et al., 2011)
and is beyond the scope of this study, our results nevertheless show that up to ~60% of
river solutes can be sourced from throughfall (which integrates canopy processes and dry
deposition), particularly in watersheds with extensive forest cover.

Importantly, fsicate may be overestimated if throughfall is not considered in the
mass balance. As an experiment, we performed a separate mass balance model without
throughfall as an end member. Results show that the estimated silicate weathering con-
tribution is significantly higher for the more forested rivers when throughfall is excluded
(Figure 3C). In contrast, the estimated fractional contribution of carbonate weathering
remains relatively unchanged (Figure STA), whereas pyrite weathering and precipitation
inputs are marginally overestimated (Figure S7B-C). As the apportionment of river so-
lutes to end-member processes is central in assessing the impact of chemical weather-
ing on the carbon cycle and the climate (e.g., Gaillardet et al., 1999; Bufe et al., 2024),
our results suggest that the throughfall input can be an important solute source in trop-
ical rivers that has been previously overlooked. Although the cations in throughfall are
ultimately sourced from rock weathering, the aboveground biomass, on the timescale over
which it can be considered to be at steady state, is effectively a separate solute source,
as the loss of cations to rivers from plant litter does not require “new” silicate weath-
ering to occur (Chadwick et al., 1999; Hedin et al., 2003).

3.3 Silicate weathering within a supply-limited basin and implications
for ERW applications

Finally, we evaluate the sensitivity of chemical weathering to erosion in the Kasai
Basin. Cation flux from silicate weathering (in t km~2 yr—!; identical to “silicate cation
denudation rate” defined in West et al., 2005) was calculated using measured discharge,
river solute concentrations, and model-inferred fijjicate- Erosion rate (in mm yr—1!) was
calculated as the sediment flux (i.e., measured surface suspended sediment concentra-
tion multiplied by discharge) normalized to drainage area. For watersheds where data
are available for both dry and wet seasons, arithmetic means were taken to represent an-
nual averages, as continuous hydrographs over a given year do not exist for these rivers.
The estimated cation fluxes of the Congo River and the Kasal River at Kwamouth are
1.75 and 1.21 t km~2 yr~!, respectively, whereas their estimated erosion rates are 0.0034
and 0.0062 mm yr—!. For both the Congo and Kasai rivers, our estimates are consistent
with previously reported mechanical erosion rates (0.0029 and 0.0041 mm yr—!, respec-
tively) and silicate weathering-derived total dissolved solid fluxes after correcting for SiOy
(1.06 and 1.16 t km~2 yr—!, respectively; Figure 4A; Gaillardet et al., 1995). Such con-
sistency implies that basin-scale sediment yield and chemical weathering flux remained
relatively unchanged in the Congo and Kasai rivers over the past 30 years despite con-
siderable anthropogenic perturbation. Nevertheless, we did not explicitly provide any
error bounds on our weathering flux and erosion rate estimates as the uncertainties are
intrinsically large given the lack of continuous hydrological data.
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Figure 4. Sensitivity of silicate weathering to erosion. Cross plot of cation flux derived
from silicate weathering vs. estimated erosion rate, color coded by percentage of catchment forest
cover. Erosive catchments in (Bufe et al., 2024) are denoted in grey circles. The yellow and blue
triangles are flux estimates for the Congo River reported in Gaillardet et al. (1995) and in this

work, respectively.

Within the Kasal Basin, four-orders-of-magnitude variability in cation flux from
silicate weathering and erosion rates is observed (Figure 4). The more acidic, DOC-rich,
forested rivers exhibit some of the lowest cation fluxes from silicate weathering and ero-
sion rates of any river measured to date. Across our entire dataset, cation flux from sil-
icate weathering increases with erosion rate, consistent with previous postulations that
COy drawdown from chemical weathering is sensitive to erosion at low erosion rates (i.e.,
<0.07 mm yr—!, Bufe et al., 2024) and that chemical weathering in the Congo Basin is
supply limited (West et al., 2005).

Our comprehensive survey of rivers in the Kasai Basin carries several implications
for ERW applications in tropical Africa. First, given the observed supply limitation and
low erosion rates (Figure 4), cation flux is expected to increase with the amendment of
rock powder, as long as the hydrologic properties of the soils are not significantly altered.
However, it is likely that the increase in cation release does not stoichiometrically cor-
respond to contemporaneous atmospheric CO5 consumption due to high organic acid-
ity (Figure 2). As the neutralization of organic acids by silicate minerals does not directly
involve inorganic carbon species, increase in TA is largely driven by increase in OrgAlk
rather than CAlk. Although the carbon in OrgAlk is ultimately sourced from atmospheric
COg, the stability of DOC species that constitute OrgAlk during downstream transport
remains largely unknown. More intricately, in the end-member scenario where all min-
eral dissolution is driven by organic acids instead of carbonic acid, elevated pH will still
favor the partitioning of DIC as bicarbonate and carbonate ions, and may counteract
CO; degassing from organic matter degradation. Therefore, determining whether Or-
gAlk generated by ERW applications counts as sequestered carbon for monitoring, re-
porting, and verification (MRV) can be elusive. Furthermore, due to the intermittent na-
ture of small-holder agriculture prevalent in central Africa (Zhao et al., 2026), river catchment-
scale monitoring may be more practical than plot scale monitoring beyond the trial phase.
As illustrated earlier, however, canopy processes and dry deposition are additional so-
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lute sources, calling for site-specific MRV procedures that constrains carbon mass bal-
ance and account for baseline behaviors on the watershed scale.
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1 Sample collection and field observations

1.1 Sample collection

River water samples were collected either with a Van Dorn sampler or 1 L high density polyethylene (HDPE)
bottles (only in the dry season of 2024). Samples were filtered with Teflon-coated pressure filtration towers
and Nalgene vacuum filtration units with 0.2 pm nylon or polyethersulfone (PES) or nitrocellulose mixed
ester (MCE) membrane filters into different aliquots for different chemical and isotopic analyses of the
dissolved load. Full details on the processing and storage of the different sample aliquots can be found in
Supplementary Table 2] Weighed river water was filtered with a Nalgene vacuum filtration unit through
combusted (450 °C, 5 hours), pre-weighed 0.7 um glass fiber filters (Whatman GF/F). Approximately 1 L.
of river water was passed through each filter and three filters were collected for each sample.

For dissolved inorganic carbon (DIC) concentration and stable carbon isotope (6'3C) measurements,
6 mL of water was collected directly from the Van Dorn sampler into a syringe with no headspace and
immediately filtered through a syringe filter (0.22 pm PTFE/L, Avantor, USA). The filtrate was injected into
12 mL exetainers (Labco, UK), which had been poisoned with 50 uLL 50% ZnCl,, acidified with 50 pL
H3POy, and flushed with Ny. Triplicate exetainer vials were collected for each sample.

Water temperature, pH, dissolved oxygen (DO), fluorescent dissolved organic matter (fDOM), and
turbidity were measured with a multiprobe (EXO2 YSI, Xylem, USA) and can be found in the dataset
published along this manuscript on Zenodo.

1.2 Discharge and suspended sediment concentration

Discharge was measured using a SonTek RiverSurveyor Rs5 or M9 Acoustic Doppler Current Profiler (ADCP)
mounted to a motorized wooden canoe. Reported discharge values represent the average of four transects,
the coefficient of variation of which never exceeded 1.3%.

Total suspended sediment (T'SS) concentration was calculated with the weight of sediments collected
onto the GFF filters and the volume of filtered river water. Sediment flux and erosion rate (sediment flux
normalized to catchment area assuming an upper continental crust density of 2.8 g cm~3) were then calculated
with measured discharge and TSS concentration.

2 Chemical and isotopic analyses

2.1 Major cation, anion, dissolved Si and dissolved organic carbon (DOC)

The concentrations of major cations (Nat, Mg?*, K, Ca?*) were measured with an Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS, Thermo Scientific Element 2). To avoid matrix effects from high DOC
content, 10 mL of water samples were dried in teflon vials and subsequently fluxed with concentrated trace
metal grade nitric acid and hydrogen peroxide for two or three cycles. Samples were then re-dissolved in
nitric acid. Indium was added as an internal standard prior to analyses. Measurements of two reference
materials (SLRS, Canadian Research Council and SGR-1, United States Geological Survey) matched certified
and previously reported values within analytical uncertainties (Gladney & Roelandts) [1988). Precision
is estimated to be better than 10% for Na™, Mg2+, K*, and 11% for Ca%t (£20) based on duplicate
measurements of a subset of 10 samples within and between analytical sessions.

Dissolved Si (as silicic acid, Si(OH)4) concentrations were measured colorimetrically using a UV-Vis
spectrophotometer (Unicam; Mullin & Riley, (1955). Measurements of two reference materials (SLRS-6
and PERADE-07, Canadian Research Council) matched previously certified and previously reported values



(Yeghicheyan et al.|[2019). Precision is estimated to be less than 4% (4-20) based on dupliate measurements
of eight samples.

Major anion (Cl—, SOi_, NOj) concentrations were measured by ion chromatography (Thermo Scientific
Dionex Aquion with an AG9-HC guard column and an AS9-HC analytical column). Precision was estimated
to be better than 5% for C1~ and 10% for SOi_ (£20) from triplicate measurements of two samples.
Measurements of a reference material (BIGMOOSE-14, Canadian Research Council) agree with certified
values within analytical uncertainties.

DOC concentrations were determined via high-temperature catalytic oxidation using a total organic
carbon analyzer (Shimadzu TOC-L) fitted with a TNM-1 module following methods described in (Drake et
al 2018).

2.2 Alkalinity

Total alkalinity (TA) was measured by Gran titration (Gran,|1952) using a manual digital titrator (Hach) with
0.16 N sulfuric acid (H2SOy4) on an aliquot of ~100 mL filtrate water (0.2 pm PES or nylon filters), usually
within one week of sample collection. Two calcium carbonate standards (0.1 mEq L=! and 1 mEq L~!) (n
= 5 each) were measured as 0.095 + 0.011 mEq L~! amd 0.948 + 0.075 mEq L, respectively (20). The
higher relative standard deviation (11.8%) was assigned as the uncertainties of the alkalinity measurements
by titration. TA was also independently calculated with charge balance as

TA = E conservative cations — E conservative anions

(1)
= [Na®]+ [K¥]+2 x [Mg**] + 2 x [Ca®"] — [CI"] — 2 x [SO; "] — [NO3 ],

where square brackets indicate molar concentrations.

Alkalinity measured by Gran titration and calculated by charge balance match well except for samples
with low pH and high DOC as well as samples collected in the dry season of 2024 (Figure SB). Discrepancies
between alkalinity estimated by the two methods for the low pH samples enriched in DOC likely stem from
the well-documented increasing inaccuracy of the Gran titration method at lower pH (Neal, 2001; 'Wang et
al.,2013). For samples collected in the dry season of 2024, the disagreement instead likely results from filter
size inconsistencies: an operational error led to alkalinity being measured with aliquots of 0.7 pm filtrate
water, whereas the dissolved major cations and anions of all samples were measured with aliquots of 0.2 pm
filtrate water. We therefore opted to use alkalinity estimated by charge balance in all subsequent calculations
to ensure internal consistency.

Carbonate alkalinity ([HCO;] + 2><[CO§_]) was calculated from CO2SYS (Lewis & Wallace, |1998;;
Van Heuven, Pierrot, Rae, Lewis, & Wallace, 2011; [Sharp et al., [2020) using the freshwater option with
measured water temperature, pH, and DIC concentration of each sample. The water temperature measurement
of sample R24 in the dry season was missing from our field notes; for the carbonate speciation calculations
of this sample, we assumed it to be the same as the water temperature of sample R23 collected nearby (i.e.,
< 2 km between sample sits) and on the same day.

2.3 Stable oxygen and deuterium isotopic composition of water

Stable oxygen and deuterium isotopic compositions (520 and 6?H) of water were measured using a high-
temperature conversion periphery (Finnigan TC/EA) coupled to a Finnigan DELTAplus XP isotope ratio
mass spectrometer (IRMS) via a Finnigan ConFlo Il interface following previously published method
(Gehre, Geilmann, Richter, Werner, & Brand, 2004)). Briefly, 0.5 puL. water is injected into the TC/EA via
a CTC PAL autosampler equipped with a 10 uL gas-tight syringe (pre-washed 3 x) where it is converted
to Hy and CO gases and chromatographically separated; 62H and 6'80 were thus measured using a single



injection via “peak jumping”, and samples were analyzed in triplicate. In-house standards were analyzed
in each sequence identically to unknown samples and are calibrated to Vienna Standard Mean Ocean Water
(VSMOW) and Standard Light Antarctic Precipitation (SLAP) values of 0 %o and -428 %o for & 2H and 0 %o
and -55.5 %o for 620, respectively (Coplen, [1988), using international water reference materials provided
by the International Atomic Energy Agency (IAEA, Austria). Post-analysis offline calculation and offset,
memory, and drift correction were achieved following the “identical treatment principle” of (Werner &
Brand, 2001). Long-term precision of in-house standards is +0.6 %o for §H and 4-0.2 %o for §'80 across
all sequences (£10).

3 Inverse mass balance modeling of river solutes

The software MEANDIR (Kemeny & Torres},[2021)) was used for the mass balance modeling of river solutes in
this work. As the code packages are freely accessible (see the “Code Availability and Data Sources” section
in|[Kemeny & Torres| 2021)), details below mainly focus on parameter choice and model implementation.

End-member compositions used in the model can be found in Supplementary Table 2. Uniform dis-
tributions between assigned minimum and maximum values were used as prior distributions for all end
members. Solutes were normalized to the sum of major cation (Na™, KT, Ca2t, Mg2+) concentrations, as
well as sulfate (SOZ‘) concentration, as we explicitly track pyrite weathering contributions. We performed a
sufficient number of simulations to generate 200 successful results for each river sample, where a successful
result is a model simulation that matched all solute observations within 15%. In a set of preliminary tests,
we generated 1000 model results for a subset of samples and verified that 200 results were sufficient for
characterizing the posterior distributions.

While the end-member compositions of precipitation, silicate, carbonate, and pyrite weathering are
readily available from the literature (Berner & Berner, [2012} |Gaillardet, Dupré, Louvat, & Allegrel [1999;
Burke et al.l2018; [Kemeny & Torres, [2021)), the composition of throughfall is less constrained and exhibits
more spatial variability (Bauters et al., [2021; |De Schrijver et all 2007). The throughfall end-member
composition used in this work was obtained from a time-series of 2-year field measurements in the Yoko
Forest Reserve (0°17°N, 25°18’E) in the Congo Basin (Makelele et al.| [2022; [Bauters et al., 2022)), where
the 10™ — 90'™ percentile of the elemental ratios were assigned as the minimum and maximum values of the
prior distribution. We acknowledge that the throughfall data were collected from outside of the Kasai Basin,
but we consider these compositions to be representative since the central Congo Basin — which contains the
Yoko Forest Reserve — shares broadly similar climatic, hydrologic, and geologic conditions with the Kasai
Basin.
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Supplementary Figure 1: (A) Comparison between wet and dry season organic alkalinity (OrgAlk), color
coded by percentage of forest cover. (B) The fraction of OrgAlk as a function of total cation load, color
coded by DOC concentration.
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Supplementary Figure 3: Estimated fractional contribution of (A) silicate weathering, (B) carbonate weath-
ering, (C) pyrite weathering, (D) precipitation, and (E) throughfall end members to river solutes (major

cations + sulfate) from mass balance modeling of all river samples.
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Supplementary Figure 4: Results of mass-balance modeling of river solutes. Estimated end-member
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of all successful simulations for each sample (n = 200).
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Supplementary Table 1: End member compositions used in the solute mass balance model.

Silicate Carbonate Pyrite Precipitation Throughfall

Nat/S>F  min  0.209 0 0 0.6 0.069
Nat/S>F  max 0677 0 0 0.9 0.33
Kt/ min  0.02 0 0 0.01 0.23
Kt/SF  max 06 0 0 0.2 0.611
Ca2t/SF  min  0.039 0.325 0 0.01 0.123
Ca2t/>F max 0591 1 0 0.06 0.299
MgZt/>°F  min 0 0 0 0.07 0.055
Mg2t/5°F max  0.466 0.675 0 0.2 0.12
CI-/>*  min 0 0 0 0.8 0.079
CI /Y% max 0 0 0 1.1 0.254
SO27 /S  min 0 0 1 0.015 0.050
SO /3%F max 0 0 1 0.15 0.150
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