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Destabilization of carbon in tropical peatlands by
enhanced weathering
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Enhanced weathering is a carbon dioxide (CO,) removal strategy that accelerates the CO,
uptake and removal from the atmosphere by weathering via the dispersion of rock powder.
Warm and humid conditions enhance weathering and among the suggested target areas for
enhanced weathering are tropical peatlands. However, the effect of enhanced weathering on
peatland carbon stocks is poorly understood. Here, we present estimates for the response of
CO, emissions from tropical peat soils, rivers and coastal waters to changing soil acidity
induced by enhanced weathering application. We estimate that the potential carbon uptake
associated with enhanced weathering is reduced by 18-60% by land-based re-emission of
CO, and is potentially offset completely by emissions from coastal waters. Our findings
suggest that in contrast to the desired impact, enhanced weathering may destabilize the
natural carbon cycle in tropical peatlands that act as important carbon sinks and protect
against coastal erosion.
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temperature rise to well below 2 °C with a target rise of less

than 1.5°C compared to pre-industrial times!. The Glas-
gow Climate Pact signaled progress in climate politics. Even with
new pledges from several nations, the commitments are likely not
enough to reach the 1.5 °C target of the Paris Agreement (ref. 2).
While reducing anthropogenic carbon dioxide (CO,) emissions is
a crucial strategy to mitigate global warming, it has become clear
that atmospheric CO, removal techniques have to be deployed to
meet this target>3. One promising CO, removal technique is
enhanced weathering (EW, ref. #). It accelerates the natural
process of CO, uptake by weathering via the dispersion of rock
powder over the land surface®. During weathering of the rock
powder, atmospheric CO, is converted into carbonate that reacts
with water to bicarbonate (HCO5). It precipitates in soils and/or
is washed out and transferred via rivers into the ocean®. In the
ocean, this HCOJ supply counteracts acidification and potentially
favors the CO, uptake from the atmosphere®~7.

The tropics are key regions for EW. Model studies estimate a
potential CO, uptake of 20-200 MgC km—2 year~! with regional
maxima of more than 1000 MgC km~2 year—! (ref. ©89). Such high
uptake is caused by warm and humid tropical climates accelerating
the geochemical® and biologically enhanced!? weathering. Preferred
target areas for EW projects include tropical peatlands®® of which
50% are located in Southeast Asia, mainly in the coastal flatlands of
Sumatra and Borneo!!. In their natural state, peatlands represent a
carbon sink!213, stabilize the coast against erosion and flooding due
to the formation of peat domes!®!> and act as one of the last
retreats for endangered wild lifel®. Since peat soils are acidic and
agriculturally problematic, they have long been spared from culti-
vation. However, this has changed due to the ever-growing demand
for palm oil and other agricultural products!”!3. Today, more than
90% of the peatlands on Sumatra and Borneo are disturbed!®, with
the consequence that the former CO, sinks have turned into CO,
sources of global relevance?0. Thus, peat soil conservation and
restoration are considered as main measures to reduce CO, emis-
sions and fulfill e.g., Indonesian climate pledges?!. Combating cli-
mate change on the one side and increasing agricultural production
on the other side represents a sustainability conflict that needs to be
contextualized with EW as a CO, removal technique applied
especially on actively worked croplands®.

This study aims to estimate the response of CO, emissions
from tropical peat soils, rivers, and coastal waters to EW appli-
cation. For this, we investigate the impact of the EW-induced pH
increase, caused by the enhanced HCO; supply, on soil carbon
mobilization in, and CO, emissions from tropical peatlands. We
use known links between peat soil pH and soil carbon mobili-
zation, develop a box model comprising river carbon dynamics,
and apply coastal water mixing calculations to trace the fate of
peat carbon and atmospheric CO, that is converted into HCO3
by weathering along the land-ocean continuum. Data obtained
during measurement campaigns at Southeast Asian rivers!422.23
and the coastal ocean of Sumatra®* were used to create and
validate the carbon dynamics for the constructed river box model
and to constrain realistic boundaries for the calculation of coastal
water mixing. Based on these field data, we estimate the response
of CO, emissions to EW application for a case study of Sumatra.

We find that the EW-induced pH increase potentially desta-
bilizes tropical peat carbon reservoirs and enhances CO, emis-
sions from soils, rivers, and coastal waters alike. This substantially
reduces the CO, removal potential of EW in tropical peat regions.

T he Paris climate agreement aims to limit the global average

Results and discussion
Increased soil CO, emissions and carbon leaching. Peat soil
decomposition and the associated mobilization of peat carbon

depend on the activity of the enzyme phenol oxidase?, which is
in turn strongly controlled by pH and oxygen (O,, ref. 26). Hence,
a rise in pH levels would favor the decomposition of peat in soils
and leached peat in peat-draining rivers?>%’. Current estimates of
the CO, uptake by EW do not include these processes®® but peat
soils are particularly vulnerable to pH as naturally occurring
acidic conditions are one of the main preconditions for high
carbon accumulation rates in peat soils and the resulting for-
mation of peatZS,

We estimate the response of soil CO, emissions and dissolved
organic carbon (DOC) leaching from soils to changes in pH
caused by the realization of EW measures. According to current
studies, a comparatively moderate basalt rock application of
1kgm~2 year—! over tropical regions increases the soil pH by
0.2-1.3 while causing a CO, uptake of 25-50gCm~2 year !
(refs. 89). This pH increase in combination with known responses
of peat carbon mobilization to changing pH values (ref. 28) can be
used to estimate CO, emissions and DOC leaching from peat soils.
However, the EW estimates do not distinguish between peatlands
and non-peatlands. Therefore, we discuss two cases: in case 1, we
apply all estimates to tropical peat soils, assuming that the
published EW uptake is representative for those soils. In case 2, we
apply the published EW uptake to Sumatra, which is characterized
by a peat coverage of ~15.6% (ref. 19). In this case, the carbon
mobilization is applied to Sumatra’s peat soils only, assuming that
the response of mineral soils is negligible in comparison.

For case 1, the EW-induced pH increase of 0.2-1.3 increases the
carbon mobilization by 12-81 gCm~2 year—! in form of CO,
emissions and by 13-109 gCm~2 year—! in form of DOC leaching
(Fig. 1a). For the lower bound of the EW estimate (pH increase of
0.2) this carbon mobilization (=25gCm~2 year—!) already
compensates the CO, uptake by EW. For the upper bound (pH
increase of 1.3) the carbon mobilization (=190 gC m 2 year—1) is
considerably higher than the estimated CO, uptake by EW
(Fig. 1a). This indicates that the application of EW on tropical peat
soils could create a net CO, source to the atmosphere.

For case 2, we focus on the impact of carbon mobilization
within Sumatra’s peat soils on net CO, capture on Sumatra.
While this approach might underestimate the carbon mobiliza-
tion due to omitting of the response within mineral soils, the
resulting mobilization of 2-13gCm~2 year~! in form of CO,
emissions and 2-17 gCm™2 year~! in form of DOC leaching
implies that a large fraction of the CO, captured by EW
(25-50 gCm~2 year~!) is counteracted by carbon mobilization
within peat areas (Fig. 1b).

The derived increase in CO, emissions is so far solely based on
the pH-dependent impact of the phenol oxidase activity on peat
decomposition?8, Tt ignores the possibility of direct CO, re-
emission due to the transformation of HCO; to CO, under the
acidic conditions in peat soils, as observed for liming experiments
on plantations?’. These experiments were conducted in a Finnish
peat region and show similar carbonate application rates and pH
changes to the EW estimates considered in our study. Those
experiments revealed direct re-emission of 15% of the applied
lime carbon. For the EW scenarios considered in this study, that
would represent a re-emission of 3.8-7.5gCm~2 year~! from
tropical peat soils. Based on this, 24-31% of the total increase in
soil CO, emissions are caused by direct re-emission of the
captured CO,, while the remaining fraction is produced by
enhanced soil decomposition.

Even though further studies will be needed to investigate this
process in tropical peat, the same process will occur in peat-
draining rivers. Hence, in contrast to assumptions that all EW
captured CO, is transported to the ocean in the form of HCO;
(refs. 89), the acidic conditions in peat-draining rivers could cause
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Fig. 1 Soil emission response to enhanced weathering. Carbon mobilization for basalt application of 1kg m~2 year—! on a peat soils (case 1) and b all of
Sumatra's soils (case 2). Regions for the EW-induced soil pH increase and CO, uptake are estimated based on EW studies for tropical soils8°. The pH
dependences of CO, and DOC mobilization are based on data from a study on peat soils2.
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Fig. 2 Impact of enhanced weathering on river properties. Impact of enhanced DIC leaching on a CO, concentrations, b O, concentrations, ¢ water pH,
and d DOC concentrations in Southeast Asian rivers versus the original water pH. Colors indicate the response of parameters to enhancement in DIC

leaching as e.g. caused by EW.

this HCO; to transform into CO, and be re-emitted into the
atmosphere. At the same time, the enhanced HCO;3 supply could
increase the river pH and thereby cause enhanced decomposition
of the mobilized DOC, which again would enhance river CO,
concentrations and emissions. To investigate the fate of leached
DOC and dissolved inorganic carbon (DIC) in form of HCO3, we
developed and used a river box model.

River CO, emissions and oceanic carbon export. The impact of
EW on river CO, emissions and the carbon export into the ocean
was estimated based on the EW-induced increase in DIC and
DOC leaching from soils using a river box model. This model
includes pH and O,-dependent decomposition processes, atmo-
spheric gas exchange, and inorganic carbon dynamics. A detailed
model description is provided in the methods. Reference runs of
the river box model without increased carbon leaching (from here
on called “natural runs”, because they represent the conditions
without EW application) were performed and validated using

measured data from Southeast Asian rivers. These natural model
runs result in average river CO, emissions from Sumatra of
3.5-10.1 TgC year—1. For comparison, river emissions based on
measured CO, concentrations and exchange coefficients result to
6.9+ 1.7 TgC year—L.

To quantify the impact of enhanced carbon leaching into the
rivers, DIC and DOC leaching rates in the box model were
increased. First, we consider only the increase in leaching of DIC
while ignoring the enhanced carbon mobilization from peat soils.
The increase in DIC (HCOJ) released during EW raises the river
pH and reduces the CO, fraction in DIC. Rivers of high peat
coverage (low pH) respond with a stronger pH increase than
rivers of low peat coverage (high pH, Fig. 2¢).

Decomposition rates in peat-draining rivers are limited by the
acidic water23. Thus, the modeled pH increase induces enhanced
in-river decomposition of DOC and therewith increases river
CO, concentrations and emissions. Rivers with a strong pH
increase (low original pH) also show a strong increase in CO,
(Fig. 2a). This enhanced decomposition also causes a reduction of
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Fig. 3 River emission response to enhanced weathering. Response of river CO, emissions to EW as derived using the river box model. The emission
increase was calculated for a increased DIC leaching and b increased DOC leaching in addition to an exemplary DIC leaching increase of 40 gCm~2 year—".
Gray shaded areas indicate the estimated region for the EW-induced leaching increase. Shaded areas around the data points represent uncertainty based
on best/worst case scenarios, as the errors of the decomposition parameters have been integrated throughout box model calculations.

DOC (Fig. 2b) and O, (Fig. 2d) in the rivers. Like the increase in
CO,, this decrease in DOC and O, concentrations is the strongest
for rivers of low original pH, as those exhibit the strongest pH
increase (Fig. 2¢). For rivers with peat coverages higher than 50 %
(pH <5.2), O, concentrations decrease into the range of lethal
anoxic conditions (Fig. 2d) and therewith limit in-river decom-
position (refs. 2330) despite increased pH.

We compared the CO, increase caused directly by the HCO;
release during EW to the indirect CO, increase due to the pH
mediated increase in DOC decomposition. We find that only
1-2% of the total increase in river DIC concentrations are directly
caused by the carbonate input due to EW. The remaining fraction
is caused by enhanced DOC decomposition.

In order to compare these river CO, emissions to the CO,
uptake by EW, they were extrapolated to the area of Sumatra.
Total river CO, emissions increase with increasing DIC leaching
to the rivers (Fig. 3a) and stagnate for high leaching, as the impact
of HCO3 on pH in the rivers becomes weaker (Fig. 2¢) and O,
depletion limits decomposition in rivers of high peat coverage
(Fig. 2b). Due to the O, limitation, the stagnation is most
prominent in rivers of high peat coverage (low original pH,
Fig. 3a). The estimated DIC leaching increase for EW yields an
increase in river CO, emission of 11-13%, whereby rivers of high
peat coverage (>30%) show the strongest response (=32%, Fig. 3a).

An additional increase in DOC leaching due to enhanced soil
carbon mobilization considerably increases CO, emissions from
rivers of low peat coverage (Fig. 3b). Its effect on rivers of high peat
coverage is much smaller due to the depletion of O, (Fig. 2b) which
hampers decomposition. Considering an exemplary increase in DIC
leaching of 40 gCm~2 year~! (which is within the range estimated
for EW of 25-50 gC m~2 year~!) and the increase in DOC leaching
estimated for EW (2-17gCm~2 year~!), CO, emissions from
Sumatra increase by 20-75% compared to the natural run (Fig. 3b).
Deviations from the assumed DIC leaching of 40 gCm~2 year~!
result only in a small change in the functional dependence of CO,
emissions on the DOC leaching increase and therefore in
comparatively small changes in CO, emissions (Supplementary
Fig. 2). Thus, the retrieved emission increase for enhanced DOC
leaching of 40 gCm~2 year~! seems to be representative of the
estimated range.

The majority of riverine carbon that is not emitted to the
atmosphere is transported to the ocean. This carbon export can be
derived from modeled river DIC and DOC concentrations and river
discharge. The natural box model run results in an oceanic carbon
export of 7.5 TgC year—! in form of DIC and 4.6 TgC year~! in
form of DOC. These exports are in the same order of magnitude as

previous estimates for Sumatra®4, Increased carbon leaching from
soils substantially increases these oceanic carbon exports. At the
increased DIC leaching rates estimated for EW, the oceanic DIC
export increases by 16-32TgC year~! while the DOC export
decreases by about 1 TgC year~!. For the combined increase in DIC
and DOC leaching, the oceanic DIC export increases by
11-33 TgC year~!, and the oceanic DOC export changes by —1
to 4 TgC year~! (Supplementary Fig, 3).

CO, emissions from estuaries and the coastal ocean. Emissions
from river estuaries (<3 km distance from shore) and coastal
oceans (3-67 km distance from shore) were calculated based on
simple mixing calculations between river water and ocean water.
Estuarine and coastal salinities were used to derive the ratio
between river and ocean water, as described in the “Methods”
section. Natural CO, emissions amount to 6.2 TgC year~! from
Sumatra’s estuaries and 5.4 TgC year—! from its coastal ocean,
which agrees with recently stated estimates?4.

CO, emissions from these regions initially decrease for
enhanced soil DIC leaching (Fig. 4a). This is caused mainly by
the accompanying increase in water pH that shifts the DIC toward
carbonates and favors carbonate dissolution in the ocean. At
higher DIC leaching, the enhanced DOC decomposition in rivers
causes an increased supply of inorganic carbon that over-
compensates the uptake by the ocean. Estuary emissions increase
above natural emissions for a DIC leaching increase of >5 gC m—2
year—! (Fig. 4a). Further from the shore, in the coastal ocean,
emissions are below natural for increased DIC leaching of up to
30 gCm~2 year~! (Fig. 4a). Total emissions from these regions
exceed natural emissions for a leaching increase of 212 gCm—2
year~! (Fig. 4a). For the DIC leaching increase estimated for EW,
emissions increase by 20-70%, which corresponds to a total
increase of 2.4-8.2 TgC year~! of which —0.3-1.4 TgC year—! are
emitted from the estuaries and 2.7-6.8 TgC year—! are emitted
from the coastal ocean.

An increase in DOC leaching in addition to the increased DIC
leaching strongly increases coastal emissions (Fig. 4b). Consider-
ing an exemplary enhancement in DIC leaching of 40 gC m—2
year~! in addition to the estimated increase in DOC leaching,
total coastal CO, emissions increase by 70-380% compared to
natural emissions (Fig. 4b). Variation of DIC leaching mainly
affects coastal ocean emissions, while it shows little effect on
estuary emissions (Supplementary Fig. 4). Considering the
estimated EW induced increase in DIC and DOC leaching, the
total coastal emissions increase by 8-44 TgC year—!, of which
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Fig. 4 Coastal emission response to enhanced weathering. Increase in coastal CO, emissions caused by a increased DIC leaching and b increased DOC
leaching in addition to an exemplary DIC leaching increase of 40 gC m—2 year—!. Gray shaded areas indicate the estimated region for the EW-induced
increase in leaching. Shaded areas around the data points represent uncertainty based on best/worst case scenarios, as the errors of the decomposition
parameters have been integrated throughout the box model and coastal mixing calculations.

2-25 TgC year~! are emitted from the estuaries and 6-19 TgC
year—! are emitted from the coastal ocean.

Impact on the enhanced weathering CO, uptake for Sumatra.
In order to quantify the response of tropical peat regions to EW,
we compile the estimated CO, emissions from peat soils, peat-
draining rivers, and coastal waters for a case study of Sumatra.
For the sake of comparability, all estimates are presented in TgC
year— L. The estimated CO, uptake by EW in tropical regions of
25-50 gCm™—2 year—! (refs. $°) yields a total uptake of 11.6-23.2
TgC year—! over the land area of Sumatra. In the following, we
summarize the results of our calculations and depict them in
Fig. 5.

Enhanced CO, emissions from Sumatra’s peat soils due to the
EW-induced pH increase amount to 0.9-6.0 TgC year—1, which
represents 8-26% of the estimated EW CO, uptake for Sumatra.
Additionally, soil carbon is mobilized via enhanced DOC leaching
from soils. This DOC leaching mobilizes 0.9-7.9 TgC year—1.
Thus, the total carbon mobilization from Sumatra’s soils amounts
to 1.8-13.9 TgC year—! (Fig. 5).

Captured CO, can be directly re-emitted to the atmosphere.
Based on measurements in boreal peat soils, this re-emission
amounts to =15% of the initial CO, uptake on peat soils (0.3-0.6
TgC year™1). The rest of the captured CO, (11.3-22.6 TgC year—1)
is assumed to be leached into rivers in the form of HCO; . This
DIC leaching combined with the DOC leaching from soils
increases emissions from Sumatra’s rivers, estuaries, and coastal
ocean by 0.9-7.4, 1.0-24.7 and 3.2-21.2 TgC year—], respectively
(Fig. 5). Considering the CO, uptake by EW of 11.6-23.2 TgC
year~!, this implies that in a worst-case scenario the increase in
carbon emissions resulting from EW application in peat regions
could be substantially higher than the uptake by EW.

Since the CO, emissions strongly depend on the response of
DOC leaching rates on EW and data, especially for tropical peat
soils, are scarce, more research into the response of those leaching
rates to increased soil decomposition is needed. Additionally, the
estimates for coastal ocean CO, emissions are based on simplified
mixing calculations and need to be viewed with caution.

Considering only the response of land-based CO, emissions
from soils and rivers, enhanced emissions could reduce existing
EW estimates by 18-60%, leaving a net CO, uptake of roughly
20 gCm~2 year~L. This indicates that EW application in tropical
peat regions could potentially create a carbon sink over land areas
that would decrease tracked CO, emissions from specific
countries while creating a substantial CO, source from
coastal areas.

Conclusions

Our estimates show how pH changes due to EW application in
tropical peat areas could impact CO, emissions from peat soils,
peat-draining rivers, and the coastal ocean. We assumed moderate
EW rock application rates of 1kg basalt per year. Our results
predict an increase in CO, emissions from peat soils of 16 to
89 gCm~2 year—1, of which the majority (12-81 gCm~2 year—!)
is caused by increased peat decomposition. Those soil emissions
alone could potentially be higher than the CO, uptake by EW on
peat soils.

A case study for EW application on Sumatra was performed.
We find that EW application would increase soil CO, emissions
from Sumatra by 1.2-6.6 TgC year—!. Enhanced carbon leaching
into rivers due to increased soil DOC mobilization and leaching
of the captured HCOj additionally increases emissions from
peat-draining rivers on Sumatra by 0.9-7.4 TgC year—!. The
majority of these enhanced CO, emissions (=<98%) are caused by
increased DOC decomposition. Furthermore, changes in the in-
river carbon dynamics impact the oceanic carbon export and
cause an increase in CO, emissions from estuaries and the coastal
ocean of 4.2-45.9 TgC year—! that have the potential to com-
pletely counteract the CO, uptake by EW.

Overall, land-based carbon emissions from Sumatra’s soils and
rivers could reduce the net EW CO, uptake by 18-60%, of which
86-95% are caused by carbon mobilization and DOC decom-
position. The inclusion of CO, emissions from Sumatra’s coast
increases the estimated re-emission to at least 50% with poten-
tially more than 150% of the estimated CO, uptake. This indicates
that EW application on Sumatra would create a carbon sink over
land areas while it could create a substantial CO, source from the
coast. These results show that the regional response of tropical
peat areas has the potential to offset the CO, uptake by EW, and
that these areas should accordingly be excluded from EW
applications.

Though our estimates were derived based on a case study for
Sumatra, the considered processes are globally valid for tropical
peat soils and our results indicate the importance of soil type
for the success of EW strategies. Thus, the response of different
soil types to EW needs to be further studied before the
application of EW.

Methods

Study area. Sumatra hosts more than 70,000 km? of peatlands!®, representing
15.6% of its surface area of 464,301 km? (ref. 3). This is more than 30% of the
whole Indonesian peat area and over 25% of the Southeast Asian peat area2(. The
development of peatlands is favored by Sumatra’s warm and humid climate
(Koppen classification Af), with mean annual precipitation of 2300 mm year~! and

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:212 | https://doi.org/10.1038/s43247-022-00544-0 | www.nature.com/commsenv 5


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00544-0

net flux to the atmosphere:

—C

53TgCyr! . +154TgCyr' " e

TgCyr!
&
g X
- 2 N S 3
e S ) ~ N N
"B oy S 6-43 E 3
11.3 - 22.6 13.4 - 34.0 10.8 - 13.6 >99
EW uptake
rivers (__ estuaries Qoastal ocean

Fig. 5 Overview of changes in the carbon fluxes from Sumatra caused by enhanced weathering. Fluxes are presented in TgC year—'. Blue values
represent fluxes in form of CO,, while red and green values represent DOC and DIC fluxes, respectively. Values in white boxes represent the net change in
soils and the atmosphere. *The soil uptake is represented by published EW estimates®®. **The upper bound of coastal ocean emissions is likely
overestimated due to the simplified mixing calculations as explained in the methods.

a mean air temperature of 25.6 °C (ref. 32, Peat regions on Sumatra are mainly
located in flatlands along the east coast (Supplementary Fig. 1). Most Sumatran
rivers originate in the Barisan Mountains and cut through those coastal peatlands
before discharging into the Malacca Strait (Supplementary Fig. 1).

The aim of this study is to estimate the response of CO, emissions from
Sumatra’s soils, rivers and coastal regions to EW application. In the coastal regions,
we thereby differentiate between the river estuaries and the coastal ocean. The areal
extent of these categories, analogous to the study by Wit et al.24, is defined by
salinity with salinities <25 for estuaries and salinities within the range 25 to 32.8 for
the coastal ocean. Based on the results by Wit et al.24, these salinity values
correspond to distances of =3 km and =67 km from shore and represent areas of
10,818 and 127,674 km~2, respectively.

Data from rivers on Sumatra were obtained in a total of eight measurement
campaigns conducted between 2004 and 2013 at the Siak, Indragiri, Musi and
Batang Hari rivers?2. Those data enabled us to construct a river box model and
trace the fate of the carbon leached into rivers. The catchments of these rivers on
Sumtra exhibit peat coverages between 4.0 and 25.9%. To also incorporate the
impact of rivers with higher peat coverages, four rivers on Borneo (Sarawak,
Malaysia) with peat coverages of up to 90.7% were included in addition to the
Sumatran rivers. Those rivers include the Rajang, Simunjan, Sebuyau and
Maludam (Supplementary Fig. 1). The data from Malaysian rivers were collected
during six measurement campaigns between 2014 and 2017 (ref. 23). Since all rivers
drain tropical peat soils and are exposed to similar climatic conditions, they are
considered representative for Southeast Asian peat-draining rivers and are handled
equivalent in our calculations.

River parameters and catchment properties. River concentrations of CO,, O,
and DOC as well as water temperature, water pH, gas exchange coefficients (kgoo),
catchment sizes and peat coverages were determined as described in Klemme

et al23 and are listed in Supplementary Table 1.

Stream surface areas were determined using stream widths based on the Global
River Width from the Landsat (GRWL) Database33. For Maludam, Sebuyau and
Simunjan, stream width was not available in GRWL, so it was calculated using the
hydraulic equation by Raymond et al.3%. River coverage was determined from the
stream surface area divided by catchment size.

Precipitation data for the Maludam, Sebuyau and Simunjan catchments were
provided by the Department of Irrigation and Drainage Sarawak. For the other
catchments, precipitation was derived from the APHRODITE dataset32. For all
catchments a 10-year average (2008-2017) was used.

River discharge was calculated from the difference between precipitation and
evapotranspiration, multiplied by catchment area. The evapotranspiration was
assumed to be 37.9% for moderately to severely disturbed catchments and 67.7%
for undisturbed catchments as suggested by Moore et al.3>. An evapotranspiration
uncertainty of 15% is assumed, consistent with the calculations of Rixen et al.l4.
The value for undisturbed catchments was only used for the Maludam river. The
total Sumatran discharge was calculated analogous to the river discharges with
mean precipitation of 2300 mm year—! (ref. 32), evapotranspiration of 37.9% and
an area of Agymatra = 464,301 km? (ref. 31).

All derived catchment properties of the rivers, including CO, emissions, are
listed in Supplementary Table 2.

River CO, emissions. River CO, emissions for the case study were derived by
extrapolation of CO, fluxes from the individual rivers to the surface area of

Sumatra. For this, individual river CO, fluxes were multiplied by the catchment’s

river coverages and weighed by catchment area. The resultant average CO, emis-

sions per catchment area were then multiplied by the area of Sumatra.
Atmospheric CO, fluxes from individual rivers were calculated according to:

Feo, = keo,(T) - (KCOZ(T) - pCO; — Coz)» 1)

where pCOf is the atmospheric partial pressure of CO, that for our calculations
was assumed to be 400 patm. Koo describes the temperature dependent Henry
coefficient, which was calculated a.ccording to Weiss®®. ke is the exchange
coefficient of CO, that was derived from kg, data accordiﬁg to:

Seo, (T ™"
kco2 = keoo - (W) )

with Scp, being the temperature dependant Schmidt number that was calculated
according to Wanninkhof?”. An exponent of n=2/3 (valid for smooth surfaces
and low wind speeds38) was used for the small Malaysian rivers (Maludam,
Sebuyau and Simunjan) and an exponent of n=1/2 (valid for rough surfaces3?)
for the bigger rivers. The atmospheric O, fluxes (F;,) were derived analogously
with ko, calculated from Scy, according to Wanninkhof>” and Henry coefficients
(Ko,) calculated according to Weiss®.

@

Gas exchange coefficients of rivers are poorly constrained and spatially as well
as temporally extremely variable. Therefore, we only present the relative emission
increase for individual rivers under the assumption that ko, was not changed.
Absolute river emissions presented for Sumatra were derived based on
standardized exchange coefficients within the range of kg = 7-20 cm h—1, which
covers measured exchange coefficients for Southeast Asian rivers223,

Enhanced weathering estimates. We base estimates of CO, uptake, HCO; for-
mation and soil pH increase on studies by Taylor et al.® and Beerling et al.”. The
estimates by Taylor et al.® are based on optimized EW scenarios for application of
different rock types, rock application rates and application depths. In this study, we
focus on EW with nutrient-rich basalt rocks. Those rocks exist in huge amounts
and have been found to co-benefit crop production and soil health®. In tropical
regions, the CO, uptake and pH increase for scenarios with basalt application by
Taylor et al.8 range from 50 to 300 gC m~2 year~! and from 1.3 to 2.5, respectively.

Simulations by Beerling et al.” were performed for basalt application on
cropland areas in different countries. For Indonesia, they resulted in formation of
2 to 3 molHCO; m~2 year~!, which correlate to a CO, uptake between 24 and
36 gCm~2 year— 1. Those estimates are lower than the ones Taylor et al.8 stated for
tropical weathering hotspot areas. They also result in a lower pH increase with less
than 0.5 values for the region of Indonesia. Results for all considered EW scenarios
are summarized in Supplementary Table 3.

Data in this study are based on the lower scale scenario by Taylor et al.® for
application rates of 1 kg m~2 year~! and an application depth of 10 cm over
tropical weathering hotspot areas as well as on the scenario by Beerling et al.? for
application of 4 kgm~2 year~! over Indonesian cropland areas. Resulting CO,
uptake and pH increase for those scenarios are 25-50 gCm~2 year—! and 0.2-1.3,
respectively.

Calculation of soil response to enhanced weathering. The response of soil CO,
emissions and DOC leaching to EW was derived from the above-mentioned pH
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increase of 0.2-1.3 in combination with correlations derived from published soil
carbon mobilization and peat soil pH data?8. Due to scarcity in data from tropical
peat soils, the applied dependencies are based on data from temperate peat soils at
15 °C (ref. 28). Comparison to data from temperate peat soils at 5 °C show that soils
at 15 °C exhibit a slightly weaker response, which could indicate that the response
at tropical temperatures is slightly weaker than estimated in this study.

Though Kang et al.?® considered the response of soil CO, emissions to an
increase in soil pH as nonsignificant within their study, it’s impact cannot be
neglected for a large-scale pH change as induced by EW. Their results suggest a
correlation between pH and CO, mobilization that is approximately linear, whereat
a pH increase of 1 value results in a CO, emission increase of 12 gCO, year~! per
kg of peat s0il?® (Supplementary Fig. 5). This CO,~pH relation was applied to the
upper soil layer (depth < 15 cm), where oxygen is available. A peat bulk density of
p=0.127 gcm~3 (ref. 40) was used.

The response of DOC leaching was derived from a correlation between peat soil
pH and DOC accumulation in peat porewater. DOC leaching is directly linked to
the concentration of pore water DOC (ref. 41). However, in contrast to the CO,~pH
correlation, the DOC-pH correlation is not linear. Instead, it is fairly well
represented by a function that is ~1.6 PH (Supplementary Fig. 5). Thus, a value for
the DOC leaching without EW is needed as reference to calculate the impact of pH
changes on DOC leaching. This reference value was approximated by the sum of
measured oceanic DOC export from Southeast Asian peat-draining rivers and in-
river DOC loss by respiration?? according to Eq. (3).

Additionally, we consider the direct re-emissions due to the transformation of
HCOj to CO, under the acidic conditions in peat soils. For tropical peatlands, no
studies on the impact of direct re-emissions are available. However, Biasi et al.2?
performed measurements for a plantation on Finnish peatland. Their experiment
was based on application of lime, amounting to 101 gCm~2 in 2006. While this
amount is by a factor of 2-4 higher than EW estimates considered in our study, the
cold and dry climate in Finland that causes slower weathering rates than in tropical
regions could compensate for that. The lime application caused an increase in soil
pH of ~0.4, which is within the estimated range for EW. In their experiment, Biasi
et al.? found annual lime-derived CO, emissions of 15.4 gCm™2 year~!,
representing ~15% of the applied lime carbon.

Calculation of carbon leaching rates from soils. Natural DOC leaching rates
from soils into rivers were approximated by the sum of oceanic DOC yield and
DOC loss by respiration, which were calculated by the product of measured DOC
concentration with the river discharge and with the respiration rate derived by
Klemme et al.23 (Eq. (4)), respectively:

DOCleaching =DOC-Q+DOC 'fdec (OZ! pH) (3)

=R- 0,

Jaec (02, PH) XK. +0,

. exp()\ . (pH - 7.5)) (4)

Total DOC leaching from Sumatran soils was derived from the leaching rates
calculated for the individual river catchments, weighed by catchment area and
extrapolated to the total Sumatran area. The increase in DOC leaching that is
caused by EW was derived based on the DOC-pH correlation described before.

Leaching rates of DIC from soils into rivers were approximated by the sum of
oceanic DIC yield and DIC outgassing to the atmosphere minus DIC production
by respiration:

DICleaching =DIC-Q+ FCO2 (COZ7 kCOZ7 T) —DboC Afdec (027 pH) . (5)

Analogous to the total DOC leaching, the total DIC leaching from Sumatran
soils was derived by DIC leaching into the individual rivers, weighed by the river
catchments and extrapolated to the total Sumatran catchments. The increase in
carbonate leaching rates that is caused by EW was approximated based on the
assumption that the total CO, uptake by weathering is transformed to HCO; and
over time leached into rivers.

River box model for calculation of river response to enhanced weathering. To
calculate the impact of changes in carbonate and DOC supply on river CO,
emissions, a box model was constructed. The model simulates temporal changes in
concentrations of DOC, DIC, carbonate alkalinity (CA), CO, and O, as well as in
water pH. It includes decomposition processes, atmospheric exchange fluxes and
reactions in the carbonate system as well as river input fluxes through leaching and
discharge fluxes into the ocean.

For each model run, leaching rates of DOC, DIC, CA and O, as well as the water
temperature, the salinity, the ratio between discharge and water volume (Q/V) and
the ratio between exchange coefficients and water depth (kg,/d) were fixed to
calculate equilibrium concentrations of the river parameters. Water temperatures of
T =29 °C and salinities of S = 0.001 were used for all rivers. For Q/V an average
of all rivers ((1.1£0.6) - 107%s~1) was used and k,/d was set to (7.0 £0.5) -
1076571, as is consistent with results by Klemme et al.?. Natural leaching
rates of DOC, DIC, CA and O, were derived according to Egs. (3) and (5),

CAjeuehing = CA - Q and O =0, Q—F,(0y,ko,, T)+b-DOC-

faec (0. pH), with b being the fraction of O, that is consumed by decomposition
compared to the CO, production (81%, ref. 23). For model runs that simulate rivers
impacted by EW, the increase in leaching was added to the natural leaching rates.
Enhanced DOC leaching was added to the DOCjeaching and enhanced DIC leaching
was added to the DICcoching and the CAjeaching:

For each model run, time steps of 10 min are iterated 52,560 times, amounting
to 1 year of modeled concentrations. Generally new equilibrium states are reached
after ~1 month (Supplementary Fig. 6).

Starting concentrations were set to the equilibrium concentrations derived from
the natural river run (correlation to measured concentrations in the Supplementary
Fig. 7). During each iteration, pH and CO, are calculated based on the current
concentrations of DIC and CA according to Zeebe and Wolf-Gladrow*2. Then, the
changes in DIC, DOC, CA and O, concentrations due to the processes of leaching,
decomposition, atmospheric exchange and discharge are calculated according to:

2,leaching

1
ADIC = Q/V - (DIC g — DCuahage) +DOC - f e (O, pH) 45

3 Feo,(CO,, T, S)

ADOC = Q/V'+ (DOCieing ~ POCharge) ~ POC £y (05, pH)

ACA = Q/V- (CAlcacth - CAdlscharbe)
1
( 0, dxscharge) +b-DOC - fy.. (0, pH) + i Fo, (0, T,9).

(6)

Xieaching aNd Xriver are the concentrations of species X in the water input to the
river and in the river water that discharges into the ocean, respectively. X;iver are
the current concentrations in the modeled river that the changes are applied to for
each iteration. fy. describes the O, and pH-dependent decomposition rate as
derived by Klemme et al.23 (Eq. (4)). Fo, and F, describe the atmospheric fluxes
of CO, and O, respectively. These fluxes were derived according to Eq. (1).
Uncertainties for the derived concentrations were estimated from best/worst case
runs of the box model based on variation of the respiration parameters (R, Ky, A
and b) within their uncertainties stated by Klemme et al.23.

Oceanic yields from the individual rivers were calculated by multiplication
of the derived concentrations with river discharges. The total oceanic DOC and
DIC yields were derived from DOC and DIC concentrations in the individual
rivers, weighed by river discharges and extrapolated to the total Sumatran
discharge.

=Q/V:

2—leaching —

Calculation of estuarine and coastal response to enhanced weathering. In
order to calculate the impact of coastal emissions on EW, coastal CO, con-
centrations were calculated for different oceanic carbon yields. We differentiate
between emissions from the river estuaries and the coastal ocean. Analogous to Wit
et al.?4, we define the areal extend of these categories by salinity with §< 25 for
estuaries and 25 < § < 32.8 for the coastal ocean. We assume conservative mixing of
river water and ocean water for the estuaries and of estuarine and ocean water for
the coastal ocean. It needs to be mentioned that our calculation assumes the river
water to reach the coastal ocean unchanged, and thus does not account for the
carbon loss caused by emissions from the estuaries. While this impact of estuarine
CO, emissions might be negligible for the lower bound estimates of coastal ocean
emissions, it could cause considerable overestimation in the upper bounds.

The mixing ratios between river water and ocean water in estuaries and the
coastal ocean were derived based on salinity. As salinity increases linearly with the
amount of salt in a specific water volume, the river water fraction within estuaries
and the coastal ocean can be estimated from average salinities in the respective
regions. The salinity within the estuaries ranges between 0 and 25 and its areal
distribution is uneven?*. Thus, the average estuarine salinity is not equivalent to the
mean value between the lower and upper salinity bounds. The largest fraction of
the estuarine area is located outside the river mouths with S > 10 and the increase
in salinity per distance from shore weakens for greater distance from the river
mouth24, Therefore, we use an average estuarine salinity of S.,; = 20. For the coastal
ocean, where the salinity increase with distance from shore is fairly constant24, the
mean salinity of S, ~28.9 is used.

From known salinity of the ocean (Sycean = 32.8, ref. 43) and the rivers (S =0.001)
fractions of river water in estuaries (d.y) and in the coastal ocean (a.,) can be derived
according to:

et~ 39.4%

&“ - 1 - fxcdn
a4 =1— So—Sta 1,&, S ). g~ 12.4% @
<o Smmn - Sn\w ‘Smean - ‘5 eSl

Estuarine and coastal DIC and TA concentrations are derived according to:
DICcsl/co est/co DICrivcr + (1 —a )- DICocean (8)
TAest/co = Gegt/co TAriver + (1 - aest/co) . TAocean

=a est/co

Oceanic concentrations of DIC = 1900 pmol1~! and TA = 2200 pmol 1~
(ref. #3) are used and river concentrations are given by the equilibrium
concentrations derived with the river box model. Additional assumptions for the
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calculations are that the total river alkalinity is given by carbonate alkalinity
(TAdischarge = CAriver) and that the whole DOC is oxidized when entering the
estuaries (DICischarge = DICriver + DOCriver)-

From the calculated DIC and TA concentrations, estuarine and coastal CO,
concentrations were derived by use of the CO2-SYS program*4#>. This program
was used for these coastal calculations of the carbonate system, as here the accurate
calculations based on salinity are essential. For the earlier in-river box model
calculations, where high concentrations of organic acids impair the results of the
CO2-SYS program*®, the calculation according to Zeebe and Wolf-Gladrow*?
were used.

Atmospheric CO, fluxes were calculated based on the derived CO,
concentrations and a coastal exchange coefficient of kggo =12 cmh™! (ref. 24) To
derive total emissions, these fluxes were multiplied by the estuarine and coastal
ocean areas of Ay = 10,818 km? and A, = 127,674 km? (ref. 24).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Observational data used to constrain the river box model are available at https://doi.org/
10.5194/bg-19-2855-2022. Data generated and analyzed in the current study are available
at https://doi.org/10.5281/zen0do.6961286.

Code availability

The river box model code (version 1.0.0) is available at https://doi.org/10.5281/zenodo.
6961423. The CO2-SYS code (version 1.7.0) used for calculation of marine carbon
dynamics is available at https://doi.org/10.5281/zenodo.4757055.
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