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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos Chemical weathering of silicate and carbonate rocks via carbonic acid provides a natural sink for carbon dioxide,
regulating climate over geological timescales. Although the magnitude of CO2 removal via weathering has been

Keywords: estimated at a global scale using the geochemistry of the world's largest rivers, it has generally not been
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River geochemistry

CO, consumption

quantified at national level. In the United Kingdom, the variable bedrock geology and long-legacy of anthro-
pogenic land use provide challenges to isolating carbonate and silicate mineral weathering, meaning we lack
constraint on an important flux in the UK's carbon cycle. Here we use river chemistry data collected over 40 years
for 52 catchments across the UK and apply a geochemical inversion model (MEANDIR) to assess the silicate and
carbonate contributions to UK river chemistry, and to estimate the CO, consumption from natural weathering.

Silicate-derived solutes account for 0-46 % of dissolved river chemistry by mass (median 7 %) and carbonate-
derived solutes for 9-82 % (median 49 %), with the remainder attributed to evaporite and cyclic sources. The
maximum present-day carbon dioxide removal (CDR) through combined silicate and carbonate weathering is
2.58 MtCO, yr! for the studied catchments (representing 40 % of total UK area). Extrapolated to the entire UK,
the maximum CO» consumed by silicate and carbonate weathering is 1.6 (0.8-2.8) MtCO2 yr’l and 4.8 (4.2-5.4)
MtCO, yr~ ! respectively. If sulphuric acid replaces carbonic acid in weathering, CDR may be 17 % and 28 %
lower for silicate and carbonate weathering respectively. Accounting for sulphuric acid weathering, a conser-
vative estimate suggests a net combined present-day CDR of 4.5 MtCO, yr~! for the UK. This is comparable to the
lower-end estimates for potential additional CDR through Enhanced Weathering (EW) in the UK. If EW CDR
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targets are met, EW could more than double the natural weathering flux in rivers, with implications for river
chemistry which warrants consideration before national implementation.

1. Introduction

The natural sources and sinks of carbon dioxide are the context in
which anthropogenic changes in the carbon cycle are set, and human
emissions measured (Friedlingstein et al., 2023). One such sink is the
weathering of silicate and carbonate rocks which consumes CO; (via
Egs. (1) and (2)) (Berner et al., 1983; Gaillardet et al., 1999). These
fluxes can vary spatially (White and Blum, 1995; West et al., 2005; Moon
et al., 2014) and temporally (Raymo and Ruddiman, 1992; Tipper et al.,
2006), and the environmental drivers of weathering may respond to
ongoing future climate and land use change (Regnier et al., 2013;
Raymond and Hamilton, 2018; Zeng et al., 2019; Hilton and West,
2020). Identifying the potential variability of these weathering fluxes is
crucial to accurately assess the natural carbon cycle. In addition, pro-
posals to enhance mineral weathering (Renforth, 2012; Hartmann et al.,
2013; Beerling et al., 2020; Kantzas et al., 2022) benefit from knowledge
of the baseline natural weathering reactions, as these govern the natural
water chemistry and potential for streams and rivers to carry excess
solution and carbon species (i.e. Knapp and Tipper, 2022; Zhang et al.,
2022; Harrington et al., 2023).

Mg,Si04 + 4H,CO3—2Mg*" + 4HCO; + H4Si04(qq) (€9)]

CaCOs + H,CO3—Ca*" + 2HCO; @)

Silicate and carbonate weathering both lead to conversion of soil CO2
to dissolved inorganic carbon (DIC) to rivers. However, while the DIC
from silicate weathering is entirely sourced from CO; (Eq. (1)), the DIC
from carbonates partially originates from the rock itself (Eq. (2)).
Therefore, the total carbon dioxide removed (CDR) due to natural
weathering is not equal to the total flux of DIC in rivers. Additionally,
due to the eventual re-precipitation of carbonates in the ocean (via Eq.
(3)), carbonate weathering does not lead to the long-term removal of
COs. Therefore, correctly apportioning the DIC between the silicate and
carbonate sources is critical when studying the role chemical weathering
plays in the natural long-term carbon cycle.

Ca** +2HCOZ; —CaCO0; + CO, + H,0 3)

Silicate and carbonate contributions to DIC can be determined from
attributing riverine dissolved chemistry to different source endmembers
of a known composition or compositional range (Gaillardet et al., 1999;
Moon et al., 2014; Tipper et al., 2006). Previous global assessments have
demonstrated that natural annual carbon dioxide removal (CDR) due to
silicate weathering may range between 330 and 510 Mt CO, yr !
(Gaillardet et al., 1999; Moon et al., 2014), and for carbonates, between
730 and 2570 Mt CO- yr’1 (Gaillardet et al., 1999; Zeng et al., 2019).
This CO; consumption is not evenly distributed globally, due to spatial
variations in environmental drivers which are known to influence
weathering reactions, such as geological heterogeneity and mineral
composition; variability in permeability (Maher, 2011), water avail-
ability (Buckingham et al., 2022; Brantley et al., 2023) and the residence
time of water within the catchment (Maher, 2011; Maher and Cham-
berlain, 2014); amount of erosion supplying fresh minerals (Maher and
Chamberlain, 2014); temperature; presence of sulphide minerals (Torres
et al., 2014; Burke et al., 2018; Hilton and West, 2020; Bufe et al., 2021);
and arable land (Perrin et al., 2008; Barnes and Raymond, 2009; Ray-
mond and Hamilton, 2018). As a result, the annual silicate weathering
CDR yield of global catchments ranges from 1.2 to 450 kg CO, ha™*
(Moon et al., 2014), while carbonate annual CDR yield spans 2 to 1700
kg COo ha~! yr~! (Zeng et al., 2019). The UK is typical of many nations,
with large spatial variability in catchment characteristics. As such, CDR
from weathering may be heterogenous across the UK, making scaling

based on global relationships inappropriate to constrain weathering
CDR.

The UK's annual riverine DIC flux, and the variation observed be-
tween catchments, has been established by two key studies. Jarvie et al.
(2017) utilized an extensive geochemical dataset of river chemistry
within a carbonate speciation model (THINCARB) to derive DIC flux
estimates across all major UK catchments. The study found that average
DIC concentrations increased from northwest to southeast, and attribute
this to increases in carbonate content within the underlying lithology.
Recently, to estimate DIC fluxes and investigate potential environmental
drivers of this flux, Tye et al. (2022) performed an extensive year-long
sampling campaign across 43 UK catchments, representing 36 % of
the UK landmass (8.40 Mha). They report the annual DIC flux to be 647
kt C as DIC yr~* (equivalent to 2.4 Mt CO, yr 1) across the catchments
within their study. They also conclude that variability in DIC concen-
trations is primarily controlled by lithology, while total annual yields
are also influenced by water availability.

These two studies add to our understanding of the DIC flux and
variation in UK rivers. However, the magnitude of COy consumption
nationally via the natural chemical weathering of silicate and carbonate
minerals is yet to be quantified. This is because the DIC pool represents a
mixture of carbonate and silicate weathering inputs but is also poten-
tially influenced by CO5 evasion from river surfaces, CO, inputs from
soils and within-stream respiration (Raymond et al., 2013; Ward et al.,
2017; Duvert et al., 2018; Dasari et al., 2024). Here, we seek to quantify
silicate and carbonate weathering rates across the UK, using dissolved
ions that can act as conservative tracers of weathering. We use river
geochemical data from catchments representing a broad range in
weathering environments. The aims of this work are to (i) provide a
value for the annual flux of CO5 removed due to weathering processes in
the UK, and (ii) quantify the spatial and temporal variability of these
fluxes across catchments.

An understudied process is the role of strong acids in weathering.
Rather than dissolution by carbonic acid, which acts as a sink, these
strong acids can lead to CO; release. For example, for carbonate disso-
lution, via Egs. (4) and (6):

Sulphuric acid

CaCOj; + H,S04~CO0; + H,0 + Ca®* + 503~ )]

CaSiOs + HySO4 + HyO—Ca*™ + HySiO4 + SO%~ 5)
Nitric acid

CaCOj3 + 2HNO; + 20,—Ca*" + 2NO; + H,0 + CO, (6)

CaSiOs; + 2HNO; +H,0—2NO; + Ca*" + H,Si0, 7

Sulphuric acid forms from the oxidative weathering of sulphide
minerals, common in UK bedrock (e.g. Spears et al., 1999; Spears, 2015;
BGS, 2023a, 2023b). However, the distribution of sulphide-rich lithol-
ogies is not uniform (Supplementary Information, Fig. 1a) and conse-
quently, it is expected that the underlying geology of a catchment will
dictate the extent of sulphuric acid weathering, and therefore the total
CO, removal due to weathering. Sulphuric acid weathering may be
significant: a global study utilising 9**S and river cation concentrations
within a geochemical inversion model suggested that 28 % of the total
sulphate transported by rivers was derived from the oxidative weath-
ering of pyrite (1.3 + 0.2 Tmol yr ) (Burke et al., 2018). A significant
source of nitric acid to the weathering zone is fertiliser N, typically
ammonium nitrate or urea ammonium nitrate in the UK (National Sta-
tistics, 2023). In heavily modified landscapes such as the UK, where 21
% and 52 % of the total land area is arable land and grassland
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respectively (Marston et al., 2022), and approximately 87 kg of fertiliser
N is applied per hectare per year (DEFRA, 2022a), nitric acid could play
a significant role in weathering reactions.

Through the evaluation of the UK's baseline weathering annual CDR
fluxes, the objective of this investigation has been to inform future
modelling studies, including those of enhanced weathering, and
contribute to the current understanding of the United Kingdom's natural
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carbon cycling processes.
2. Summary of the approach
The main objective of this study was to assess the natural CDR from

weathering in the UK and distinguish the proportion from silicate and
carbonate weathering. The following summarizes the approach used:

-8.0 -4.0 0.0
60.0 # 60.0
56.0 56.0
52.0 52.0
0 100 200 km
N
-8.0 -4.0 0.0
1. Thames 14. Coquet 27. Wye 40. Taw
2. Ouse 15. Dee, Glenlochar 28 Chelmer 41- Spey
3. Trent 16. Deveron 29. Tweed 42. Nene
4. Severn 17. Don, Ouse 30. Tees 43. Arun
5. Ely Ouse 18. Don, Ab'shire 31. Clyde 44. Nth Esk
6. Forth 19. Earn 32. Medway 45.Leven, R
7. Mersey 20. Eden, B'mont 33. Ness 46. Wear

8. Dee, Ab'shire 21. Esk
9. Avon, Bristol 22. Exe

34, Stour 47. Leven, H
35. Tamar 48. Lune

10. Annan 23. Eden, F o' Tay  36. Tyne 49. Welland

11. Avon, H'shire  25. Hull
12. Conon 24. Test
13. Conwy

26. Lee, London

37. Ribble 50. Wharfe
38. Tay 51. Ugie

39. Nith 52. Wensum

Fig. 1. UK Catchments included in this study. Catchment boundaries were supplied from the National River Flow Archive, by the Centre of Ecology and Hydrology's
Integrated Hydrological Digital Terrian Model (IHDTM) (Morris et al., 1990; NRFA, 2023). For specific catchment details see (Supplementary Information Tables Al

and A2 - for area, river flow rate, land use variables and chemistry).
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i) The chemistry of 52 rivers was collated, representing variable UK
weathering conditions (Section 3.1).

ii) The average DIC concentration was calculated using the natural
alkalinity and pH of each river in carbonate speciation equations
(Section 5).

iii) The portion of DIC from CO; (i.e., CDR) was then quantified by
assessing the portion of river alkalinity from silicate and car-
bonates. Under the assumption that: (i) conservative alkalinity is
dominated by three main cations (Ca®", Mg?", Na™ - see discus-
sion in Section 4) and (ii) only four endmembers influence their
concentrations (silicate, carbonate, evaporite and cyclic sources -
see Section 4 for discussion about anthropogenic influences),
inversion mixing equations were then used to distribute Ca®,
Mg2*, Na* between each end-member source. These results are
given as fractions (Section 6.1).

iv) Fractions of DIC derived from different lithologies were con-

verted to fluxes using river discharge. As the cyclic and evaporite

endmembers do not influence CO, fluxes, maximum catchment

CDR was calculated from the fluxes derived from silicate and

carbonate weathering. Here, the term ‘maximum’ indicates the

maximum potential CO; consumption from weathering,
assuming (i) carbonic acid as the sole weathering reagent, (ii) all
products remain dissolved in the water column without second-
ary mineral precipitation and (iii) before any oceanic processes
leading to CO; release (i.e. Section 7.3). Results were collated and
upscaled to account for the whole UK land mass. The maximum
annual CDR is compared to the total annual DIC to quantify the

proportion of DIC from the carbonate rock itself. (Section 6).

Post inversion, riverine SO4 2 concentrations were then used in

simple conservative mixing models to predict the total SOz 2 from

sulphides. This value is then used to correct the calculated

maximum CDR for strong-acid dissolution (Section 7.1).

v

—

3. UK catchment characteristics

Fifty-two separate UK river catchments were chosen to be included in
the study (Fig. 1) and are assumed to capture the range in weathering
styles in the UK due to variations in geology (Section 3.2, Supplementary
Information Fig. Ala), topography (Section 3.2, Supplementary Infor-
mation Fig. Alb), land use (Section 3.4, Supplementary Information,
Fig. A2), climate, and water availability (Section 3.3). The total catch-
ment area of the studied catchments is 9.45 Mha, accounting for 40 % of
the total land within the UK (23.35 Mha; Marston et al., 2022). Varia-
tions in catchment parameters are also provided in (Supplementary In-
formation, Table A2).

3.1. River chemistry

UK geochemical data was taken from an extensive dataset from the
Harmonised Monitoring Scheme (HMS), Environmental Agency
(DEFRA, 2013), spanning 1970-2013. Rivers from this dataset were
only included within the study if the complete suite of geochemical data
needed for the inversion and subsequent calculations was available (i.e.,
Ca?t, Mg?*, Na*, CI~, SO3~, NO3, pH, alkalinity, flow rate, tempera-
ture). Therefore, for each river, the data was first sorted to exclude any
sampling dates without this complete set (provided in datasheets within
supporting information). Where data was available, the 20 rivers with
the highest flow rate were included (Marsh et al., 2015). In the event of
nationwide implementation of enhanced weathering in the UK, it is
anticipated that some application may target catchments with substan-
tial arable land coverage. Consequently, understanding the baseline
weathering levels in these catchments is valuable for comparing against
the additional contributions resulting from enhanced weathering (such
as that calculated in (Harrington et al., 2023)). Accordingly, we priori-
tised the inclusion of catchments with high arable land content in the
study. Only rivers with at least 40 separate measurements (median
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number of measurements included in the inversion for each river was
160) were chosen to be included within the study to try to capture the
potential seasonal variability in flow and chemistry of each river. Moon
et al. (2014) found that the annual silicate weathering rates of global
rivers with 40 datapoints was calculated within 40 % uncertainty of
those with extensive measurements. However, an exception was made
for the Rivers Ouse and Hull (which had only 14 and 21 datapoints with
the complete set of geochemical information needed in the inversion
respectively) as they are major UK catchments with high arable land
content (and therefore potential sites to be used for the application of
enhanced silicate weathering, as discussed in Harrington et al., 2023).
There is a need for caution when considering the results of these two
catchments.

3.2. Geology and topography

The heterogeneity in bedrock and topography across the UK is likely
to influence the chemistry across the catchments within the study. The
highlands of NW Scotland are silicate rich and dominated by Precam-
brian and Cambrian metasediments (Lewisian Gneiss) and meta-igneous
intrusions. From the northwest to southeast, lithology gets progressively
younger, and the proportion of carbonate lithology increases (Supple-
mentary Information, Fig. Ala). Within the midlands and Wales,
carboniferous clays and limestones are also associated with coal mea-
sures which are known to have pyrite inclusions (Spears et al., 1999).
High permeability within bedrock can indicate increased weathering
within a catchment (Worthington et al., 2016) due to increased fluid
residence times (Maher, 2011) and therefore an increased flux of
weathering sourced solutes to the river. The percentage of high
permeability bedrock also increases moving from north to south across
the UK. The National River Flow Archive classifies over 70 % of the
bedrock in the Ely Ouse, Avon and Stour (Hampshire), Test, Wensum
and Hull catchments as highly permeable (these catchments have high
proportions of carbonate lithologies). In contrast, 17 catchments in the
study have zero bedrock classified as highly permeable (Supplementary
Information, Table A2).

Topography in the UK is typically elevated in the northwest of
Scotland, North England, and Wales (Supplementary Information,
Fig. Alb), however only 8 catchments within the studied regions have
maximum elevations >1000 m, and the highest point is ~1300 m (above
sea level). Lowland areas are found in the southeast of England, and for
13 catchments the maximum elevation does not exceed 300 m (Sup-
plementary Information, Table A2).

3.3. Hydrology

3.3.1. Rain, evapotranspiration, soil moisture

Chemical weathering rates can be increased by increased water
availability and fluid residence time (Maher, 2010, 2011), and hydro-
logical conditions vary significantly across the UK (Kay et al., 2013;
Buckingham et al., 2022). The average annual UK rainfall is 1175 mm
(30-year average, MET office), however this varies across the country
due to a rainfall gradient which increases from the southeast to north-
west (Kay et al., 2013). As such, Scotland and Wales have a much higher
average annual rainfall than England (1600, 1450, and 875 mm yr !
respectively), (NRFA, 2023). In contrast, the potential evaporation (PE)
within northern catchments is much lower than the southeast.

The variation in rainfall and evapotranspiration impacts the amount
of moisture found within catchment soils. The average proportion of
time that soils within a catchment are defined as ‘wet’ (PropWET, i.e. see
Supplementary Information, Table A2; (NRFA, 2023) also increases
from South to North (The National River Flow Archive define this by the
time that soil moisture deficits are <6 mm), with catchments in the
South East of England having PropWet < 0.3, while Scottish catchments
typically have indexes between 0.5 and 0.8 (Supporting Information,
Table A2).
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3.3.2. River discharge, BFI and aquifer content

There is a dense network of rivers and streams within the UK. The
average riverine discharge varies across the catchments within the study
by two orders of magnitude (Supplementary Information, Table Al).
Within individual catchments, seasonal variation tends towards a winter
maximum flow for most rivers in the UK. The seasonal variation is
related to temperature, which increases the potential evaporation of
catchments to a maximum during the summer months (April-Sep-
tember). Evaporation increases lead to summer declines in flow rates,
the impacts of which is most noted in lowland south-eastern areas.

The groundwater stores in the UK are recharged by approximately 7
x 10° m® yr’1 of water annually (Bloomfield et al., 2013), which ac-
counts for 4.2 % of the total riverine discharge to the ocean (Marsh et al.,
2015). The main aquifers (the Chalk, the Permo-Triassic sands, the
Jurassic limestones and Lower Greensands) appear in the younger ge-
ology of the UK (Supplementary Information, Fig. Ala) and are
distributed primarily in the southeast of England and Wales. Scotland
has no major aquifers.

The baseflow index (BFI) of catchments, the measure of the pro-
portion of river flow derived from stored sources (i.e. aquifers) varies
within the catchments studied, from <0.4 in northern catchments, up to
0.9 in the southeast of England (Supplementary Information, Table A2).

3.4. Land use

UK land is extensively used for agricultural purposes. The total area
utilized for arable croplands and grasslands was approximately 17.0
Mha in 2021 (4.9 and 12.2 Mha respectively) (Marston et al., 2022).
Croplands are heavily distributed around the lowland southeastern
areas (Supplementary Information, Fig. A2). Total agricultural land use
has been remained between 17 and 18 Mha for the last two decades
(2000-2021) (DEFRA, 2022a). The land use values reported here differ
slightly to those used in recent DEFRA publications for the same period
(i.e. DEFRA, 2022a, 2022b), due to a slight distinction in the categori-
zation of grassland types. Nevertheless, the overall combined land area
for grassland and arable land is comparable for both data sources.

4. Inversion methods
4.1. Inverting chemistry to assess the sources of solutes

We inverted selected river chemistry using the geochemical model
MEANDIR (Mixing Elements And Dissolved Isotopes in Rivers). MEAN-
DIR is a set of open-sourced MATLAB scripts developed by (Kemeny and
Torres, 2021). These scripts employ a Monte Carlo inversion technique
to allocate major riverine solutes (X) to their respective end-member
sources (i) via mixing equations such as Egs. (8) and (9):

)(/Nan'ver = Z (}(/N a)i*o‘Nai @®)

N Asiticate + NN carbonate + N aevapan'te + <N Argin = 1 (9)

X refers to the dissolved ions chosen to be included in the inversion.
This study uses X = Ca%*, Mg?*, Na*, and CI; the latter of which is used
to define the rain portion (see relevant section below). K™ is not included
in the inversion due to the increased possibility of contamination from
an anthropogenic endmember (i.e., K-rich fertiliser). However, K*
concentrations in all the UK rivers within in this study are consistently
an order of magnitude lower than Ca?", Mg?", and Na'-typically
constituting <3 % of the total cation flux in all rivers (Supplementary
Information, Table A1). Accordingly, disregarding K is assumed to
have minimal impact on the overall weathering derived carbon dioxide
removal (CDR) flux calculations performed in our study. Similarly, the
concentrations of other trace cations (i.e., Fe3+/Fe2+, Mn2+, Zn2+), are
two orders of magnitude lower than major ions, and therefore will not
influence flux calculations substantially. Consequently, the assumption
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that weathering mainly contributes Ca?*, Mg2*, and Na™ to the riverine
cationic load is likely valid here.

X is normalised with respect to a certain element (Eq. (8)), to account
for variability in absolute concentrations due to dilution or evaporation.
Sodium (Na') is commonly used as a normalising ion and here, Na™ is
used following the approach of Burke et al. (2018). «xNa; is the pro-
portion of riverine Na™ from each endmember i, the sum of which should
equal 1 (Eq. (9)).

The endmembers which have contributed to the river chemistry, i,
are typically silicate, carbonate, evaporite and rain, although other
endmembers, such as anthropogenic sources, could be added. Because of
the chemical complexity of the anthropogenic endmember, this end-
member is dealt with separately by assessing the impact on each main
dissolved species independently (mainly SO3~,NO; and ClL For a
detailed discussion, see Section 7.1 (SO‘Z‘*), Section 7.2 (NO3) and point i
(CD). Therefore, the endmembers considered here are i = silicates,
carbonates, evaporites and rain (Table 1). We use the rain endmember to
correct the river chemistry prior to the inversion to distinguish between
rain and evaporites (point (i) below). We define the silicate endmember
using local endmember geology (point (ii) below). For the carbonate and
evaporite endmember, this study uses global ranges defined previously
by Gaillardet et al. (1999), and used in other river inversion studies i.e.,
(Moon et al., 2014). A discussion on the selection of the carbonate
endmember, including the potential to use UK catchments to define a
local endmember, is provided in point (iii) below.

4.1.1. Correcting for rain inputs (Clgyiica)

Although both rain and evaporites are included within the end-
member list, the inversion simulation may not correctly apportion sol-
utes between the two sources due to their similar C;/Na values (Table 1)
(Kemeny and Torres, 2021). Therefore, independently estimating the
proportion of riverine Cl~ from rain (Clycq1) prior to the inversion can
increase the ability of MEANDIR to interpret the river chemistry.

The potential average proportion of riverine Cl~ from rain was
determined for each river by deriving the ‘critical’ value of C1™ (Clicar),
and using Eq. (10), i.e.-

Cliriticat = Clygin*Annual rainfaly 'Annual discharge (10)

Average daily rainfall and flow rate for each catchment was obtained
from the National River Flow Archive and converted to annual rainfall
and discharge. Precipitation chemistry for the UK was obtained from the
Environmental Change Network (ECN, 2015). Because precipitation
chemistry was collected from sites not directly linked to the catchments,
the data from these sources was collated and the average UK rain Cl~
concentration was used for Cl.y, (116.5 pmol L.

Cleriicq Values for each river varied between 130 and 2600 pmol L7,
with an average of 290 pmol L. For any data with a Cliiyer > Clyigicas, the
remaining Cl~ is assumed to be sourced from either evaporites or
anthropogenic sources. Sources of pollutive Cl~ to river water include
sewage and wastewater inputs, road salts, and certain agricultural fer-
tilizers (Berner and Berner, 2012). While evaporites and rain exhibit
similar CyN a ratios (1 and 1.15 respectively), anthropogenic sources

typically have much higher ratios (Moon et al., 2014). This implies that
if there was a significant input of anthropogenic Cl™ into rivers, the
C;/N a ratio would surpass (CyNa > 1.15).

To minimise the impact of anthropogenic Cl~, any datapoints with a
Chy iver > 1.2 were excluded from the study. Therefore, the remaining

Cl™ is assumed to be entirely sourced from evaporites, i.e. Eq. (11):
Clevapon'te = Clriver - Clcn'tical (11)

Discarded datapoints constituted <7 % of the total data (i.e. Sup-
plementary Information, Fig. A4 - for the Severn and the Thames).
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Table 1
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Endmember compositions used throughout the study. Molar ratios Ca/Na, Mg/Na and Cl/Na are used in the main inversion, while SO4/Na is used in post-inversion
mixing equations to derive Xsosexcess- Values for carbonates are derived from Gaillardet et al. (1999). Silicates are derived from UK small sub-catchments draining
silicates (described in Supplementary Information, Section A8). The evaporite endmember was taken from (Moon et al., 2014).

Silicate Carbonate Cyclic Evaporite

Median Stdev Median Stdev Median Stdev Median Stdev
CqNa 0.669 0.77 60 30 0.023 0.01 0.17 0.09
M&Na 0.325 0.27 30 15 0.11 0.01 0.02 0.01
SO4/Na 0.019 0.005 0.06 0.03 0.060 0.01 0.4 0.2
Cl/Na 0 0 0 0 1.15 0.1 1 0

4.1.2. Silicate endmember

The compositional range in the silicate endmember can vary based
on the types of silicate rocks present in the catchment, (e.g., primary
rocks of volcanic origin or secondary silicates). Consequently, using the
global average (as in Gaillardet et al., 1999) may not accurately repre-
sent the geochemistry of UK lithologies. Moreover, silicate minerals
typically undergo non-stoichiometric weathering, resulting in discrep-
ancies between river dissolved load chemistry and the actual bedrock
lithology (Gaillardet et al., 1999). In an attempt to encompass the di-
versity of UK silicate lithology and account for the non-stoichiometric
weathering behaviour of silicate minerals, this study, following
(Gaillardet et al., 1999), estimates the local silicate endmember by
analysing the chemical loads of four small UK catchments exclusively
draining silicates (River Fal, Fowey, Carnon and Wick). These catch-
ments encompass a variety of silicate rock types (muds, sands and silt-
stones, felsic intrusions), making them representative of numerous UK
rivers draining silicate materials.

To find the chemical range of the silicate endmember using these
catchment data, we first corrected the dissolved chemistry from these
four catchments for rain inputs (Cl7) (See Supplementary Information
for extended methodology). Once these inputs are removed, it is
assumed that the remaining chemical composition of the river water is
entirely sourced from silicate lithologies.

The range in Ca/N a and Mg/N a for the Rivers Fal, Fowey, Carnon,

and Wick were collated, and the average and standard deviation was
selected as the silicate endmember for this study (Supplementary In-
formation, Fig. A5). The value for CcyN @ with a median of 0.67 mol/

mol, is similar to those reported in Moon et al., 2014 (which ranged
between 0.1 and 1 mol/mol). The median Mg/N a value was also similar

to the globally assumed values of previous work Mg/pyg =025£0.2,
and Mg/Na = 0.1-0.6 from Gaillardet et al., 1999; Moon et al., 2014

respectively).

Identifying rivers that drain silicates or carbonates requires focusing
on smaller catchments, for which data is more limited than for larger UK
rivers, which typically drain heterogenous bedrock. The four silicate
catchments reported here are the only rivers draining exclusively sili-
cates and likely do not represent all UK silicate lithologies. Gaillardet
et al. (1999) and references within, showed that rivers draining basaltic
terrains have slightly higher Ca/Na (0.5 + 0.2) and Mg/Na (0.5 + 0.2)
ratios compared to their silicate endmembers. These higher values fall
within our silicate endmember range and are still substantially lower
than the carbonate endmember. Thus, the presence of mafic rocks in a
catchment would likely not significantly impact the results of the
inversion.

Although it is assumed that the local geology of these catchments is
primarily silicate based, the existence of minor carbonate or evaporite
inclusions within the lithology cannot be discounted. Although regional
geological maps do not suggest the presence of carbonate or evaporite
lithologies in these catchments, even small outcrops of these rock types,
known for their increased weathering compared to silicates (Lasaga,
1984) can impact river chemistry. However, the resemblance between
the silicate endmember in this study and that in (Moon et al., 2014)

suggests that the potential impact from these sources might be insig-
nificant here.

4.1.3. Carbonate endmember

Our aim focused on defining a UK specific endmember, as silicate
rocks can show significant chemical variation and weathering rates due
to the diversity of mineralogy across various silicates. In comparison, the
simplicity of carbonate chemistry- particularly the lack of Na present in
carbonate rocks- suggests that is unlikely that the chemistry of a river
draining carbonates would deviate substantially across global catch-
ments. Nonetheless, we investigated possible UK catchments which
might serve as a carbonate endmember. Of the potential carbonate rich
streams, only eight were included in the HMS dataset, four of which
were excluded due to the presence of minor silicate bedrock. After
correcting for rainwater inputs and compiling the chemical ratios of the
remaining four (Test, Wensum, Piddle and Frome), we observed that the
median Ca/Na (Ca/N Qo™ 69) is within the Gaillardet et al. (1999)

range; however the median Mg/Na Mgy, dears = 1 .3) islower than that of
Gaillardet et al., 1999 (Mg/Namrb:SO + 15). Both Mg/Namrb and
CUNaears exhibit high standard deviation (Supplementary Information,

Table A8).
The low Mg in these carbonate catchments could support using a
lower M&Nacarb for the UK. However, the large standard deviation

suggests a significant additional cation source (likely Na), making the
carbonate ratios unreliable for use here. We therefore opted to retain the
carbonate endmember from Gaillardet et al. (1999) and Burke et al.
(2018).

4.1.4. Sensitivity tests

Sensitivity analyses were conducted to evaluate the impact of vary-
ing the (i) silicate endmember range, (ii) rain correction method, and
(iii) cost function used in the inversion. These calculations show that the
choice of cost function impacts the calculated CDR from weathering by
no more than 1.4 %. A rain correction using Cl critical values results in a
7.7 % (Silicates) and 2 % (carbonates) higher calculated CDR than
treating rain as a separate endmember. The silicate endmember choice
has the greatest impact on CDR. Utilising UK local endmembers yields
CDR estimates 38 % higher than global endmembers of Gaillardet et al.
(1999), and 14.8 % higher than Moon et al. (2014). See Supplementary
Information Section A8 for extended details on sensitivity analysis.

Other parameter choices needed for the inversion model and further
discussion is provided within (Supplementary Information Section A8
and Table A10). Input files containing each river's geochemical data
were inverted within MEANDIR using the Oxford University Advanced
Research Computing Facility (ARC).

For every sample within a catchment's dataset, the MEANDIR
inversion uses the river chemistry and endmember compositional range
to predict fi: the fraction of the total riverine concentration of element X
derived from endmember i (where X = Ca®*, Mg?* and Na*, and i =
silicate, carbonate, evaporite and rain). These fractions were then used
to calculate X;, the concentration of ion X from each endmember (i)
(pmol L_l) Eq. (12):
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where X.i.r is the total concentration of element X in the river. SO%’
concentrations are not used in the inversion calculations, however

Na

$0% . . s .
( g ) are used in conservative mixing equations after the Monte Carlo
i

simulations to calculate Xg- the ‘excess’ portion of SO~ not

excess?’
derived the four end members (discussed in detail within Section 7.1).

Calculations were performed for each chemical datapoint within a
catchment's dataset. Results from the inversion (the median, 25 and 75
percentile fractions of Ca?*, Mg?" and Na* from each endmember
source (f}'() and the fraction of riverine SO?{ which is excess), were then
collated into output files for each river.

4.2. Calculating weathering fluxes and CO2 removed

The concentration of each major cation (X) from silicate and car-
bonate rock weathering was then converted into a flow weighted
average flux (Q), using the daily average flow rates given in input files
(supporting information) i.e., Eq. (13):

Q(mols™') = X;*d/10° 13)

where i = silicates and carbonates. Cations derived from evaporitic and
cyclic sources do not contribute to carbon drawdown and are not
important to the following CDR calculations (see below).

The flux of each cation (X) from silicates (@) and carbonates (Q5™)
was then used to calculate the maximum quantity of CO, consumed via
weathering (COy; and COyqp) using Egs. (14) and (15), derived from
the Steinour equation, (Renforth, 2019). We assume that (i) all cations
remain dissolved in the water column and are transported directly to the
ocean without secondary carbonate precipitation, and (ii) carbonic acid
is the only weathering agent involved in the reactions (the impact of
sulphuric and nitric acids to these calculations is considered in Sections
7.1 and 7.2).

Cozxil (mol Sfl) = (leﬂ + Q;Ilg + Q;\l,la/z) *yy a4

COZCarb (mOl Sil) = ( E(:lrb + ;;;b) *y (15)

w is the molar amount of atmospheric CO2 needed to balance 1 mol
of Ca>" and Mg?" or 2 mol of Na* derived from weathering. The value of
w depends on the molar ratio of HCO3 to CO3™ in water. In pure water at
pH 7, all carbonate species exist as HCO3, so a divalent cation sourced
from silicates from will be balanced by 2 mol of atmospheric CO5 as
HCO3 (w =2). A divalent cation from carbonates will be balanced by 1
mol of HCO3 from the atmosphere and one from the rock itself (i.e. Eq.
(2)), making w =1. In seawater, the HCO3 to CO3™ ratio decreases,
influenced by temperature, salinity and pCO3 of the oceanic water col-
umn (Renforth and Henderson, 2017). Thus w decreases to 1.4-1.7 for
silicates and 0.4-0.7 for carbonates. Here, we first calculate the
maximum land-based CO, consumption due to weathering processes
using w =2 for silicates and w =1 for carbonates (Section 6.2). We then
calculate the potential reduction in the maximum values presented in
(Section 6.2) due to the variation in oceanic carbonate speciation in
Section 7.3. We use both the upper range of w (w = 1.7 (for silicates) and
w = 0.7 (for carbonates)), and the lower range (silicates w =1.4 and
carbonates w = 0.4) to highlight the possible uncertainty in the extent of
CO5, re-release in the ocean (Section 7.3).

The fluxes were aggregated and upscaled to annual values using
linear interpolation for days without measurement. This upscaling
approach may miss flow variations like high flow events or dry periods.
To minimise bias, we focused on rivers with extensive datasets (with a
median of 146 datapoints per river). To assess how well our data rep-
resents flow conditions, we compiled key flow metrics from the NRFA
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(NRFA, 2023) for each river (mean, median, standard deviation and the
10th and 90th percentile). These metrics were calculated for both the
full NRFA record, and the specific study period (Supplementary Infor-
mation 2, Flow data). The mean flow rates were 9 % lower than the total
NRFA data (1676 m>/s vs 1761 m3/s), indicating that our flux estimates
are conservative, and actual fluxes may be 9 % higher.

MATLAB calculated results are given in the supporting information
files.

5. Dissolved inorganic carbon (DIC) in UK rivers

Given the average alkalinity and pH of each river (Supplementary
Information, Table Al), the average total dissolved inorganic carbon
(DIC) concentration is calculated for each catchment using carbonate
speciation equations in PHREEQC (version 3) (Parkhurst and Appelo,
2013) and a temperature of 10 °C, the approximate annual average
temperature of UK rivers (Jonkers and Sharkey, 2016; Worrall et al.,
2022) (Supplementary Information, Fig. A6). Concentrations were then
converted to a flow weighted annual flux (mol CO, yr’l), and flow
weighted annual yields (kg COy ha™! yr™1). Combined, this indicates
that ~3.4 Mt CO, yr ™! of DIC is annually transported by the catchments
within our study, or 8.4 Mt CO, yr~! when upscaling to account for the
whole UK land area (23.35 Mha; Marston et al., 2022). Six of the
catchments (Tweed, Ouse, Wye, Thames, Severn and Trent) transport
45 % of this flux (Supplementary Information, Table A3).

The total UK annual DIC flux reported in this study is slightly higher
than given in Tye et al., 2022. They report an annual DIC flux of 647 kt C
DIC yr~! for 2017 (or 2.37 Mt CO, yr™!) for the catchments that they
studied, which represented 36 % of the total land area in the UK.
Extrapolating their reported value by UK land mass results in a value of
6.6 Mt CO, yr’l. Jarvie et al. (2017) did not report a total annual DIC
flux for their study catchments, making direct comparison with this
study and Tye et al. (2022) challenging. However, Jarvie et al. (2017)
did calculate 2007 annual fluxes for seven major British rivers (Trent,
Severn, Thames, Tay, Ely Ouse, and Ouse), which are slightly higher
than those calculated in our study (Supplementary Information,
Table A3). Differences between DIC concentrations between this study,
Jarvie et al. (2017) and Tye et al. (2022) likely stem from the inclusion
of different catchments and variations in the sampling period. Bell et al.
(2021) suggest an inter-annual variability in the UK DIC flux, ranging
between 2000 and 3000 kT C yr~! (7.3-11.0 Mt CO, yr 1), likely due to
annual variations in flow rates, as well as weathering conditions
affecting riverine chemistry and DIC fluxes.

Observing the variation in DIC concentrations across the UK suggests
that much of this DIC may be sourced from the weathering of carbonate
lithologies, a link which was also made previously by (Jarvie et al.,
2017; Tye et al., 2022). There is a significant increase in DIC from the
northwest of Scotland to the southeast of England (ranging 200-5100
pmol L™, see Fig. A6, Supplementary Information), corresponding with
the increase in carbonate lithological units. This link is also supported by
a broad correlation between Ca?* and DIC concentrations and the
average DIC yield per hectare (Supplementary Information, Fig. A3a, b).

Increased riverine molar ratios Ca/Na and HCOS/Na can also be used

to infer an increased contribution from carbonates, given the large
variation in the end-member chemical ratios of silicate and carbonate
lithologies (Table 1) (Gaillardet et al., 1999). There is a large range in
Caing and HCO3p\, within the UK rivers (Supplementary Information,
Fig. A3.b). Valuestypically increase from the northwest to southeast,
with the lowest in River Conon (Ca/N = 0.2) and the highest in the
River Test, Hampshire (Ca/Na =54).

The variation in DIC concentrations and chemical ratios initially
suggest that (i) lithology plays a dominant role in determining the
chemistry of UK rivers, (ii) carbonate weathering dominates the DIC
load, and (iii) southeastern catchments may be the most productive
exporters of DIC to the ocean. However, the NW-SE trend in DIC
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concentration (Supplementary Information, Fig. A6a) also mirrors the
NW-SE hydrological gradients discussed in (Section 3.3), and when
converting from concentration into flux weighted annual yields, it is
catchments within the middle of the UK (Wales, Midlands) which are the
most productive annual exporters of DIC (Supplementary Information,
Fig. A6b). This suggests that high riverine DIC concentrations do not
necessarily imply high export of DIC in UK rivers, and that this export is
not only influenced by lithology, but by other catchment parameters,
such as hydrology, topography, and land use (discussed in Section 6.2).

6. Silicate and carbonate contributions to DIC
6.1. Sources of solutes

The inversion results suggest that the total fraction of dissolved
cations derived from combined silicate and carbonate rock weathering

in UK rivers (fle"", i falicaby pilicab i gilicaby averages 60 %;
ranging from 23 % (River Conon, Scotland) to 84 % (River Test,
Hampshire). These overall contributions by silicate and carbonate
weathering reactions align with the global values given in (Gaillardet
etal., 1999). Of the total, the average percentage of solutes sourced from
silicates is 7 % (0.3 %—46 %), and 49 % from carbonates (9 %-82 %)
(Fig. 2).

The remaining dissolved ion load derives from, in part, evaporite
weathering and cyclic (rain) sources. Rivers draining Scotland, with
high discharges and relatively low cation concentrations (Supplemen-
tary Information, Table Al), typically have higher percentages of solutes
sourced from rain (i.e. Fig. 2). The high dissolution kinetics of evaporitic
rocks means that even the presence of small outcrops within a catchment
can influence catchment chemistry by contributing a substantial amount
of Na™, Cl™, and, depending on evaporite composition, SO%’, to rivers
(Berner and Berner, 2012). For instance, the Trent and Don catchments
have Na®, ClI~ and SO concentrations 3-4 times higher than the
average across the catchments within the study (Supplementary Infor-
mation, Table A.1). This is consistent with the British Geological Sur-
vey's report of evaporite deposits within the Mercia mudstone
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formation, (BGS, 2023b) which outcrops throughout these catchments.
These observations support the inversion results, which indicate high
evaporite contributions within these catchments (i.e. Fig. 2).

6.2. Annual land-based CDR from natural weathering in the UK
(maximum)

The inversion calculations suggest that the maximum total annual
CO consumed due to silicate weathering for the catchments within the
study is 0.63 (0.31-1.12) MtCO, yr’l, (Table 2). Under the simple
assumption that these 52 catchments capture the range in weathering
conditions in the UK (i.e., from differences in geology, topography,
temperature, land use and water flux, discussed in Section 2), upscaling
these values to account for the whole UK landmass (23.35 Mha)
(Marston et al., 2022) leads to a national maximum silicate CO5 con-
sumption rate of 1.6 Mt CO5 yr "

In comparison, the maximum annual quantity of CO, consumed due
to carbonate weathering for the catchments combined is 1.95 (1.7-2.2)
Mt CO, yr~ !, Upscaling this in the same way to account for the whole UK
landmass increases this value to 4.8 Mt COy yr’1 (Table 2). This leads to
a combined maximum for present-day CDR for UK land of 6.4 Mt CO4

Table 2

Maximum consumed annual CO,, due to silicate and carbonate weathering in the
catchments studied, and upscaled to include the whole UK landmass. Silicate
and carbonate CDR fluxes do not equal the riverine DIC flux because some
riverine DIC is sourced from the carbonate rock rather than from the atmo-
sphere. Maximum values are based on the assumption that all weathering occurs
via carbonic acid, and are prior to correction to account for oceanic processes.

DIC flux Mt CDR silicates CDR carbonates CDR total
CO, yr ! Mt CO, yr ! Mt CO,yr ! (W= Mt COyyr !
(this study) w=2) 1)
Studied 3.4 0.63 (0.3-1.1) 1.95 (1.7-2.2) 2.58
rivers (2.0-3.3)
UK total 8.5 1.6 (0.8-2.8) 4.8 (4.2-5.4) 6.4
(4.9-8.1)
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Fig. 2. Results of the inversion showing the fraction of total major cations (Ca?*, Mgz ", and Na*) from each source endmember i (where i = silicate, carbonate,
evaporite and rain) in UK rivers, following (Gaillardet et al., 1999). Rivers are ranked in ascending order of silicate %. H'shre = Hampshire, B'mnt = Beaumont, G'lcr
= Glenlochar.
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The annual CO; yield due to carbonate weathering increased from
north to south (Fig. 3b). High annual yields were typically observed in
catchments with increased carbonate lithologies, i.e. those that drain the
chalk aquifers (i.e., Thames, Hull, Stour, Avon (Hampshire), Test), or
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Jurassic Ooidal limestone (i.e., Severn, Avon (Bristol), Trent) (Geology:
Supporting Information, Fig. 1A and yield: Fig. 3b). High carbonate
yields were also seen in catchments within the north of England and the
south of Scotland (Clyde, Tees, Esk, Eden), likely due to the presence of
localised limestone bedrock. Carbonate rich lithology that may have
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Fig. 3. The potential maximum annual CDR yield due to present day (a) silicate and (b) carbonate weathering in the catchments within the study. (c) is the total
combined annual CDR for present day weathering. Annual yields are calculated from the median fraction of ions from silicate and carbonate sources as predicted by

the inversion results (See supporting information for extended tabulated results).
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contributed to the high yields within these catchments include the
Clackmannan group, part of the limestone coal formation (Clyde, Eden)
(Vincent et al., 2010), the Edlington, Seaham and Roxby formations
(Tees) (Tucker, 1991), and the Yoresdale group (Esk) (BGS, 2023c). The
annual CO; yield due to silicate weathering varied significantly across
the UK (Fig. 3a). There are typically higher CO yields from silicate
weathering in silicate rich, Scottish catchments, and lower yields are
seen in catchments which drain the chalk (Fig. 3a).

Regressions did not reveal any relationship between environmental
parameters and silicate weathering annual yields (Supplementary In-
formation, Figs. A7 and A8) at national scale, although there were initial
indications of lithology imparting some control over yield when
comparing sites of high yields (Fig. 3) with UK geology (Supplementary
Information, Fig. Al). This aligns with previous global findings, which
suggest that determining the main control over silicate weathering rates
can be challenging because yields can be governed by multiple catch-
ment parameters simultaneously (West et al., 2005). Conversely, the
regressions revealed clear relationships between annual carbonate yield
and various climatic, geomorphic and land use characteristics of the
catchment areas (i.e., percentage arable land, runoff, elevation,
permeability, (Supporting Information, Figs. A7 and A8)) at national
scale. However, these patterns co-vary with the NW-SE pattern in li-
thology seen across the UK. Consequently, it is challenging to isolate the
key environmental drivers of carbonate weathering, because the pres-
ence (or absence) of carbonate lithologies is likely to be a primary factor
driving variations in annual carbonate yield.

This maximum CDR describes only the contribution of weathering
products transferred by rivers. Groundwater aquifers also play a sig-
nificant role in weathering due to prolonged water-rock interactions.
The calculated CDR value includes groundwater that recharges into
rivers but excludes submarine groundwater that discharges directly to
the ocean. Consequently, the actual CDR from silicates and carbonates
may be higher than the values given in Table 2. To effectively compare
catchments of different sizes, the annual CO5 flux sequestered during
weathering for each catchment was converted to annual yield. The
average carbonate weathering annual CDR yield in UK catchments was
significantly higher than silicate yield: 196 and 64 kg CO, ha™! yr!
respectively.

Approximately 2.8 Mt of Agri-lime (CaCOs3) is applied to UK fields
annually (DEFRA, 2022c). If some Ca2+ from Agrilime enters rivers and
balances with DIC (as HCO3), a portion of the estimated annual DIC flux
(8.4 Mt CO, yr™!) may originate from the dissolution of added CaCO3
rather than from weathering of existing soils or bedrock. Given that lime
is applied to acidic topsoil where it rapidly dissolves, its contribution to
riverine DIC may be significant. In a hypothetical maximum scenario
where all lime derived Ca®" enters rivers (1.1 Mt Ca yr‘l) and is entirely
balanced by HCO3, then a maximum 2.2 Mt DIC yr~ ! in rivers may
originate from lime, accounting for 26 % of riverine DIC.

Although our method cannot differentiate between the carbonates
from natural sources and lime due to their similar chemistry, this
distinction is less critical for our discussion here since it does not impact
the overall CO, consumption from carbonates. Nonetheless, initial evi-
dence suggests that the annual CDR from carbonates is primarily driven
by natural weathering rather than lime. Firstly, lime is added to less than
1Mha of UK land (i.e. 6.4 % of all UK tilled crops and grasslands were
limed in 2020, (0.7Mha), DEFRA, 2022c), and the observed lithological
control on carbonate yield and the positive relationship with arable land
means that many of the top carbonate yielding catchments are unlikely
to be limed (Fig. 3, and see Supplementary Information, Fig. A2 (UK
geology) and Fig. A8 (correlations between yield and catchment pa-
rameters)). Additionally, there was a significant decline in lime pro-
duction and application to UK soils in the UK from 1995, which did not
lead to corresponding decreases to the calculated flux of riverine Ca
from carbonates in any of the top yielding catchments (Fig. A11).
Diverse lithologies exist in the catchments within Fig. A11, with varying
carbonate content and potential for liming. Despite this, no
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corresponding decrease occurred, indicating that broadly river chemis-
try may not have been significant modified following the decline in
liming in 1995.

7. Factors that may make the maximum annual CDR value an
over-estimate

7.1. Sulphuric acid mediated weathering

When sulphuric acid (H2SO4) replaces carbonic acid (HyCO3) as the
reagent in weathering reactions, no COy is consumed via silicate
weathering, while CO; is released in carbonate weathering (Burke et al.,
2018; Hilton and West, 2020). As sulphate ions (SO%’) are released from
sulphuric acid weathering (via Egs. (4) and (5)), variations in riverine
SO% can be used to estimate the extent of sulphuric acid weathering
within a catchment. However, there are multiple potential sources of
SOZ~ to rivers: sulphides, evaporites, non-sulphide silicates, volcanic
deposition, biogenic emissions, and agricultural fertilizers. The goal of
this section is to extract the sulphide portion of riverine SO~ and use
this to correct the calculated maximum values for CDR caused by the
presence of some sulphide weathering (Net CDRg; and Net CDRcyrb).

7.1.1. Variations in riverine SO?{

Sulphate concentrations increase significantly from the northwest to
the southeast. Rivers within Scottish catchments have SOZ concentra-
tions typically below <200 pmol L™}, while south-eastern catchments
have concentrations of up to 2000 pmol L™ (i.e., Supplementary In-
formation, Table A1l). There are at least 4 possible explanations for this
NW-SE increasing trend:

i. Higher water availability in the northern catchments (due to
increased rainfall caused by the NW-SE rain gradient discussed in
Section 3.3); typically leading to dilution in Scottish catchments,
and higher evapotranspiration and lower flows concentrating
sulphate within south-eastern catchments (Kay et al., 2013)

ii. An increase in evaporite deposits moving south from NW Scot-
land, predominately associated with Permian-Triassic sediments
in Yorkshire and the Midlands (Howard et al., 2008; Newell,
2018)

iii. An increased contribution from sulphides from Carboniferous
coal deposits and late-Triassic/Jurassic sediments (i.e., Supple-
mentary Information, Fig. Ala)

iv. An increased contribution from sulphate derived from agricul-
tural fertilizers, as arable land content increases towards the
southeast (Supplementary Information, Fig. A2).

Sulphate concentrations are converted into annual flux-weighted
yields to investigate the impact of water availability, i.e., point (i).
This reveals that although southeastern catchments have higher sul-
phate concentrations, it is the Midlands catchments which have the
highest overall sulphate yields per hectare (Fig. 4a). These high yields
could equally result from an increased contribution of sulphides or
evaporites: given the presence of both Carboniferous coal deposits and
evaporitic deposits (i.e. the Mercia Mudstones) (Newell, 2018) in the
region. To disentangle (and remove) the evaporite contribution to better
predict the amount of sulphate from sulphides, this study follows the
methodology of (Burke et al., 2018) to calculate X, 502 > the pro-

portion of riverine sulphate which is not derived from evaporites and
non-sulphide silicates.

7.1.2. Predicting the proportion of riverine sulphate from sulphides

The methodology for calculating X, . 502~ has been introduced
previously in (Burke et al., 2018; Kemeny and Torres, 2021). Briefly
here, once the Monte Carlo simulation within MEANDIR has best fit the
major cations (Ca2+, Mg2+, Na™) to their sources, a conservative mixing
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equation will then attribute a portion of riverine SOz2 to each end-
member, given the endmember's SO‘Z‘i/Na ratio (Table 2). Any SO4 2

unaccounted for by the four endmembers is the excess sulphate
Kexcess s02-)» 1-e., Eq. (16)-

excCi
3 [sor i)

where ) [SO?{i]" is the sum of contributions of sulphate from each
endmember (i), and n is the number of endmembers (i.e., 4). This

X

exce

ess sof* = Xn‘ver SO%’ - (16)

remaining excess riverine SO (X, .

02 ) will be a combination of

SO2%~ sourced from volcanic atmospheric deposition, biogenic emissions,

anthropogenic pollution, and the oxidative weathering of pyrite.
Results derived from the conservative mixing equations in MEANDIR

suggest that the fraction of X, 502~ relative to the total riverine So5,

varies considerably amongst UK catchments- from 0 % in some Scottish
catchments, to up to 92 % in the River Nene catchment, a range similar
to that of global rivers derived in (Burke et al., 2018). Like sulphate

concentrations, X,, . soz- in UK rivers increases in a NW-SE direction

(Fig. 4b), however, converting to a flux weighted yield suggests that it is
again the midlands catchments which transport the most annual

Xexcess 803~ per hectare.

X,

excess so>- 18 corrected for volcanic atmospheric deposition and
biogenic emissions, given that these sources account for an average of 7
% and 3 % of global river sulphate concentrations, respectively
(Meybeck, 2003). The remaining riverine SO~ (SO3™ corrected= River
SO?{ - SO?{ (evaporite + non-sulphide silicate + volcanic + biogenic))
will be from a mixture of two sources: sulphides and agricultural fer-
tiliser. It is difficult to accurately disentangle these two sources without
extra data (for instance, through 5°*S water measurements) (Relphetal.,
2021). This study therefore assumes that the remaining SO; ™ corrected is
completely derived from sulphide oxidation (SO~ sulphide), and values
given below are therefore conservative. This SO sulphide is appor-
tioned between the carbonate and silicate endmembers in the ratio of
weathering on the catchment to correct the maximum calculated CDR in
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Section 6.2 (for details, see Supplementary Information, Section A11).

7.1.3. Corrected annual CDR

The corrected CDR due to sulphuric acid weathering of silicates and
carbonates (Net CDRg; and Net CDR ;) can then be equated by Egs. (17)
and (18), i.e.-

Net CDRyy (mol's™') = Max CDRy*(100 — %H,S04) a7)

Net CDR.qyp, (mols™) = Max CDR,,,, * (100% — % H,S0,) - Max CDR,,,*% H,S04)

Re-released CO,
18)

Reduced drawdown

where %H,S0;, is the percentage of the total acid involved in weathering
reactions that was H>SO4. The results suggest that the impact of sul-
phuric acid weathering on the quantity of CO5 consumed due to silicate
and carbonate weathering is highly variable across catchments (Fig. 5a,
b). Scottish catchments, with very low X, . go2-, see very small cor-

rections to natural weathering CDR. In contrast, the annual CDR of
weathering in catchments in the middle of the UK must be significantly
corrected to account for sulphuric acid weathering. Large catchments
such as the Severn, Trent and Ouse, experience 17 % 24 % and 35 %
reductions in CO2 consumed by carbonate weathering when sulphuric
acid is considered in the equations (Fig. 5, and see Supporting Infor-
mation, Document 2). Combined, the calculated maximum CO,
consumed by silicate weathering in the 52 UK catchments studied is
reduced by a maximum of 17 % (11-25 %), lowering annual CO,
consumed from 0.63 Mt CO5 yr~! to 0.52 (0.47-0.56) Mt CO, yr . In
comparison, the calculated maximum annual quantity of CO3 consumed
by carbonate weathering is reduced by 28 % (21-40 %); from 1.95 Mt
CO, yr ! to 1.31 (1.16-1.46) Mt CO, yr ™.

7.2. Nitric acid weathering

Another important feature in weathering landscapes is the potential
for nitric acid to replace carbonic acid in weathering reactions. Nitric
acid is produced through the biological fixation of soil ammonium and,
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Fig. 5. The potential maximum reduction to the calculated maximum annual quantity of CO, consumed due to sulphide produced sulphuric acid weathering of (a)
silicates and (b) carbonates in the catchments studied. In percentage reduction from the calculated maximum total CO, removed per catchment.

in anthropogenically modified landscapes, the nitrification of ammo-
nium and ammonium nitrate from fertilizers (Egs. (19) and (20)).
Nitrification of ammonium and ammonium nitrate:

NH; +20,—~HNO; +2H,0 + H* 19

NH,NOs +20,—2HNOs + H,0 (20)

When the protons created in Egs. (19) and (20) act as the acid source
in carbonate weathering, CO; is released (Perrin et al., 2008), while
there is no impact on carbon for silicate weathering by nitric acid
(Barnes and Raymond, 2009), i.e. Egs. (6) and (7).

In the UK, fertiliser derived N is a significant source of nitric acid to
the weathering zone. Annually, approximately 118 kg ha™! yr~! of ni-
trogen rich fertiliser is applied to soils to replenish bioavailable N which
is quickly depleted due to the annual harvesting of crops (DEFRA,
2022c¢). As a result, approximately 70 % of riverine nitrate is sourced
from agricultural fertiliser (Environmental Agency, 2021). Conse-
quently, the extent of nitric acid weathering in the UK may be influenced
by the degree of land modification within a catchment. To investigate
this, and correct the weathering induced CDR estimates given in Section
6 for the effects of nitric acid weathering, we make the following
assumptions:

(i) Riverine NO; concentrations can be used to infer nitric acid
weathering, assuming that this NO3 balances cations in solution
instead of DIC.

(ii) NOj agricultural will be apportioned to riverine cations derived
from silicate and carbonate weathering in the same ratio that they
were weathered on the catchment (i.e., the carbonate to silicate
weathering ratio, Carb/sil’ see Section 6.2)
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(iii) Given the stoichiometry of weathering reactions (Egs. (6)-(7)), 2
mol of NOj3 agricultural are responsible for the release of 1 mol of
Ca?t and Mg?" and % mol of Na*.

Corrections to the calculated CDR to account for nitric acid weath-
ering suggest that nitric acid weathering only reduces the CDR values
given in Section 6.2 for silicate weathering in the studied catchments by
a very small amount (2.5 %%), from 0.63 to 0.62 Mt COy yr’l, and
carbonate weathering by 4.5 %, from 1.95 to 1.87 Mt CO, yr L. Only a
few major catchments are corrected by >5 % (Supplementary Infor-
mation, Fig. A10). The UK is heavily modified by agriculture, which
should indicate that nitric acid weathering will significantly reduce
catchment annual CDR yields. However, this reduction is minimal. If
other heavily modified catchments behave in a similar manner, then
these results suggest that globally, nitric acid weathering is unlikely to
significantly impact weathering yields.

7.3. Variations in how the sequestered CO2 speciates in solution (w value)

The maximum values reported in Section 6.2 use a w = 2.0 for sili-
cates and w = 1.0 for carbonates: representing the land-based CO,
consumption due to silicate and carbonate weathering. However, some
CO4, is re-released upon reaching the ocean, reducing the overall CDR
due to weathering. As mentioned in Section 4.2, the CDR for silicates
could reduce from 2 mol per divalent cation (w = 2.0, Egs. (14) and (15))
to between 1.4 and 1.7 mol (w = 1.4-1.7), while the total CO, consumed
for carbonates could reduce from 1 mol per divalent cation to 0.4-0.7 (w
= 0.4-0.7). Consequently, using these lower values in calculations re-
duces the CDR for silicate weathering from 1.6 to 1.1-1.3 Mt CO5 yr 2,
and carbonate weathering from 4.8 to 1.9-3.3 Mt CO, yr~! (whole UK
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landmass, Table 3). The uncertainty caused by the potential variation in
w underscores the need to understand spatial and temporal variations in
oceanic carbonate speciation.

Additionally, these CDR values assume that the weathering derived
solutes remain dissolved in the oceanic water column. When these sol-
utes precipitate as carbonates, 1 mol of CO, will be re-released (i.e. Eq.
(3)). Consequently, the net CDR due to carbonate weathering is zero,
while the net CDR due to silicate weathering effectively is halved.

8. Overall CDR due to present-day weathering in the UK

Table 3 summarizes the various calculations made within Sections
5-6. Notably, it highlights the potential for sulphide weathering to
reduce the maximum estimates presented in Section 5. For context, the
maximum annual CO, removed from natural silicate and carbonate
weathering (6.4 Mt CO, yr~ ) is approximately 1 % of the UK's annual
greenhouse gas emissions (417.1 Mt COa2¢q in 2022, (DESNZ, 2023)).

8.1. Global comparison

Comparisons with global CO, consumption estimates from silicate
(Hilton and West, 2020) and carbonate weathering (Zeng et al., 2019)
suggests that the values reported here correspond to approximately
0.3-0.4 % and 0.2-0.7 % of total global fluxes respectively (Supple-
mentary Information, Table A12).

In assessing the efficacy of weathering in the UK relative to other
global catchments, adjusting for catchment area provides a more
informative comparison. The weathering yields calculated here (Fig. 3,
and Supplementary Information, Table A12) are compared to silicate
yields from global catchments (Moon et al., 2014), and carbonate yields
from Zeng et al. (2019). To allow comparison with (Moon et al., 2014),
their annual silicate weathering CO, consumption rates from 32 global
catchments were converted into yields using published basin areas. It is
worth noting that the UK yields are from a relatively small geographical
area (9.4 Mha) compared to the median global basin size (40 Mha).

Although considerable variation occurs across UK catchments, both
the mean silicate and carbonate weathering yields in the UK are slightly
higher than the global catchment averages (Supplementary Information,
Table A12) - an unexpected finding. This challenges the conventional
view that the UK's environmental conditions, with low temperatures,
moderate runoff, and low erosion rates, are suboptimal for weathering.

8.2. Implications for deliberate additional CDR by enhanced weathering
in the UK

To achieve the climate targets set by the United Kingdom to reach net
zero by 2050 (Lezaun et al., 2021), various strategies will need to be
implemented to both drastically reduce emissions and remove carbon
from the atmosphere. Enhanced Weathering (EW) is a strategy aimed to
enhance natural weathering processes and drawdown excess atmo-
spheric CO, by adding crushed silicates to arable cropland (Renforth,

Table 3
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2012; Hartmann et al., 2013; Beerling et al., 2018). Current estimates for
the potential for CDR by the application of EW to UK crops suggest
annual sequestration from as much as 6-30 Mt CO4 yr’1 (Kantzas et al.,
2022), to as little as 0.13 (£0.1) Mt CO, yr*1 (Buckingham et al., 2022).

It is useful to compare these estimates with the CDR due to natural
weathering in the UK predicted here. The combined maximum annual
CDR of natural silicate and carbonate weathering (CDRyax = 6.4Mt CO»
yr1) in the UK lies on the lower end of the range predicted by (Kantzas
et al., 2022). This suggests that the implementation of EW could more
than double the production and flux of natural weathering products in
the UK. Given the small particle size of applied silicates and acidic
cropland this may be achievable (Beerling et al., 2018), but further work
is needed to investigate the viability of this approach and the potential
impacts of doubling (or even greater increases) from present-day
weathering rates on soils groundwaters chemistry, the health of river
ecosystems.

9. Conclusions

This study presents the first assessment of the annual amount of CO»
consumed due to natural weathering processes in the UK. The analysis
presented here demonstrates that on average, 7 % of the major cations
within UK rivers are sourced from silicate rock weathering, and 49 % are
sourced from carbonates. The annual CDR due to natural present-day
weathering in the 52 catchments studied here is 2.6 Mt CO5 yr 7,
assuming an ideal scenario whereby no re-release of CO5 occurs during
transport, and all reactions proceed via carbonic acid weathering (Egs.
(1) and (2)). This scales to 6.4 Mt CO5 yr’1 when considering the whole
area of the UK, of which 1.6 Mt CO, yr’1 is from silicates, and 4.8 Mt
CO, yr~! is from carbonates.

Strong acids (sulphuric and nitric) will reduce the true value of CDR
from the maximum calculated CDR. Nitric acid does not, however,
significantly impact weathering CDR, reducing the overall CO,
consumed by only 2 % for silicates and 3 % for carbonates. The potential
reduction in the COy consumption due to sulphuric acid is variable
across catchments, with the maximum reduction in CO; yield occurring
within midlands catchments-linked with shale and carboniferous coal
deposits. The presence of sulphides could make the true annual CDR as
much as 17 % (silicates) and 28 % (carbonates) lower than the calcu-
lated maximum CDR.

By quantifying the natural fluxes of silicate and carbonate weath-
ering, this work expands the current understanding of the UK's carbon
cycle. Constraining these baseline natural fluxes is critical to inform
climate modelling and delimit the potential of various suggested land-
based CDR strategies.

CRediT authorship contribution statement
Kirsty J. Harrington: Writing — review & editing, Writing — original

draft, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Gideon M. Henderson: Writing — review & editing,

Maximum potential CDR due to natural weathering in the UK catchments, and upscaled to account for UK landmass. Given in annual flux (Mt CO, yr’l). The maximum
was calculated assuming complete dissolution by carbonic acid, and prior to correction for oceanic processes. This maximum is then corrected for oceanic speciation,

and potential sulphuric and nitric acid weathering.

Studied catchments Total UK

Combined Silicate Carbonate Combined Silicate Carbonate
Maximum CDR (Mt CO, yr™1) 2.58 0.63 1.95 6.37 1.56 4.82
Maximum CDR range (Mt CO yr™ 1) 2.0-3.3 0.3-1.1 1.7-2.2 4.9-8.1 0.8-2.8 4.2-5.4
Corrected for oceanic speciation (w = 1.7) (Mt CO5 yr 1) 1.89 0.54 1.35 4.7 1.3 3.3
- Sulphides —25% -17 % —28 % —25% -17 % —28 %
- Nitric acid -3.9% -2.5% —4.5% -3.9% -2.5% —4.5%
Overall reduced Mt CO, yr! 1.34 0.43 0.91 3.3 1.07 2.25
Overall reduced CDR range (Mt CO, yr') 1.02-1.75 0.22-0.76 0.79-1.02 2.52-4.32 0.53-1.90 1.95-2.52

13



K.J. Harrington et al.

Supervision, Methodology, Funding acquisition, Conceptualization.
Robert G. Hilton: Writing — review & editing, Supervision, Resources,
Methodology, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the Oxford NERC DTP studentship (NE/
L002612/1). We thank Aaron Bufe for valuable discussions and three
anonymous reviewers for their valuable feedback that strengthened this
manuscript. The authors would like to acknowledge the use of the
University of Oxford Advanced Research Computing (ARC) facility in
carrying out this research. doi:https://doi.org/10.5281/zenodo.22558.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.177458.

Data availability

Data will be made available on request.

References

Barnes, R.T., Raymond, P.A., 2009. The contribution of agricultural and urban activities
to inorganic carbon fluxes within temperate watersheds. Chem. Geol. 266 (3-4),
318-327. https://doi.org/10.1016/j.chemgeo.2009.06.018.

Beerling, D.J., Leake, J.R., Long, S.P., Scholes, J.D., Ton, J., Nelson, P.N., Bird, M.,
Kantzas, E., Taylor, L.L., Sarkar, B., Kelland, M., DeLucia, E., Kantola, I., Miiller, C.,
Rau, G.H., Hansen, J., 2018. Farming with crops and rocks to address global climate,
food and soil security. Nature Plants 4 (3), 138-147. https://doi.org/10.1038/
s41477-018-0162-5.

Beerling, D.J., Kantzas, E.P., Lomas, M.R., Wade, P., Eufrasio, R.M., Renforth, P.,
Sarkar, B., Andrews, M.G., James, R.H., Pearce, C.R., Mercure, J.F., 2020. Potential
for large-scale CO2 removal via enhanced rock weathering with croplands. Nature
583 (7815), 242-248. https://doi.org/10.1038/541586-020-2448-9.

Bell, V.A., Naden, P.S., Tipping, E., Davies, H.N., Carnell, E., Davies, J.A.C., Dore, A.J.,
Dragosits, U., Lapworth, D.J., Muhammed, S.E., Quinton, J.N., 2021. Long term
simulations of macronutrients (C, N and P) in UK freshwaters. Sci. Total Environ.
776, 145813.

Berner, E.K., Berner, R.A., 2012. Global Environment: Water, Air, and Geochemical
Cycles. Princeton University Press.

Berner, R.A., Lasaga, A.C., Garrels, R.M., 1983. Carbonate-silicate geochemical cycle and
its effect on atmospheric carbon dioxide over the past 100 million years. Am. J. Sci.
(United States) 283 (7).

BGS, 2023a. Major Shales and Clays in England and Wales. https://www2.bgs.ac.uk/gr
oundwater/shaleGas/aquifersAndShales/maps/shales/.

BGS, 2023b. The BGS lexicon of Named Rock Units, Mercia Mudstone. https://webapps.
bgs.ac.uk/lexicon/lexicon.cfm?pub=MMG.

BGS, 2023c. The BGS Lexicon of Named Rock Units - Yoredale gp. https://webapps.bgs.
ac.uk/lexicon/lexicon.cfm?pub=YORE.

Bloomfield, J.P., Jackson, C.R., Stuart, M.E., 2013. A climate change report card for
water working technical paper 1. In: Changes in Groundwater Levels, Temperature
and Quality in the UK over the 20th Century: An Assessment of Evidence of Impacts
from Climate Change, pp. 1-14.

Brantley, S.L., Shaughnessy, A., Lebedeva, M.I., Balashov, V.N., 2023. How temperature-
dependent silicate weathering acts as Earth’s geological thermostat. Science 379
(6630), 382-389. https://doi.org/10.1126/science.add292.

Buckingham, F.L., Henderson, G.M., Holdship, P., Renforth, P., 2022. Soil core study
indicates limited CO2 removal by enhanced weathering in dry croplands in the UK.
Appl. Geochem. 147, 105482. https://doi.org/10.1016/j.apgeochem.2022.105482.

Bufe, A., Hovius, N., Emberson, R., Rugenstein, J.K., Galy, A., Hassenruck-Gudipati, H.J.,
Chang, J.M., 2021. Co-variation of silicate, carbonate and sulfide weathering drives
CO2 release with erosion. Nat. Geosci. 14 (4), 211-216. https://doi.org/10.1038/
s41561-021-00714-3.

Burke, A., Present, T.M., Paris, G., Rae, E.C., Sandilands, B.H., Gaillardet, J., Peucker-
Ehrenbrink, B., Fischer, W.W., McClelland, J.W., Spencer, R.G., Voss, B.M., 2018.
Sulfur isotopes in rivers: insights into global weathering budgets, pyrite oxidation,
and the modern sulfur cycle. Earth Planet. Sci. Lett. 496, 168-177. https://doi.org/
10.1016/j.epsl.2018.05.022.

14

Science of the Total Environment 957 (2024) 177458

Dasari, S., Garnett, M.H., Hilton, R.G., 2024. Leakage of old carbon dioxide from a major
river system in the Canadian Arctic. PNAS nexus 3 (4), 134. https://doi.org/
10.1093/pnasnexus/pgael34.

DEFRA, 2013. Historic UK Water Quality Sampling Harmonised Monitoring Scheme
Detailed Data. https://data.gov.uk/dataset/bda4e065-41e5-4b78-b405-4
1¢1d3606225/historic-uk-water-quality-sampling-harmonised-monitoring-scheme-s
ummary-data.

DEFRA, 2022a. Agriculture in the UK Evidence Pack, September 2022 Update.

DEFRA, 2022b. National Statistics Agriculture in the United Kingdom 2021.

DEFRA, 2022c. The British Survey of Fertiliser Practise: Fertiliser Use on Farm Crops for
Crop Year 2021.

DESNZ, 2023. 2022 UK greenhouse gas emissions, provisional figures. In: National
Statistics (Issue March 2023).

Duvert, C., Butman, D.E., Marx, A., Ribolzi, O., Hutley, L.B., 2018. CO2 evasion along
streams driven by groundwater inputs and geomorphic controls. Nat. Geosci. 11
(11), 813-818. https://doi.org/10.1038/541561-018-0245-y.

ECN, 2015. UK Environmental Change Network (ECN) Precipitation Chemistry Data:
1992-2015. NERC Environmental Information Data Centre. https://doi.org/
10.5285/18b7¢387-037d-4949-98bc-e8db5ef4264c (Dataset).

Environmental Agency (2021) Nitrates: Challenges for the water environment. Available at:
https://www.gov.uk/government/publications/nitrate-challenges-for-the-water-en
vironment.

Friedlingstein, P., O'sullivan, M., Jones, M.W., Andrew, R.M., Bakker, D.C., Hauck, J.,
Landschiitzer, P., Le Quéré, C., Luijkx, L.T., Peters, G.P., Peters, W., 2023. Global
carbon budget 2023. Earth System Science Data 15 (12), 5301-5369. https://doi.
org/10.5194/essd-15-5301-2023.

Gaillardet, J.D.B.L., Dupré, B., Louvat, P., Allegre, C.J., 1999. Global silicate weathering
and CO2 consumption rates deduced from the chemistry of large rivers. Chem. Geol.
159 (1-4), 3-30. https://doi.org/10.1016/50009-2541(99)00031-5.

Harrington, K.J., Hilton, R.G., Henderson, G.M., 2023. Implications of the riverine
response to enhanced weathering for CO2 removal in the UK. Appl. Geochem. 152,
105643. https://doi.org/10.1016/j.apgeochem.2023.105643.

Hartmann, J., West, A.J., Renforth, P., Kohler, P., De La Rocha, C.L., Wolf-Gladrow, D.A.,
Diirr, H.H., Scheffran, J., 2013. Enhanced chemical weathering as a geoengineering
strategy to reduce atmospheric carbon dioxide, supply nutrients, and mitigate ocean
acidification. Rev. Geophys. 51 (2), 113-149. https://doi.org/10.1002/r0g.20004.

Hilton, R.G., West, A.J., 2020. Mountains, erosion and the carbon cycle. Nature Reviews
Earth & Environment 1 (6), 284-299. https://doi.org/10.1038/543017-020-0058-6.

Howard, A., Warrington, G., Ambrose, K., Rees, J., 2008. A formational framework for
the Mercia Mudstone Group (Triassic) of England and Wales. In: British Geological
Survey.

Jarvie, H.P., King, S.M., Neal, C., 2017. Inorganic carbon dominates total dissolved
carbon concentrations and fluxes in British rivers: application of the THINCARB
model-thermodynamic modelling of inorganic carbon in freshwaters. Sci. Total
Environ. 575, 496-512. https://doi.org/10.1016/j.scitotenv.2016.08.201.

Jonkers, A.R., Sharkey, K.J., 2016. The differential warming response of Britain’s rivers
(1982-2011). PloS One 11 (11), e0166247. https://doi.org/10.1371/journal.
pone.0166247.

Kantzas, E.P., Val Martin, M., Lomas, M.R., Eufrasio, R.M., Renforth, P., Lewis, A.L.,
Taylor, L.L., Mecure, J.F., Pollitt, H., Vercoulen, P.V., Vakilifard, N., 2022.
Substantial carbon drawdown potential from enhanced rock weathering in the
United Kingdom. Nat. Geosci. 15 (5), 382-389. https://doi.org/10.1038/s41561-
022-00925-2.

Kay, A.L., Bell, V.A,, Blyth, E.M., Crooks, S.M., Davies, H.N., Reynard, N.S., 2013.

A hydrological perspective on evaporation: historical trends and future projections
in Britain. Journal of Water and Climate Change 4 (3), 193-208. https://doi.org/
10.2166/wcc.2013.014.

Kemeny, P.C., Torres, M.A., 2021. Presentation and applications of mixing elements and
dissolved isotopes in rivers (MEANDIR), a customizable MATLAB model for Monte
Carlo inversion of dissolved river chemistry. Am. J. Sci. 321 (5), 579-642. https://
doi.org/10.2475/05.2021.03.

Knapp, W.J., Tipper, E.T., 2022. The efficacy of enhancing carbonate weathering for
carbon dioxide sequestration. Frontiers in Climate 4, 928215. https://doi.org/
10.3389/fclim.2022.928215.

Lasaga, A.C., 1984. Chemical kinetics of water-rock interactions. J. Geophys. Res. Solid
Earth 89 (B6), 4009-4025.

Lezaun, J., Healey, P., Kruger, T., Smith, S.M., 2021. Governing carbon dioxide removal
in the UK: lessons learned and challenges ahead. Frontiers in Climate 3 (August),
1-5. https://doi.org/10.3389/fclim.2021.673859.

Maher, K., 2010. The dependence of chemical weathering rates on fluid residence time.
Earth Planet. Sci. Lett. 294 (1-2), 101-110. https://doi.org/10.1016/j.
epsl.2010.03.010.

Mabher, K., 2011. The role of fluid residence time and topographic scales in determining
chemical fluxes from landscapes. Earth Planet. Sci. Lett. 312 (1-2), 48-58. https://
doi.org/10.1016/j.epsl.2011.09.040.

Mabher, K., Chamberlain, C.P., 2014. Hydrologic regulation of chemical weathering and
the geologic carbon cycle. Science 343 (6178), 1502-1504.

Marsh, T., Sanderson, F., Swain, O., 2015. Derivation of the UK National and Regional
Runoff Series.

Marston, C., Rowland, C.S., O’Neil, A.W., Morton, R.D., 2022. Land Cover Map 2021
(10m Classified Pixels, GB). NERC EDS Environmental Data Centre. https://doi.org/
10.5285/a22baa7c-5809-4a02-87e0-3cf87d4e223a.

Meybeck, M., 2003. Global analysis of river systems: from Earth system controls to
Anthropocene syndromes. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358 (1440),
1935-1955. https://doi.org/10.1098/rstb.2003.1379.


https://doi.org/10.5281/zenodo.22558
https://doi.org/10.1016/j.scitotenv.2024.177458
https://doi.org/10.1016/j.scitotenv.2024.177458
https://doi.org/10.1016/j.chemgeo.2009.06.018
https://doi.org/10.1038/s41477-018-0162-5
https://doi.org/10.1038/s41477-018-0162-5
https://doi.org/10.1038/s41586-020-2448-9
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0020
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0020
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0020
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0020
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0025
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0025
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0030
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0030
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0030
https://www2.bgs.ac.uk/groundwater/shaleGas/aquifersAndShales/maps/shales/
https://www2.bgs.ac.uk/groundwater/shaleGas/aquifersAndShales/maps/shales/
https://webapps.bgs.ac.uk/lexicon/lexicon.cfm?pub=MMG
https://webapps.bgs.ac.uk/lexicon/lexicon.cfm?pub=MMG
https://webapps.bgs.ac.uk/lexicon/lexicon.cfm?pub=YORE
https://webapps.bgs.ac.uk/lexicon/lexicon.cfm?pub=YORE
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0050
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0050
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0050
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0050
https://doi.org/10.1126/science.add292
https://doi.org/10.1016/j.apgeochem.2022.105482
https://doi.org/10.1038/s41561-021-00714-3
https://doi.org/10.1038/s41561-021-00714-3
https://doi.org/10.1016/j.epsl.2018.05.022
https://doi.org/10.1016/j.epsl.2018.05.022
https://doi.org/10.1093/pnasnexus/pgae134
https://doi.org/10.1093/pnasnexus/pgae134
https://data.gov.uk/dataset/bda4e065-41e5-4b78-b405-41c1d3606225/historic-uk-water-quality-sampling-harmonised-monitoring-scheme-summary-data
https://data.gov.uk/dataset/bda4e065-41e5-4b78-b405-41c1d3606225/historic-uk-water-quality-sampling-harmonised-monitoring-scheme-summary-data
https://data.gov.uk/dataset/bda4e065-41e5-4b78-b405-41c1d3606225/historic-uk-water-quality-sampling-harmonised-monitoring-scheme-summary-data
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0085
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0090
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0095
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0095
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0100
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0100
https://doi.org/10.1038/s41561-018-0245-y
https://doi.org/10.5285/18b7c387-037d-4949-98bc-e8db5ef4264c
https://doi.org/10.5285/18b7c387-037d-4949-98bc-e8db5ef4264c
https://www.gov.uk/government/publications/nitrate-challenges-for-the-water-environment
https://www.gov.uk/government/publications/nitrate-challenges-for-the-water-environment
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.1016/S0009-2541(99)00031-5
https://doi.org/10.1016/j.apgeochem.2023.105643
https://doi.org/10.1002/rog.20004
https://doi.org/10.1038/s43017-020-0058-6
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0140
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0140
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0140
https://doi.org/10.1016/j.scitotenv.2016.08.201
https://doi.org/10.1371/journal.pone.0166247
https://doi.org/10.1371/journal.pone.0166247
https://doi.org/10.1038/s41561-022-00925-2
https://doi.org/10.1038/s41561-022-00925-2
https://doi.org/10.2166/wcc.2013.014
https://doi.org/10.2166/wcc.2013.014
https://doi.org/10.2475/05.2021.03
https://doi.org/10.2475/05.2021.03
https://doi.org/10.3389/fclim.2022.928215
https://doi.org/10.3389/fclim.2022.928215
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0175
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0175
https://doi.org/10.3389/fclim.2021.673859
https://doi.org/10.1016/j.epsl.2010.03.010
https://doi.org/10.1016/j.epsl.2010.03.010
https://doi.org/10.1016/j.epsl.2011.09.040
https://doi.org/10.1016/j.epsl.2011.09.040
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0195
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0195
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0200
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0200
https://doi.org/10.5285/a22baa7c-5809-4a02-87e0-3cf87d4e223a
https://doi.org/10.5285/a22baa7c-5809-4a02-87e0-3cf87d4e223a
https://doi.org/10.1098/rstb.2003.1379

K.J. Harrington et al.

Moon, S., Chamberlain, C.P., Hilley, G.E., 2014. New estimates of silicate weathering
rates and their uncertainties in global rivers. Geochim. Cosmochim. Acta 134,
257-274. https://doi.org/10.1016/j.gca.2014.02.033.

Morris, D.G., Flavin, R.W., Moore, R.V., 1990. A Digital Terrain Model for Hydrology.

National Statistics, 2023. The British survey of Fertiliser Practise, 2022.

Newell, A.J., 2018. Rifts, rivers and climate recovery: a new model for the Triassic of
England. Proc. Geol. Assoc. 129 (3), 352-371. https://doi.org/10.1016/j.
pgeola.2017.04.001.

NRFA, 2023. https://nrfa.ceh.ac.uk.

Parkhurst, D.L., Appelo, C.A.J., 2013. Description of input and examples for PHREEQC
version 3—a computer program for speciation, batch-reaction, one-dimensional
transport, and inverse geochemical calculations. US Geological Survey Techniques
and Methods 6 (A43), 497. https://doi.org/10.3133/tm6A43.

Perrin, A.S., Probst, A., Probst, J.L., 2008. Impact of nitrogenous fertilizers on carbonate
dissolution in small agricultural catchments: implications for weathering CO2 uptake
at regional and global scales. Geochim. Cosmochim. Acta 72 (13), 3105-3123.
https://doi.org/10.1016/j.gca.2008.04.011.

Raymo, M.E., Ruddiman, W.F., 1992. Tectonic forcing of late Cenozoic climate. Nature
359 (6391), 117-122. https://doi.org/10.1038/359117a0.

Raymond, P.A., Hamilton, S.K., 2018. Anthropogenic influences on riverine fluxes of
dissolved inorganic carbon to the oceans. Limnology and Oceanography Letters 3
(3), 143-155. https://doi.org/10.1002/1012.10069.

Raymond, P.A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M.,
Butman, D., Striegl, R., Mayorga, E., Humborg, C., Kortelainen, P., 2013. Global
carbon dioxide emissions from inland waters. Nature 503 (7476), 355-359. https://
doi.org/10.1038/nature12760.

Regnier, P., Friedlingstein, P., Ciais, P., Mackenzie, F.T., Gruber, N., Janssens, LA.,
Laruelle, G.G., Lauerwald, R., Luyssaert, S., Andersson, A.J., Arndt, S., 2013.
Anthropogenic perturbation of the carbon fluxes from land to ocean. Nat. Geosci. 6
(8), 597-607. https://doi.org/10.1038/ngeo1830.

Relph, K.E., Stevenson, E.I., Turchyn, A.V., Antler, G., Bickle, M.J., Baronas, J.J.,
Darby, S.E., Parsons, D.R., Tipper, E.T., 2021. Partitioning riverine sulfate sources
using oxygen and sulfur isotopes: implications for carbon budgets of large rivers.
Earth Planet. Sci. Lett. 567, 116957. https://doi.org/10.1016/j.epsl.2021.116957.

Renforth, P., 2012. The potential of enhanced weathering in the UK. International
Journal of Greenhouse Gas Control 10, 229-243. https://doi.org/10.1016/j.
ijggc.2012.06.011.

Renforth, P., 2019. The negative emission potential of alkaline materials. Nat. Comm. 10
(1), 1401.

Renforth, P., Henderson, G., 2017. Assessing ocean alkalinity for carbon sequestration.
Rev. Geophys. 55 (3), 636-674. https://doi.org/10.1002/2016RG000533.

Spears, D.A., 2015. The geochemistry and mineralogy of high-S coals, with examples
mainly from the East Pennines Coalfield in Yorkshire and Nottinghamshire, UK: an
overview. Proc. Yorks. Geol. Soc. 60 (3), 204-226. https://doi.org/10.1144/
Pygs2015-356.

15

Science of the Total Environment 957 (2024) 177458

Spears, D.A., Rippon, J.H., Cavender, P.F., 1999. Geological controls on the sulphur
distribution in British carboniferous coals: a review and reappraisal. Int. J. Coal
Geol. 40 (1), 59-81. https://doi.org/10.1016/50166-5162(98)00057-3.

Tipper, E.T., Bickle, M.J., Galy, A., West, A.J., Pomies, C., Chapman, H.J., 2006. The
short term climatic sensitivity of carbonate and silicate weathering fluxes: insight
from seasonal variations in river chemistry. Geochim. Cosmochim. Acta 70 (11),
2737-2754. https://doi.org/10.1016/j.gca.2006.03.005.

Torres, M.A., West, A.J., Li, G., 2014. Sulphide oxidation and carbonate dissolution as a
source of CO2 over geological timescales. nature 507 (7492), 346-349. https://doi.
org/10.1038/nature13030.

Tucker, M.E., 1991. Sequence stratigraphy of carbonate-evaporite basins: models and
application to the Upper Permian (Zechstein) of northeast England and adjoining
North Sea. J. Geol. Soc. London 148 (6), 1019-1036. https://doi.org/10.1144/
8sjgs.148.6.1019.

Tye, A.M., Williamson, J.L., Jarvie, H.P., Dise, N.B., Lapworth, D.J., Monteith, D.,
Sanders, R., Mayor, D.J., Bowes, M.J., Bowes, M., Burden, A., 2022. Dissolved
inorganic carbon export from rivers of Great Britain: spatial distribution and
potential catchment-scale controls. J. Hydrol. 615, 128677. https://doi.org/
10.1016/j.jhydrol.2022.128677.

Vincent, C.J., Rowley, W.J., Monaghan, A.A., 2010, November. Thermal and Burial
History Modelling in the Midlothian-Leven Syncline in the Midland Valley of
Scotland Using BasinMod and HotPot. Geological Society of London. https://doi.
org/10.1144/0036-9276/01-376.

Ward, N.D., Bianchi, T.S., Medeiros, P.M., Seidel, M., Richey, J.E., Keil, R.G.,
Sawakuchi, H.O., 2017. Where carbon goes when water flows: carbon cycling across
the aquatic continuum. Front. Mar. Sci. 4, 7. https://doi.org/10.3389/
fmars.2017.00007.

West, A.J., Galy, A., Bickle, M., 2005. Tectonic and climatic controls on silicate
weathering. Earth Planet. Sci. Lett. 235 (1-2), 211-228. https://doi.org/10.1016/j.
epsl.2005.03.020.

White, A.F., Blum, A.E., 1995. Effects of climate on chemical weathering in watersheds.
Geochim. Cosmochim. Acta 59 (9), 1729-1747.

Worrall, F., Howden, N.J., Burt, T.P., Hannah, D.M., 2022. River water temperature
demonstrates resistance to long-term air temperature change. Hydrol. Process. 36
(11), €14732. https://doi.org/10.1002/hyp.14732.

Worthington, S.R., Davies, G.J., Alexander Jr., E.C., 2016. Enhancement of bedrock
permeability by weathering. Earth Sci. Rev. 160, 188-202. https://doi.org/10.1016/
j-earscirev.2016.07.002.

Zeng, S., Liu, Z., Kaufmann, G., 2019. Sensitivity of the global carbonate weathering
carbon-sink flux to climate and land-use changes. Nat. Commun. 10 (1), 5749.
https://doi.org/10.1038/541467-019-13772-4.

Zhang, S., Planavsky, N.J., Katchinoff, J., Raymond, P.A., Kanzaki, Y., Reershemius, T.,
Reinhard, C.T., 2022. River chemistry constraints on the carbon capture potential of
surficial enhanced rock weathering. Limnol. Oceanogr. 67, S148-S157. https://doi.
org/10.1002/1n0.12244.


https://doi.org/10.1016/j.gca.2014.02.033
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0220
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0225
https://doi.org/10.1016/j.pgeola.2017.04.001
https://doi.org/10.1016/j.pgeola.2017.04.001
https://nrfa.ceh.ac.uk
https://doi.org/10.3133/tm6A43
https://doi.org/10.1016/j.gca.2008.04.011
https://doi.org/10.1038/359117a0
https://doi.org/10.1002/lol2.10069
https://doi.org/10.1038/nature12760
https://doi.org/10.1038/nature12760
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1016/j.epsl.2021.116957
https://doi.org/10.1016/j.ijggc.2012.06.011
https://doi.org/10.1016/j.ijggc.2012.06.011
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf3000
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf3000
https://doi.org/10.1002/2016RG000533
https://doi.org/10.1144/pygs2015-356
https://doi.org/10.1144/pygs2015-356
https://doi.org/10.1016/S0166-5162(98)00057-3
https://doi.org/10.1016/j.gca.2006.03.005
https://doi.org/10.1038/nature13030
https://doi.org/10.1038/nature13030
https://doi.org/10.1144/gsjgs.148.6.1019
https://doi.org/10.1144/gsjgs.148.6.1019
https://doi.org/10.1016/j.jhydrol.2022.128677
https://doi.org/10.1016/j.jhydrol.2022.128677
https://doi.org/10.1144/0036-9276/01-376
https://doi.org/10.1144/0036-9276/01-376
https://doi.org/10.3389/fmars.2017.00007
https://doi.org/10.3389/fmars.2017.00007
https://doi.org/10.1016/j.epsl.2005.03.020
https://doi.org/10.1016/j.epsl.2005.03.020
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0330
http://refhub.elsevier.com/S0048-9697(24)07615-0/rf0330
https://doi.org/10.1002/hyp.14732
https://doi.org/10.1016/j.earscirev.2016.07.002
https://doi.org/10.1016/j.earscirev.2016.07.002
https://doi.org/10.1038/s41467-019-13772-4
https://doi.org/10.1002/lno.12244
https://doi.org/10.1002/lno.12244

	Current rates of CO2 removal due to rock weathering in the UK
	1 Introduction
	2 Summary of the approach
	3 UK catchment characteristics
	3.1 River chemistry
	3.2 Geology and topography
	3.3 Hydrology
	3.3.1 Rain, evapotranspiration, soil moisture
	3.3.2 River discharge, BFI and aquifer content

	3.4 Land use

	4 Inversion methods
	4.1 Inverting chemistry to assess the sources of solutes
	4.1.1 Correcting for rain inputs (Clcritical)
	4.1.2 Silicate endmember
	4.1.3 Carbonate endmember
	4.1.4 Sensitivity tests

	4.2 Calculating weathering fluxes and CO2 removed

	5 Dissolved inorganic carbon (DIC) in UK rivers
	6 Silicate and carbonate contributions to DIC
	6.1 Sources of solutes
	6.2 Annual land-based CDR from natural weathering in the UK (maximum)

	7 Factors that may make the maximum annual CDR value an over-estimate
	7.1 Sulphuric acid mediated weathering
	7.1.1 Variations in riverine SO42−
	7.1.2 Predicting the proportion of riverine sulphate from sulphides
	7.1.3 Corrected annual CDR

	7.2 Nitric acid weathering
	7.3 Variations in how the sequestered CO2 speciates in solution (w value)

	8 Overall CDR due to present-day weathering in the UK
	8.1 Global comparison
	8.2 Implications for deliberate additional CDR by enhanced weathering in the UK

	9 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


