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ABSTRACT

Many countries have made pledges to reduce CO, emissions over the upcoming decades to meet the Paris Agreement
targets of limiting warming to no >1.5 °C, aiming for net zero by mid-century. To achieve national reduction targets,
there is a further need for CO, removal (CDR) approaches on a scale of millions of tonnes, necessitating a better under-
standing of feasible methods. One approach that is gaining attention is geochemical CDR, encompassing (1) in-situ in-
jection of CO,-rich gases into Ca and Mg-rich rocks for geological storage by mineral carbonation, (2) ex-situ ocean
alkalinity enhancement, enhanced weathering and mineral carbonation of alkaline-rich materials, and (3) electro-
chemical separation processes. In this context, Spain may host a notionally high geochemical CDR capacity thanks
to its varied geological setting, including extensive mafic-ultramafic and carbonate rocks. However, pilot schemes
and large-scale strategies for CDR implementation are presently absent in-country, partly due to gaps in current knowl-
edge and lack of attention paid by regulatory bodies. Here, we identify possible materials, localities and avenues for
future geochemical CDR research and implementation strategies within Spain. This study highlights the kilotonne to
million tonne scale CDR options for Spain over the rest of the century, with attention paid to chemically and mineral-
ogically appropriate materials, suitable implementation sites and potential strategies that could be followed. Mafic, ul-
tramafic and carbonate rocks, mine tailings, fly ashes, slag by-products, desalination brines and ceramic wastes hosted
and produced in Spain are of key interest, with industrial, agricultural and coastal areas providing opportunities to
launch pilot schemes. Though there are obstacles to reaching the maximum CDR potential, this study helps to identify
focused targets that will facilitate overcoming such barriers. The CDR potential of Spain warrants dedicated investiga-
tions to achieve the highest possible CDR to make valuable contributions to national reduction targets.
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1. Introduction

There is a growing urgency for CO, removal (CDR) strategies to reduce
atmospheric CO, concentrations. Anthropogenic CO inputs to the atmo-
sphere are a crucial cause of global warming, and the Paris Agreement

Received 8 November 2022; Received in revised form 14 December 2022; Accepted 26 December 2022

Available online 29 December 2022

0048-9697/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.

0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.161287&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.161287
mailto:lbullock@geo3bcn.csic.es
http://dx.doi.org/10.1016/j.scitotenv.2022.161287
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

L.A. Bullock et al.

goal to limit the increase in global average temperature to 1.5 °C cannot be
achieved without atmospheric CDR on the order of tens of gigatonnes (Gt)
CO,, per year by 2100 (IPCC, 2022). This objective represents a formidable
challenge, requiring an urgent assessment of different CDR strategies that
can be implemented on a large multinational scale. The long-term aim of
the European Union (EU) is to achieve climate-neutrality by 2050, in line
with the commitment to global climate action under the Paris Agreement
and the European Green Deal (no net emissions of greenhouse gases
(GHGs) by 2050; European Commission, 2021). This aim will require inno-
vative technological solutions incorporated into industrial policy and re-
search.

On top of mindful GHG reduction efforts and increasing use of renew-
able energy, attention is turning to feasible CDR methods that target CO»-
material reactions by both in-situ and ex-situ surface and sub-surface ap-
proaches, in dry or aqueous hosting conditions (see Fig. 1 for definitions
used in this study), collectively termed geochemical CDR strategies
(Energy Futures Initiative, n.d.; Canadell et al., 2021; Schenuit et al.,
2021; Campbell et al., 2022). Approaches include (1) subsurface in-situ in-
jection of CO,-rich gases into alkaline (Ca and Mg cation-rich) rocks for
mineral carbonation and geological storage, (2) ex-situ ocean alkalinity en-
hancement and ocean liming, enhanced rock weathering and mineral car-
bonation of alkaline-rich materials, and (3) electrochemical separation
processes. The main natural processes include:

Ca-carbonate rock and mineral dissolution
: H,CO3 + CaCOj (calcite)—Ca’" + 2HCO ™3 (1)
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Mg-carbonate rock and mineral dissolution
: H,CO; + MgCO, (magnesite)—~Mg>" + 2HCO ™ 3 (2)

Silicate rock and mineral dissolution
: Mg, Si0, (forsterite) + 4CO, + 4H,0—2 Mg>* + 4HCO ™ 5 + H,SiO,

(3)

Ca-carbonate precipitation : Ca** 4+ 2HCO ™ 3—CO, + H,0
+ CaCOs; (calcite) (4)

Mg-carbonate precipitation : Mg>" 4+ 2HCO ™ 3—~CO, + H,0
+ MgCO; (magnesite) (5)

One of the main principles is to induce or accelerate the natural
chemical weathering reaction (Egs. (1)-(3)), to form soluble bicarbon-
ates (stabilized by Ca®* or Mg?™* cations), i.e., alkalinity, or to later pre-
cipitate solid carbonate minerals (Egs. (4)-(5)). These reactions can
consume (or remove) CO, from the atmosphere (dissolution of silicates
and precipitation of carbonates on land or in the ocean would result in
release of some CO, due to outgassing, effectively halving the net
CDR; dissolution and precipitation of carbonates results in no net
CDR) and store it safely for 100's of thousands of years or longer, but
are slow processes, taking similar timescales to occur in the nature
(Renforth et al., 2013). Targeted CDR strategies could speed up reac-
tions (Egs. (1)—(3)) to occur on human timescales of several decades
or faster to meet long-term international climate targets. The key ques-
tions which are being actively investigated in geochemical CDR include

Surficial

Undisturbed, suitable bedrock
undergoing reactions (natural or
enhanced) at the exposed surface

Example: Natural weathering of
exposed rocks (with no deliberate
human intervention)

Methods utilising loose, excavated,
processed and other natural or artificial
materials (e.g., industrial by-products)

Example: material spreading across
fields for enhanced weathering and
mineral carbonation

In-situ

1i

e |

CO,-containing liquid or gas (potentially
enriched) injection into suitable (mafic
and ultramafic), unmoved bedrock for

permanent storage

Example: Carbfix Project, targeting
mineral carbonation in sub-surface
basalts

Ex-situ

Loose or excavated materials reacted
under natural or controlled sub-surface
conditions

Example: underground reactor system
to promote and maintain environment
such as strong reducing or anoxic
conditions to enhance weathering and
carbonation

Sub-surface

Fig. 1. Definitions used in this study of in-situ and ex-situ geochemical CDR approaches, hosted in both surficial and sub-surface settings.
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determining which materials are most suitable for implementation
(e.g., Hitch et al., 2010; Renforth and Henderson, 2017; Li et al.,
2018; Kelemen et al., 2019; Khudhur et al.,, 2022), how much
material is theoretically accessible to carry out geochemical CDR
(e.g., Renforth, 2012; Bullock et al., 2021), where materials are located
(e.g., Kremer et al., 2019; Bullock et al., 2022), what techniques can
speed up reactions (e.g., Schuiling and Krijgsman, 2006; Krevor and
Lackner, 2011; Hartmann et al., 2013; Kelemen et al., 2020; Xing
et al., 2022) and what methods can be upscaled for large-scale CDR
(e.g., Hangx and Spiers, 2009; Power et al., 2014; Matter et al., 2016;
Beerling et al., 2020). Several studies have also sought to categorise
the CDR potential of individual countries, including the United States
(Krevor et al., 2009), United Kingdom (Renforth, 2012; Smith et al.,
2014; Alcalde et al., 2018b; Kantzas et al., 2022), Japan (Myers and
Nakagaki, 2020), and South Africa (Hietkamp, n.d.; Vogeli et al.,
2011; Meyer et al., 2014).

Here, we examine the geochemical CDR potential of Spain. As an EU
Member State, Spain is bound to adopt national energy and climate plans
to make notable progress on its climate actions. Spain's governmental
target is a 90 % GHG emission reduction by 2050 compared to 1990,
equating to a decrease from 334.3 MtCO,eq (CO, equivalent) in 2018
to 28.9 MtCO-eq in 2050 (Sun et al., 2021), roughly a 9.5 MtCOeq re-
duction per year. In a “business as usual” scenario, whereby the current
policies and GHG reduction trends are projected to continue, emission
levels will remain above baseline 1990 levels by 2030 (NECP, 2020;
Climate Analytics, 2021), meaning more ambitious goals for reductions
should be targeted. This scenario may encompass an increased recogni-
tion of geochemical CDR potential, at least on an investigative or pilot
study scale.

As well as hosting several chemically and mineralogically favourable
rock types that could be utilized for CDR purposes, including some al-
ready exploited by mining and quarrying activities, Spain produces sev-
eral industrial waste by-products that could also be harnessed.
Moreover, extensive cropland and agricultural coverage, greenhouse
deployment, mined and quarried land and coastline exposure could pro-
vide geochemical CDR site opportunities across the mainland and Span-
ish islands. Despite the possible options, no potential geochemical CDR
opportunities are highlighted in Spain's low emission development
strategy (LEDS) (MITECO, 2020b), meaning this potential contribution
to overall CDR and LEDS in Spain is still relatively unknown. This
study provides a primary catalogue of available and accessible materials
in Spain, targetable regions and some preliminary calculations of the
overall geochemical CDR potential for the country. It should be stressed
that any calculated maximum theoretical CDR could not be conceivably
achieved, in part due to practicalities of methodological implementa-
tion, hindered access to suitable materials and the limited ability to
react 100 % of available cations in human timescales (mineralogy-de-
pendent). However, results can be used to further define Spain's overall
climate targets and initiate future CDR plans and projects for academia,
industry, government and other sectors of interest to achieve as much of
the maximum potential as possible.

2. Methodology for preliminary CDR calculations

An initial assessment of the reactivity potential of materials in Spain has
been made here based on their whole material (rock) geochemistry and
modal mineralogies. One method that can be utilized to provide an indica-
tor of upper limit geochemical CDR suitability is through the modified
Steinour (1959) formulae, adapted by Renforth (2019), and later imple-
mented in Bullock et al. (2021, 2022). This calculation is based primarily
on the material chemistry, giving a maximum hypothetical CDR specific ca-
pacity of a given material, through alkalinity production (“E,” value, mea-
sured in kg of CO, per tonne of material; kgCO,/t) or via carbonation
(“Cpot” value), assuming 100 % mobility of aqueous complexes without
consideration for reaction kinetics, timescales of mineral dissolution and
secondary precipitation of non-carbonate minerals. The calculations are
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made using whole rock (or material) compositions in the following equa-
tions:

Mo, [ CaO Mg0  NaO K0 MnO SO, _POs )
Epor = 100 <aMCaO Muygo + 6MNazO * eMKZO +pMMnO yMso; * 3MP205 ) 107
(6)
Mco, CaO MgO SO P,0
Cpot = o> ~<a* TRy 8 5)-103 @
100 Mcwo = Mmgo " Mso,  Mp,os

The coefficients a, 3, ¥, 3, ¢, p, and 6 consider the relative contribution of
each oxide to geochemical CDR (see Renforth, 2019), adjusted based on the
modal carbonate content of the rock (see Bullock et al., 2021). Elemental
concentrations of the materials are expressed as major element (wt%) ox-
ides, M, is the molecular mass of those oxides, and 7 is molar ratio of CO,
to cation sequestered during weathering (here, = 1.5 to account for buff-
ering in the seawater carbonate system; Renforth and Henderson, 2017;
Renforth, 2019; Bullock et al., 2021). Notwithstanding the assumptions re-
lating to reaction kinetics, the formulae are employed here for regional/
large-scale estimations based on available whole rock chemistry (elemental
and major element oxides for Ca, Mg, Na, K, Mn, S and P, taken from liter-
ature examples; Table SI1) of mafic-ultramafic rocks and industrial by-
products, giving a value of g of CO, removed per kg of material (§CO5/
kg, Table SI1; see Renforth, 2019; Bullock et al., 2021, 2022).

While the E, and Cp, values may provide a means of estimating a the-
oretical maximum potential, in practice, the reactivity of a material is
heavily governed by mineral kinetics and the ability of the material to
react in a given media setting (e.g., in water or air, under ambient or ele-
vated temperatures, with CO, in air or concentrated) or over a given period
of time (on decadal to millennia timescales). The ability for a mineral to un-
dergo dissolution, thus releasing the necessary cations for alkalinity pro-
duction or mineral carbonation, is a key variable for both quantitative
and qualitative determination of material suitability for geochemical CDR
applications. Dissolution of minerals may require the breaking of chemical
bonds of variable strength, and may act as the rate limiting step in geo-
chemical CDR reactions (Daval et al., 2009; Pullin et al., 2019; Khudhur
et al., 2022). Therefore, mineral kinetics should also be considered for as-
sessment of material suitability. Several studies have utilized shrinking
core models to determine dissolution time and extent of a given mineral
or rock (e.g., Hangx and Spiers, 2009; Renforth et al., 2013; Kelemen
et al., 2020; Rinder and von Hagke, 2021; Bullock et al., 2022). Many of
these modified models present partial or complete mineral grain dissolu-
tion based on modal mineral abundances in the material, chemical compo-
sition of each mineral present, an initial mean grain size, each mineral
dissolution (weathering) rate under given conditions, and amount of mate-
rial present (e.g., annual production). In this study, we utilise a slightly
modified version of the shrinking core model utilized by Renforth et al.
(2013), later used in Bullock et al. (2022). Here, a theoretical 1 kg of a
given material is used, where a range of modal mineralogies (gathered
from literature examples; Table SI1) is converted to grams of mineral,
with untargeted minerals (e.g., pyrite, magnetite, apatite, quartz) excluded
from calculations. The sum for all present mineral phases then gives the
overall potential of the material:

D3 — (Dy — 2W,V,u1)°
x() = 20— B0 20 Vul) ®
0

where X is the fractional extent of dissolution, t is dissolution time (s), D is
the initial particle diameter (m), W, is the average dissolution rate (mol
(mineral)/m?/s), and V,, is the molar volume of the mineral (m®/mol, con-
verted to one mol Si basis). The maximum CDR capacity of each mineral (in
gCO,/kg material), required for the shrinking core model, is based on a cal-
culated E,, value (alkalinity production) and Cp,, value (for mineral car-
bonation). Both these values are based on their typical mineral chemistry.
The model estimates dissolution extent and CDR (gCO,) over a given period
of time for each mineral present in the theoretical 1 kg. Cumulative CDR
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potential due to alkalinity production (or carbonation) of 1 kg of material i
for a time duration t, referred to as specific CDR (sCDR), is calculated by:

SCDR;(t) = 2f;;X,; (I)Eéwf ©
j

where f;; is the mass fraction of mineral j in material i, X;; is the extent of
dissolution calculated using the shrinking core model (Eq. (7)) using the ki-
netics of mineral j and the initial particle size i, and Efw[ is the E,, for min-
eral j (Bullock et al., 2022). For total cumulative CDR (tCDR) of material i
over a given period of time or by a particular year (y) within this period,
which includes the cumulative contribution from material replenishment
in all the years (k) up to and including year y, this is calculated by:

tCDR;(y) = él SCDR; (1) Pix (10

where tis the time elapsed from year k to year y, and P; is the mass of tail-
ing i produced in year k, with k = 1 denoting the first year of weathering
(Bullock et al., 2022). The CDR achieved annually (aCDR) of material i in
year y can then be derived by:

aCDR;(y) = tCDR;(y) — tCDR;(y — 1) an

Here, published mineral dissolution rates have been sourced from liter-
ature examples (Palandri and Kharaka, 2004 and references therein;
Bandstra et al., 2008 and references therein; Gudbrandsson et al., 2011;
Stockmann et al., 2011; Thom et al., 2013), where experimentally-
derived rates were determined under ambient temperature conditions, at-
mospheric CO, concentrations and in a starting neutral (pH 6-8) media so-
lution. A starting grain size of 100 pm has also been assumed, consistent
with an achieved mean grain size for mined materials aiming to extract pre-
cious and base metals from a range of mafic and ultramafic rocks (Bullock
etal., 2022). A range of modal mineralogies, sourced from literature exam-
ples, are considered for each rock type (Table 3). Calculations also assume
that 1 Mt. material can be made available for weathering every year, either
through by-product formation from mining and quarrying activities, or by
direct means of excavation, crushing and milling specifically for geochem-
ical CDR purposes. CDR has been estimated across a period of 1-70 years
(e.g., assuming a possible launch in 2030 after a period of testing, designing
and planning, aiming to achieve maximum benefit by 2100), with 1 Mt. per
year of material available to weather each year (on top of initial CDR
achieved from weathering in year 1, year 2 etc).

For further indication of material geochemical CDR potential, with par-
ticular focus on mineral carbonation potential, the saturation indices of
each representative modal mineralogy have been computed using
PHREEQC (Version 3; Parkhurst and Appelo, 1999), whereby secondary
precipitation phases are simulated based on a starting solution composi-
tion, experimental conditions and initial solid equilibrium phases. Here,
changes in the solution chemistry and the saturation states were modelled
with time, the product of variable mineral dissolution, for identification
of possible precipitated carbonate phases. Kinetic rate equations and solu-
bility constants were taken from the MINTEQv2.dat database. Starting con-
ditions were ambient temperature and pH (7) solution media, at fixed
atmospheric pressure, but with enriched CO5 (90 %) to deliberately pro-
mote simulated carbonation conditions.

3. Targetable bedrock
3.1. Mafic and ultramafic rocks

Appropriate silicate lithologies for geochemical CDR implementation
purposes include Ca- and Mg-rich mafic and ultramafic rocks (Table 2).
Across Spain, these include ultramafic intrusive rocks, mafic extrusive
rocks and, to a lesser extent, intrusive mafic rocks and metamorphosed
mafic-ultramafic rocks. Suitable mineral assemblages include those that
contain reactive Ca- and Mg-rich phases such as brucite (even in small
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amounts), talc, wollastonite, serpentine, olivine and smectite. The Mg-
hydroxide mineral brucite has been extensively studied for its favourable
solubility and reactivity with CO, at ambient temperature conditions for
use in geochemical CDR projects (e.g., Pokrovsky et al., 2005; Harrison
et al., 2013, 2015; Power et al., 2013, 2014, 2016; Wilson et al., 2014;
Zarandi et al., 2016; McCutcheon et al., 2017; Li et al., 2018). Serpentine
minerals, typically much more abundant in mafic and ultramafic rocks
than brucite, have also been previously targeted due to their high reactivity
and high Mg content (Krevor and Lackner, 2011; Oskierski et al., 2013;
Lacinska et al., 2017). Smectite-group minerals such as saponite can also
provide fast reactivity and cation exchange for CDR purposes (Zeyen
et al., 2022). Olivine (Hanchen et al., 2008; Hangx and Spiers, 2009;
Schuiling and Krijgsman, 2006; Ten Berge et al., 2012) and wollastonite
(Dudhaiya et al., 2019; Haque et al., 2020) have also received attention
for their thermodynamic favourability and promising dissolution rates,
though hindrances associated with Si-rich layer formation and secondary
Mg-Ca-silicate precipitation (in place of carbonates) need to be considered
for these and other potentially reactive minerals. Pyroxene, plagioclase,
mica and chlorite could also contribute to the required Mg?* and Ca®* cat-
ions for CDR (Meyer, 2014; Marieni et al., 2020; Bullock et al., 2022), al-
though their slower mineral dissolution rates and lower reactivity require
deliberate efforts to increase cation release (e.g., changes to pH, tempera-
ture, CO, pressure, changes to waste management practices such as better
exposure to the atmosphere or water) (Bullock et al., 2022).

Here, potentially suitable bedrock for geochemical CDR is highlighted
(Fig. 2, Table 1 and Figs. SI1-5 in the supplementary material) based on
maps and available data from the 1:1 M Geological Map of Spain (including
the Balearic and Canary Islands, produced by the Spanish Geological Sur-
vey; IGME, n.d.). This approach follows a similar semi-quantitative method
as employed by the US Geological Survey for mapping the mineral resource
base for mineral CDR in the conterminous United States (Krevor et al.,
2009) but tailored to the specificities of Spain. The overall surface and sub-
surface mapped extent of targeted rocks give a broad indication of poten-
tially targetable regions for geochemical CDR methods. However, much
of these areas are covered by infrastructure, unconsolidated sediments
and extensive vegetation, limiting their accessibility (without considerable
energy and effort). Therefore, areas of probable exposure, such as regions of
mineral excavation, bare rock, scarce vegetation, beaches, dunes, sand-
banks and burnt areas, have been identified for potentially targetable sur-
face bedrocks (based on land use classification of the European
Environment Agency, n.d.; Fig. 2 and Table 1). National parks and areas
of protected land have been excluded here, as extensive geochemical CDR
implementation methods may not be permitted or receive public accep-
tance (though they should not be completely ruled out). Based on these
criteria, Spain has up to 1864 km? of targetable (probable exposure, unpro-
tected) land for mafic and ultramafic rocks (0.4 % of land coverage;
Table 1).

3.1.1. Ultramafic rocks

Ultramafic rocks present across Spain include dunite, harzburgite,
lamproite, peridotite, pyroxenite, websterite and wehrlite. The key locali-
ties that host ultramafic rocks in Spain are Galicia (NW Iberian Peninsula),
the Ronda massif (extending across the southern Iberian Peninsula) and, to
a lesser degree of exposure, areas of Extremadura and northern Andalucia
(SW Iberian Peninsula), and areas of Almeria and Murcia (SE Iberian Penin-
sula). There are also minor low-volume outcrops in Catalonia and Aragén
(Fig. 2).

Galicia hosts ultramafic rocks that include units of dunite, peridotite,
pyroxenite and harzburgite, hosted within the Galicia-Tr4s-os-Montes
Zone of the Iberian massif (Farias et al., 1987; Girardeau et al., 1989;
Zalduegui et al., 1996; Marcos et al., 2002; Santos et al., 2002). Several out-
cropping localities occur in the northern peninsula of Cabo Ortegal, where
dunite is extracted as a commodity (see Section 3.1). Another extensive
area of key interest for geochemical CDR is the Ronda peridotite massif in
the Betic Cordillera (S Spain), comprized of ultramafic-mafic intrusives,
with large areas (mapped ~300 km?) of upper mantle rocks extending
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19.5°W  18.0°W  16.5°W

- Mafic and ultramafic rock exposure
Mapped mafic and ultramafic rock
- Carbonate rock exposure

Mapped carbonate rock

1. Galicia 10. Madrid

2. Asturias 11. Castilla-La Mancha

3. Cantabria 12. Valencian Community
4. Basque Country 13. Extremadura

5. Navarre 14. Andalucia

6. La Rioja 15. Murcia

7. Aragén 16. Baleariclslands

8. Catalonia 17. Canary Islands

9. Castile and Ledn

Fig. 2. Exposure of the main lithological groups potentially suitable for CDR strategies in Spain (with Canary Islands inset on the top left; autonomous communities of Spain
also indicated in bottom middle inset) showing mapped and surface. Areas of probable exposure include mapped mafic, ultramafic and carbonate regions covering areas of
mineral excavation, bare rock, scarce vegetation, beaches, dunes, sandbanks and burnt areas (from the land use classification of the European Environment Agency, n.d.).
Lithological information from IGME (n.d.). See supplementary material for detailed regional maps, including areas of exposure and protected lands.

across southern Spain (Garrido and Bodinier, 1999; Platt et al., 2003;
Booth-Rea et al., 2005; Bodinier et al., 2008; Précigout et al., 2013). The
Ronda peridotite massif hosts olivine, serpentine, phlogopite, diopside
and accessory brucite. The Mg-carbonate mineral hydromagnesite has
also been detected (Bessiére et al., 2021), suggesting that some brucite
may have already been naturally carbonated. As well as the Ronda perido-
tite massif, SW Spain hosts harzburgite, part of the brucite-hosting Ossa
Morena and South Portuguese Zones.

Areas of Extremadura, including regions of targetable commodities
such as the Aguablanca deposit and Tejadillas prospect, host ultramafic

Table 1

rocks that form part of the magmatic system of the Cortegana Igneous Com-
plex (Aracena massif), containing large sills of olivine-bearing websterite,
lherzolite, dunite, pyroxenite and minor harzburgite, troctolite and
webhrlite (Casquet et al., 2001; Tornos et al., 2001, 2006; Piiia et al.,
2006, 2012). The ultramafic bodies of Calzadilla de los Barros in the
Ossa-Morena Zone (Badajoz, Extremadura) comprise gabbros, highly
serpentinized harzburgite, clinopyroxenites and dunites (Merinero
Palomares et al., 2014). The SE Iberian Peninsula (regions of Almeria, Car-
tagena, Albacete and Murcia) hosts several ultrapotassic and ultramafic
units of the SE Volcanic Province (Venturelli et al., 1984; Contini et al.,

Suitable bedrock exposure and viable areas for geochemical CDR methods in Spain. Mapped coverage includes surface or near-surface lithologies as classified by IGME (n.d.).
Exposed areas include mapped areas that occupy mineral extraction zones, bare rock, spaces with scarce vegetation, burnt areas, beaches, dunes and sandbanks, as classified
by the European Environment Agency (n.d.). Unprotected areas include areas outside of national parks (European Environment Agency, n.d.).

Targetable Land area Total mapped Total coverage in  Total coverage in  Total % of land Targetable area examples (exposed, unprotected areas)
rock type covered coverage (including exposed areas exposed, coverage of
non-exposed areas) (km?) unprotected areas  exposed,
(km?) (km?) unprotected areas
La Coruna and Pontevedra (Galicia), Almeria, Granada and
Mafic and . Malaga (Andalucia), Huesca (Aragén), Lleida (Catalonia),
ultramafic rock Mainland 7234 404 146 0.03 Ciudad Real (Castilla-La Mancha), Murcia, Caceres and
Badajoz (Extremadura)
Canary Islands 7560 3357 1718 0.34 All islands, predominant exposed coverage on
Fuerteventura
Isl licia, Murcia, Andaluci:
Spain (Total) 14,794 3761 1864 037 Canary Islands, Galicia, Murcia, Andalucia and
Extremadura
Oviedo (Asturias), Santander (Cantabria), Gipuzkoa
. (Basque Country)
Mainl;
Carbonate rock am a-nd and 109,475 2228 773 0.15 Burgos (Castile and Ledn), Huesca (Aragdn), Valencia
Balearic Islands .
and Alicante
(Valencian Community), Almeria (Andalucia)
Canary Islands - - - - -
Spain (Total) 109,475 2998 773 0.15 Asturias, Cantabria, Valencian Community, Balearic

Islands, Basque Country
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1993), including peridotites and lamproites, while the Cerro del Almirez ul-
tramafic massif of the Nevado-Filabride Complex (Betic Cordillera) hosts a
~ 200 m thick chlorite harzburgite unit (Marchesi et al., 2013). There are
also minor occurrences of peridotite in NE Iberian Peninsula (central-west-
ern Pyrenees, from Northeast Catalonia and across northern Aragén).

3.1.2. Mafic extrusive rocks

The Canary Islands, an active volcanic ocean island chain approxi-
mately 100 km off the west African coast, are dominated by Cenozoic
mafic rock occurrences, comprising roughly half (7560 km?) of Spain's
total mapped coverage of mafic-ultramafic rocks (Table 1). While some in-
trusive rocks are evident across the islands (wehlites, pyroxenites and
gabbros on Fuerteventura, La Gomera and La Palma), most of the suitable
rocks are extrusive basaltic (picrite, alkali basalt, tholeiite, basanite, phono-
lite, nephelinite) lavas (Troll and Carracedo, 2016). The 2021 eruption of
Cumbre Vieja in La Palma covered 12 km? with new basaltic-basanitic
lava in the southwestern part of the island (Castro and Feisel, 2022;
Perez-Torrado et al., 2022).

There are other occurrences of mafic extrusive rocks across main-
land Spain, predominantly Neogene-Quaternary alkaline basalts in
areas such as the NE Volcanic Province, Catalonia (Cebria et al.,
2000), in SE Spain within the Alpine Chains, ahead of the Betic Front,
and in central areas of Campo de Calatrava, where the Calatrava Volca-
nic Province is situated. Neogene-Quaternary alkaline volcanics include
basanites, olivine basalts, pyroxenitic basalts, trachybasalts, melilitites,
nephelinites and leucitites (Crespo and Lunar, 1997; Hernandez et al.,
1999; Villaseca et al., 2010; Ancochea and Huertas, 2021). Silurian-
Devonian volcanism of the Almadén mining district produced alkali ba-
saltic lava flows, as well as pyroclastic deposits, sills and dykes (Perroud
etal., 1991; Hall et al., 1997). There are also minor isolated occurrences
of alkaline basalt in vegetated areas of the Valencian Community (in
areas north of Ayora within the Valencia Basin) and Andalucia (east of
Cadiz).

3.1.3. Mafic intrusive rocks

Spatially associated with the locations of the ultramafic rocks detailed
above, Galicia, Extremadura and the Ronda peridotite massif also host ex-
tensive intrusive mafic rocks, including units of gabbro (e.g., the Monte
Castelo Gabbro of Galicia; Abati et al., 2003), anorthosite, gabbrodiorite,
gabbronorite, leucogabbro, norite and more intermediate diorite (the latter
from the Santa Olalla pluton, Extremadura; Casquet, 1980; Casquet et al.,
2001). Areas of Almadén also host shallow intrusive dolerite units
(Hernandez et al., 1999), the Burguillos del Cerro Plutonic Complex hosts
gabbroic—dioritic units (Casquet et al., 2001; Garcia-Lobén et al., 2006;
Tornos et al., 2021) and the Betic Cordillera hosts gabbro and dolerite
(Rodriguez et al., 2020).

3.1.4. Metamorphic rocks of mafic-ultramafic protolith

Prominent serpentinite occurrences are located in areas of Galicia
(e.g., Cabo Ortegal; Pereira et al., 2008) and in the Betic Cordillera
(e.g., Ronda peridotite massif; Rodriguez et al., 2020; Cerro del Almirez
ultramafic massif, Marchesi et al., 2013; SE Volcanic Province;
Venturelli et al., 1984; Contini et al., 1993). Metamorphic rocks,
which include chlorite schist, metabasalt, metabasite and migmatite,
occur in the Alpujarride Complex and Sierra de Baza (Betic Cordillera)
and in the Spanish Central System (Extremadura, Castilla-La Mancha
and Castile and Leén).

3.2. Carbonate rocks

Though more limited than Mg- and Ca-rich silicate rocks for alkalinity
production (Egs. (1)-(2)) and unable to net remove CO, via precipitation
steps (mineral carbonation, Egs. (1) and (3)), carbonate rocks can still pro-
vide means of geochemical CDR through ex-situ methods such as ocean al-
kalinity enhancement, ocean liming and enhanced rock weathering
applications for alkalinity production and to counteract the acidification
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of oceans (Rau and Caldeira, 1999; Taylor et al., 2016). Such methods
may involve the use of CO,-enriched gases and activation through calcina-
tion (Kheshgi, 1995), targeting the separation of CaO, MgO or Ca-Mg-
hydroxide (Ca(OH),) (Caserini et al., 2021), which will rapidly dissolve
and release alkalinity in seawater (Justnes et al., 2020). Through alkalinity
addition in the form of CaO or MgO, ocean pH and resultant CO, uptake in-
crease. Between 1.6 and 1.8 mol of CO, are absorbed for every 1 mol of
added CaO or MgO (Renforth et al., 2013). Limestone and dolostone can
provide the source materials for such geochemical CDR approaches. Accel-
eration of weathering of carbonate rocks in a reaction with water
(e.g., seawater) and CO,-enriched gas consumes CO,, with alkaline bicar-
bonate water products sent to (or in the case of with seawater usage, re-
turned to) the ocean, neutralizing acidity (Rau and Caldeira, 1999). Such
enhanced weathering of carbonate rocks follows the principles of naturally
occurring carbonate weathering (Egs. (1)-(2)), with bicarbonate solutions
stabilized by the released solubilized cations (e.g., Ca**, Mg®*). There
are still uncertainties that need to be considered for geochemical CDR ap-
proaches involving the weathering of carbonate rocks, particularly how
ecosystems will respond to both the changes in alkalinity and the possible
effects of trace element release from the rocks, as well as energy and cost
implications for large scale rollout, meaning further scientific assessment
is required.

In terms of spatial and volumetric availability, carbonates comprise
some of the major lithological units of Spain, with mapped areas cover-
ing ~109,475 km? (Table 1), accounting for ~22 % of total land cover-
age (Fig. 2). There are major carbonate outcrops across Spain, with 773
km? of targetable (exposed) carbonate rocks across mainland Spain and
the Balearic Islands (0.15 % of land coverage; Table 1). Geochemical
maps of Ca content of sediments and upper and lower soils generated
for the Geochemical Atlas of Spain (Fig. 3; IGME, 2012) define the divi-
sion between silicate-hosted Paleozoic basement rocks to the W-NW and
carbonate rocks prevalent across southern, central and NE Spain, as well
as the Balearic Islands. Cambrian carbonates occur in the Ossa Morena
Zone (Extremadura) and Lugo (NE Galicia) and Leon (NW Castile and
Leé6n). Carboniferous carbonates are widespread in Asturias and NW
Castile and Leén, while those of Jurassic-Cretaceous age are abundant
in Cantabria, Basque Country, Valencian Community, Murcia and across
the Balearic Islands. In Andalucia, thick units of carbonates of Triassic-
Jurassic age are hosted in the Betic Cordillera. Carbonate units show
variable replacement by dolostone across the hosting regions.

4. Industrial sector by-products

Alkaline-rich industrial wastes and by-products have been shown to
passively carbonate, while changes to conditions and management prac-
tices can accelerate reaction conditions and CDR potential (Khudhur
et al., 2022). Spain has historically hosted extensive surface and subsur-
face mining and prominent raw material consuming (and producing) in-
dustrial activities. Main mining activities target metals (e.g., copper,
lead-zinc, tin-tungsten, gold and silver), coal, extraction of industrial
rocks such as limestone, dolostone, marble, granite and dunite
(Fig. 4), and industrial minerals such as bentonite, quartz, magnesite,
potash and sepiolite. Additionally, Spain is a historic producer of steel
products and metal refining, with sites providing both massive point
CO,, emissions (through fossil fuel consumption) and means of facilitat-
ing CDR via waste by-products (e.g., utilizing fly ashes or slags). Spain is
also one of the largest users of desalination technologies in the western
world and the largest in Europe (Fuentes-Bargues, 2014). Desalinized
water is necessary for water-poor regions of the Canary Islands and
high-water demanding agricultural regions of the mainland (Palomar
and Losada, 2010), with reject brine by-products (of high dissolved
salt and cation content) created during the process. These industrial sec-
tors and smaller-scale activities all treat by-products and waste mate-
rials that could be targeted for geochemical CDR strategies. The
following sub-sections describe the industrial by-products, analysed
from a Spain-focused perspective.
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Fig. 3. Geochemical maps of Mg and Ca contents of sediments, upper and lower soils of Spain (Canary Islands inset) (IGME, 2012).

4.1. Silicate mine and quarry wastes

Regarding metal mining from silicate-hosted bedrock and the associ-
ated wastes derived from such activities, potential targets for geochemical
CDR are limited to areas that exploit mafic and ultramafic rocks. One exam-
ple of a notable producing region is Aguablanca (Badajoz, Extremadura, SW
Spain; Figure SI4), exploiting Ni and Cu from breccia hosted within gabbro
and gabbronorite units. The site is currently on care and maintenance at
time of writing, though historic tailings are held on site in dams, and pro-
duction is planned to resume in the near future (Horn et al., 2021). There
are few other examples of metallic mines with suitable host rocks for geo-
chemical CDR utilization. The Touro Project (central Galicia, Figure SI3)
may also offer future opportunities for geochemical CDR strategies. The
currently undeveloped project area comprises metabasites of gabbroic
protolith (Castifieiras et al., 2002) with minor lenses of ultramafic rocks.
Operational plans include the necessity to strip 35.7 Mt. of overlying bed-
rock (Mining Data Online, n.d.-b), with an estimated 91 Mt. of tailings
projected to be produced across 13 years of operation (Noble, 2018).
Though volumetrically low, the Hg-producing region of Almadén in central
Spain (Ciudad Real, Figure SI3) may have worked intrusive dykes, sills and
tuffs of basaltic composition, resulting in unprocessed overburden waste or
variably processed tailings, which could be suitable for CDR purposes.

Beyond sporadic examples of CDR from silicate-hosted metal extraction
operations, much of the realistic CDR potential from silicate mine wastes in
Spain is found in wastes associated with ultramafic dunite extraction. Spain
is a key European producer of olivine-bearing dunite rock, produced as a re-
fractory mix for steel making and as raw material for the ceramic and
fertiliser industry. Dunite is mined in the La Corufia region of Galicia by
Pasek Minerales (Fig. 4a-c), with proven reserves estimated at 600 Mt.
(Kremer et al., 2019). The Landoy mine site, which exploits predominant
peridotite-harzburgite (containing abundant serpentine, as well as
forsteritic olivine, diopside, enstatite and hornblende), has produced over
21 Mt. of dunite historically, with a production capacity of 1 Mt. per year
(production levels are typically 0.7-0.9 Mt. per year; Pasek Minerales,
pers. comms.). For extraction and saleable use, dunite fractions of >3 mm
are typically desired, meaning fractions below 3 mm (including a finer

fraction of <63 pm) are considered waste, stored in landfill or tailings
dams (Baragario et al., 2019). Approximately 80 kilotonnes (kt) of waste
is produced each year (40 kt of size fraction 64 pm to 3 mm, 40 kt of sludge
<64 pm). Pasek Minerales have made plans to reduce the amount of waste
by ~20 %; however, if these finer materials are instead repurposed as a geo-
chemical CDR resource, then the company could exploit dunite specifically
for CDR strategies. It has been proposed that the site could double their
yearly production level without the need for large investment (Syrett,
2013), so sufficient demand or necessity for materials for CDR purposes
could make this a reality. As these materials are already extracted and proc-
essed to advantageous grain sizes, there are possibilities for utilization for
ex-situ geochemical CDR purposes.

Additional silicate mine and quarry waste sources exist across mainland
Spain and the Spanish islands, though details of their activity status and
available tonnages are difficult to ascertain. For instance, the Canary
Islands host numerous active, inactive and disused basalt quarry mines,
with “picén” materials used in construction, agriculture and decorative pur-
poses. The name “picén” is a local word to indicate basaltic, basanitic, and
nephelinitic lapilli (fragmented tephra of 2-64 mm grain size), which has
been traditionally used as a stone mulch in agriculture, vineyards and gar-
dening to suppress evaporation from the soil, and to absorb and retain mois-
ture (Tejedor et al., 2003; Lomoschitz et al., 2006; Belding, n.d.). Basaltic
lapilli is also a common construction material across the islands, with in-
creasing demand and usage over 60 years due to the growing tourism sec-
tor, requiring raw materials for concrete and highway construction
(Lomoschitz et al., 2006). Quarried mafic lapilli from across the islands gen-
erally contain a low fine particle fraction (<5 % of material with a diameter
< 0.06 mm), though the silt and clay fraction can reach up to ~50 % in
some data examples (Lomoschitz et al., 2006). While finer material is
favourable for ex-situ geochemical CDR purposes, the natural porosity of la-
pilli grains (8.5-33 % of interconnected voids; Lomoschitz et al., 2006)
means that the reactive surface area is still high, and additional energy-
intensive grinding to achieve higher weathering rates for any CDR strate-
gies may not be required. Similar historic basalt quarries exist in the
Calatrava Volcanic Province of Ciudad Real, with mining concessions still
given for exploitation in volcanic areas of Cerro Gordo (Granatula-
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Fig. 4. Examples of tailings-producing silicate and carbonate surface mine operations in Spain. (a-c) Dunite mining in Landoy, Galicia, including waste stream facilities shown
in (b-c) (photos courtesy of Pasek Minerales); (d-f) Limestone quarrying in Santa Pola, Alicante, with fine grained wastes piled up on-site shown in (f).

Valenzuela), Cabezo Segura (Poblete) or La Yezosa (Almagro) and Arzollar
(Virgen de Alarcos) (Becerra-Ramirez et al., 2020).

4.2. Carbonate mine and quarry wastes

Carbonate production and usage is a prominent industry across main-
land Spain and the Balearic Islands, with limestone, dolostone, and marble

having been worked for thousands of years as a building material, for con-
crete and mortar, aggregates, agriculture, glass, in water/soil treatment, for
ornamental purposes and many other applications. In 2012, 3 Mt. of lime-
stone, 0.73 Mt. of dolomite and 2.1 Mt. of marble were produced nationally
(IGME, 2012). The country hosts one of the largest marble quarries in the
world - the Coto Pinoso quarry (Alicante), covering a surface area of ap-
proximately 5 km? As well as mines and quarries dedicated to the



L.A. Bullock et al.

extraction of carbonates (e.g., Santa Pola quarry in Alicante; Fig. 4d-f), many
metal, mineral and coal mines also exploit from carbonate bedrock (Fig. 5; US
Geological Survey, n.d.), requiring the excavation and stockpiling of carbon-
ate materials. For instance, the Reocin Mine (Cantabria, N Spain) is the largest
carbonate-hosted Pb-Zn deposit in Spain, and one of the largest Mississippi
Valley-type (MVT) deposits worldwide. The Reocin Mine ceased activity in
2003, though there are still multiple active quarries and mines in the area.
Fluorite and fluorspar are mined from carbonate host rocks in the
neighbouring province of Asturias, including the 140 kt per year capacity pro-
ducing Mina Ana site in Ribadesella. Active magnesite mining takes place at
the Azcarate Quarry (Eugui, Navarre), where 260 kt of magnesite was pro-
duced in 2020 (Magnesitas Navarras, n.d.). El Valle Boinas and Carlés
gold-copper-silver mines in Asturias host ore deposits within limestone
units and associated calcic skarns (Mining Data Online, n.d.-a).

4.3. Slags

There is scope for targeted enhanced weathering and mineral carbon-
ation efforts with metal refinery and iron and steelmaking by-products, col-
lectively known here as slag materials (Huijgen et al., 2005; Mayes et al.,
2008, 2018; Renforth et al., 2011; Renforth, 2012, 2019; Vaughan,
2022). Through conventional refining and steelmaking processes, the pro-
duction of glassy, granular slag by-products can show enrichment of Mg
and Ca-rich silicate, oxide and hydroxide minerals (Renforth, 2012). These
residues, which include multi-stage developed furnace slags, constitute a
low-cost feedstock of potentially high reactivity (due to its glassy nature). Fur-
thermore, they are created in close proximity to massive CO, point sources
and can be therefore utilized for CDR without the need for additional mining,
transportation or consumption of raw materials (Huijgen et al., 2005).

Most major steelmaking operations are located on the northern coast of
mainland Spain, particularly with several plants in Basque Country and two
large plants in Asturias (Fig. 5). In 2020, Spain produced 11.14 Mt. of crude
steel, representing 8 % of the total EU output for the year (EUROFER, n.d.).
The Atlantic Copper metallurgical complex (Huelva, Andalucia) is a glob-
ally significant producer of copper, molybdenum and gold, and the San
Juan de Nieva zinc smelter, one of the world's largest zinc producers,
both generate high tonnages of resultant slag by-products during the
smelting and concentration processes. Assuming slag residue production
represents between 15 and 20 % of total steel production (Frias Rojas
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et al., 2002), it is estimated here that approximately 1.7 to 2.2 Mt. of steel
slag is produced annually in Spain. Some slag products associated with
Spanish coal-fired power plants show a high enrichment of Fe and Al com-
pared to Ca and Mg (e.g., ten slag samples analysed from the Andorra
power plant of Teruel province, Aragén, by Querol et al., 1995; Llorens
et al., 2001). This composition would likely limit their efficacy for geo-
chemical CDR purposes, though their favourable physical nature, availabil-
ity and accessibility still make them potentially useful resources for CDR.

4.4. Fly ashes

Similar to other industrial waste products outlined here, fly ashes, derived
from thermal power plants (Fig. 5), hold potential for utilization in geochem-
ical CDR strategies (Ecke, 2003; Fernandez-Jiménez and Palomo, 2003;
Soong et al., 2006; Li et al., 2007; Montes-Hernandez et al., 2009; Muriithi
et al., 2013; Dindi et al., 2019; Mustafa et al., 2020; Rausis et al., 2021). Fly
ash is produced from coal combustion and is considered an environmental
pollutant (Argiz et al., 2015; Querol et al., 1995; Llorens et al., 2001). How-
ever, fly ashes share similar favourable CDR properties as other industrial
wastes, including a possible enrichment of Mg and Ca (Ecke, 2003;
Fernandez-Jiménez and Palomo, 2003; Li et al., 2007), and Ca-Mg-rich sili-
cate minerals such as plagioclase, lime (Ca0), bredigite (Ca; Mg .3Si04)
and hatrurite (Ca3SiOs) (Querol et al., 1995). Fly ashes also feature fine
grain sizes, including fractions within a range of 10-150 pm (Querol et al.,
1995; Nyambura et al., 2011), favourable for higher surface area exposure
and faster weathering reactions. Fly ash can also increase the pH of solutions
to promote mineral carbonation (Liu and Mercedes Maroto-Valer, 2013).

Reported figures for annual fly ash generation from the energy sector of
Spain from 2010 onwards range 2-5 Mt. (Argiz et al., 2015). At time of
writing, there are still four active coal-fired power plants across Spain
(Aborio, Soto de Ribera, Alcudia, and As Pontes; Fig. 5), with at least 17
more having ceased operations in the last decade to meet decarbonation
targets (MITECO, 2020a). Those that still operate continue to produce fly
ash, and even after closure and demolition, most former plant sites may
have retained historic stockpiles of fly ashes accumulated over years of op-
eration. The majority of operations (active, dormant or ceased) are concen-
trated on the coal mining regions of Asturias and northern Castile and Leén,
with other plants are located in the northern regions of Galicia, Aragoén,
Cantabria and Basque Country (Fig. 5).
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4.5. Ceramic wastes

Construction by-products include ceramic wastes generated by the tile
producing sector in Spain, one of the largest European and global producers
(Reig et al., 2014). Almost all of the ceramic tile industry of Spain is centred
in the Castell6n province of the Valencian Community. Ceramic waste may
constitute up to 54 % of construction wastes, which totalled 32.7 Mt. in
2011 (Reig et al., 2014). An example of diopside-bearing ceramic tile
waste, analysed by Mas et al. (2016), has a chemical composition including
up to 12 wt% total MgO, CaO, Na,O and K,O.

4.6. Desalination reject brines

Much like solid by-products generated from various extraction and pro-
cessing operations, liquid desalination reject brines, the saline effluent by-
product formed from seawater (and brackish water) separation at desalina-
tion plants, have been typically perceived as waste products of limited
value. Attention has been paid to their detrimental effects to the local envi-
ronment and ecological systems (Ferndndez-Torquemada et al., 2005; Zhou
et al., 2013; Kossoff et al., 2014; Garcia-Giménez and Jiménez-Ballesta,
2017). However, due to their alkaline-rich chemistry, waste reject brines
can offer a substrate for CDR. One approach is to react Mg chloride in brines
with CO, in the presence of ammonia to produce Mg-carbonates and addi-
tional ammonium chloride by-products. Another approach, through elec-
trochemical, nanofiltration and multiple effect distillation processes, is to
hydrolyse Mg and Ca chloride complexes to form MgO and CaO (with alkalin-
ity returned to seawater), with hydrochloric acid (HCI) produced and sepa-
rated (acidity removed). This separation of alkalinity and acidity promotes
additional oceanic CO, drawdown. The HCI product can either be sold as
an inorganic chemical commodity or neutralized via geological disposal for
safe return to the ocean. The process may incorporate suitable geological ma-
terials such as peridotite, basalt and limestone to neutralise acidic by-
products (House et al., 2007; Rau, 2008; Davies, 2015; Thsanullah et al.,
2021; Mourad et al., 2022; Mustafa et al., 2020). Pathways of geological dis-
posal may include in-situ injection or circulation in favourable bedrock
(Section 2) or in controlled ex-situ reaction settings with crushed and proc-
essed rocks and materials (Sections 3.1-3.5). Any excess alkalinity produced
and released in the ocean could lead to additional CO, drawdown.

Spain hosts 5.7 % of total global desalination plants, more than half of
all plants in Europe (Jones et al., 2019; Zarza and Novo, n.d.). The industry
as a whole is expected to intensify in the future, with desalination outputs
rising at a rate of ~10 % each year (Davies, 2015), while in Spain, increases
in population, tourism and agriculture have led to the national growth of
the sector (Hernandez-Sanchez et al., 2017). Across 765 desalination plants
(key localities shown in Fig. 5; EMODnet Data Services), Spain produces ap-
proximately 5 million m®/day of desalinated water for human supply, irri-
gation, and industrial use (Aedyr, n.d.). The resulting hypersaline reject
brine effluents are typically disposed of in the ocean. According to the
study by Jones et al. (2019), Spain produces 1.01 million m® of reject
brine per day or 369 million m>/year. Assuming 10 % output growth
each year (Davies, 2015) and equal growth of waste brine production,
this may have increased to ~534 million m>/year by 2022. In terms of geo-
graphic distribution, Spanish desalination plants are heavily concentrated
along the Mediterranean coast of the mainland, particularly in areas of Bar-
celona, Valencia, Alicante and Murcia, and on the Canary Islands of Tene-
rife, Gran Canaria, Fuerteventura and Lanzarote (Fig. 5). There are
comparatively fewer plants near the northern mainland coast.

5. Preliminary assessment of geochemical CDR potential
5.1. Silicate rocks and industrial materials

Overall, the average Ep, value across all data points of Spain is 395 g
CO,/kg, and Cp,o 244 g COo/kg (n = 373; Fig. 6). The highest rock values

are attributed to peridotites, harzburgites and serpentinites of Galicia, the
Ronda peridotite massif and Cerro del Almirez ultramafic massif. Due to
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the generally high (>30 wt%) MgO contents, ultramafic rocks show high
Epot and Cp values, with an average Ej,o; of 543 kgCO,/t (Cy,o; average 350
kgCO,/t) (n = 91; geochemical data derived from Chi-Yeung, 1972; Crespo
and Lunar, 1997; Contini et al., 1993; Santos et al., 2002; Pina et al., 2006,
2012; Tornos et al., 2006; Marchesi et al., 2013). The highest values corre-
spond to peridotites from the Ronda peridotite massif (Chi-Yeung, 1972)
and harzburgites from the Cerro del Almirez ultramafic massif (Marchesi
et al., 2013), both in southern Spain, with other notably high values for du-
nites and harzburgites of Cabo Ortegal, Galicia (Santos et al., 2002).
Serpentinite E, values range from 594 to 688 kgCO,/t, with an average
value of 627 kgCO,/t (Cpo range: 395-457 kgCO,/t; Cyo average: 417
kgCO,/t; n = 29; data from Pereira et al., 2008; Marchesi et al., 2013). By con-
trast, metamorphic rocks of mafic protoliths and more variable grades show
an Ep, value range of 140 to 394 kgCO,/t (average 237 kgCO,/t) and Cpo¢
range of 31-262 kgCO,/t (average: 136 kgCOo/t; n = 29; data from
Hobson et al., 1998; Barbero and Villaseca, 2000; Esteban et al., 2007;
Rodriguez et al., 2020).

The calculated E, and C,,¢ values (Fig. 6) provide a theoretical indica-
tion of total maximum potential of rocks and solid waste materials suitable
for geochemical CDR; however, these values do not account for mineral ki-
netics, which govern the timescales on which mineral dissolution can be
achieved. The shrinking core model applied in this study aims to account
for variations in modal mineralogy and across rock types selected based on
(1) their considered geochemical potential and (2) their volumetric abun-
dance across Spain (Table 3 and Fig. 7). Results here give a baseline indicator
of how variations within and across rocks can affect achievable CDR (Fig. 7).

While chemical potential indicated by E and C,,o values may be high
for the selected rock types, only a fraction of the maximum CDR can realis-
tically be realized under ambient or non-optimized reaction conditions for
CDR (Fig. 7, Table 3 and Table SI1). For the first year of weathering, all
rocks with favourable geochemistry and mineralogy generally achieve
aCDR of <1 kt of CO, (ktCO») as alkalinity generation and mineral carbon-
ation, with the exception of Ronda peridotite rocks which may remove
1.4-2.5 ktCO, as alkalinity, or 0.9-1.6 ktCO- as carbonate precipitation
(Table 3). This represents <0.5 % of the maximum capacity indicated by
Epot and Cpq values. Ronda peridotites, along with Nevado-Filébride Com-
plex serpentinites, show the highest potential for geochemical CDR,
reaching 166-288 ktCO, (aCDR) over 70 years of weathering as alkalinity
(up to 40 % of maximum achievable CDR, with variations relating to differ-
ences in modal mineralogy within peridotites; Fig. 7 and Tables SI1-3), or
120-193 ktCO, via carbonation for Ronda peridotite, and 40-175 ktCO,
as alkalinity (up to 27 % of maximum achievable CDR; Fig. 7) and
27-117 ktCO,, via carbonation for serpentinites. These ultramafic rocks
generally contain more serpentine, olivine (forsterite), talc and
clinopyroxene (augite, diopside) than more mafic rocks such as pyroxe-
nites, gabbros and basalts, which contain more orthopyroxene (enstatite),
clinochlore, amphibole (hornblende, tremolite-actinolite) and plagioclase
(anorthite, albite). The majority of targetable rocks show >1 Mt. tCDR po-
tential over 70 years of weathering of accumulated weathered material
(i.e., with 1 Mt. feedstock added each year). In the case of the Ronda peri-
dotite, this value is as high as 11 Mt. for alkalinity generation.

As an additional indicator of geochemical CDR (in this case, specifically
mineral carbonation) potential of each material, PHREEQC modelling has
been applied to suggest which, if any, carbonates could precipitate from a
CO,-rich (90 %) solution, based on the range of modal mineralogies for
each rock type used in the shrinking core model. Once again, Ronda perido-
tites are shown to be highly promising for geochemical CDR via carbon-
ation, potentially precipitating aragonite (CaCOs3), calcite (CaCOs3),
dolomite (CaMg(CO3),), huntite (CaMg3(CO3)4), hydromagnesite (Mgs
(C0O3)4(0OH)24(H20)), magnesite (MgCOs) and nesquehonite (Mg(HCO3)
(OH)-2(H,0)) across the modal mineralogical variations. Basalts have
more limited carbonation potential, with no carbonates predicted to precip-
itate, suggesting alkalinity generation would be the most viable option for
pursuit with these materials as a feedstock. Fly ashes and slags containing
low amounts of Ca- and Mg-bearing minerals from Spanish power stations
and refineries show similar limited abilities to produce carbonates, though
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literature examples of Polish, Chinese and Australian fly ashes (Jaschik
et al., 2016; Ji et al., 2019), which may contain trace amounts of plagio-
clase, lime, portlandite, periclase, clinopyroxene and brucite, do indicate
potential for carbonate precipitation. Phases such as brucite (Mg(OH)-),
periclase (MgO), portlandite (Ca(OH),) and lime (CaO) can act as alkalinity
sources (Roadcap et al., 2006, 2015; Riley and Mayes, 2015; Khudhur et al.,
2022), and can undergo 100 % dissolution in less than a decade, even under
ambient or near-ambient conditions. The presence of these reactive Mg-
and Ca-bearing phases is vital for fly ash and slag CDR suitability, as
these materials generally contain abundant unreactive phases (with respect
to COy), or are predominantly comprized of amorphous glass of variable re-
activity depending on the composition (for instance, these may typically be
aluminosilicate glass, and thus not highly appropriate for CDR).

5.2. Carbonate rocks and industrial materials

It has been proposed that to remove 1 Gt CO, from the atmosphere,
~1.8 Gt of limestone is required to produce ~0.7 Gt of lime, with
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consideration paid to energy expenses from mining, grinding and distri-
bution (Renforth et al., 2013). Applying this conversion with the same
excavation assumptions as Section 2.1 (depth 5 m, density 2.5 t/m®),
up to 137 Gt of limestone extraction would achieve a maximum of 76
Gt of CDR in Spain. In reality, carbonate availability for any proposed
geochemical CDR scheme is unlikely to be the limiting factor for large-
scale implementation due to the widespread occurrences of carbonates
across Spain. Though the societal, energetic and engineering constraints
make this theoretical maximum unobtainable, if even a fraction of this
potential can be realized, the contribution would be substantial. Assum-
ing that 1.8 t of carbonate can sequester 1 t of CO, (Renforth et al.,
2013), this equates to a maximum of ~0.7 MtCO, per year from carbon-
ate mine waste fines produced in Spain. As previously stated, carbonate
mine wastes are similarly voluminous, likely beyond estimations made
here based on available data. Spain hosts hundreds of active, inactive
and historic limestone and dolostone quarries, though publicly avail-
able information on their localities and current/previous production
figures is generally lacking.
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5.3. Desalination brines

There are numerous studies that present concentrations of elements of
CDR interest (i.e., Ca>*, Mg>*, K™, Na*) in desalination reject brines col-
lected within Spain (e.g., Casas et al., 2011, 2012, 2014; Reig et al., 2014,
2016b, a; Mountadar et al., 2017; Sanmartino Rodriguez, 2018; Sola
et al., 2020; Jiménez-Arias et al., 2022), as well as global studies
(e.g., Mabrook, 1994; Ahmed et al., 2003; Korngold et al., 2009;
Martinetti et al., 2009; Hajbi et al., 2010; Ji et al., 2010; Macedonio et al.,
2011; Kasedde et al., 2014; Katal et al., 2016; Pramanik et al., 2017;
Dong et al., 2018; Mohammad et al., 2019). From these available datasets,
an average concentration (in mg/L) can be derived for both Spain (n = 17)
and the rest of the world (n = 60). On average, Spanish reject brines gener-
ally contain more Ca>* (866 mg/L), Mg>* (2300 mg/L), K* (2259 mg/L)
and Na™ (24,365 mg/L) concentrations than average global values (842,
1423, 1225 and 14,300 mg/L respectively, averaged across data from refer-
ences given above), with an overall average of 29,780 mg/L total elements
of interest compared to 17,789 mg/L. Samples from Almeria and Valencia
(the latter derived from brackish waters) contain notably high Ca®*, up
to 1828 mg/L (Pérez-Gonzélez et al., 2015) and 1250 mg/L (Mountadar
et al., 2017) respectively. Samples from Barcelona show high Mg®* (up
to 5490 mg/L), K™ (up to 14,970 mg/L) and Na™ (up to 88,660 mg/L;
Casas et al., 2014).

Using these average concentrations as representative for Spanish brines
and assuming an annual brine production of 369 million m®/year (Jones
et al., 2019), it is possible to estimate how much Mg and Ca are theoreti-
cally produced in reject brines per year. These values would produce
~848 million kg of Mg and ~ 319 million kg of Ca annually. In oxide
form, this constitutes ~1.5 Mt. MgO and ~ 0.5 Mt. CaO. Assuming that
1 kg of MgO can react with 1.1 kg of CO, to form solid magnesite
(Mg-carbonate; MgCO3), and 1 kg of CaO can react with 0.79 kg of CO,
to form calcite (CaCO3) (Tomsich et al., 2015), these tonnages could re-
move a maximum of 1.7 MtCO, in the form MgCOs, and 0.4 MtCO, in
CaCOs, giving a total maximum CDR of 2.1 MtCO.. As this is in the solid
carbonate form, it assumes that some of the CO, were returned during pre-
cipitation (Eq. (3)). If products are in the alkalinity form, ~2.3 MtCO, could
be removed as Mg-bicarbonate (Mg(HCO3),), and ~ 0.6 Mt. as Ca-
bicarbonate (Ca(HCO5),), giving ~3.1 MtCO,. These CDR estimates may
be higher by including Na* and K™ as possible bicarbonate and carbonate
producers with CO,. Considering kinetics and reaction times, the deliberate
production of magnesium hydroxide (Mg(OH),) and calcic equivalents in
place of MgO and CaO from reject brines may be a favoured route to pursue
geochemical CDR. This feature is because these phases require less time and
energy for processing/recovery and also for subsequent reaction times with
CO, to produce bicarbonate and carbonate, as Mg(OH), and Ca(OH), (syn-
thesized or in their natural forms, brucite and portlandite respectively) are
faster reactants than their oxide equivalents (Fagerlund and Zevenhoven,
2011; Scott et al., 2021).

6. Discussion
6.1. Geochemical CDR potential in Spain

Ultramafic rocks such as dunite, harzburgite, peridotite, serpentinite
and pyroxenite, and mafic rocks such as gabbro and basalt, all hosted across
Spain, are considered the most viable material options for use in targeted
geochemical CDR strategies. Furthermore, carbonate rocks could also be
targeted for specific alkalinity generation strategies. For both silicate and
carbonate rocks, their industrial waste derivatives, such as mine tailings,
fly ashes and slag materials, can also be targeted, particularly due to their
generally fine-grained nature, ideal for ex-situ CDR strategies. Desalination
brines may also offer a CDR route in coast-proximal areas.

Estimates made in this work suggest that a maximum of 7.7 Mt. of CO,
per year could be removed from annually produced industrial alkaline
wastes and by-products across Spain (Table 2). There is also a possible
6.03 MtCO, that could be removed from available stockpiled materials,
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giving a total maximum geochemical CDR capacity of 13.04 Mt. from the
utilization of by-products, roughly equivalent to all GHGs emitted by the
waste management sector of Spain (Tiseo, 2022). The national annual
CO,, emissions as of 2020 for Spain were 209 Mt. (Ritchie et al., 2020),
meaning this maximum capacity would have the potential to offset ~6 %
of Spanish emissions. However, these calculations do not consider the ki-
netic properties of the materials that are being subject to weathering, mean-
ing only a fraction (on average, roughly 12 % over 70 years of weathering)
of the overall potential could be achieved without efforts to speed up disso-
lution and CO, reactions. Shrinking core modelling highlights the impor-
tance of optimizing the grain size of the feedstock, and exploring methods
to increase the dissolution rates of Ca- and Mg-containing minerals for cat-
ion release and reactions with CO,. This is particularly pertinent for rocks
containing abundant plagioclase and pyroxene, such as basalt, gabbro and
gabbronorite, which are generally slower to react compared to serpentine
and olivine-rich dunites, peridotites and serpentinites (Gadikota et al.,
2020; Kelemen et al., 2011, 2020). Methods to improve the dissolution
rate, such as promoting reactions in lower pH solutions, coupled with grind-
ing materials to smaller particle size, may greatly increase CDR for
geochemically-suitable materials such as mafic and ultramafic rocks
(Bullock et al., 2022). For energy intensive and costly approaches such as
material grinding, the addition of renewable energy sources to limit costs
and additional GHG emissions would be greatly beneficial to Spain. In
2021, Spain generated the second highest amount of electricity using
wind and solar power, including photovoltaic and thermal power, in
Europe according to European association for the cooperation of transmis-
sion system operators (ENTSO-E1) data, suggesting the country is well po-
sitioned to incorporate such energy sources into any future CDR strategies.

Though rocks such as basalt are slower reacting, and therefore less sus-
ceptible to undergo complete or near-complete dissolution on sufficient
timescales at near-ambient conditions, they are not ruled out for CDR pur-
poses, as they have proven to be suitable feedstocks for ex-situ enhanced
weathering (alkalinity generation) approaches such as agricultural spread-
ing of crushed materials (Taylor et al., 2016; Andrews and Taylor, 2019;
Beerling et al., 2020; Kelland et al., 2020; Smet et al., 2021; Cipolla et al.,
2022; Table 4). Some basalts may also contain abundant amorphous glassy
phases, which may react similarly to, or even more rapidly than, olivine
(Gislason and Oelkers, 2003; Kelemen et al., 2011, 2020). This approach
is also likely to achieve co-benefits such as increased crop yields, lower ag-
ricultural lime usage (thus reducing lime-associated CO, emissions), reduc-
tion in toxicity associated through increased silicon accumulation and K, P
and Ca uptake (Gillman et al., 2002; Rinder and von Hagke, 2021). These
added benefits, coupled with the reduced safety risk with basalt usage com-
pared to potential asbestos, Ni and Cr-hosting rocks such as dunites and
serpentinites, can also aid with public acceptance for implementation, par-
ticularly as field spreading would likely not impose any additional physical
footprint on the land. Discrepancies between laboratory-derived and field-
derived dissolution rates and CDR (e.g., Gruber et al., 2014; Buckingham
et al., 2022), particularly with multiphase materials such as basalt, mean
that further field experiments are needed to elucidate the effects of local
soil systems, SiO5 polymerization, water flux and secondary mineral forma-
tion (Buckingham et al., 2022).

Simulations of dissolution and precipitation in CO,-rich solutions also
indicate the potential for carbonate mineral precipitation in the majority
of the identified mafic and ultramafic rocks of Spain, particularly in perido-
tites (e.g., of the Ronda Massif), serpentinites (e.g., of the Nevado-Filabride
Complex), dunites (e.g., of Cabo Ortegal, Galicia) and webhrlites (e.g., of
Aguablanca, Badajoz). Therefore, these rocks may be highly suitable for
in-situ and ex-situ approaches that target mineral carbonation. However,
it should be considered that precipitation of some carbonates is kinetically
inhibited at the Earth's surface (Hdnchen et al., 2008; Saldi et al., 2010,
2012; Haug et al., 2011; Power et al., 2013; Li et al., 2018). This may not
be an issue for in-situ approaches, where fluids can be trapped and main-
tained for reactions to take place over long time periods, but may not be
suitable for ex-situ approaches under ambient conditions. As such, feed-
stocks may require additional support to permit mineral carbonation in a
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Table 2

Potentially suitable rocks and materials for geochemical CDR strategies in Spain, their key localities, maximum removal potential and evaluation of their possible methods and applications.

Material Key localities Coverage or Targetable method examples for CDR Assumptions and considerations for implementation
targeted availability of
materials
Variable extent of alteration, whole rock geochemistry and mineralogy within
Mafic and Canary Islands; Galicia; Murcia; Andalucia; Extremadura ) In-situ mineralization — injection of COx-rich gas or fluid into  and across units needs to be investigated for any site of interest
ultramafic Key targets may include Ronda peridotite massif of southern 13,744 km* of land  bedrock for CO, mineralization (mineral carbonation) Any extraction could require blasting, crushing, grinding and additional
bedrock Spain, Cabo Ortegal (Galicia) and basaltic lavas of the coverage Ex-situ enhanced weathering and mineral carbonation — energy-intensive processing methods
Canary Islands field-based spreading or reactor-based techniques Utilization of natural bedrock may lack public support and acceptance
Induced seismicity requires stringent monitoring
Rock requires extraction and pre-treatment for suitable ocean liming
Ocean liming and ocean alkalinity enhancement — spreading or approaches
Carbonate Asturias; Cantabria; Basque Country; Catalonia; Valencian 109,474 km? of land  reacting material with seawater to increase alkalinity Carbonation needs to be suppressed to eliminate risk of CO, return to
bedrock Community; Murcia; Castilla-La Mancha; Balearic Islands coverage Enhanced weathering - field-based spreading or reactor-based atmosphere and no net intake

Silicate mine
tailings

Carbonate
mine
tailings

Slag
by-products

Fly ashes

Ceramic
wastes

Desalination
brines

Galicia; Andalucia; Extremadura; Canary Islands

Asturias; Cantabria; Basque Country; Valencian Community;
Murcia; Catalonia; Balearic Islands

Basque Country; Asturias

Asturias; Galicia; Aragén

Valencian Community

Canary Islands; Valencian Community; Murcia; Catalonia

10's of Mt. produced
annually

10's of Mt. produced
annually

Up to ~3 Mt.
produced per year

Up to ~5 Mt.
produced per year

Up to ~20 Mt.
produced per year

Up ~300-500
million m®
produced per year

techniques

Enhanced weathering and mineral carbonation - field-based
spreading or reactor-based techniques

Ocean liming and ocean alkalinity enhancement — spreading or

reacting material with seawater to increase alkalinity

Enhanced weathering — field-based spreading or reactor-based

techniques

Enhanced weathering and mineral carbonation - field-based
spreading or reactor-based techniques

Enhanced weathering and mineral carbonation - field-based
spreading or reactor-based techniques

Enhanced weathering and mineral carbonation - field-based
spreading or reactor-based techniques

Electrochemical, nanofiltration and multiple effect distillation
processes — seawater splitting to yield MgO and CaO to
increase alkalinity

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Based only on limited site examples of publicly available production tonnages
Does not assume any contribution from basalt quarry wastes, as these additional
tonnages from basalt mining are difficult to ascertain

Methods to speed up dissolution kinetics of minerals may be required
Liberation of other elements to the environment needs to be monitored
Alkalinity release into rivers and ocean requires further fundamental
understanding, as well as monitoring and regulations

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Based only on limited public information for limestone, dolomite and marble
production (2012 production figure; IGME, 2012). Available tonnages likely to
be much higher.

Rock pre-treatment (calcination) may be required for suitable ocean liming
approaches

Limited spatial flux of alkalinity, lower CDR and fewer added benefits compared
to silicate rocks and wastes for enhanced weathering

Alkalinity release into ocean requires further study

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Based on 11.14 Mt. crude steel production (EUROFER, n.d.), with slag
representing 15-20 % of total steel production (Frias Rojas et al., 2002)
Potentially low Ca and Mg content in some slags

May require additional grinding (financial and energy/CO, emission penalties)
Liberation of other elements to the environment needs to be monitored

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Based on fly ash production of 2-5 Mt. per year, and uses cited geochemical data
from 18 power plants as a proxy for all fly ashes (Argiz et al., 2015)
Potentially low Ca and Mg content in some fly ashes

Liberation of other elements to the environment needs to be monitored

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Potentially low Ca and Mg content

May require additional grinding.

Liberation of other elements to the environment needs to be monitored

Any additional crushing, grinding or milling, and transport and distribution,
must be considered for net CDR evaluation

Based on 369 million m® reject brine production per year, with annual 10 % output
growth (Davies, 2015; Jones et al., 2019)

HCl by-product requires storage (for re-use or sale) or treatment (e.g., neutralization
with alkaline-rich materials such as tailings, slags, or fly ashes)

Chlorine production without cation bonds needs to be avoided to prevent CO,
outgassing
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given reaction setting, if carbonation is hindered. This may be the case for
Mg-carbonates (e.g., magnesite), whereby precipitation can be 4 to 6 orders
of magnitude slower than precipitation of Ca-carbonates (e.g., calcite) at 25
°C (Giammar et al., 2005; Morse et al., 2007; Hanchen et al., 2008; Saldi
et al., 2009; Power et al., 2013). Feedstocks such as dunites and
harzburgites in Galicia and Aguablanca are predicted to only precipitate
magnesite, huntite and dolomite. The formation of these Mg-carbonates
from their respective feedstocks may require additional conditions, such
as increasing temperature, pH, presence of ligands and microbial mediation
(Power et al., 2013; Li et al., 2018).

By contrast, metastable hydrated Mg-carbonate minerals may still pre-
cipitate at ambient temperatures and pressures, particularly associated
with brucite and serpentine mineral weathering processes (O'Neil and
Barnes, 1971; Wilson et al., 2009; Power et al., 2014). For instance, Li
et al. (2018) state that kinetic reactions are fast enough that there is gener-
ally no need for acceleration, particularly for nesquehonite.
Hydromagnesite has also been shown to precipitate in ambient settings
such as at the Woodsreef asbestos mine (Oskierski et al., 2013) and
Mount Keith nickel mine (Wilson et al., 2014) in Australia, considered to
be triggered by significant evaporation in the natural environment. Similar
observations were also made at the Diavik diamond mine and Clinton Creek
asbestos mine, Canada (Power et al., 2013).

Should induced mineral carbonation be required, it has been suggested
that mineral buffering under high pCO, conditions can allow for carbonate
precipitation (Power et al., 2013, also indicated here by PHREEQC model-
ling). Elevated dissolved inorganic carbon (DIC) may also promote carbon-
ate precipitation (Harrison et al., 2013), while increasing the temperature
has also been shown to speed up precipitation (Giammar et al., 2005;
Morse et al., 2007; Sipila et al., 2008; Casas et al., 2011; Harrison et al.,
2013; Power et al., 2013). One method with particular relevance to possible
future ex-situ methods in Spain, where increased pCO,, DIC and tempera-
ture may not be achievable without significant associated costs and emis-
sions, is precipitation acceleration through microbial mediation. The
aforementioned examples of secondary carbonate precipitation at various
Ni, asbestos and diamond mines are typically associated with microbialites
that naturally thrive at these sites (Power et al., 2013; Li et al., 2018). Such
a biological approach may be utilized at low cost and low energy, and by-
products such as biomass can be harvested as biofuel (Li et al., 2018).
These may prove viable options for any implemented ex-situ CDR schemes
at sites in Spain such as Landoy and Aguablanca.

6.2. In-situ and ex-situ CDR implementation opportunities

As stressed throughout this study, only a fraction of this total CDR po-
tential may be realistically achieved through any implemented measures.
The aim here is to highlight the areas of the highest potential, both through
chemical (high Ca and Mg), mineralogical (kinetically-favourable) and
physical suitability (high surface areas, capability to mobilise materials),
and high practicality (accessibility) of available materials. In terms of chem-
ical favourability for optimal removal capacity, areas of extensive ultra-
mafic rocks, serpentinites and mafic extrusive rocks provide the best
opportunities for successful CDR implementation. These rocks outcrop
across areas of Galicia, Canary Islands, Murcia and Andalucia (Fig. 8),
with promising preliminary results demonstrated for the Ronda peridotite
massif, the Nevado—Filabride Complex, the mining regions of Cabo Ortegal,
Galicia, and extensive lava exposures of the Canary Islands. Fine grained
(crushed) rocks such as those produced from mine sites in Galicia and Extre-
madura, and industrial by-products generated across regions of northern
mainland Spain (Asturias, Cantabria and Basque Country; Fig. 8), have in-
herently favourable physical properties for CDR, with greater availability
of reactive surface areas for faster reaction rates than in-situ bedrock
(Bullock et al., 2022). These areas can be considered the highest priority
in geochemical CDR potential and should be the primary targets in future
CDR implementation projects. As well as suitability of feedstock, for each
targeted in-situ and ex-situ method and implementation site, considerations
need to be paid to both the energy penalty (and associated CO, emissions)
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and financial cost. If, following a life cycle analysis (LCA), a method is not
considered financially viable, with costs far outweighing any potential car-
bon value or additional financial benefits achieved, or potential GHG emis-
sions produced make the CDR achieved through geochemical methods
negligible or net positive, other approaches need to be considered. Any
LCA should be made on a site-by-site basis and include the cost and energy
penalty associated with mining, crushing, and grinding, transport, distribu-
tion and method execution, and the possibilities to incorporate renewable
energy sources into any proposed methods of implementation.

Based on the suitable materials hosted and the national (and global) ne-
cessity for large-scale CDR, two of the more straightforward routes for CDR
implementation in Spain arise (Table 2): (1) projects and strategies aimed
at geochemical CDR through the use of readily available and physically
favourable mine tailings and other industrial alkaline wastes, and (2) pro-
jects and strategies aimed at improving understanding of the potential for
in-situ and ex-situ strategies with suitable undisturbed rock formations.

6.2.1. Mine wastes and other industrial by-products for ex-situ CDR

Using ground-down alkaline wastes offers a promising “low-hanging
fruit” option for Spain in terms of rapid implementation (practical accessi-
bility), relatively low cost, low energy requirements, the potential for co-
benefits and multiple available strategies to pursue. This scenario is appro-
priate for mine tailings derived from mafic and ultramafic rocks, which ex-
hibit variably reactive minerals, such as olivine, serpentine and sporadic
brucite. Compared to bedrock, mine tailings, typically finer than 200 pm
in mean grain size (Bullock et al., 2022), exhibit high reactive surface
areas, reducing or removing the need for energy-intensive excavation and
crushing and grinding. An additional benefit to using mine tailings includes
their production on sites that are well-equipped to convey, transport and
store high tonnages of these materials continuously. Such systems may be
utilized for CDR strategies that could be adapted to fit within conventional
mine tailings management and site wastewater treatment works.
Carbonate-derived tailings, fly ashes, slags and ceramic wastes offer similar
promise, with geochemical CDR routes by way of alkalinity production
through enhanced weathering, mineral carbonation (excluding carbonate
wastes) and ocean liming.

With those benefits in mind, the best opportunities for Spain to imple-
ment geochemical CDR strategies with mine tailings are in the mining re-
gions of Galicia (Figs. 4-5 and 8), such as annually produced and historic
stockpiles associated with olivine dunite extraction at the Landoy mine
site, and proposed production (including overburden and tailings produc-
tion) at the Touro copper project. Additionally, it may be possible to utilise
annually produced and historic mine tailings associated with basalt quarry-
ing across the Canary Islands. Similar potential may exist for using fly ash
samples generated at coal-fired power plants in Asturias, which may pro-
duce high Ca and Mg contents. This is also the case for iron and
steelmaking-generated slag by-products and ceramic waste materials. The
glassy nature of slags is of particular interest, as the material may be suscep-
tible to higher dissolution rates than crystalline equivalents due to inherent
disruption to chemical bonds, reducing the effects of Si-rich layer develop-
ment to hinder cation release (Perez et al., 2019). Glassy slags are produced
across Spain (Fig. 5), but Asturias and Basque Country industrial regions
likely provide abundant materials sources. Ceramic waste production is
centred in the Valencian Community, where numerous carbonate quarries
can also provide suitable materials for geochemical CDR. Coastal regions
of Asturias, Cantabria, Valencian Community, Balearic Islands and Basque
Country also host several active, inactive and abandoned limestone,
dolostone and marble quarries (Figs. 4-5) containing significant tonnages
of crushed up carbonate material for ocean alkalinity enhancement,
ocean liming and enhanced weathering approaches.

6.2.2. Priority ex-situ implementation areas

The added benefit of utilizing alkaline wastes and industrial by-
products in Spain is that key national land uses are highly suitable for
launching strategies such as enhanced weathering and mineral carbonation
on a rapid timescale (e.g., testing, planning and execution for
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commencement by 2030). For field-based methods of enhanced weathering
and mineral carbonation, Spain has widespread areas of natural, industrial
and agricultural land uses that could be adapted to host material spreading
strategies (Table 4). Areas of routinely irrigated agricultural land, such as
select croplands, rice fields, vineyards, olive trees and fruit plantations,
hold the advantage of requiring the repetitive additions of water, which
would also be a requirement to promote sufficiently fast CO,-material reac-
tion rates. Industrial areas such as mineral extraction sites could provide op-
portunities for both reactor-based and field-based approaches, with
additional benefits to mine companies trying to achieve their own internal
CDR targets, as well as positive impacts on waste management systems and
public perception. Natural areas such as forests, grasslands, beaches, dunes
and sandbanks may permit natural alkalinity generation and mineral car-
bonation. Still, reaction rates may be slow, verification of CDR may be chal-
lenging to obtain regularly, and consideration of environmental, economic,
infrastructural and public health issues needs to be paid.

Spain's vast areas of agricultural and forested land are highly appropri-
ate for strategies aimed at spreading fine materials for enhanced
weathering, such as those being undertaken using powdered silicate rocks
(typically basalt) applied over other global cropland localities (Taylor
et al., 2016; Andrews and Taylor, 2019; Beerling et al., 2020; Kelland
et al., 2020; Smet et al., 2021; Cipolla et al., 2022; Table 4). >52 % of
Spain is occupied by agricultural land (265,666 km?; WorldData.info, n.
d.), with the only areas of limited agricultural land restricted to mountain-
ous and desert regions. Approximately 20 % of total land use is occupied by
non-irrigated arable land, with ~20 % taken by permanently irrigated land,
olive groves, complex cultivation patterns and agroforestry areas (Table 4).
Alkaline powders, such as crushed rock, mine tailings, and fly ashes, could
be deployed on proximal (e.g., within mapped regions of suitable rock or
close to industrial centres) croplands and amended with soils as a
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geochemical CDR strategy, with reactions accelerated by the presence of
plant roots and soil microbes.

Rocks and associated soils of mafic-ultramafic compositions are gener-
ally considered beneficial for fruit plantations, rice paddies, olive groves
and vineyards globally due to their heat retention, promoting ripening,
and high Fe, Mg and Ca contents. Silica release can also provide additional
resistance to pests and diseases, improve water-use efficiency and increase
crop yields (Edwards et al., 2017; Vicca et al., 2022). These cases demon-
strate that geochemical CDR strategies within croplands can act either with-
out hindrance or even deliver co-benefits to land use. While agricultural
land is widespread across the country, areas of specific land use could
also be utilized for spreading, such as greenhouses in Almeria, covering
~720 km? of land. This means of containment may be advantageous for
CDR purposes, as such environments can maintain high relative humidity,
a requirement for CDR by direct CO, mineralization (Sharma et al., 2002;
Smith et al., 2014; Longo et al., 2015). Optimal greenhouse conditions
could be achieved to maintain heat (30 °C) and relative humidity of 90 %
using trays of water-saturated salt, fans, tiered airflow and a solar photovol-
taic system, as suggested as an option for CDR using natural rocks in Japan
(Myers and Nakagaki, 2020). Indeed, seasonally high temperatures, high
humidity and high precipitation in some regions of Spain, including high
seasonal rainfall in areas such as Galicia, Asturias and Basque Country, gen-
erally provide their benefits for speeding up reactions compared to coun-
tries with cooler, drier climates.

An additional option available to Spain as a spreading area is the expan-
sive coastline, including the Atlantic (Cantabrian) and Mediterranean
coasts of mainland Spain, Canary and Balearic Islands coastlines, and inland
dune and sandbank areas (Table 4). The total coastline length of Spain is
4964 km, the ninth longest in Europe (WorldData.info, n.d.). Coastal
weathering of suitable materials (e.g., olivine) has been proposed as an
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option for ocean alkalinity enhancement and ocean liming under ambient
conditions (Hangx and Spiers, 2009), whereby materials are spread along
large parts of the coastline above the wave base to promote alkalinity pro-
duction. The availability of coast-proximal olivine-rich materials, particu-
larly in Galicia and across the Ronda Massif of southern Spain, makes this
an option that could be further explored, although no natural olivine-rich
beaches occur in Spain. Railway lines and parallel pathways have been in-
vestigated as a hosting site for CDR spreading activities in the Netherlands
(Movares, 2012), though conditions for sufficiently fast reactions may be
limited to areas of high precipitation within Spain, or require regular treat-
ment and monitoring.

Finally, it is important to consider the possibilities of desalination brines
for CDR, as there may be an inherent link to the use of crushed alkaline
rocks and industrial by-products. Here, the source of the cations is the sea-
water reject brine itself, rather than any solid rock or waste product. As HCI
is produced as a by-product of the conversion process, there may still be a
need for solid materials for geological disposal of produced acids for neu-
tralization or possibly for additional alkalinity production. The HCl by-
product is effectively reacted with minerals or crushed up rocks
(e.g., olivine dunite mine tailings) before its release into the ocean. Here,
the products from the reaction are benign SiO,, water and Mg or Ca chlo-
rides. There is a requirement to produce MgCl, and CaCl,, as without the
cations, chlorine will cause CO, to degas, meaning such processes must
be strictly regulated. By following this approach under planned conditions
and settings (e.g., implemented reactor system, heap leaching pond), there
is a degree of control over the reaction conditions, including the distribu-
tion of the solid and liquid materials, as well as easier monitoring of reac-
tants and products. It is also likely that there would be a broader social
acceptance of such processes if they occur in an industrial setting instead
of directly into natural bedrock in soils or across coastal settings.

6.2.3. In-situ opportunities within suitable bedrock

A key benefit of in-situ approaches compared to ex-situ approaches is
that through deep underground injection, the necessity for rapid reactions
and mineralization is not inevitably required, assuming that leakage cannot
occur and CO,, can reside within units for sufficient time (Bide et al., 2014;
Alcalde et al., 2018a; White et al., 2020; Holliman et al., 2021). These ap-
proaches also negate the need for excavation, crushing, grinding and trans-
portation of materials, eliminating financial costs and energy requirements
associated with these activities. The evaluation carried out in this study
serves as a broad indicator of the potential for suitable materials, though
thorough assessments of specific locations, areas, and rock units would be
required for more detailed constraints, including exposure and accessibility
assessments. Despite covering a much smaller area of land, mafic-
ultramafic rock units offer higher CDR potential per tonne of rock than car-
bonates, and more opportunities to implement methods that do not neces-
sarily require excavation, pre-treatment (e.g., calcination) or suppression
of carbonate precipitation (all likely to be encountered with carbonate
rock CDR methods). There are also options to use reactant solutions such
as seawater (due to being saturated with calcite, surface seawater would
need to be enriched with CO, above atmospheric levels for effective reac-
tions with carbonate materials; Darton et al., 2022).

Suitable rock units offer a substrate for in-situ mineralization schemes,
whereby CO,-laden fluids and gases are injected into the bedrock for circu-
lation and reactions with Mg- and Ca-rich minerals (Matter and Kelemen,
2009; Gislason et al., 2010; Matter et al., 2016). The resultant product is al-
kalinity, particularly if there is an eventual pathway out of the rock to the
ocean, and secondary carbonate precipitates (if the rock is adequately
sealed). Through deep injection processes, mineral carbonation may be ac-
celerated by higher temperatures, with carbonation rates up to 76 times
higher than surface exposed rocks (Paukert et al., 2012).

6.2.4. In-situ implementation areas

Accessible mafic and ultramafic rocks of Galicia, Murcia and Andalucia,
such as peridotites, serpentinites, dunites, harzburgites and basalts, offer
the best opportunities for in-situ CDR approaches for mainland Spain
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(Figs. 6-8). At the same time, extensive basaltic-basanitic lava units that
comprise much of the Canary Islands also offer a possible geological storage
rock or spreading material. Ultramafic rocks such as peridotite and
serpentinite present the highest reactivity of the rocks available, owing to
their high olivine and serpentine (and minor brucite) contents, meaning for-
mations such as the Ronda massif would be desirable for this approach.
While of lower chemical favourability, basaltic rocks of the Canary Islands
also offer a notable prospect for CDR strategies due to their greater spatial ex-
tent and volumetric abundances across islands compared to mainland expo-
sures, their young age and freshness (younger emplaced flows have had less
time to alter), the glassy nature of some of the rocks (may react faster than
crystalline equivalents) and their porosity (in unaltered rocks), with resulting
high reactive surface areas and fluid flow pathways for reactions and precipi-
tation to occur.

Such an approach whereby CO,-rich solutions or gases are injected into
the bedrock would feasibly require a proximal CO, source emitter, such as
coal-fired power plants, smelters and cement works (Bide et al., 2014).
Large-scale emitters that sit on top of, or in close proximity to, mafic and ul-
tramafic rocks include several plants in northeast Galicia (e.g., the thermal
power plants of Sabon and the Narén steelmaking plant), the Carboneras
C.T. Litoral power plant in Almeria, the Puertollano power plant in Ciudad
Real and the Puente Nuevo plant north of Cérdoba. Smaller local plants and
works may also provide point sources for CO, in promising areas, such as
those in the Canary Islands. Hybrid DAC-mineralization methods could
also provide COj-enrichment in implemented airflow or solution
(Kelemen et al., 2020). In the absence of natural porosity, which will be
the case in fully crystalline intrusive rocks, a means of gas or fluid flow
pathway needs to be identified, such as natural fractures, planes of weak-
ness and faults and fractures within the rock. Without sufficient natural
pathways, such a network would need to be purposefully engineered, either
through borehole drilling and direct injection or by other cracking methods
(Kelemen and Hirth, 2012; Sohn, 2013; Evans et al., 2020).

6.3. Challenges

Though the potential for geochemical CDR strategies has been identi-
fied for Spain, a number of caveats, challenges, and limitations exist
which must be considered if any full-scale implementation is to occur, relat-
ing to maximum CDR capacity, methods of implementation, incentives to
act and public acceptance (Tables 2-3).

6.3.1. CDR capacity

It is noted that the calculated CO, offsets for ex-situ methods presented
here represent ~6-15 % of national emissions. While the total capacity
only represents a fraction of the theoretical total to achieve net zero or
net negative emissions, this is still a practical contribution to an overall
shift to utilizing means of lowering CO, emissions. Climate and energy leg-
islation for 2030 implemented by the EU means that Spain will further
adopt national energy and climate plans, including increasing the country's
commitment to energy transition with greater deployment of wind and
solar power (IEA, 2019). Spain has committed to reducing non-Emission
Trading Scheme emissions (e.g., transport, agriculture, waste, industrial
emissions) by at least 26 % by 2030 and generating energy efficiency im-
provements by over 39 % (European Union, 2021). As CO, emissions de-
crease, the importance of utilizing geochemical CDR approaches (for
removal of diffuse or residual emissions) increases. The maximum theoret-
ical CDR surpasses all required emission offsets to reach net zero, though
this upper threshold is not feasibly targetable due to spatial and technolog-
ical limitations (among other factors). However, assuming in-situ methods
in mafic-ultramafic rocks have a maximum CDR capacity of 1.8 Gt, achiev-
ing approximately 10 % of this potential could help to reach national net
zero emissions. This would require ~296-686 Mt. of mafic-ultramafic feed-
stock (based on 1.6-3.7 t feedstock required for 1 tCO,; Lackner et al.,
1995; IPCC, 2005; Bide et al., 2014). Extraction of such an amount every
year is unfeasible (this would represent >100 times the annual national
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Table 3
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Estimated CDR achieved annually, based on annual replenishment of 1 Mt. feedstock (aCDR) and total cumulative CDR (tCDR) as alkalinity generation and via carbonation,
based on whole rock geochemistry and modal mineralogy (shrinking core modelling) of a range of possible targetable rocks in Spain over 1 to 70 years of execution. Possible
secondary carbonate precipitates from a COx-rich solution reaction for each material also shown.

Material Region Brief description CDR achieved by x years CDR achieved for the x Total (t)CDR over entire ~ Carbonates that may
of mineralogy of weathering (aCDR as  year of weathering period from all tailings precipitate in
alkalinity, kt) (aCDR via carbonation, kt) made available (Mt) CO,-rich solution
lyr 10 50 70 1yr 10 50 70  Alkalinity Carbonation O REFQCmodelling)
yrs  yrs  yrs yrs  yrs  yrs generation
Dunite Cabo Ortegal, Galicia Srp and hbl-rich 04 7.5 346 464 03 50 232 311 1.73 1.16 Mag
Dunite Cabo Ortegal, Galicia Srp and hbl-rich 03 6.1 279 371 02 41 21.8 248 1.40 0.93 Mag
Dunite Cabo Ortegal, Galicia Srp and chl-rich 002 04 21 29 0.01 03 14 20 0.10 0.07 Hun, mag
Dunite Cabo Ortegal, Galicia Srp-rich 03 6.4 290 386 02 43 194 259 145 0.97 Hun, mag
Harzburgite  Cabo Ortegal, Galicia Srp and ol-rich 0.7 133 601 799 0.5 89 40.1 534 3.01 2.01 Mag
Harzburgite  Cabo Ortegal, Galicia Srp and hbl-rich 04 71 323 431 02 48 21.6 288 1.62 1.08 Mag
Pyroxenite Cabo Ortegal, Galicia Cpx, hbl and opx-rich 0.3 6.7 30.7 41.2 0.2 45 20.7 27.8 1.54 1.03 Ara, cal, dol, hun, mag, nes
Pyroxenite Cabo Ortegal, Galicia Cpx and opx-rich 0.07 1.4 67 94 005 09 47 66 033 0.23 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Cpx and opx-rich 006 1.1 57 79 0.04 08 40 55 0.28 0.2 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Cpx and opx-rich 008 15 7.6 106 0.05 1.0 52 72 0.38 0.26 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Cpx-rich 0.07 1.3 65 91 004 09 44 62 032 0.22 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Cpx, hbl and opx-rich 0.06 1.3 6.3 88 0.04 09 44 6.1 0.31 0.22 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Cpx-rich 02 37 174 237 01 25 11.7 159 0.87 0.58 Ara, cal, dol
Pyroxenite Cabo Ortegal, Galicia Opx-rich 01 19 90 121 0.07 14 66 89 0.45 0.33 Mag
Peridotite Ronda Massif Ol-rich 25 481 217 288 1.6 321 145 193 10.88 7.26 Ara, cal, dol, hun, hyd, mag, nes
Peridotite Ronda Massif Ol-rich 2.5 48,0 217 288 1.6 32.0 145 192 10.87 7.25 Ara, cal, dol, hun, mag, nes
Peridotite Ronda Massif Ol and srp-rich 14 276 125 166 0.9 184 832 111 6.25 4.17 Dol, hun, mag, nes
Peridotite Ronda Massif Ol and opx-rich 21 415 188 249 14 27.7 125 166 9.40 6.27 Ara, cal, dol, hun, mag, nes
Peridotite Ronda Massif Ol and opx-rich 1.6 319 144 192 1.1 21.3 96.3 128 7.23 4.83 Ara, cal, dol, hun, hyd, mag, nes
Peridotite Ronda Massif Ol and srp-rich 2.3 453 205 272 1.6 30.2 136 181 10.25 6.84 Ara, cal, dol, hun, hyd, mag, nes
Dunite Aguablanca, Badajoz Ol-rich 1.5 299 135 180 1.0 199 90.0 120 6.78 4.51 Ara, cal, dol, hun, hyd, mag, nes
Werhlite Aguablanca, Badajoz Ol and cpx-rich 2.0 389 176 234 1.3 259 117 156 8.82 5.87 Ara, cal, dol, hun, hyd, mag, nes
Harzburgite  Aguablanca, Badajoz Opx-rich 0.03 06 30 41 003 05 26 36 015 0.13 Mag
Pyroxenite Aguablanca, Badajoz Cpx-rich 01 20 100 139 007 1.3 6.5 91 0.50 0.32 Ara, cal, dol
Pyroxenite Aguablanca, Badajoz Cpx and pl-rich 0.07 1.4 72 101 005 09 45 63 036 0.23 Ara, cal, dol, hun, mag
Gabbro Aguablanca, Badajoz Cpx and pl-rich 007 15 73 101 0.05 09 45 6.3 0.36 0.23 Ara, cal, dol
Gabbro Aguablanca, Badajoz Pl and cpx-rich 0.04 08 39 55 0.02 05 23 32 0.20 0.11 Ara, cal, dol, hun, mag
Gabbronorite Aguablanca, Badajoz Pl and hbl-rich 0.03 05 26 37 001 03 13 1.8 0.13 0.06 Hyd, mag, nes
Gabbro Aguablanca, Badajoz Pl-rich 0.04 08 41 57 002 04 20 28 020 0.10 Mag
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex  Srp and talc-rich 03 6.7 304 406 0.2 45 203 271 1.52 1.02 Ara, cal, dol, hun, hyd, mag, nes
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex  Srp and opx-rich 03 6.6 298 397 02 44 200 26.7 1.49 1.00 Mag
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex  Srp and chl-rich 05 95 431 574 03 6.3 287 383 216 1.44 Ara, cal, dol, hun, hyd, mag, nes
Cerro del Almirez,
Serpentinite  Nevado-Filabride Complex  Srp and chl-rich 05 94 425 566 03 6.2 283 377 213 1.42 Mag
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex Ol and opx-rich 1.5 285 129 171 1.0 19.0 86.0 114 6.45 4.31 Hun, hyd, mag, nes
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex Ol and opx-rich 1.4 265 120 160 09 17.7 80.2 107 6.01 4.02 Hun, hyd, mag, nes
Cerro del Almirez,
Serpentinite  Nevado-Fildbride Complex Ol and opx-rich 1.5 29.2 132 175 1.0 19,5 88.1 117 6.61 4.42 Hun, hyd, mag, nes
Cerro del Almirez,
Serpentinite  Nevado-Filabride Complex Ol and opx-rich 1.1 21.7 981 131 0.7 145 657 87.4 492 3.29 Hyd, mag, nes
Basalt Canary Islands Glass, ol and cpx-rich 0.6 122 57.5 783 04 81 382 520 2.87 1.91 -
Basalt Canary Islands Glass, ol and cpx-rich 0.3 6.2 29.3 399 0.2 41 194 264 1.46 0.97 -
Basalt Canary Islands Glass, cpx and pl-rich  0.07 1.4 6.7 9.3 0.04 08 40 56 0.33 0.20 -
Basalt Canary Islands Glass, ol and cpx-rich 0.3 6.7 31.9 43.6 0.2 45 21.2 289 1.59 1.06 -
Basalt Canary Islands Cpx-rich 0.3 53 252 345 02 35 16.6 227 1.26 0.83 -
Basalt Canary Islands Glass, ol and cpx-rich 0.6 11.9 56.3 76.7 0.4 7.9 37.4 509 281 1.87 -
Basalt Canary Islands Glass, ol and cpx-rich 0.3 56 264 36.0 0.2 37 179 239 1.32 0.87 -
Basalt Canary Islands Glass, ol and cpx-rich 0.4 88 41.6 56.8 0.3 58 27.7 37.7 2.08 1.38 -
Glass, ol, pl and
Basalt Canary Islands cpx-rich 04 89 421 575 03 58 276 376 210 1.38 -

Ara = Aragonite, cal = calcite, dol = dolomite, hun = huntite, hyd = hydromagnesite, mag = magnesite, nes = nesquehonite. Hyphen (—) indicates absence of carbonates

in PHREEQC modelling results.

extraction of more volumetrically abundant carbonate rocks). However,
any in- or ex-situ methods could still provide significant offset contribu-
tions.

6.3.2. Implementing geochemical CDR strategies

Despite academic advancements on the subject of geochemical CDR
strategies since the start of the century and the onset of commercial and in-
dustrial pilot schemes in the last decade (e.g., Gislason et al., 2018;
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Holliman et al., 2021), gaps remain in the current knowledge relating to
geochemical CDR processes in a broad sense, as well as intricate details of
potential targets within Spain. Without numerous pilot trials occurring on
an industrial scale (for tonnes of CDR) and over several years of monitoring,
it is challenging to implore companies and governing bodies to implement
schemes that may or may not achieve calculated targets, particularly when
some methods come at a financial cost, requiring significant energy inputs
and dedicated workforces. Questions regarding environmental implications
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of the different geochemical CDR strategies, such as alkalinity effects on
local river and ocean ecosystems and management of potentially toxic, lib-
erated trace elements, are also a key determinant in future regulation and
monitoring of large-scale systems.

There are other important questions relating to geochemical CDR re-
search, but these topics have been subject to rigorous studies and are still
being actively investigated for further elucidation. In reality, large-scale
pilot studies can only fully answer many of these questions. One of the chal-
lenges is to improve associations between academia, industrial operators,
governmental bodies and other sectors of interest (e.g., charities and non-
profit organizations) for a joint responsibility to tackle these questions as
a new research and development sector. New incentives to deploy multi-
sector large-scale schemes are now being initiated, such as the Carbon
XPRIZE competition, a global grant which has committed $100 million to
tackle climate change, with the conversion of CO, into valuable products
at the forefront of the research pursuit (Extavour, 2021; Sleep et al.,
2021). The National Academies of Sciences Engineering Medicine has
also called for investments of up to $1 billion over 10-20 years to advance
CDR deployment strategies on a scale of Mt-GtCO, per year (NASEM,
2019). There is a challenge for the EU to match or better these actions
through their implementation of engineered CDR strategies (Galan-Martin
et al., 2021), for which geochemical CDR approaches in Spain could be
highly relevant. Research and development and demonstrator funding
schemes launched by the EU include the Innovation Fund (€25 billion)
for investigating breakthrough technologies in carbon capture and storage
(CCS) and Horizon Europe funding for research, pilots and small-scale dem-
onstration projects related to CCS and CDR, such as the DETAILS Project
being undertaken by authors of this study (European Commission, n.d.).

6.3.3. Motivations to pursue CDR strategies

While key fundamental questions are being tackled through ongoing re-
search and development, other drawbacks remain regarding a reluctance to
commit to such strategies without adequate enticements and co-benefits fi-
nancially. In-situ and ex-situ approaches to CDR on a Gt-scale can cost up-
wards of $500-1000 per t COs, or even higher for approaches such as air
capture in peridotite (Kelemen et al., 2019). Approaches to improve the
economic feasibility of CDR strategies for the industry include (1) targeted
carbon prices, taxes and credit systems, and (2) implementation of strate-
gies that deliver co-benefits to the operator. Regulated EU tax credits and
incentives, with legal frameworks and certified measures for CDR and stor-
age timescales, would provide countries like Spain with a financial incen-
tive to pursue geochemical CDR strategies, specifically for large-scale
industrial operators in steel, energy, mining, agricultural landowners and
even “niche” sectors of the wine, olive, rice and ceramics industry. The
EU has stated a need to step up CDR, and as of December 2021, the Com-
mission stated its intent to explore the possibility of developing an EU cer-
tification system for carbon removal (European Union, 2022).

As an alternative incentive, the prospect of generating secondary reve-
nue or higher productivity, or reducing costs associated with the primary
activities of an operator hosting CDR strategies, may entice financial com-
mitment or reduce associated risks. Beyond carbon pricing incentives,
there are limited co-benefits to in-situ approaches that could be realized, al-
though there is a possibility to utilise wastewater as the injection solution
(Phan et al., 2018), while the scale of operations could provide an employ-
ment transition from diminishing fossil fuels industries. Ex-situ methods
likely afford several possible co-benefits, such as increased crop yields
and plant growth associated with enhanced weathering and spreading in
soils, as well as remediation of toxic metal contamination, reversal of soil
acidification and replenishment of macro and micronutrients (Leonardos
et al., 1987; Hartmann et al., 2013; Anda et al., 2015; Renforth et al.,
2013; Beerling et al., 2018, 2020; Kelland et al., 2020; Buckingham et al.,
2022). Using appropriate materials for CDR in soils can also reduce the
usage of fertilizers and pesticides (Haque et al., 2020; Kantola et al.,
2017; Beerling et al., 2018, 2020). Spain is the fourth largest agri-food pro-
ducer in Europe and tenth in the world, and the industry is the main na-
tional manufacturing activity (ICEX, 2020). The agricultural sector,
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including food products, olive oil and wine, and encompassing the covered
produce hosted within greenhouses of Almeria, could highly benefit from
these additional benefits to crop yields and lower consumption of agricul-
tural additives, particularly in cropland areas proximal to material sources
such as in Galicia (mine sites, power plants and steelmaking plants) and the
Canary Islands (abundant loose basalt materials at active and formerly
worked quarries). There may also be opportunities to seize economic
returns on mineral carbonation by-products such as silica and carbonates,
which hold several possible applications for aggregates, cements, neutraliz-
ing acidic waters and backfill.

6.3.4. Challenges ahead for Spain

One of the key challenges to geochemical CDR implementation for any
localized or regional system is to develop a comprehensive understanding
of the rocks or materials that are intended to be utilized. Geological units,
and their derivative industrial wastes, are inherently heterogeneous in
terms of their mineralogy (including zones of alteration and natural carbon-
ation), geochemistry and physical coarseness. A thorough evaluation of the
physical, mineral and chemical properties of any targeted materials is re-
quired prior to testing and development, and accurate reactivity potential
for optimized performance needs to be determined on a site-by-site basis
(Holloway, 2007; Wilkin and Digiulio, 2010; Gomes et al., 2016; Power
et al., 2014; Jones et al., 2019; Bullock et al., 2022). Further studies are
also required to determine the true extent of rock and material volume
availability, particularly for the true depth and morphology of in-situ bed-
rock units beyond information based on mapped surface extent only. The
responsibility for the production of these detailed assessment lies with the
interested parties, such as academic and public research institutions, uni-
versities, governmental bodies and industrial companies from the mining,
steelmaking, energy and agricultural sectors, or where possible, through
collaboration across several interested parties and sectors.

It may be concluded that areas of CDR promise require further material
testing under controlled conditions, determination of possible links to point
sources, the need for additional mining, processing and transport, and ade-
quate monitoring of potential environmental threats. One major challenge
for Spain as a collective entity seeking to implement geochemical CDR strat-
egies is to generate public acceptance through stakeholder engagement,
communication and education efforts. Public perception of CCS technolo-
gies has previously included a mixture of positive engagement and support
for developments, a passive interest, a reluctance to support projects that
may incur public costs or loss of land, misconceptions about the methods
or targeted outcomes, or strong rejection of developments relating to
risks, with a preference for renewable energies or perception of limited
CCS contributions to solving climate issues (L’Orange Seigo et al., 2014;
Braun, 2017; Pind Aradéttir and Hjadlmarsson, 2018; Bertram and Merk,
2020). Factors that invoke an adverse reaction to such methods include
the possibilities of induced seismicity, increased mining activities, control-
lability of processes, potential environmental impacts, material contain-
ment, CO, storage permanence and hesitation to live close to any
implemented systems.

The key to ensuring public acceptance is as high as possible is to provide
clear, transparent communications with affected communities, encourag-
ing feedback from stakeholders and incorporating outcomes from such dis-
cussions into the planning and development stages. A high proportion of
Spanish citizens (67 %) expect that governmental bodies take responsibility
for tackling climate change (European Union, 2021), with a high level of
concern related to first-hand experience with drought (Upham and
Roberts, 2011). There is a general positive attitude towards CCS implemen-
tation in Spain from experts with a professional interest in CCS. Public con-
sultation also confirmed that people believe that CCS has a crucial role as a
mitigation option (Sala and Oltra, 2011). Clear communications from ex-
perts and operators to local communities and the general populace regard-
ing environmental risk management of geochemical CDR approaches, the
permanence of geological storage, the co-benefits of implementing such
systems, and the high CDR potential across Spain could help to ensure pub-
lic acceptance for development of strategies going forward. It could be
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Table 4

Possible spreading areas in Spain (based on land use classification of the European Environment Agency, n.d.). Here, coverage proximal to suitable rock types indicates designated land use covering any mapped area of mafic, ul-

tramafic or carbonate rock.

Designated land use Land % of Coverage proximal Example localities Considerations
coverage total to suitable rock
(km?) land use  types (km?)
Mineral extraction sites 806 0.2 63 La Coruna and Pontevedra (Galicia); Ciudad Real (Castilla-La Mancha); Almeria Appropriate space and infrastructure for reactor-based and spreading methods,
(Andalucfa); Badajoz (Extremadura); Murcia; Tenerife and Gran Canaria (Canary Islands)  including possible incorporation into existing concentrator plants and tailings dams.
May be controlled and operated by mine companies for internal CDR targets
Non-irrigated arable land 102,279  20.2 6038 La Corufa and Pontevedra (Galicia); Ciudad Real (Castilla-La Mancha); Almeria, Cérdoba,  Limited cultivation and rainfall will hinder reaction times, reducing efficiency and annually
Sevilla and Malaga (Andalucfa); Murcia; Badajoz and Céceres (Extremadura); Zamora achievable CDR. May be operated by farmers or co-operated with public or private sectors
(Castile and Ledn); Girona (Catalonia); Tenerife and Fuerteventura (Canary Islands)
Permanently irrigated land 31,453 6.2 6332 Ciudad Real (Castilla-La Mancha); Murcia; Tenerife, Gran Canaria and Lanzarote Permanent infrastructure for wetting and draining to promote reactions, with
(Canary Islands) sufficient monitoring and control for methodological evaluation and adaption
Rice fields 1386 0.3 375 Valencia (Valencian Community); Tarragona (Catalonia); Albacete (Castilla-La Mancha) Flooded paddy fields can promote reactions. Silica release by enhanced weathering
can help confer resistance to pests and diseases, improve water-use efficiency and
increase yields (Edwards et al., 2017; Vicca et al., 2022). Variable reported effects on
CHy, N,0 and CO, emissions (Vicca et al., 2022)
Vineyards 12,042 2.4 7687 Ciudad Real (Castilla-La Mancha); Tenerife, La Palma and Lanzarote (Canary Islands) Permanently irrigated system. Some appropriate rocks can help to maintain heat and
moisture, which may act to positively impact the grape (Stephen, 2013; Tejedor et al.,
2003; Lomoschitz et al., 2006)
Fruit trees and berry 11,995 2.4 7259 Almeria, Cérdoba, Sevilla and Malaga (Andalucia); Murcia; Tenerife, La Palma, El Permanently irrigated system, permanent trunks, branches and roots for long term
plantations Hierro and Gran Canaria (Canary Islands) CDR, though efficiency is variably affected by growth and development patterns,
biomass accumulation and environmental factors (Sharma et al., 2002)
Olive groves 23,289 4.6 13,540 Ciudad Real (Castilla-La Mancha); Almeria, Cérdoba, Sevilla and Malaga Similar long-term properties, characteristics, benefits and limitations to fruit trees and
(Andalucia); Badajoz, Caceres and Salamanca (Extremadura); Zamora (Castile and berry plantations
Leén)

Pastures, meadows and 11,825 2.3 4429 La Corufa and Pontevedra (Galicia); Almeria, Cérdoba, Sevilla and Malaga Land may be periodically or regularly disturbed, with limited exposure to atmosphere
other permanent (Andalucia); Murcia, Badajoz, Caceres and Salamanca (Extremadura); Zamora due to growth of vegetation and grasslands, and the use of farm infrastructure
agricultural grasslands (Castile and Leén); Tenerife, Lanzarote and Gran Canaria (Canary Islands)

Annual and permanent crops 187 <0.1 54 Majorca (Balearic Islands); Zaragoza (Aragoén); El Hierro (Canary Islands) Mixed-use land with similar properties, characteristics, benefits and limitations to fruit

trees, berry plantations and olive groves

Complex cultivation 19,162 3.8 8972 La Coruiia and Pontevedra (Galicia); Ciudad Real (Castilla-La Mancha); Almeria Mixed-use land with similar properties, characteristics, benefits and limitations to fruit
patterns (Andalucia); Murcia; all Canary Islands trees, berry plantations, olive groves and annual crops associated with permanent

crops

Agriculture and natural 14,397 2.8 4761 La Corufia and Pontevedra (Galicia); Ciudad Real (Castilla-La Mancha); Almeria Mixed-use land with similar properties, characteristics, benefits and limitations to fruit
vegetation (Andalucfa); Murcia; Zamora (Castile and Leén); Girona (Catalonia); all Canary Islands trees, berry plantations, olive groves, annual crops associated with permanent crops

and complex cultivation patterns

Agroforestry areas 23,771 4.7 11,396 Ciudad Real and Albacete (Castilla-La Mancha); Almeria, Granada, Jaén, Cérdoba, Spreading can reduce forested land's acidity and improve soil quality (Schuiling and

Sevilla and Mélaga (Andalucia); Badajoz, Caceres and Salamanca (Extremadura); Krijgsman, 2006). Long-term systems, retention of moisture in shaded zones. Protected lands,
Zamora (Castile and Le6n) public access and non-dedicated operators may limit application, monitoring and verification

Beaches, dunes and 246 <0.1 182 Beaches in all coastal areas of mainland Spain and Spanish islands; dunes and sand- ~ Beach weathering promotes natural alkalinity production and ocean alkalinization and

sandbanks banks in Alicante (Valencian Community); Lanzarote (Canary Islands) can be integrated into existing coastal management technologies (Meysman and
Montserrat, 2017). Requires preparation and transport and may invoke economic,
infrastructural and public health issues (Hangx and Spiers, 2009). Water addition may
be limited to water marks, rivers, lagoonal and lacustrine areas. Protected lands, public
access and non-dedicated operators may limit application, monitoring and verification

Bare rock 1932 0.4 1864 Almeria and Granada (Andalucia); Asturias; Huesca (Arag6n); Lleida (Catalonia); Possible direct extraction sites or sites for in-situ injection schemes (for suitable rock

Malaga (Andalucia); Tenerife, La Palma, La Gomera, Fuerteventura and Lanzarote types only and subject to greater understanding of geochemistry and mineralogy of
(Canary Islands) rocks)
Spaces with scarce 5424 1.1 6002 Almeria, Jaén and Granada (Andalucia); Murcia; Huesca (Aragén); Asturias, Possible means to access rocks (with low energy input) for extraction or in-situ
vegetation Cantabria; Ledn, Palencia and Burgos (Castile and Le6n); Alicante and Castellén injection schemes (for suitable rock types) or areas for spreading (requires land
(Valencian Community); Teruel (Aragén); all Canary Islands, particularly permission, monitoring and maintenance)
Fuerteventura
Burnt areas 294 0.1 106 Alicante, Valencia and Castellén (Valencian Community); Albacete and Cuenca Possible means to access rocks for extraction or in-situ injection schemes (for suitable
(Castilla-La Mancha); Asturias; Tenerife (Canary Islands) rock types) or areas for spreading (requires land permission, monitoring and
maintenance)
Major railway lines 337 0.1 233 Major rail network across all regions of mainland Spain and Majorca (Balearic Suitable rocks may replace existing aggregates used in railway lines and inspection

Islands)

paths as ballast or grit (Movares, 2012). Requires preparation and transport and may
invoke economic, infrastructural and public health issues
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important to stress the current state of research and development of these
approaches to alleviate some concerns, with limited testing under con-
trolled conditions still holding a priority ahead of implementation at a
large scale.

7. Conclusions

This study provides the first overview assessment of CDR potential spe-
cifically aimed at geochemical approaches for Spain. The work focuses on
the potential to utilise suitable rocks and industrial by-products, which
are in high abundance in Spain and could be implemented in systems and
settings specific to the country. Spain plays host to chemically and mineral-
ogically suitable surface exposed mafic, ultramafic, and carbonate rock
units (rich in Mg and Ca) and is a producer of alkaline industrial wastes
such as mine and quarry fine tailings, glassy slags, fly ashes, ceramic wastes
and desalination brines, all of variable volumetric abundance, chemical
composition, physical nature and CDR suitability. The objectives and
methods implemented in this study may also form an applicable strategy
for other countries and regions for general assessments of their hosted geo-
chemical CDR potential.

Methods of in-situ injection, ex-situ enhanced weathering, mineral car-
bonation, ocean liming, and electrochemical processes are theoretically ap-
plicable for these hosted rocks and materials, and the wide spread of
agricultural land, coastlines and greenhouses could make highly appropri-
ate settings for strategies to be deployed. Materials are distributed across
the mainland and islands, with particularly high potential for Galicia,
Andalucia, Murcia and the Canary Islands regions. Overall, there is the
maximum potential to achieve up to 8 MtCO, through available and annu-
ally produced waste materials, but with potentially greater-scale removal if
suitable rock units can be excavated for ex-situ approaches or exploited in-
situ for CDR purposes. The key is to target the best opportunities for initial
trials and to test to achieve the highest possible amount of the overall max-
imum potential.

Spain's challenges are developing structured approaches and dedicated
associations to tackle key fundamental questions relating to material kinet-
ics, regional mineral and chemical heterogeneity, exploitable abundances,
environmental considerations, resource usage and public acceptance. Col-
laborative efforts from academia, industry, government and other sectors
could help to address these matters and steer the nation towards pilot stud-
ies and full-scale deployment of geochemical CDR methods. Such an ap-
proach requires dedicated time and funding from all sectors of interest,
but the rewards, including several co-benefits beyond CDR, could be con-
siderable as Spain and the EU continue to move towards net zero and net
negative emissions throughout the century.
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