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ARTICLE INFO ABSTRACT

Editorial Handling by: G. Bird Enhanced silicate weathering, the application of crushed calcium and magnesium-rich rocks to arable cropland,
has been proposed as a potential negative emissions technology for the drawdown of atmospheric CO2, Previous
estimates have suggested that enhanced silicate weathering (EW) has the potential to remove significant
quantities of COs, as much as 6-30 Mt CO, yr! for the UK. However, if secondary carbonates are precipitated
during the riverine transport of the products of EW, a portion of this COz will be re-released, lowering the net
carbon dioxide removal (CDR) potential of the mitigation strategy. Here, we assess the fluvial response to EW in
the UK by calculating the expected riverine carbonate precipitation due to the dissolution of 10-50 t ha! yr~! of
silicate rock on available arable cropland in major UK catchments.

Increases in calcite saturation due to the export of soluble cations sourced from EW from soil to rivers are
simulated to cross thresholds for spontaneous carbonate precipitation in several major UK river catchments (e.g.
the Great Ouse, Thames). Catchments most susceptible to potential secondary carbonate precipitation are those
with a high ratio of cropland to water discharge. On average, carbonate precipitation for major UK catchments is
expected to make EW 16% (10 t ha’l), 21% (20 t ha’l) or 27% (50 t ha’l) less effective at removing CO5 than
that predicted in the absence of such precipitation. Furthermore, when placing strict silica limitations on
weathering reactions within soils, the CDR potential of EW is reduced considerably, to 0.23 Mt CO4 yr ..

Although reducing the CDR potential of EW, we suggest that under rapid weathering conditions, carbonate
precipitation in UK rivers will prevent pH increases over the safe level for freshwater ecosystems (pH > 9).
Together, the simulations suggest that ambient hydrological conditions may make certain UK agricultural areas
less effective for CDR by EW and call for methods to quantify secondary carbonate precipitation in response to
EW treatments and to further investigate the role of silica saturation in suppressing weathering reactions.
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sterite (Eq. (1)) which removes up to 2 mol of carbon dioxide from the
atmosphere for every 1 mol of Mg?* released from the mineral:

1. Introduction

Humanity will need to employ various strategies over the coming
century to halt increasing global temperatures and prevent catastrophic
impacts of climate change (IPCC, 2018). One strategy will be to

Forsterite : Mg,SiO4 +4CO, +4H,0 — 2Mg*" + 4HCO; + HySiO44q (1)

Estimates suggest that globally upscaling EW, by applying between

sequester CO; from the atmosphere using several proposed negative
emissions technologies developed over the last two decades (The Royal
Society and Royal Academy of Engineering, 2018). Enhanced silicate
weathering (EW) has been suggested as a valuable method for atmo-
spheric carbon dioxide removal (CDR) and relies on applying crushed
calcium- and magnesium-rich silicate rocks to arable cropland (Hart-
mann et al., 2013; Beerling et al., 2018, 2020).

Enhanced weathering aims to speed up the natural process of rock
dissolution, normally of silicates. An example is the dissolution of for-
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10 and 30 tonnes of silicate rock (e.g., basalt) per hectare onto 900 Mha
of equatorial cropland, has the potential to sequester 1.8-14.7 Gt CO4
cumulatively by 2100. Early assessments of EW for the UK, e.g. (Ren-
forth, 2012; The Royal Society and Royal Academy of Engineering,
2018), involving spreading between 10 and 20 t ha™! of silicate over half
of the country’s agricultural land suggested sequestration of 12-21
MtCO;, per year (2.4-4.2% of the UK’s annual emissions). A recent more
sophisticated model of EW for the UK suggests sequestration potential of
6-30 MtCO; per year by 2050 from repeated additions to agricultural
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soils (Kantzas et al., 2022). These estimates suggest the potential for EW
to contribute to the UK’s legally binding 2050 net zero emissions target.

The CDR potential of EW is, however, reduced by at least six pro-
cesses that have been recognized by a number of previous studies
(Kohler et al., 2010; Fuhr et al., 2021; Klemme et al., 2022; Knapp and
Tipper, 2022).

i. Precipitation of secondary carbonates in the soil (i.e. pedogenic

carbonates)

ii. Silica saturation of soil waters limiting dissolution rates accord-
ing to rainfall water supply

iii. Precipitation of secondary silicates (e.g. clays) in the soil, which
alleviates silica saturation, but also removes some cations
released from the primary silicate dissolution.

iv. Precipitation of secondary carbonates in rivers as products are
carried from soil to ocean.

v. Estuarine mixing, during which the high alkalinity of seawater
decreases the ratio of carbon for a given increase in alkalinity.

vi. Biotic (or inorganic) carbonate precipitation in seawater.

In this riverine study, we focus on an aspect that has not been well
quantified: assessing the potential for reduced effectiveness of EW due to
carbonate precipitation in rivers (point iv). We also consider the role of
silica saturation and clay mineral precipitation (points ii and iii), given
the importance of riverine discharge in transporting products, including
Si, away from the soil.

When a mole of divalent cation (Ca*" and Mg®") is released from
primary minerals into freshwater with a close to neutral pH, the excess
positive charge is mostly balanced by HCO3 (e.g., equation (1)) resulting
in the uptake of 2 mol of atmospheric CO; into the water. However, if
mineral saturation levels in the water result in the precipitation of sec-
ondary carbonate, 1 mol of this CO; is re-released to the atmosphere
(Equation (2)), lowering the net drawdown efficiency of EW:

Secondary Carbonate Precipitation :

2
Ca** +2HCO; — CaCO; + CO, + H,O 2

Secondary carbonate minerals can form in soil, during riverine
transport, or in the oceans. Previous studies have reported the link be-
tween secondary carbonates and the reduced drawdown efficiency of
EW (Renforth, 2019; Kantzas et al., 2022), and it has gained recognition
as an important variable, which two recent studies highlight. Kantzas
et al. (2022) reduced the overall CDR potential by 10-15% to account
for ocean outgassing and (oceanic) carbonate precipitation in their
model-based CDR calculations for EW in the UK. They also suggest that
the alkalinity generated by EW increases the quantity of CaCOs3 pre-
cipitation in soils over time. Knapp and Tipper (2022) consider the
global impact of carbonate precipitation during riverine transport of the
products of enhanced carbonate weathering (e.g. via liming of agricul-
tural land). Their study suggests that the dissolved products may be
transported to the ocean if global rivers can maintain disequilibrium
with respect to calcite (upholding a calcite saturation index of 1),
however two thirds of the sequestered CO- via any enhanced carbonate
weathering will be re-released due to secondary carbonate precipitation
under equilibrium conditions (precipitation occurring at a saturation
index = 0).

Additionally, to determine whether riverine transport of the products
of EW would be a limiting factor, a conceptual model-based study by
(Zhang et al., 2022) took baseline carbonate chemistry from US and
global rivers and iteratively added ions from stoichiometric rock
weathering until the water reached a specified saturation required for
carbonate precipitation (as the exact value for this is unknown, they
testedvarious calcite saturation states (Q2), between Q = 5-25). They
found that over baseline levels, global rivers could transport an extra
7-21.3 Gt CO, yr ! of EW derived CO, before significant carbonate
precipitation would lower the overall efficiency of EW.
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Here, we build on their contributions by taking a catchment specific
approach to question what the traditional spreading scenarios (10-50 t
ha™! yr!) will do to the carbonate chemistry of individual UK catch-
ments. We suggest that because of the uneven distribution of UK arable
land, there is a potential for large variations in the flux of EW derived
ions to rivers. This heterogeneity may mean that, for catchments with
low arable land, the potential CO, transport capacity as suggested by
(Zhang et al., 2022) will not be met, whilst catchments with high arable
land may cross thresholds for precipitation and cause reductions in the
overall CDR efficiency of EW.

The flux of ions to the river will be controlled by the complexities of
the soil environment. Environmental conditions in the soil-such as
temperature (Pogge von Strandmann et al., 2022), pH, availability of
water (Buckingham et al., 2022), and the extent of biological activity
(Vicca et al., 2022), will determine the weathering rates of the applied
silicate and dissolution may be suppressed when conditions for weath-
ering are not ideal (Brantley et al., 2023). Once the applied silicate
dissolves, soil processes, such as secondary mineral formation (second-
ary clays and pedogenic carbonates), cation exchange on soil mineral
surfaces, equilibrium reactions in soil porewaters (Kohler et al., 2010),
and plant uptake of cations (Kelland et al., 2020) may reduce the
quantity of ions to leave the soil and enter the river. In contrast to the
riverine environment, the impact of soil processes on the kinetics of
weathering has been the subject of many studies, and therefore it is not
the focus here. However, we do consider once area of the soil environ-
ment which may significantly influence the flux of ions to rivers: the
release of silicic acid during dissolution.

The release of silicic acid during weathering reactions may limit the
CDR achievable by EW. During weathering, silicate minerals may
dissolve completely, releasing cations and silicic acid into surrounding
waters (e.g. Equation (1)). Alternatively, they may preferentially release
base cations into solution whilst retaining silica and some cations in
secondary minerals, for example, the alteration of anorthite to kaolinite
(equation (3)):

Anorthite dissolution :
CaAl,Si, 05 4+ 2C0, + 3H,0 — 3
Ca** +2HCO; + ALSi,O5(0OH),

When weathering reactions release Si into porewaters, the saturation
concentration of silica may be reached, which will inhibit weathering
reactions until the porewater is recharged, or secondary silicate minerals
precipitate (Kohler et al., 2010). Silica saturation, therefore, has the
potential to slow enhanced weathering reactions and lower the CDR
potential of EW. To assess this limitation (Kohler et al., 2010), modelled
the outcomes of applying 1.58 x 10* Mt of olivine (~27 t ha™*) onto the
Amazon catchment and showed that silica saturation would reduce the
carbon sequestration potential from 16 to 1.8 GtCO, yr~ . The difference
between these two values demonstrates the importance of understand-
ing the role of silicic acid release and secondary mineral formation
during enhanced weathering.

In this study, we address these two limitations to EW by combining
observed river water geochemistry for major UK basins, with
geochemical modelling and carbonate precipitation beaker experiments.
Across 36 UK river catchments, we calculate how the application of EW
to arable land will modify river alkalinity, pH, calcite saturation and
thus the quantity of secondary carbonate formation. Along with inves-
tigating the possible decrease in CDR potential due to fluvial carbonate
precipitation and silica saturation, this study also explores whether the
shift in catchment chemistry caused by EW will be within boundaries
acceptable for aquatic life.

2. Predicting the impact of carbonate precipitation and silica
saturation on EW CO, sequestration

We calculate the potential reduction in EW efficiency due to car-
bonate and silica saturation, from a theoretical maximum, due to the
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Fig. 1. (a) Average annual discharge per catchment studied (10*?2L yr’l). (b) Percentage of arable land within each catchment. >90% of all UK arable land is located
within the 36 catchments shaded in figures (a) and (b). Numbered catchments in (b) will be compared in detail within the results and discussion, chosen due to their
differences in arable land%, discharge and bedrock lithology. (1 = Ancholme, 2 = Great Ouse, 3 = Hull, 4 = Ouse, 5 = Severn, 6 = Tay, 7 = Thames).

R(Lyr)) Foasalt (thal)
Aarable (ha)
Few (Mol hat) FEw (mol ha'l)d
‘ FEW-silc (mol ha™l)
[ R EW-silc {mol ha
o ‘Fb (mol)
g Few.¢ (mol)
Input Variables: Outputs:
Fhasalt = application rate of basalt (t ha?) Few = initial EW ion flux
Fy = background flux of ions Few.sic = initial EW ion flux with silica saturation in soil
R = catchment annual runoff (L yr?) [Xlew =Fgw /R =EW dissolved ion concentration for element X (mol L?)
X1, = background concentration of X (mol L) [X) = [X]ew + [X]; = final dissolved ion concentration (mol L)
A = catchment area Fearp = secondary carbonate precipitation
A ..  =arable catchment (ha) Fews = final EW flux (Fey - Focan)
X = wt.% of element x in basalt Rog - coaceduEHatonby EV\{ with,OUt
secondary carbonate precipitation
R = CO, sequestration by EW considering
UEHET secondary carbonate precipitation

Fig. 2. A summary of the variables and terms used in the study. Input variables are obtained from natural catchment data, as discussed in the main text. Outputs are
the variables derived in this study: Fgw and Fgy g are terms describing the flux of ions released from the applied basalt, which will be dependent on limitations by
silica saturation (Fgw_sjc) or carbonate saturation (Fgw_y) as discussed in section 3. R¢oz is the maximum CO, drawdown expected from EW, and Rcoz—ne: is the CO2
drawdown once carbonate precipitation and silicic acid saturation are considered (section 5, and 7 respectively.
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application of 10, 20 and 50 t ha™! of a compositionally average basalt
(table 3, supplementary information) onto half of the arable land within
major UK catchments (these values enable ready comparison with
(Renforth 2012)). Basalt was used as the applied silicate, as it is likely to
be the rock of choice for large-scale adoption of EW.

Catchment data is used to calculate the total amount of basalt
applied per catchment. A total of ~5 Mha (Mha) of land is used for
arable agriculture in the UK (The Royal Society and Royal Academy of
Engineering, 2018), separated into ~90 catchments. Here we focus on
36 catchments which encompass 91% of this arable land (Fig. 1b). These
are a subset of UK catchments with the highest percentage of arable
land; it is considered that the remaining omitted catchments would
contribute less to the total CDR of EW in the UK as they have minimal
land available for the application of crushed silicates. Each catchment’s
total area (A) was determined using the computer program qGIS and
catchment boundaries from the Centre of Ecology and Hydrology (CEH,
2014), while the percentage of land that is arable (Agqpe -Fig. 2) is ob-
tained from the National River Flow Archive (NRFA, 2023) (Fig. 1B,
supplementary information-table 1).

We consider two possible scenarios of alkalinity release to the river,
depending on the extent of EW silicate mineral dissolution (see section
3). These scenarios aim to explore the range in alkalinity release possible
due to EW and reflect the uncertainty regarding the extent of a key
inhibiting factor to dissolution: the degree that Si is released into
porewaters. For each of these scenarios, we took the following steps to
derive a reduced CO2 sequestration budget.

i. Calculate the resulting riverine major ion chemistry and conser-
vative alkalinity by combining baseline values with that released
from EW in each catchment (section 3).

ii. Predict how the riverine pH is impacted by this increased alka-
linity (section 6).

iii. Derive a threshold calcite saturation index at which rivers are
expected to precipitate carbonate (section 4).

iv. Using the calculated ion chemistry, alkalinity, pH, the threshold
saturation index for precipitation, and the geochemical model
PHREEQC (version 3) (Parkhurst and Appelo, 2013), predict the
change in calcite saturation index for each UK river and the
amount of carbonate precipitation (section 5).

v. Use the percentage of ions which precipitate to calculate the
reduced CO; sequestration due to carbonate precipitation and/or
silica saturation (Section 5 and 7, respectively)

River geochemical data needed for step 1 was compiled from two UK
Environmental Agency datasets (DEFRA, 2013, 2022) to determine the
natural background flux of ions in each river (Fg;Figure 2,; supple-
mentary information-table 2) and annual runoff information was ob-
tained from the NRFA (R; Fig. 1a; Supplementary Information-table 1).

For simplicity, we have neglected the flux of ions to groundwater
sources. According to research from UK Research and Innovation
(UKRI), the annual recharge to UK aquifers is 7 billion m® yr ! (7 x 10'2
L yrfl) (Bloomfield et al., 2013). Comparing this value to the UK annual
riverine discharge to the ocean (1.59 x 10'* L yr, calculated from the
National River Flow Archive (NRFA) (Marsh et al., 2015), the average
flux to groundwater is approximately 4.2% of the total UK water
discharge. Therefore, we assume that the dissolved ion flux to ground-
water will not significantly impact our calculations here.

3. Scenarios for alkalinity release from applied basalt to fluvial
systems

The alkalinity released to rivers due to EW will depend on the basalt
dissolution rate once applied to the field. Dissolution is limited by three
main factors: (1) the supply of rock to the catchment, (2) kinetic factors
limiting weathering, such as temperature, pH, presence of microbes, flux
of water onto the catchment, and amount of available acid, and (3)
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equilibrium reactions in the soil porewaters. For the first factor, we
consider three spreading scenarios: 10, 20 and 50 t ha™*. For the second,
we assume that the kinetic limitations have been minimised by
increasing the reactive surface area by crushing the rock to ~10 pm
(Hangx and Spiers, 2009) and applying the crushed basalt onto agri-
cultural soils with low pH and high microbial activity that promote fast
dissolution reactions (Renforth 2012; Beerling et al., 2018). In this
section, we then consider the third factor: the impact of equilibrium
reactions between the dissolving basalt and the accumulation of silicic
acid products.

The fate of Si during basalt dissolution is unclear. Either dissolved
silica will accumulate in porewaters which will eventually reach satu-
ration, preventing further dissolution of the applied rock (Kohler et al.,
2010). Alternatively, Si may be removed into Si bearing secondary
minerals fast enough to prevent pore waters from reaching silica satu-
ration (Schuiling et al., 2011). We model two end-member scenarios that
capture this range of potential response to silicic acid saturation on the
alkalinity released from basalt: Fgy, the maximum EW derived flux of
ions to the river with no imposed limitation by silica saturation or ki-
netics (i.e. assuming all cations are released from complete basalt
dissolution); and Fgw_gi., the flux caused by stringent silica saturation
limitations in which water flux constrains the release of cations.

3.1. Scenario one: The maximum alkalinity released to rivers due to EW
(Few)

The central assumption in this scenario is that basalt dissolution is
not affected by silica saturation in soil pore waters. This may be due to
(i) Si concentrations reducing through plant uptake (Cornelis et al.,
2010) and/or incorporation into secondary Si bearing minerals which
do not contain the four major mobile cations (Mg, K, Ca, Na), or (ii) by
major cations being released from the rock faster than silica (Peters
et al., 2004; Renforth et al., 2015). In both situations, major ions leave
the site of weathering before silica saturation in soil porewaters is
attained. In this scenario, we assume that the supply of rock to the
cropland is the only limitation to basalt weathering (10-50 t ha™1), and
therefore, once the system reaches steady state, that all applied basalt
dissolves within one year of application. Further, we assume that mobile
cations Ca®*, Mg?* Na*,K" supplied in one annual addition are released
over an annual timescale from the soil; that is, all cations in applied
basalt are released as alkalinity into the catchment river (or rivers).

Other assumptions made when deriving Fgy for this scenario:

i. Al and Fe from basalt dissolution are retained in soils (Renforth
et al., 2015; Shao et al., 2016).

ii. PO?{ (which makes up ~0.35 wt% of common basalts (Hender-
son and Henderson, 2009)) will remain in the soil profile absor-
bed onto secondary clays (Kantzas et al., 2022), or will be taken
up by arable crops (Beerling et al., 2018).

iii. Other anions (e.g Cl~, NO3, SO?{) are not significant in basalt
composition (Supplementary information, table 3), and therefore
remain at baseline values in rivers.

The ions contributing to the flux of EW alkalinity to the river (Fgw)
for this scenario are the major cations (Ca, Mg, Na and K). Using
catchment characteristics and the composition of basalt, the increased
concentration of these ions ([X];— Fig. 2) is calculated from their
baseline concentration values [X]; (where X = Ca, Mg, K, Na) in each of
the 36 catchments (supplementary information). The increased alka-
linity from EW was then calculated by considering the charge balance in
the river:

Conservative alkalinity =
Z charge of conservative cations (Ca**,Mg** ,Na*,K*)— C))
Z charge of conservative anions (ClﬂNO;7 SOZ’, POi’)



K.J. Harrington et al.

Applied Geochemistry 152 (2023) 105643

Global distribution of SI data from the GLORICH dataset
1500 | T T T T : T
- ]
2 ;
-‘_E medlan\i
o '
21000 - i
=% '
g i
] \
Y :
© 5001 ] .

5 \
2 \
S |
= ]
= |

0 } 1 I

1 2 B

T T T T
1 R ELr i
L 1 1 1 1 1 1
=% -6 -5 4 -3 2 i) 0 il 2 3

Saturation Index

Fig. 3. Global river saturation index data obtained from the GLORICH database. Bottom plot represents the interquartile range of the global river calcite saturation
indexes (median = —0.59, 25 percentile = —2.21, 75 percentile = 0.47) Database: Hartmann, J., Lauerwald, R. & Moosdorf, N. GLORICH- Global river chemistry

database. PANGAEA (2019). doi:https://doi.org/10.1594/PANGAEA.902360.

The increase in cation flux to the water column is assumed to be
balanced by an increase in carbonate species (HCO3 and CO%’). The
alkalinity calculated for this scenario (Fgy) represents the maximum
increase in each catchment due to EW. This scenario is therefore useful
in constraining the maximum extent of secondary carbonate precipita-
tion in UK rivers due to EW. However, we highlight that this is a theo-
retical maximum, and that while we assume that kinetic limitations
could be minimised by a sufficiently small grain size and low pH con-
ditions, some studies suggest that the dissolution of 10 pm basalt may
take more than 10 years (Kelemen et al., 2020). Unfavourable weath-
ering conditions, i.e. low water supply (Buckingham et al., 2022), may
also slow the kinetics of weathering. Slow dissolution will of course
lower the rate of alkalinity flux to the river calculated here.

3.2. Scenario two: The reduced EW alkalinity released to rivers due to
limitations by silica saturation (Fgw_si.)

This scenario assumes that dissolution of minerals supplied by EW is
limited by a saturation of Si in porewaters and provides a conservative
estimate of EW effectiveness. In this scenario.

i. 100% of the weathered Si is released into porewater solution

ii. Silica saturation is reached when silicic acid concentration in soil
porewater reaches 1.4 mmol L™, based on silica solubility
equations (Henley 1983; Van Cappellen and Qiu, 1997) (included
in supplementary information, and at 10 °C and at pH = 6)

iii. The amount of alkalinity transported from a catchment to a river
is limited by the annual catchment runoff, which controls the
recharge rate of porewaters (Kohler et al., 2010)

iv. Once saturation is reached, all remaining basalt is left undis-
solved on the catchment

v. Fe remains in the soil profile as Fe-oxides, or, in instances where
Fe reaches the river, would mostly form iron hydroxides (at pH
7-8, the average pH of rivers), which are relatively insoluble
(Neubauer et al., 2013).

vi. Siand Al are included in Fgy_g; and, on entering the river system,
are speciated according to the natural baseline riverine pH.
Speciation was predicted using PHREEQC (version 3) (Parkhurst
and Appelo, 2013) and was included in alkalinity equations.

Therefore, the major ions which contribute to the alkalinity flux in
this scenario (Fgy_gic) are the major cations (Ca, Mg, Na, K), with an
addition of Si and Al. The alkalinity flux Fgy_gj. derived from this sce-
nario is useful in constraining the reduced flux under stringent silica
limitations.

4. Determining the saturation state required for carbonate
precipitation (Slireshold)

Rivers may hold more EW alkalinity products in the dissolved load if
they become supersaturated with respect to calcite (Knapp and Tipper,
2022). Predicting the quantity of secondary carbonate precipitation due
to EW-derived alkalinity (Fs_cq») requires selection of a threshold
saturation index at which rivers will precipitate carbonate (SIireshold)-

Slcacire is defined by equation (5), e.g (Zeebe and Wolf-Gladrow,
2001):

Sleutcire = log <yCa2+ * yCO3™ /Ksp) Q)

Where yCa®* x yCO?~ are the activities of Ca>™ and CO3 ™ respectively,
and Ksp is the equilibrium constant, which is dependent on salinity and
temperature and is defined by (Mucci, 1983). In an ideal solution, when
Slcacie > 0, it is saturated with respect to calcite, and secondary car-
bonate precipitation is expected (Zeebe and Wolf-Gladrow, 2001). In
natural rivers, the Sljesnoq is often higher than Slgge = 0, due to the
inhibition of secondary mineral growth by the presence of specific ions
in solution, such as Mg2+, SO%’, iron, phosphates, and organic molecules
(Katz et al., 1993; Nielsen et al., 2016).

We estimate a Slireshoig Dy considering the Slcycire of natural rivers
(section 4.1). To test the chosen Slyesnoig predicts accurate quantities of
precipitation; simple beaker experiments were performed with UK river
waters to compare with modelled precipitation values (section 4.2).

4.1. Slcarir of global rivers

The global natural riverine distribution of Slgyi in rivers can be
examined using the global database GLORICH (Hartmann et al., 2019).
This analysis suggests that ~39% of rivers are saturated or oversaturated
with respect to calcium carbonate (SI¢geie >0) and 95% of the data have
Slcacie < 1 (Fig. 3) All the UK rivers studied here also have median
natural saturation indexes below 1 (ranging between —2.11 and + 0.86).
Based on the scarcity of natural rivers with an Sliespolq > 1, a threshold
saturation index of 1.0 was used in this study.

To confirm that carbonates will precipitate in rivers at this threshold
value, we then explored locations where secondary carbonates form in
rivers. Carbonate deposits are found along the Slovenian karstic River
Krka (Zavadlav et al., 2017) in regions where Sl¢qie = 0.8 — 1, but not
in locations where Slcqcire = 0.4. In the Yalong river and tributaries
(Chen et al., 2022), 80-90% of dissolved Ca is removed due to precip-
itation in rivers with a Slcgqee ~ 1. In saturated rivers (Slcacie =
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Comparison of predicted carbonate precipitation with that observed in experiments
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Fig. 4. Experimental confirmation that a threshold saturation index of 1.0 is realistic for carbonate precipitation in UK rivers. The figure compares the predicted
amount of carbonate precipitation for a given saturation index, with those of the river water carbonate precipitation experiments of this study.

0.2-1.1) draining the Apennine Mountains (Italy), the fraction of Ca
removed due to precipitation increases from 0.1 to 0.8 with increased
Slcarcire (Erlanger et al., 2021). We also note that, independently to our
analysis, a Slcycie = 1.0 was used in the study by (Knapp and Tipper,
2022) as the theoretical upper limit that rivers could reach prior to
carbonate precipitation. Therefore, we expect that carbonate precipi-
tation will occur in rivers with Slggeye > 1.0, and that using this as a
baseline value in PHREEQC will provide conservative estimates for
secondary precipitation in the UK rivers studied here.

4.2. River water carbonate precipitation experiments

River water carbonate precipitation experiments were carried out to
provide an additional constraint on the saturation level required for
carbonate precipitation in UK rivers and to test the selection of
Slipreshold = 1. Unfiltered water from the River Thames and Severn was
collected from accessible but flowing regions of both rivers (Supple-
mentary Info-Fig. 1). The water was distributed into 500 ml beakers and
alkalinity added which represented the two scenarios (Fgw and Fry_gic)
for application rates 10, 20 and 50 t ha™!. Changes to pH, alkalinity, the
end dissolved chemistry, and the quantity and composition of the pre-
cipitate were measured to calculate the resultant Sl and quantity of
precipitation. The carbonate precipitation experiments were run for 4
days (Thames) and 5 days (Severn) to reflect the average time water will
remain in each river (Worrall et al., 2014). A more detailed description
of the experimental methodology is provided in the Supplementary
Information.

Changes to the dissolved load over the course of the experiments
suggest considerable carbonate precipitation. Dissolved Ca?* reduced in
the beaker water column by 68.3% (10 t ha’l), 94.7% (20 t ha’l) and
99% (50 t ha™!) in the Severn experiments, and by 92.2% (10 t ha’l),
99.2% (20 t ha™!) and 99.3% (50 t ha™!) for the Thames, which has a
naturally more saturated composition (supplementary information,
table 7). In the beakers representing 20 and 50 t ha™!, the final con-
centration of Ca?" was lower than in the control beaker. This implies
carbonate precipitation in these beakers scavenged some of the natural
Ca?* as well as the added Ca®*. Concentrations of Mg?", Na* and K*
remain elevated in the beakers for the duration of the experiment,
indicating limited removal through secondary precipitation.

The starting Slcqcire Of each beaker was determined using PHREEQC.
To confirm the validity of using Sljesnog = 1, for any given initial
Slcarie, the amount of precipitation in the beakers was compared to the
amount predicted in PHREEQC using SLreshord = 1 and Slipresholq = 0 and
the predicted calculated riverine chemical changes due to 10-50 t ha™?
application rates (section 5). Using SIiresnoigd = O tends to over-predict
the quantity of carbonate, while Slpyesnoiq =1 aligns closer to the
observed data (Fig. 4). Experiments confirm that using Slipreshoiq = 1 in
PHREEQC will predict values of carbonate precipitation which may
align closer to actual river values than those using Slcgire = O.

The experiments were also useful to constrain the kinetics of sec-
ondary carbonate precipitation. Significant precipitation occurred
within the timeframe of the experiment, suggesting that, if UK rivers are
pushed over the Slyesnoid by EW, secondary carbonate precipitation will
occur during river transport; before the products reach the ocean.

10 t ha!

Alkalinity (mmol L)

<3
5515
15-30
30-50
>50

Fig. 5. Derived EW initial alkalinity changes in UK
catchments due to spreading scenarios 10 and 50 t
ha! under scenario 1 in the absence of secondary
carbonate precipitation and kinetic limitations. For
comparison, the median natural alkalinity is 1.9
mmol L1, Alkalinity increase is calculated under the
assumption that 10 and 50 t of basalt is applied to half
of the available arable land in the catchment and that
all the mobile cations Ca, Mg, Na and K within the
basalt reach the river. River water flux used is the
average discharge in each catchment (L yr™1).




K.J. Harrington et al.

Applied Geochemistry 152 (2023) 105643

10 t ha”! #“

Calcite SI

Fig. 6. Catchment calcite saturation indexes for the 10 t ha™! and the 50 t ha™! application rates under scenario 1 in the absence of calcite precipitation. Saturation
Index values were obtained using PHREEQC, and the alkalinity and chemistry were calculated using assumptions discussed in (section 3). Brown colours on this
figure represent catchments in which riverine carbonate precipitation is expected (i.e. SI > 1).

5. The impact of Scenario 1 (maximum alkalinity release) on UK
river chemistry and the potential for CO5 removal

Under scenario 1, where all basalt-derived alkalinity is released into
rivers, the alkalinity flux resulting from application rates 10, 20 and 50 t
ha~! (Fgw) would lead to significant increases in riverine alkalinity and
therefore to carbonate precipitation (Figs. 5 and 8). For the 36 catch-
ments in this study, and in the absence of carbonate precipitation, Fgy
would increase the river alkalinity to a maximum of 9.4 mmol/L "}, 15.4
mmol L1 and 35.6 mmol L™} for 10, 20 and 50 t ha™}, respectively. This
is significantly higher than the natural value observed in UK rivers
(median = 1.9 mmol L !). The extent of this increase is catchment
specific and primarily reflects the ratio of arable land content to water
flux; the Hull and the Great Ouse catchments, for example, would see
large increases in alkalinity due to their extensive arable land (71% and
65% respectively) and relatively low discharge (Fig. 5).

In the absence of carbonate precipitation, the Slcye in many UK
rivers will be pushed over the threshold needed for carbonate precipi-
tation (Slpresnora = 1). The rivers studied here have natural calcite
saturation indexes ranging between —2.11 and 0.86 (median = 0.125).
Due to EW scenario 1, the median Sl¢y,;. without carbonate precipita-
tion increases to 1.75 (10 t ha’l), 2.18 (20 t ha—!) and 2.83 (50 t ha’l),
driving 26, 31 and 35 rivers over the Slreshold-

To compare our results with (Zhang et al., 2022), we estimate the
basalt application rate needed to achieve the CO3 transport potential for
global rivers as suggested in their study (i.e. 10 -12 Gt COy for a
Slinreshola = 1). For a basalt of average composition (Supporting Infor-
mation, table 3), a maximum of 0.295 tonnes of CO, is removed for
every tonne of basalt dissolved (i.e. see discussion, re: equation (7)
below). 10-12 Gt COgy therefore corresponds to approximately
33.9-40.7 Gt basalt, which, if spread evenly over all global cropland
(1.67 G Ha’l, (FAO, 2020)), would equate to application rates of 24-29
tha™! yr’l. In other words (Zhang et al., 2022), show that rivers could
hold the dissolved products of the complete dissolution of basalt applied
at approximately 24-29 t ha yr! before the threshold saturation index
for precipitation is achieved.

However, we suggest that these limits would only be achieved in
practise if the world’s arable land was spread in such a manner that EW
derived ions evenly distributed themselves into global rivers. The dis-
tribution of arable land in the UK is uneven, and therefore our results
suggest that, for spreading scenarios of 10-50 t ha™!, the impact on UK
rivers Slcqcire is highly dependent on the quantity of arable land in the
catchment (Fig. 1b. Fig. 6).

As scenario 1 would drive many UK rivers into disequilibrium with
respect to calcite, PHREEQC predictions suggest that carbonate precip-
itation (Fs_cqp) Will occur to maintain river Slcge < 1. We compared

the quantity of Ca (and Mg) lost to carbonate precipitation predicted by
PHREEQC with the initial EW derived alkalinity flux to the river (Fig. 5);
the median amount of alkalinity lost to F; 43 in the 36 catchments
studied was 6.2%, 10.4% and 31% for the 10, 20 and 50 t ha™! appli-
cation rates respectively. Most of the reduction in alkalinity was from
Ca?*, which decreased in the dissolved load by an average of 18%, 38%
and 82% for the 10, 20 and 50 t ha! application rates (supplementary
information-Fig. 2); however, some catchments also lost smaller
amounts of Mg2" to Mg-rich carbonates.

The quantity of CO, consumed due to the complete dissolution of one
tonne of basalt (Rgo,) will be lowered by secondary carbonate precipi-
tation (i.e., equations (1) and (2)). This reduction can be quantified by
combining equations (6)-(8). Epy calculates the COy consumed (in
tonnes) by the percentage of EW derived alkalinity which remains dis-
solved until reaching the ocean, while C, calculates the quantity of CO,
consumed due to alkalinity lost by the formation of riverine secondary
carbonates, after (Renforth, 2012, 2019):

RCOZ = LEpot + Cpnz (6)

Eyp = Mco,/100 * (%CaO/MC Y + %MgO/MMgO + %NaZO/MN o
a az

+ %KZO/MK 0) * Wy @)

Cpor =M c0,/100 * <%Ca0/Mcm + %MgO /MMw) * Wy (8)

M0, Myigo, Mco, , Mna,0 and Mg, are the molar mass of CaO, MgO,
COq, Nay0, and KO respectively. w refers to the molar amount of CO5
that will be removed from the atmosphere for every mole of oxide dis-
solved from the rock. In Equation (7), the term w; is a correction to
account for the carbon speciation in solution. It is 2 in pure water and
decreases with increasing alkalinity to values as low as 1.4-1.7 in the
ocean (Renforth and Henderson, 2017). On the basis that river waters
flow to the sea, and to allow comparison with a previous study® we use
w = 1. 7. However, to highlight how the choice of w would impact our
results, we also calculate E,, using w = 1.4. Additional research to better
constrain the w factor would be valuable for future CDR budgets.

The w value is impacted by the precipitation of carbonates: for
calculation of Cpo;, we used wy = 1.0 which is reduced from 1.7 due to
the re-release of CO, during riverine precipitation (e.g., equation (2)).
The presence of CO3~ in solution will lower this value to <1, but we
assume here that in fresh water, carbonate speciation is dominated by
HCOj3 and therefore this reduction is assumed to be minimal.

The calculated Rgo, may also be reduced by the presence of SO3 in
the rock, which may lead to the release of CO5 by the formation of acids,
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Carbon Dioxide Removal Potential of Basalt Application
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Accounting for Carbonate Precipitation

Fig. 7. Total CO, drawdown due to EW. (a) Without carbonate precipitation = the total quantity of CO, which could be sequestered due to the application of basalt
onto 50% of the arable land of 36 UK catchments. (b) The revised quantity which includes secondary carbonate precipitation in the calculations. Both (a) and (b) are

without secondary limitations on weathering by silicic acid saturation.

Potential changes to river alkalinity with and without carbonate precipitation
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Fig. 8. Maximum alkalinity increase in 5 example UK rivers, with and without secondary carbonate precipitation, due to the dissolution of 20 t ha™* over half of the
available land in the catchment. Values represent scenario 1 whereby all cations released reach the rivers. Alkalinity is compared to present-day average natural
seawater levels (dashed line). Error bars represent the predicted amounts of carbonate precipitation, depending on the initial pCO, (see section 6).

as discussed in (Renforth, 2019), but here we assume a minimal
contribution of SO3 given typical basalt compositions (Supplementary
Information, table 3), and on assumption basalt is most likely to be used
for enhanced weathering.

The total annual CO;, sequestration potential from EW for the 36
catchments was reduced due to carbonate precipitation (Fig. 7). The
maximum sequestered CO, due to the application of 10, 20 and 50 tha™!
of basalt (R¢oz) across all 36 catchments is 8.3, 16.7 and 41.7 MtCO
respectively. However, with carbonate precipitation this reduces to 7.0
(+0.2, —0.4), 13 (+0.5, —0.9), and 30 (+1.2, —2.2) MtCO;, for 10, 20
and t ha™? respectively (Fig. 7). Using w; = 1.4 in equation (7) (instead
of w; = 1.7), reduces these results to 6, 11 and 27 Mt CO for 10, 20 and
50 t ha~! respectively.

Secondary carbonate precipitation during river transport of EW
products is therefore expected to re-release 16% (+5%, —2%), 21%
(+5%, —3%), and 27% (+5%, —3%) of the sequestered CO5 from EW
dissolution rates of 10, 20, and 50 t ha~! yr~! respectively. This calcu-
lated reduction in CDR due to carbonate precipitation (Fig. 7) assumes
that the rivers in this study can maintain a supersaturation of SI¢gcire = 1.
If UK rivers were to precipitate carbonates at a lower saturation index, (i.
e. Slcaicie = 0 —1), then the result would be larger reductions to the EW
CDR than that calculated here.

The CDR values expressed here represent conditions whereby rapid

weathering occurs with little to no kinetic limitations. In the real soil
conditions of the UK, some kinetic suppression of weathering would
likely occur, the degree to which is currently debated. In (Kantzas et al.,
2022) kinetic limitations were included in their model based study of
EW in the UK, which suggested that the CDR potential of EW would
reach 6-30 MtCO, yr 2, after 30 years of repeated 40 t ha* applications
of 10-100 pum basalt particles. However, a significantly lower estimate
(1.3 MtCO, yr_l) was also derived from the results of a recent UK core
study by (Buckingham et al., 2022). A one-off 100 t ha~! application of
125-250 pm basalt was mixed into the topsoil of a soil core from the
southeast of England, and the subsequent slow basalt dissolution rates
during the experimental period was attributed primarily to low water
flux. The results of these two studies, and the subsequent discussion
raised by (West et al., 2023 and Buckingham et al., 2023), highlights the
importance of an accurate assessment of water flux when calcu-
lating/modelling EW dissolution rates and when upscaling CDR to
regional or global levels.

The energy costs involved with mining, grinding, transportation and
application will lower the net values for CO, sequestration predicted
here. Moosdorf et al. (2012) suggest a 10-30% reduction in
efficiency-primarily due to variations in energy needed to grind to
different particle sizes (19.2%). Grinding to coarser sizes (greater than
10 pm) would lessen the energy requirements exponentially and reduce
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(a) pH change in UK rivers due to the dissolution of basalt

in the absence of carbonate precipitation
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(b) pH change in UK rivers due to the dissolution of basalt
in the presence of secondary carbonate precipitation

12 T T T

T T T T

I Natural [ 10 t ha't yr! EEI20 t hat yr! 050 t ha't yrt

11

pH limit optimal for ecosystem health

10 Jr
9 T

Hull Ancholme Severn

Thames Ouse

Great Ouse Tay

Fig. 9. Modelled pH change in 7 UK catchments as a function of basalt dissolution rate (10-50 t ha~'yr~?). (a) prior to carbonate precipitation, (b) post precipitation.
Error bars are associated with the natural range in pCO2, upper bound = 95 percentile, lower bound = 5 percentile. Ecosystem pH limit line (pH > 9) based from

values reported by the US Environmental Protection Agency (USEPA, 2022).

potential negative human respiratory impacts of fine dust, however this
may come at a cost to COg sequestration. The CO3 release due to these
processes may also be lowered by a switch to low carbon energy sources,
i.e. solar, hydroelectric.

6. Impact on riverine pH

An increase in EW derived alkalinity to rivers will cause shifts in pH.
We calculate this increase in riverine pH with and without carbonate
precipitation. To do so we use conservative alkalinity, modified by
addition of EW alkalinity, and the median natural riverine pCO; in the
carbonate system equations (Zeebe and Wolf-Gladrow, 2001). Because
the natural concentration of river pCO5 varies by up to 2 orders of
magnitude during the year (e.g. Supplementary Information, table 4),
lower and upper pCO3 bounds (5 and 95 percentile respectively) for
each river were also used to provide an uncertainty range.

In the absence of carbonate precipitation, the addition of EW prod-
ucts from the complete dissolution of the applied silicate to rivers would
result in large increases in pH (Fig. 9a). However, if carbonate precipi-
tation removes excess alkalinity as expected, in most rivers pH will
remain close to natural levels (Fig. 9b). These results indicate that sec-
ondary carbonate formation in rivers would be essential to buffer the
potential pH increase caused by EW alkalinity addition and maintain
riverine conditions suitable for freshwater ecosystems.

7. The impact of Scenario 2 (limitations caused by silica
saturation) on UK river chemistry and EW CDR

The experiments and calculations in the previous sections have
assumed that all major cations (Ca, Mg, Na and K) are fully released to
rivers during EW basalt dissolution, without any limitation due to silica
saturation (scenario 1). In scenario 2, where silica limitations are placed
on weathering reactions, our calculations suggest that the release of
cations (Fgy_sic) Will be significantly reduced: leading to an increase in
median river alkalinity only approximately double the natural median
(from 1.9 to 3.6 mmol L’l).

The lower degree of alkalinity released to rivers in scenario 2 pre-
vents the degree of carbonate disequilibrium seen in scenario 1 (section
5). Nineteen rivers will remain under the Slespoq for carbonate pre-
cipitation, and the remaining rivers are driven between Sl¢cg e = 1.0 —
1.5. Secondary carbonate precipitation presents only a marginal limi-
tation to the riverine transport of EW products under scenario 2,
removing between 0 and 7% of alkalinity from all rivers studied.

Under silica saturation, limited release of alkalinity to rivers, com-
bined with the small secondary carbonate formation, reduces the CDR
removal of EW in the 36 catchments to 0.23 MtCO, yr *. This large
reduction in CDR due to silicic limitations may, in part, explain why
there are some differences between CDR calculated from modelling
studies and lab/field research.

We reviewed previous research to investigate the likelihood of silica
saturation imposing such strict limitations suggested by the results of
scenario 2. Results from (Peters et al., 2004; Renforth et al., 2015;
Montserrat et al., 2017) suggest that during silicate weathering Si is



K.J. Harrington et al.

Applied Geochemistry 152 (2023) 105643

Comparing the median Ca/Si ratios in river water
and basalt lithologies in natural terrains
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Fig. 10. Ca/Si ratio of basalt vs Ca/Si of the river water that flowed over it. Basalt composition from Reunion Island was taken from Fretzdorff and Haase, 2002),
other basalt compositions came from Das et al., 2005) (Deccan Traps) and Georg et al., (2007) (Iceland). The concentration of Ca was corrected for other sources of
Ca (carbonate, cyclic, evaporites), so that the Ca/Si corrected represented the Ca/Si in the water which came from basalt.

either-removed from solution via secondary Si bearing mineral forma-
tion, enriched within surface altered layers which have already prefer-
entially released cations, or released into solution at a slower rate than
cations. If Si is removed from solution faster than it accumulates, satu-
ration may not be reached in porewaters. However, to get around the
limitation of silica saturation, Si will need to remain in the soil in some
form: either absorbed, within a cation impoverished surface layer in the
added silicate or in a secondary mineral. This would drive significant
change in soil properties, which would be compounded by the appli-
cation of further silicates in future years and must be considered before
the pursuit and upscaling of EW.

Some silica will likely be removed from the soil through plant up-
take. Of the main crops known to accumulate Si, wheat, rice and sug-
arcane have the potential to remove the most bioavailable silica: up to
113, 470 and 700 kg ha™! yr™! respectively (Keeping 2017; Schaller
etal., 2021). Annual harvesting removes the silica from the system along
with the plant, depleting the soils of Si. It has therefore been suggested
that the addition of silicate minerals for enhanced weathering could
provide a secondary benefit for arable crops by replenishing this lost
silica (Kelland et al., 2020; Manning 2022). Plants could help alleviate
some of the silica saturation developed from EW dissolution reactions
however, given the maximum values of Si uptake (between 0.113 and
0.7 t ha™!, species dependent) and the typical application rates dis-
cussed in literature, significant quantities of Si would likely remain in
the soil profile, either undissolved, or as silicic acid.

Preliminary evidence from natural weathering terrains suggests that
twice as much Si is typically retained in soils as is transported to rivers
during silicate weathering. This evidence is derived from the difference
between Ca*/sl.nm (where * = corrected for other sources of dissolved

Ca2+, such as carbonates and rain) and the bedrock Ca/S ihasdl: in basaltic

regions of Reunion Islands (Louvat and Allegre, 1997; Fretzdorff and
Haase, 2002), the Deccan Traps (Dessert et al., 2001; Das et al., 2005),
and Iceland (Georg et al., 2007). The rivers in all three regions are
approximately twice as enriched in Ca?* than in Si, compared to the
primary silicate rock (Fig. 10). Based on the riverine Ca®* enrichment
under these weathering conditions, two times as much alkalinity is ex-
pected to be released during basalt weathering than that with stringent
silica limitations. If conditions within the UK lead to similar weathering
processes, then this would mean that the CDR potential calculated for
realistic silica limitation would be approximately doubled (0.46 MtCO»
yr~1), but still suggests that silica saturation imparts a considerable
limitation on EW.

10

8. Conclusions

This study presents an assessment of the limits on UK enhanced
weathering due to the riverine transport of the chemical products. Cal-
culations and experiments indicate that the complete dissolution of
finely powdered basalt onto UK arable cropland will lead to significant
shifts in river chemistry, resulting in substantial secondary carbonate
precipitation. In the absence of silica saturation, riverine carbonate
precipitation will reduce the CDR potential of EW by 16%, 21%, and
27% for application of 10, 20 and 50 t ha™! respectively.

Under rapid weathering conditions where all the applied basalt is
dissolved, riverine secondary carbonate precipitation will be necessary
to negate ecosystem damage from significantly higher pH values in river
waters. In a theoretical upper limit whereby all dissolved rock reaches
the river and without carbonate precipitation, many UK rivers would pH
reach pH > 9. However, the secondary carbonate which is expected to
precipitate will buffer much of this pH increase and bring most of the
rivers studied here back to environmentally safe pH levels.

Silica saturation may place an additional limitation on EW. Placing
strict silica saturation limitations on basalt dissolution significantly
lowers the annual CDR potential of upscaling EW in the UK to a mini-
mum of ~0.23 Mt CO, yr’l, with consideration of the degree of silica
saturation observed in other settings suggesting slight relaxation of this
constraint and up to ~0.5 Mt CO, yr’l. In either case, Si saturation
would lead to accumulation of Si-bearing minerals in soils and resulting
shifts in soil properties which would need to be considered prior to the
large-scale application of EW.
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