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Abstract

Technologies and approaches that remove and sequester carbon dioxide (CO,) from Earth’s atmosphere are
likely to play a significant role in mitigating anthropogenic climate disruption in the coming century. Enhanced
rock weathering (ERW) on the land surface is one extensively discussed approach toward carbon dioxide removal
(CDR), but the capacity of rivers to carry dissolved products derived from ERW without CO, re-release is largely
unexplored, hindering a full understanding of the life cycle of ERW and its associated maximum CDR potential.
Here, we use a conceptual model built upon river/stream carbonate chemistry to estimate the upper limits on the
carbon transport potential (CTP) of rivers and groundwaters. Our model yields a riverine CTP ranging between
0.26-0.89 GtCO, yr ' for the United States and 7.1-21.3 GtCO, yr ' globally for accelerated silicate weathering,
and between 0.090-0.37 GtCO, yr ' for the United States and 2.5-8.8 GtCO, yr ' globally for accelerated carbon-
ate weathering. Although these limits will be challenging to achieve in practice, our results support the notion
that the transport of dissolved constituents in surface waters is unlikely to be a primary bottleneck limiting the
CDR potential of ERW. This supports the notion that accelerated mineral weathering should be considered as an
additional component of greenhouse gas mitigation portfolios. However, future research on the kinetics of ERW
reactions and river responses, along with consideration of possible added CO, emissions by activities needed to
accomplish ERW, are needed for a more realistic quantification of the net CDR via ERW in the land-soil-river
system.

Carbon dioxide removal (CDR) from Earth’s atmosphere is
now widely viewed to be a key component of efforts to stabilize
atmospheric CO, and prevent significant degradation of surface
environments. For instance, all pathways delineated by the
Intergovernmental Panel on Climate Change (IPCC) as having
the potential to limit global warming since the preindustrial
period to 1.5°C with little to no overshoot require CDR on the
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order of 100-1000 GtCO, over the next century (Kohler
et al. 2010; Taylor et al. 2016; Strefler et al. 2018; Rogelj
et al. 2018). Importantly, active CDR is projected with high con-
fidence to be required even in pathways with rapid and deep
cuts to anthropogenic emissions (Fuss et al. 2014; Gasser
et al. 2015). A range of potential CDR approaches (also termed
“negative emissions technologies”) is currently being consid-
ered, including coastal “blue” carbon (Johannessen and Mac-
donald 2016), enhanced sequestration of organic carbon in
natural and/or managed terrestrial ecosystems (Griscom
et al. 2017), inorganic carbon sequestration in agricultural soils
(Beerling et al. 2020), and sequestration of carbon in a variety of
geologic reservoirs (Bui et al. 2018), among others. However, all
currently proposed CDR techniques are subject to significant
constraints imposed by available land, financial cost, environ-
mental impact, and conceptual or technological maturity (Fuss
et al. 2018). There is, therefore, an obvious impetus to develop a
portfolio of strategies that can most effectively maximize CDR
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potential while navigating existing and emerging technological,
logistical, and ethical constraints (Rau 2019).

Enhanced rock weathering (ERW) in Earth surface envi-
ronments is based on naturally occurring weathering pro-
cesses of silicate and carbonate rocks. It is one potential
means of carbon capture and sequestration, with potentially
significant co-benefits for food production and natural eco-
systems (Beerling et al. 2018, 2020). The underlying principle of
this CDR strategy is straightforward—because Earth’s long-term
carbon cycle is fundamentally regulated by storage and release of
carbon by rock weathering (Berner 2004), selectively enhancing
certain rock weathering processes has the potential to remove
vast quantities of CO, from the atmosphere (Seifritz 1990; Kéhler
et al. 2010; Hartmann et al. 2013; Kelemen et al. 2020). For
instance, CO, in Earth’s atmosphere reacts with silicate minerals
in basalt (shown here as congruent dissolution of pyroxene) to
become dissolved bicarbonate (HCO3):

Mg, Ca, Fe;_,_,$i0O3 +2CO;, + 3H,0
— XMg? +yCa® + (1 —x—y)Fe?* +2HCO; +H,Si04. (1)

Weathering of carbonate minerals will similarly consume
CO; and produce HCOj:

CaMg;_,,CO3+CO, +H,0 — xCa®" + (1 -x)Mg”"+2HCO;.
(2)

So long as the produced HCOj; remains stable, these
weathering reactions sequester CO, from the atmosphere and
result in negative radiative forcing. However, on geologic
timescales the precipitation of ions (e.g., Ca®*" and Mg*";
produced by weathering processes and transported via runoff
to the oceans) will re-release CO, back to the atmosphere:

Ca*" +2HCO; — CaCO3 +CO; 4 H,O. (3)

The residence time of bicarbonate in the ocean is on the order
of 10° yr, resulting in the conventional view that the storage life-
time of this process is effectively permanent on human time-
scales (Renforth and Henderson 2017; Middelburg et al. 2020).
On geologic timescales silicate weathering coupled to carbonate
formation (Egs. 1, 3), results in net removal of CO, from the
atmosphere, while natural carbonate weathering coupled with
carbonate formation (Egs. 2, 3) is ultimately CO,-neutral.

For HCOj; generated in the rock weathering process, the
addition of proton equivalents (acidity) from species other
than carbonic acid results in conversion back to CO5:

H*+HCO3 — CO; +H0. (4)
Notable potential sources of non-carbonic acidity include

sulfuric acid, derived from atmospheric SO, deposition or
oxidative weathering of sulfide minerals (Bufe et al. 2021),

River chemistry constraints

and nitric acid produced from oxidation of ammonium-based
fertilizer (Hamilton et al. 2007). If non-carbonic acidity drives
release of CO,, the result in the case of silicate weathering is a
decreased efficiency of CO, sequestration (Egs. 1, 4), while for
carbonate weathering it can potentially represent a net CO,
source to the atmosphere (Egs. 2, 4) (Oh and Raymond 2006;
Hamilton et al. 2007).

Natural rock weathering on land currently removes ~ 1
GtCO, yr ! from the atmosphere (Ciais et al. 2014). ERW
approaches are designed to augment this CO, sink. However,
building from the above framework for geochemical CO, con-
sumption and re-release it is clear that the carbonic acid system
in soils, rivers, and surface oceans is central to understanding
the efficiency, potential, and ultimate cost of CDR through
ERW. Most previous estimates of CDR potential through ERW
have focused on upscaling of process-based models of local
mineral dissolution within soils (Hartmann and Kempe 2008;
Beerling et al. 2020; Goll et al. 2021). Here, we provide a new
perspective on this problem by focusing instead on the capacity
of rivers (as well as groundwaters) to carry dissolved products
from ERW without CO, re-release. The logic is: if excess
amounts of the solutes (e.g., Ca, Mg, Na, K, HCO3) derived
from ERW enter the river system, the saturation state of
calcium carbonate (€2) might surpass the thermodynamic
threshold required for carbonate precipitation (eq. 3), which
will re-release CO, back to the atmosphere and counteract the
efficiency of CDR via ERW. In other words, there is a thresh-
old of alkalinity input beyond which calcium carbonate pre-
cipitation will occur, and this should impose an effective
upper limit on CDR. We argue that constraining the upper
limit on the carbon transport potential (CTP) river/stream sys-
tems and groundwaters can help to inform coherent, quantita-
tive targets that may be useful for optimization strategies and
exploration of environmental impacts. Similar potential upper
limits on capture have been useful in shaping dialogue about
carbon capture via organic carbon (Griscom et al. 2017; Roe
et al. 2021), but to date have been lacking for surficial ERW.

Materials and procedures

River quality datasets

Our model for estimating CTP relies on well-documented
aqueous geochemical datasets, with a focus on river/stream
chemistry in the contiguous United States and on a global
scale (U.S. Geological Survey 2016). Our primary database for
the United States (see Supporting Information) contains 3560
sites for stream/river data. To expand the data beyond the
contiguous United States, we employ the global river chemis-
try database GLORICH (Hartmann et al. 2014), which con-
tains data from more than 1.27 million samples and over
18,000 sampling locations, including a range of dissolve solute
species in addition to catchment characteristics. We employ a
modified GLORICH dataset that passes a series of filtering
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criteria (see Supporting Information), resulting in data for
3365 locations worldwide.

An iterative geochemical model for estimating
riverine CTP

We use an iterative thermodynamic numerical model to
estimate upper limits on CTP. We begin with initial dissolved
solute chemistry (Fig.1) and calculate the initial Q for each site
(Fig. 2). We then iteratively add ions derived from simulated
congruent rock weathering (assuming a given rock feedstock is
dissolved within 1 yr) to each river until the local river reaches
a specified Q for calcite precipitation. We employ two scenarios
when simulating river responses to ERW. One is defined as the
“closed” scenario (assuming no CO, degassing occurs in the
river following simulated ERW) and the other is defined as
“degassed” scenario (assuming additional CO, degassing occurs
in the river following simulated ERW) (see Supporting Informa-
tion). Conceptually, our numerical model results in an estimate
of the maximum quantity of cations and alkalinity that can be
stored in rivers before the onset of carbonate formation
and commensurate re-release of CO,. With that in mind,
these values do not correspond to a maximum extent of
CDR through surficial rock weathering—they represent the
point at which there would be a significant drop in the
amount of CO, captured per ton of rock dissolved. We focus
here on three potential feedstocks for ERW—calcite (CaCOs3),
dolomite (CagsMgpsCO3), and flood basalt (Nag ;1Ko oiFe
(IDo.14Mgo.22Cag 22Alo 38Fe (1) 0sSiTip.0203.33)  (Marini  2006).
According to mineral stoichiometry and the stoichiometries of

River chemistry constraints

Egs. 1 and 2, the maximum CDR (i.e., the molar amount of
CO, that can be captured per mole of ERW substrate if
dissolved congruently) is 1 mol of CO, per mol of calcite or
dolomite Mg+ Ca =1 mol; 1 * 1 = 1), and 1.28 mol of CO,
per mol of flood basalt (Mg + Ca + Fe (II) = 0.58 mol; Na +
K=0.12mol; 0.58 * 2 + 0.12 = 1.28).

It is worth noting that stoichiometric release of the cations
from rock feedstocks is unlikely to occur in nature. A variety of
processes, including incongruent dissolution of the minerals
themselves, plant uptake of released ions, or retention of cat-
ions in the soil, could decrease the proportion of major cations
(e.g., Ca and Mg) that ultimately reach river/stream systems.
These processes are expected to drive an increase of CTP com-
pared with our current model setup, as they will tend to lower
[Ca®*] in solution and thus decrease carbonate saturation state.
This makes the estimates presented here conservative (see
Supporting Information for relevant model simulation). In the
case of basalt, dissolved Fe(II) will probably be oxidized and
thus change the acid/base balance. However, during initial rock
dissolution, Fe(Il) still plays the same role as Ca and Mg in
terms of atmospheric CO, consumption. In addition, since
Fe(ll) is only 20% of the major cation load in flood basalt
(in terms of mol), the influence of Fe(II) oxidation on the acid/
base balance should not alter our main conclusions (see
Supporting Information for relevant model simulation). Inte-
gration of the mean added rock mass for each site from our iter-
ation model, the CDR for each rock type, and the river
discharge, allows us to calculate the CTP on regional
(United States) or global scales (see Supporting Information).

a 400 b o]
— USGS 400 400+
3001 — GLORICH
€ += 300 = 3007
2 200 3 3
O O 200 O 200+
100 |
1001 1001
0 ; ; -
-4 -3 -2 0~ ‘ ‘ ‘ 0 ‘ : : ;
o . 10°° 107 10° 102 5 6 7 8
[Ca™] (mol L) [ALK] (mol L) pH
d e f 5001
3001 300 A
400
€ 2001 € 200+ £ 3001
o [e] [e]
&) o © 200
100 100 |
100 |
0 T T T T 0 T T 0 ] T T T
107 107" 10° 10 10 20 10°  10° 10" 10"

Salinity (ppt)

Temperature (°C)

Discharge (L/day)

Fig. 1. Frequency distributions of initial solute, temperature, and salinity data for river/stream data in the U.S. and GLORICH datasets. Shown are the
key parameters for the iterative model discussed in the text, including (a) dissolved Ca®", (b) alkalinity (ALK), (c) pH, (d) salinity, (e) temperature, and (f)

discharge.
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Fig. 2. Site locations for stream/river data from (a) the contiguous United States and (b) global river chemistry data. Color scale for symbols denotes

fluid calcite saturation state (€2) prior to simulated enhanced rock weathering.

Initial, iterative, and final saturation states (Q) after simu-
lated ERW are calculated based on solute chemistry, tempera-
ture, and salinity according to:

[Ca*][CO7 ]

Q= ,
Kp

()

where K, represents the apparent solubility product for calcite
corrected for site-specific temperature and salinity (Zeebe and
Wolf-Gladrow 2001) and brackets denote concentration. We
explore a range of threshold calcite saturation states between
5 and 25, which is meant to capture both weakly over-
saturated stream/river systems and systems with relatively
high saturation states that approach or exceed in-situ carbon-
ate formation and CO, re-release. For comparison, carbonate
precipitation in river waters is generally observed to be negligi-
ble at Q<10 (Suarez 1983; Herman and Lorah 1987;
Neal 2002; Szramek and Walter 2004), and extremely high

saturation states (Q >45) are sometimes observed without
extensive carbonate precipitation. Indeed, high measured rates
of carbonate precipitation in rivers are generally limited to set-
tings where turbulent flow and elevated evaporation tran-
siently boost saturation state, such as in upper course falls and
hydrothermal systems (Arenas-Abad et al. 2010). In addition,
the presence of soluble reactive phosphate, suspended mate-
rial, and organic acids have all been shown to inhibit carbon-
ate precipitation, which is implicitly considered when using a
high saturation threshold (e.g., when Q > 10).

Although the exact role of groundwater in regulating the
global carbon cycle has been largely underexplored compared
with the river systems, subsurface silicate weathering in
groundwater systems might also serve as a significant carbon
sink (Zhang and Planavsky 2020). By integrating the geochem-
istry of 2007 sites for groundwaters across the contiguous
United States and global groundwater flux estimates
(Luijendijk et al. 2020; Zhang and Planavsky 2020), we also
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provide first-order estimates of the potential for groundwaters
to transport the dissolved constituents of ERW without lead-
ing to subsurface mineral precipitation (see Supporting Infor-
mation). Note that the global groundwater flux estimate used
in this study is the terrestrially derived net groundwater dis-
charging to the ocean and should not be confused with the
regional groundwater discharging into river waters.

Model limitations

The conceptual model in this study aims to provide a first-
order estimate of the carbon transport potential of river/
stream systems and groundwaters. Although we consider our
estimates to be robust and likely conservative, there are some
limitations to our conceptual framework. First, we are only
simulating alkalinity and cation addition and are agnostic
about the factors controlling local dissolution/release. There-
fore, it is important not to view our calculated carbon trans-
port potential as synonymous with a feedstock application
rate. Second, a range of factors could potentially impact the
composition of solutes from ERW during transport to rivers.
Although we have evaluated several scenarios to test the
potential impact of these processes on our estimates of CTP—
for instance, Ca and Mg uptake by secondary mineral forma-
tion and plant growth and Fe(Il) oxidation (see Supporting
Information)—the detailed alteration of solute composition
from soil to river is difficult to simulate. Third, our conceptual
model does not equate to a net CDR, which will instead be
determined by the maximum CDR potential (controlled by
the combined impacts of local feedstock dissolution, plant
uptake, secondary mineral formation, and downstream CTP
as estimated in this study) minus extra CO, emissions
(mining + comminution + transport + application). Consider-
ing extra CO, emission during mining, crushing/grinding,
transporting, and spreading of rock powder on land should
decrease the overall net CDR efficiency, largely depending on
the choice of source rocks and comminution techniques
(Renforth 2012; Moosdorf et al. 2014; Strefler et al. 2018). In
any case, further exploration of the kinetics of feedstock disso-
lution and secondary mineral formation in soil in a reaction-
transport framework (Taylor et al. 2016; Beerling et al. 2020;
Kantzas et al. 2022; Kanzaki et al. 2022), understanding the
impacts of processes in the soil-to-river continuum, and better
constraints on CO, emissions during the large-scale implemen-
tation of ERW will all be critical for the continued development
of a holistic picture of ERW as a CDR strategy.

Carbon transport potential for enhanced silicate rock
weathering

Extensive deployment of enhanced silicate weathering on
both regional and global scales would be required to reach ele-
vated carbonate saturation states in stream/river systems
(Fig. 3). In other words, there is significant CTP with silicate
rock as a feedstock without the river system precipitating car-
bonate phases. For instance, at a nominal saturation state of
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1.5+ 1r .
T basalt United States
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Fig. 3. River/stream CTP for the contiguous United States (top) and
globally (bottom). Estimates are shown for calcite, dolomite, and flood
basalt as feedstocks for ERW. Solid lines denote the upper end of the 95%
confidence interval of Monte Carlo resampling of “closed” model runs,
while the bottom edges of the shaded envelope denote the lower end of
95% confidence interval of Monte Carlo resampling of “degassed” model
runs (see Supporting Information). Shown at right are estimates of carbon
capture potential (units on its y-axis are the same as those of the CTP esti-
mates on the left) for a range of other NETs derived from a recent com-
munity assessment (National Academies of Sciences, Engineering, and
Medicine 2019). Additional NETs include sequestration in coastal “blue”
carbon (“coastal”), soil carbon sequestration in agricultural systems
(“soil”), carbon sequestration associated with afforestation/reforestation
and improved forest management practices (“forest”), and BECCS. Gray
boxes show ranges for estimated CDR potential, while filled circles show
values determined to be “safe”—that is, levels of deployment that would,
with high confidence, not be expected to cause adverse societal, eco-
nomic, and environmental impacts.

Q = 10 with flood basalt as a feedstock, our model predicts an
upper CTP of 0.39-0.48 GtCO, yr ! (mean value) for the
United States and 10.0-12.2 GtCO, yr~! globally, with a range
in upper CTP of 0.26-0.89 GtCO, yr ' for the United States
and 7.1-21.3 GtCO, yr~! globally when considering a larger
saturation state range of Q = 5-25 (Fig. 3). Our model predicts
substantial CTP using silicate rock as a feedstock even at very
modest saturation-state thresholds—at Q = 5, U.S. and global
gross CTP are comparable to or greater than the estimated
CDR potential of coastal “blue” carbon capture, carbon seques-
tration achievable in agricultural soils or through forest man-
agement, and bioenergy with carbon capture and
sequestration (BECCS) (Fig. 3).

One important caveat associated with quantifying CTP
using all river samples is that interaction of various species in
the inland river networks might modify the Q in connected
downstream river/stream systems. To mitigate this issue, we
use an alternative model to estimate CTP based on river
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Fig. 4. Distribution of river/stream data close to the U.S. coastline (within 50 km to the coastline). Inset shows the CTP estimate based only on river/
stream chemistry of coastal samples. Estimates are shown for calcite, dolomite, and flood basalt as feedstocks for ERW. Solid lines denote the upper end
of the 95% confidence interval of Monte Carlo resampling of “closed” model runs, while the bottom edges of the shaded envelope denote the lower end
of 95% confidence interval of Monte Carlo resampling of “degassed” model runs.

samples close to U.S. coast (defined here as the 50 km buffer
zone around the U.S. coastline). This alternative estimate of
CTP (Fig. 4) is actually somewhat higher than our estimate
using all U.S. river samples (e.g., 0.58 and 0.48 GtCO, yr~},
respectively, at a nominal saturation state of Q = 10 and with
flood basalt as a feedstock), indicating that our baseline esti-
mate of CTP is conservative.

Compared with the river system, groundwater CTP is less
well-constrained but is potentially also significant. For the
same nominal saturation state (2 = 10), our model predicts
global CTP for groundwaters of up to 1.6 GtCO, y ! using
flood basalt as a feedstock for ERW (see Supporting Informa-
tion). Overall fluid fluxes and major/trace element chemistry of
groundwaters represent an important frontier for future research
(Santos et al. 2021), and accurate diagnosis of groundwater CTP
will require the development of more robust constraints on
regional and global groundwater discharge fluxes and solute
chemistry (Zhang and Planavsky 2020). Nevertheless, our results
indicate that there may also be significant potential for long-
term CO; storage in groundwaters through ERW.

Potential for enhanced carbonate rock weathering
Enhanced carbonate rock weathering—using calcite and/or
dolomite as a feedstock for ERW—has a lower CTP for a given
threshold saturation state than enhanced silicate weathering
(Fig. 3). This is a natural result of the weathering stoichiome-
tries of each phase (Egs. 1, 2). However, our estimated CTP for
enhanced carbonate rock weathering is comparable to esti-
mates for safe deployment of a range of other CDR approaches
(Fig. 3), even at relatively low threshold saturation states. For
instance, we estimate global CTP for enhanced carbonate rock

weathering at Q = 5 of 2.7-3.5 GtCO, yr~! depending on
whether the feedstock for ERW is calcite or dolomite. This can
be augmented by global groundwater with CTP values up to
~ 0.43 GtCO, yr~! using carbonate feedstocks at Q = 5 (see
Supporting Information).

There is potentially a significant difference in the down-
stream impacts of ERW using carbonate rock relative to sili-
cates. In the case of using silicate feedstock, the conversion of
HCOj3 to CO, via non-carbonic acidity can drive down overall
capture efficiency (e.g., ton[s] of CO, sequestered per ton of
silicate rock), but even in the most extreme case will at worst
be CO,-neutral (Egs. 1, 4). In contrast, ERW using carbonate
feedstocks—regularly implemented in managed agricultural
systems as “liming”—has the potential to be a net CO, source
(West and McBride 2005; Hamilton et al. 2007; Lynch
et al. 2021) via the release of HCO3 from carbonate rock and
its subsequent conversion to CO, with non-carbonic acidity
(Egs. 2, 4). Indeed, IPCC guidelines for greenhouse gas inven-
tories treat agricultural liming as a net CO, source to the
atmosphere (IPCC 2006). However, our database for
U.S. surface waters strongly indicates that the vast majority of
carbonate-dominated catchments—across agricultural and
mixed land (e.g., natural, rural, suburban, and urban)
environments—act as net CO, sinks on a short-term basis
(e.g., not considering long-term carbonate precipitation and
CO, re-release in the ocean on timescales greater than
~10%*yr), even with extensive liming already occurring in agri-
cultural catchments (Fig. 5).

Solute chemistries in both agricultural and mixed-use sys-
tems indicate dissolution of carbonate rock and export of alka-
linity from the critical zone (c.f., Hamilton et al. 2007),
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Fig. 5. Comparison of fluxes of carbonate alkalinity (predominantly as
HCO53) and major cations (shown here as twice the combined flux of dis-
solved Ca?" and Mg?") for rivers in our database draining carbonate-
dominated catchments. The lower line depicts the 1:1 ratio expected for
dissolution occurring exclusively with carbonic acid, while the upper line
depicts the 2:1 stoichiometry of calcite/dolomite. Catchments that plot in
the shaded region (labeled “CO, sink™) show strong evidence for dissolu-
tion of carbonate minerals together with capture of soil CO, as carbonate
alkalinity. Catchments plotting in the region above the 2:1 line (labeled
“CO, source™) represent carbonate mineral dissolution together with con-
version of HCO3 to CO,. The carbonate rock proportion is derived from
(Hartmann and Moosdorf 2012) and land use categories (i.e., agricultural
vs. mixed use) are derived from (Tuanmu and Jetz 2014) (see Supporting
Information).

suggesting that the net conversion of rock-derived carbon to
CO; due to non-carbonic acidity does not play a major role in
the overall carbon budget in carbonate-dominated environ-
ments on the catchment scale. This is consistent with field
observations at the local scale that indicate overall CO, cap-
ture during liming of row crops (Oh and Raymond 2006;
Hamilton et al. 2007). Better accounting of non-carbonic acid-
ity in managed systems and coupling of ERW with practices
that limit acidity production will be an important avenue of
future work. However, assuming non-carbonic acidity is
largely neutralized through current liming practices (Hamilton
et al. 2007), additional carbonate application and weathering
in agricultural settings could actually be a net carbon sink on
timescales less than ~ 10°-10* yr.

Implications of modeled carbon transport potential for
deployment of ERW

Conceptually, our model is designed to provide an estimate
of the upper limits on CDR potential for ERW as constrained
by the river capacity without CO, re-release. In other words,

River chemistry constraints

our model does not consider other bottlenecks in the CDR
potential of ERW, such as limited dissolution of feedstock at
application sites. However, we consider this estimate useful
for a number of reasons. First, it provides an upper bound on
conceivable deployment level. Although significant effort will
be required to evaluate practical net CDR across a range of
socioeconomic scenarios, feedstocks, and deployment styles, it
is unlikely that ERW will be capable of achieving CDR in
excess of the estimates presented here. This represents a key
starting point for placing boundaries on the relative impacts
of ERW deployment across a range of socioeconomic and cli-
mate scenarios. For instance, one potential path toward sur-
passing these limits would be significant weathering of
ultramafic material or mafic minerals, but ultramafic and or
mafic minerals have a higher potential for trace metal contami-
nation of surface waters and soils (Hartmann et al. 2013;
Amann et al. 2020) and are likely to be more costly to mine
and transport (Kelemen et al. 2020). Second, our CTP estimates
are broadly comparable with existing top-down estimates of
ERW capture potential across the tropical land over the next
century (on the order of ~ 15 GtCO, yr~') (Taylor et al. 2016).
The global riverine CTP estimates for flood basalt application
surpass recent estimates of CDR via ERW in agricultural settings
(Strefler et al. 2018; Beerling et al. 2020), even when our model
is run at relatively low saturation state thresholds. This provides
support for the notion that cropland ERW will not face a bottle-
neck during transport of dissolved weathering products to the
oceans. However, it also suggests that in many areas it would
be worthwhile to explore inexpensive enhanced weathering
application in settings beyond croplands (Goll et al. 2021) and
other means of agricultural ERW (e.g., ERW in agroforestry and
in lower-impact manure management practices).

To our knowledge, our modeling results represent the first
regional and global estimates of carbon transport potential
using carbonate feedstocks, with estimates suggesting the pos-
sibility of significant capture via carbonate-based ERW.
Despite obvious risks, there are socioeconomic and logistical
considerations supporting the notion that carbonate-based
ERW should be further evaluated for incorporation into green-
house gas mitigation portfolios. Dissolution rates of carbon-
ates are roughly three orders of magnitude more rapid than
those of basaltic rock under the same conditions (Morse and
Arvidson 2002; Kelemen et al. 2020) and long-term decline in
dissolution Kkinetics caused by surface passivation often
observed in silicate weathering (Daval et al. 2018) will be less
of an issue for carbonate feedstocks. Furthermore, carbonate
rock exposure is two to four times that of basalt at Earth’s sur-
face (Hartmann and Moosdorf 2012; Goldscheider
et al. 2020), and carbonate quarries are widely distributed
given the common use of carbonate in aggregate and in con-
crete production. In addition, waste fines from crushed lime-
stone production could provide an inexpensive source of
enhanced carbonate weathering. Critically, it is worth
stressing that surficial enhanced carbonate weathering could
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occur in reactors instead of via diffuse application of carbon-
ates in soils, which would limit the potential for back reaction
and CO, re-release (Rau et al. 2007).

Conclusions

Our results reinforce the notion that ERW has significant
CDR potential (Beerling et al. 2020; Goll et al. 2021), and sug-
gest that the carbon transport potential of river/stream sys-
tems and groundwaters is unlikely to be a bottleneck in
scaling net CDR. Indeed, both for the United States and at a
global scale our model highlights enhanced silicate rock
weathering as having gross CTP rivaling or exceeding most
other CDR approaches currently being assessed. Furthermore,
our results indicate that ERW using carbonate rock as a feed-
stock may have significant CDR scope, along with a range of
possible co-benefits and socioeconomic advantages. Overall,
these considerations suggest that both silicate- and carbonate-
based ERW approaches should be thoroughly assessed for cost,
downstream environmental impacts, and longevity of capture
with the aim of near-term deployment at the gigaton scale.

Data availability statement
The data and code are hosted at https://zenodo.org/record/
5034798#.YpqD60zMKsA.
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