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Abstract 13 

Carbon Dioxide Removal (CDR) is required to mitigate climate change and to keep global warming 14 

below 1.5 to 2◦C. Ocean alkalinity enhancement (OAE) in the coastal environment is a promising and 15 
relatively low-cost technique, that could enhance marine CO2 sequestration via silicate weathering. 16 
The high-energy environment in the surf zone is especially promising as constant grain collision 17 
provides a natural grinding mechanism, potentially enhancing alkaline mineral dissolution. In this 18 
study, we experimentally investigated the dissolution of dunite, an olivine-rich ultramafic rock, in 19 
natural Atlantic seawater using flow-through reactors. In the experiment, pure dunite (from now on 20 
referred to as olivine; forsterite endmember), beach sand (from the coast of West Brittany) and a 21 
mixture of olivine and beach sand (olivine/sand) was studied under turbulent and stagnant conditions, 22 
in order to identify the effect of grinding on mineral dissolution and alkalinity generation. We see, that 23 
alkalinity release was highest in all turbulent reactors compared to stagnant conditions, with the 24 
highest alkalinity release observed in the turbulent olivine/sand mixture (11.5 mmol mol-1 olivine d-1). 25 
The effective sand grinding and especially the hardness of the quartz grains, composing 49 wt.% of the 26 
sand, enhance olivine abrasion and rounding, and thus foster dissolution. This effect diminishes over 27 
experimental time, when an apparent steady state is reached after ca. 74 hours,  where a constant 28 
alkalinity release from the turbulent olivine/sand treatment is attained with 1.1±0.6 mmol mol-1 olivine 29 
d-1; within error to turbulent treatments of pure olivine (1.0±0.2 mmol mol-1 olivine d-1). With respect 30 
to potentially toxic trace metals (Ni, Cr), we observe high concentrations in the first 24 hours for the 31 
olivine/sand treatment when mineral dissolution rates were high (Ni: 359 nmol L-1; Cr: 171 nmol L-1), 32 
but these decrease quickly to background seawater values (Ni: 18 nmol L-1; Cr: 19 nmol L-1). In addition, 33 
our results show that the natural alkalinity release from sand was not diminished by olivine addition, 34 
and that the probability of secondary mineral precipitation and by this CO2 release is mostly low, due 35 
to high dilution rates with ambient seawater. A cooperative alkalinity release by sand and olivine is 36 
expected in natural conditions where similar high dilution rates of reaction products will prevail. Our 37 
study shows that ephemeral peaks of high critical element (e.g. Ni) concentrations due to high mineral 38 
reaction rates in the beginning of the experiment can be avoided, thus, olivine addition to surf zones 39 
could be an efficient marine CDR technique for OAE applications in coastal environments.   40 

 41 
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1. Introduction 42 

Climate change mitigation measures include the aim to limit global warming to between 1.5 and 2°C, 43 
by drastic reduction of greenhouse gas emissions and additional atmospheric Carbon Dioxide Removal 44 
(CDR) (IPPC, 2023). Marine CDR (mCDR) receives special attention as the ocean is one of the largest 45 
sinks of atmospheric CO2 and takes up about one third of anthropogenic CO2 emissions (Friedlingstein 46 
et al., 2025). Ocean Alkalinity Enhancement (OAE) via the addition of alkaline minerals and rocks in the 47 
coastal area is a promising technique with high CO2-sequestration potential (Eisaman et al., 2023; 48 
Oschlies et al., 2023). The increase in total alkalinity (TA) via mineral dissolution increases the buffer 49 
capacity of the ocean and enhances the reservoir of dissolved inorganic carbon (DIC) in the form of 50 
bicarbonate and carbonate ions on timescales greater than 10000 years (Middelburg et al., 2020). 51 
Forsterite, the Mg-endmember of olivine minerals, is considered a suitable mineral due to its high CO2-52 
sequestration potential, global availability and relatively fast dissolution rates. In theory, 1 mol of 53 
forsterite can sequester 4 mols of CO2 via the idealized reaction: 54 

𝑀𝑔2𝑆𝑖𝑂4 + 4𝐶𝑂2 + 4𝐻2𝑂 → 2𝑀𝑔2+ + 𝐻4𝑆𝑖𝑂4 + 4𝐻𝐶𝑂3
−   Eq. 1 55 

However, in practice, this idealized CO2-sequestration is often impacted by secondary reactions, such 56 
as carbonate or phyllosilicate precipitation, and/or incomplete olivine dissolution (Griffioen, 2017; 57 
Fuhr et al., 2022; Moras et al., 2022; Geerts et al., 2025; Miller and Pernet, 2025).  58 

The coastal environment can be divided into a high- and low-energy environment, representing the 59 
surf zone at beaches and the shelf area, respectively (Meysman and Montserrat, 2017; Eisaman et al., 60 
2023). Both environments offer specific advantages considering mineral dissolution in the OAE context, 61 
that is a natural grinding mechanism in the surf zone and micro- and macrofauna enhanced dissolution 62 
by metabolic reactions in the low-energy benthic environment (Meysman and Montserrat, 2017; 63 
Geerts et al., 2025). Experimental investigations of both OAE-settings show high potential concerning 64 
TA increase and modelling studies related CO2-sequestration, however, exact quantification of the 65 
alkalinity increase remains challenging due to natural TA fluxes from sediments (Fuhr et al., 2023, 2024; 66 
Bach, 2024; Ramasamy et al., 2024; England and Bach, 2025).      67 

Beach applications provide several advantages, which include good accessibility and high wave energy, 68 
facilitating a natural grinding and abrasion mechanism via mineral collision with sand grains. This sand-69 
collision effect results in faster mineral dissolution and the physical modification of grain size creating 70 
a higher surface area-to-volume ratio (Oelkers et al., 2018). This natural grinding mechanism could 71 
save energy and costs on mineral treatment before OAE applications. The effectiveness of grain 72 
collision on olivine dissolution in the OAE context has already been shown in experiments (Flipkens et 73 
al., 2023; Bach, 2024; England and Bach, 2025), however, these experiments were conducted in batch 74 
reactors, likely showing a faster alkalinity build-up compared to the open ocean with high dilution 75 
caused by mixing and lateral transport from surrounding seawater. In addition, several challenges 76 
remain with respect to the potential of coastal applications, that are (1) the impact on natural alkalinity 77 
release from sand (Bach, 2024; England and Bach, 2025), (2) the release of trace (potentially toxic) 78 
metals to the marine ecosystem (Montserrat et al., 2017; Fuhr et al., 2022; Flipkens et al., 2023), and 79 
(3) the risk of secondary mineral formation that could reduce the net CO2-sequestration capacity (Fuhr 80 
et al., 2022; Moras et al., 2022; Suitner et al., 2024). In addition, mineral reactivity decreases with time, 81 
due to the potential formation of passivating surface layers, for example, by the precipitation of (metal-82 
bearing) amorphous SiO2 layers (Béarat et al., 2006; Oelkers et al., 2018), though the abrasion effects 83 
in the surf zone may counter this.  84 
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In our study, we conducted stagnant and turbulent flow-through experiments, simulating olivine 85 
addition to the surf zone where high dilution factors with ambient seawater would occur. This setup 86 
allowed us to assess the alkalinity build-up due to grain collision and examine if trace metal 87 
concentrations higher than background values were reached. Further, we discuss the attainment of  88 
saturation states for secondary precipitates and assess the suitability of OAE to mitigate climate change 89 
in high-energy coastal environments.  90 

 91 

2. Material and methods 92 
 93 
2.1. Experimental set-up 94 

As flow-through reactors, Artemio® Set incubation cones (JBL) have been used with the purpose to 95 
simulate mineral addition to high-energy beach settings. The reactors were filled with 600 ml of natural 96 
coastal seawater UV treated and filtered at 5 m pumped into the Ifremer (Institut Français de 97 
Recherche pour l’Exploitation de la Mer) experimental laboratory (Argenton, France, 48° 31.2768’ N, -98 
4° 46.1016’ W) at the start of the experiment. The incoming seawater came from a pool, which is 99 
renewed with each spring tide, filtered at 1μm, and UV-treated before being delivered to the reactors 100 
(Di Poi et al., 2022). The reactors were then continuously flushed with filtered seawater at a flow rate 101 
of 80 – 100 ml hr-1. At the reactor outlet, the seawater was filtered through a 50 µm mesh in order to 102 
avoid the loss of fine-grained particles. Solid material consisted of dunite, with 88% of the grains 103 
between 0.355 and 0.710 mm in size (the remaining 12% were between 0.250 and <0.063mm) 104 
provided from the company SibelcoTM, mined in Årheim, Norway. This dunite was composed of 75% 105 
Mg-olivine (endmember forsterite); from here on referred to as olivine. Beach sand was collected 106 
outside the experimental laboratory in Argenton and was sieved to 0.5 mm in order to match the 107 
average grain size of the olivine and autoclaved to remove organics. All reactors were filled with a total 108 
of 11 g solid material composed of either (1) olivine, (2) beach sand or (3) olivine/sand (2.2 and 8.8 g, 109 
respectively). Each treatment was conducted in triplicates and performed under stagnant and 110 
turbulent conditions, summing up to 18 reactors in total (Fig. 1). Turbulent conditions in 9 reactors— 111 
simulating grain collision from wave action— were created by bubbling with high-flow air from the 112 
bottom (Fig. 1).  113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 
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 123 

Figure 1: Sketch of the experimental setup and different treatments, that are olivine (green), sand 124 
(yellow), and olivine/sand (purple), each treatment in stagnant and under turbulent conditions. Each 125 
treatment was conducted in triplicates. 126 

 127 

2.1.1. Sampling strategy and immediate fluid alkalinity and pH analyses 128 

Fluids from the reactors were sampled twice on the first day (T+1h and T+6h), then daily for the first 7 129 
days followed by sampling on day 9, 13 21. Additionally, three reference samples of the incoming 130 
seawater were taken on each sampling day and immediately analyzed for pH, temperature and salinity 131 
(WTW Multi 3630 IDS). Two separate samples were taken sequentially from each reactor by filling the 132 
sample bottles through the reactor outlet. A rinsed 60 ml low-density (LDPE) bottle was filled, and 133 
immediately measured for pH, temperature and salinity (WTW Multi 3630 IDS), followed by TA 134 
measurement via open-cell titration using an 888 Titrando (Metrohm) after filtration of the sample 135 
through a 0.7 um Whatman filter. The titrator electrode was calibrated using Tris buffer solution (T45 136 
bottled in Dickson Lab) and titrator accuracy verified using Certified Reference Material (Dickson Lab, 137 
Batch 219). The second sample was taken in an acid-cleaned high-density (HDPE) bottles, filtered 138 
through a 0.2 μm filter (Cytiva) and acidified with 250 μL of ultrapure nitric acid (60%) for major and 139 
trace element analyses. The temperature of each reactor was measured daily using a temperature 140 
probe (Ebro TFX 410). 141 

 142 

 143 

https://doi.org/10.5194/egusphere-2026-3096
Preprint. Discussion started: 10 June 2026
c© Author(s) 2026. CC BY 4.0 License.



 

5 
 

2.1.2.  Major and trace element analyses 144 

Major elemental analyses were conducted using an ICP-OES (Avio 500, Perkin Elemer; Utrecht 145 
University) with a conical spraychamber, a micro concentric Teflon nebulizer and a PrepFAST 146 
autosampler (SC-4 DX). Trace elements are measured using an ICP-MS (Nexion 2000p, Perkin Elemer) 147 
at Utrecht University with a cooled peltier conical spraychamber, a micro concentric Teflon nebulizer 148 
and a PrepFAST autosampler (SC-4 DX). For both instruments, all data are calculated with Indium as an 149 
internal standard. Every 12th measurements a drift standard (DRIFT) and quality check (QC) standard 150 
is measured. The LOD (limit of detection = 3 * SD from a blank signal) and LOQ (limit of quantification 151 
= 3 * LOD) are determined by measuring the blank for 10 times after the calibration is made. 152 

 153 

2.2. Solid analyses 154 
2.2.1.  XRD 155 

The mineralogical composition of the raw materials and of the reacted samples was determined via 156 
Rietveld refinement of X-ray diffraction (XRD) patterns recorded on a PANalytical X’Pert PRO 157 
diffractometer operated at 40 kV and 40 mA (Co-Kα) at Graz University. The instrument was equipped 158 
with a high-speed Scientific X’Celerator detector, 0.5° antiscattering and divergence slits, an automated 159 
sample changer magazine and a spinning stage. All samples were homogenized and finely ground using 160 
agate mortar and pestle prior to the analyses. The powders were prepared in standard XRD sample 161 
holders using the top-loading technique and a razor blade to avoid preferred particle orientation. The 162 
XRD measurements were done in the 2-Theta range between 4 and 85° using a step size of 0.08° 2-163 
Theta and a step size of 40 s. The PANalytical X’Pert HighScore Plus software package and the ICSD 164 
database were used for mineral identification and quantification. The refined parameters included 165 
atomic coordinates, unit-cell dimensions, profile parameters, shape factors and preferred orientation, 166 
etc. The agreement parameters rwp and GOF were always below 5 and 3, respectively. The analytical 167 
error is less than 2-3 wt.% for each mineral phase (Baldermann et al., 2013; Mendes et al., 2025).  168 

 169 

2.2.2.  XRF 170 

The major and minor elemental composition of the materials, prepared as standard fused glass tablets, 171 
were analyzed by energy-dispersive X-ray fluorescence using a PANalytical Epsilon 4 X-ray spectrometer 172 
at Graz University. About 0.8 g of finely ground sample was heated to 1050 °C to remove volatiles, such 173 
as CO2 and H2O, and then the loss on ignition (LOI) was determined by gravimetric analysis. The residual 174 
was fused at 1200 °C in a LeNeo fusion instrument using 4 g of LiBO2 as the fluent agent. The tablets 175 
were run together with a range of USGS standards and the analytical error determined to be better 176 
than ±0.5 wt.% for the major elements (Richoz et al., 2017). The detection limits of the minor and trace 177 
elements are ~0.1 wt% and ~50 ppm, respectively. 178 

 179 

2.2.3.  SEM 180 

In order to check for physical grinding effects, one exemplary solid sample at the end of the 181 
experiments from the turbulent and stagnant olivine treatments was prepared for analysis using a 182 
Zeiss EVO Scanning Electron Microscope (SEM) at Utrecht University Electron Microscopy Facility, using 183 
an accelerating potential of 20 kV and a beam current of 500 pA at a working distance around 10 mm. 184 
Samples were mounted on aluminum stubs and coated with carbon prior to SEM analysis. The main 185 
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focus was to examine the effect of grain collision on grain morphology, presence of surface coatings 186 
and surface textures. 187 

 188 

2.3 Carbonate system and thermodynamic equilibrium calculations 189 

Carbonate chemistry was calculated based on measured TA, pH, T and salinity using the CO2SYS script 190 
for Excel (Pierrot et al., 2011). As input constants, we used the carbonic acid dissociation constants K1 191 
and K2 from Lueker et al. (2000), bisulfate dissociation constant from Dickson (1990), the Boron-192 
chlorinity ratio of Lee et al. (2010), and aragonite solubility constant by Mucci (1983). All pH values 193 
measured on the NBS scale were converted to the total scale using the pHnbs2total function in Matlab 194 
(V.2024b).  195 

Thermodynamic equilibrium of primary and secondary silicates was calculated with PHREEQC using 196 
the Pitzer database (Parkhurst and Appelo, 2013). 197 

 198 

2.4 Alkalinity correction measures 199 

The amount of TA increase per treatment (ΔTAsw_cor) was calculated with respect to the seawater 200 
reference by subtracting the average TA from the incoming seawater (sw) reference from the 201 
measured, average, TA in the individual treatments (pure olivine, pure sand and olivine/sand) for each 202 
sampling point:  203 

ΔTAsw_cor = TAtreatment – TASW      Equ. 2 204 

The related uncertainty is calculated by error propagation of the standard deviation of the three 205 
replicates of the input values. 206 

In order to evaluate the effect of sand grinding on olivine dissolution, several correction measures have 207 
to be made, which concern the amount of olivine used (11 g in pure olivine treatments and 2.2 g in 208 
olivine/sand treatments) and the effect of TA release from carbonate dissolution present in sand-209 
amended treatments. Therefore, we subtract the sand ΔTAsw_cor from the olivine/sand ΔTAsw_cor, which 210 
represents the TA release solely stemming from olivine (ΔTAsw,sand_cor): 211 

olivineΔTAsw,sand_cor = olivine/sandΔTAsw_cor  − sandΔTAsw_cor    Equ. 3 212 

In a next step, the ΔTA sw, sand_cor from olivine was normalized to the amount of olivine used, correcting 213 
for the different amounts of the olivine starting in the pure olivine and olivine-sand treatment material 214 
(denoted as ol_cor ΔTA sw, sand_cor).  215 

In a following step, the alkalinity flux is calculated following: 216 

𝐹𝑥 = (
𝑑𝐶𝑥

𝑑𝑡
+ 𝑘𝑤 ∗ 𝐶𝑜𝑢𝑡 − 𝑘𝑤 ∗ 𝐶𝑖𝑛) ∗ 𝑉 217 

Equ. 4 218 

With 𝐹𝑥 as the flux of any component (mol d-1), 
𝑑𝐶𝑥

𝑑𝑡
 is the property/concentration change of the 219 

respective component over a specific time (mol L-1 d-1), 𝑘𝑤 defines the water exchange rate (d-1) 220 
calculated by dividing the flow rate by the reactor volume,  𝐶𝑜𝑢𝑡 is the outflow concentration and 𝐶𝑖𝑛 221 
refers to the inflow concentration of the respective element (in mol kg-1 for TA and mol L-1 for element 222 
fluxes). V is the volume of the reactor (L). The derived flux (𝐹𝑥) values were subsequently corrected 223 
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for the amount of olivine used (mol mol-1 olivine d-1) and in the case of TA, the olivine/sand treatment 224 
for the sand contribution (𝑜𝑙𝑖𝑣𝑖𝑛𝑒/𝑠𝑎𝑛𝑑𝐹𝑥− 𝑠𝑎𝑛𝑑𝐹𝑥). 225 

 226 

3. Results 227 
3.1. Fluid geochemistry 228 

The geochemical fluid data are presented as the average of the three replicates, and the error bar 229 
indicates one standard deviation (SD) between these replicates. Note that especially in the beginning 230 
of the experiment (first 48 hours) the SD is relatively high, showing the variance between the individual 231 
reactors. In the case of seawater (Equ. 2) or seawater, sand and olivine corrected data (Equ. 3), the 232 
propagated error is shown as uncertainty. 233 

A strong rain event starting 24 hours to just before the last samples were taken (t = 480 hours) 234 
impacted the inflowing seawater composition, most visible in a drop in pH from 8.24 to 8.09 but also 235 
visible in decreasing TA values (Fig. 2). Therefore, we decided not to consider the data stemming from 236 
the last sampling points and focus the discussion on the experimental interval under similar ambient 237 
conditions.  238 

 239 
3.1.1.  Carbonate chemistry 240 

Alkalinity: seawater corrected 241 

Over the experimental period, TA varies above and below the incoming seawater reference TA (Fig. 2, 242 
supplementary Table S1). Especially within the first 48 hours, turbulent treatments from the olivine 243 
and olivine/sand experimental treatments yield highest TA increases with ΔTAsw_cor of 102 µmol kg-1 244 
and 78 µmol kg-1, respectively (Equ. 2; Fig. 2, supplementary Table S1). After 48 hours (T+48h), TA 245 
decreases in both treatments and stabilizes to an apparent steady state. All remaining stagnant 246 
treatments as well as the turbulent sand treatments are within error equal to the seawater reference. 247 
Turbulent olivine, sand, and olivine/sand treatments yield similar apparent steady-state values of 248 
23±11 µmol kg-1, 18±8 µmol kg-1, 25±9 µmol kg-1 (average of the last six samples, excluding the T+480h 249 
sample), respectively. All remaining stagnant treatments stay within error close to the seawater 250 
reference with apparent steady-state values of -2±7 µmol kg-1 for the olivine treatment, 5±5 µmol kg-1 251 
for the sand treatment and -0.4±7 µmol kg-1 for the olivine/sand treatment (Fig. 2, supplementary 252 
Table S1). 253 
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 254 

Figure 2: Measured (a) alkalinity (TA) and (b) pH data for the stagnant (empty symbols, dashed lines) 255 
and turbulent (full symbols, solid lines) beach simulation experiments as well as the seawater 256 
reference. Seawater corrected data is shown for (c) alkalinity and (d) pH. (e) Alkalinity release 257 
normalized for the amount of olivine in the different olivine treatments and corrected to TA seawater 258 
and sand and (f) zoom for t > 50hours. For (a) and (b) data points are the average of the three replicates 259 
and error indicates 1 standard deviation (1 SD) of the replicates. For subplots (c) to (f), the data points 260 
are the average of the three replicates and the error bar is the propagated error from the treatments 261 
and seawater reference. In (e) and (f), error bars within symbol size; note the unit change. Grey boxes 262 
highlight the ignored data that were affected by an extreme rain event just prior the sampling time, 263 
impacting ambient conditions (section 4.1). A general trend of higher alkalinity release and lower pH 264 
is observed for the turbulent treatments compared to the stagnant treatments.  265 

 266 

Alkalinity: amount olivine normalized 267 

With respect to the amount of olivine used in the different olivine treatments, the TA release was 268 
highest in the turbulent olivine/sand treatments with 5.0 mmol mol-1 olivine (note that the sand TA 269 
contribution is subtracted (Equ. 3)) (Fig. 2). The pure olivine treatment yields an ol_corΔTA sw, sand_cor of 270 
1.3 mmol mol-1 olivine. Apparent steady state ol_corΔTA sw, sand_cor values yield 0.3±0.1 mmol mol-1 271 
olivine for the pure olivine treatment and yield 0.5±0.4 mmol mol-1 olivine for the olivine/sand 272 
treatment. All stagnant treatments remain within error to the seawater reference. 273 

 274 
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Alkalinity: fluxes 275 

The highest TA fluxes were observed in the turbulent olivine/sand treatment with 11 mmol mol-1 276 
olivine day-1 (after T+24h), followed by the stagnant olivine/sand treatment with 5.0 mmol mol-1 olivine 277 
day-1 (after T+4h) and the turbulent olivine treatment with 3.8 mmol mol-1 olivine day-1 (Fig. 3, Table 278 
1, supplementary Table S2). After this initial peak with TA fluxes decline to an average (last 6 sampling 279 
times) of 1.1±0.6 mmol mol-1 olivine day-1 for the turbulent olivine/sand treatment, -0.9±1.3 mmol 280 
mol-1 olivine day-1 for the stagnant olivine/sand treatment and 0.7±0.3 mmol mol-1 olivine day-1 for the 281 
turbulent olivine treatment.  282 

The stagnant olivine treatment shows the lowest overall TA flux with an average value of 0.02±0.3 283 
mmol mol-1 olivine day-1, over the entire experiment. 284 

The turbulent and stagnant sand treatments overlap within error with average fluxes of 0.04±0.02  285 
mmol mol-1 olivine day-1 and 0.01±0.01 mmol mol-1 olivine day-1, respectively. 286 

 287 

Figure 3: Alkalinity (TA) fluxes for the stagnant and turbulent olivine and olivine/sand treatments. Grey 288 
box indicates an extreme rain event during the sampling time, impacting ambient conditions (section 289 
4.1). For comparison, the TA fluxes from core incubation experiments are shown, in which olivine 290 
dissolution was enhanced by microbial activity, simulating the low-energy shelf environment (Fuhr et 291 
al., 2023). 292 

 293 

 294 

 295 

 296 

 297 
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Table 1: Fluxes per day for the stagnant and turbulent beach simulation experiments. Note the 298 
different units for Ni and Cr compared to TA, and that olivine treatments are normalized to the 299 
amount olivine used, while sand fluxes are solely reported in nmol per day. Error is the standard 300 
deviation (1SD) of the last 2 sampling intervals excluding the last one at T+480h (see section 3.1). 301 

 302 

 303 

 304 

pH variation and seawater corrected 305 

The seawater total pH decreased over the course of the experiment from 8.42 to 8.24 at T+288h (Fig. 306 
2, supplementary Table S1). All stagnant treatments show a similar trend, being about 0.1 pH units 307 
lower (ΔpHsw_cor, normalized in the same way as for TA) in the first 4 hours of the experiment, and then 308 
remain within error similar to incoming seawater pH. All turbulent treatments decreased from pH of 309 
~8.17 at T+1 (ΔpHsw_cor of -0.25 after 1 hour) to a pH of 8.09 (ΔpHsw_cor of -0.15) after T+288h and, 310 
therefore, remained below incoming seawater pH throughout the experiment. Interestingly, at the end 311 
of the experiment during the rain event, all stagnant and turbulent treatments attained a similar pH 312 
of 8.02, that is 0.07 pH units (ΔpHsw_cor) lower than incoming seawater pH with 8.09.   313 

 314 

DIC, pCO2 and ΩA 315 

Calculated DIC values follow a similar trend compared to pH, with all stagnant treatments following 316 
the seawater concentration trend, which ranged between 1908 µmol kg-1 and 2092 µmol kg-1 (Fig. 4, 317 
supplementary Table S1). Turbulent treatments were higher in DIC compared to the incoming seawater 318 
reference and ranged between 2016 µmol kg-1 and 2152 µmol kg-1, with olivine and olivine/sand 319 
treatments showing a peak at T+24h while the sand treatment decreased. After about T+100 h, all 320 
turbulent treatments showed a continuous increase in DIC, which was also reflected in the pH signal. 321 

A similar pattern is also visible in the pCO2 data, showing lower values for the seawater and stagnant 322 
treatments (between 135 µatm and 422 µatm) compared to the turbulent treatments (between 266 323 

Sample
 Highest TA 

flux 
 Average TA flux 

last 2 s.i.a 1SD
 Highest Ni 

flux 
 Average Ni flux 

last 2 s.i.a 1SD
 Highest Cr 

flux 
 Average Cr flux 

last 2 s.i.a 1SD

mmol mol-1          

olivine day-1 
mmol mol-1            

olivine day-1 
nmol mol-1          

olivine day-1 
nmol mol-1            

olivine day-1 
nmol mol-1          

olivine day-1 
nmol mol-1            

olivine day-1 

Olivine 
stagnant

0.59 0.21 0.10 1175 697 291 225 -78 76

Olivine 
turbulent

3.79 0.99 0.05 12486 2022 153 4559 1061 60

Olivine/sand 
stagnant

4.95 0.56 0.40 104 87 7 288 -77 19

Olivine/sand 
turbulent

11.5 1.10 0.07 1212 86 36 1614 115 118

mmol day-1 mmol day-1 nmol day-1 mmol day-1 nmol day-1 mmol day-1 

Sand 
stagnant

0.04 0.02 0.00 54 28 6 10 -4.9 0.2

Sand 
turbulent

0.07 0.05 0.02 593 22 1 186 -5.3 3.3

aSampling  intervals (s.i.)
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µatm and 404 µatm). All treatments and the seawater reference increase in pCO2 throughout the 324 
experiment. 325 

All treatments and the seawater reference were oversaturated with respect to aragonite (ΩAr > 1) (Fig. 326 
4, supplementary Table S1). At T+4h, ΩAr  showed the largest variation between 3.0 (turbulent sand) 327 
and 4.4 (stagnant olivine) for all treatments, which was lower than the incoming seawater reference, 328 
which decreased in ΩAr from 4.7 (T+1h) to 3.6 (T+288h). In the course of the experiment, all treatments 329 
showed decreasing ΩAr, with stagnant treatments reaching higher ΩAr (between 4.4 and 3.4) than the 330 
turbulent treatments (between 3.2 and 2.7)— except the last sampling point— where stagnant 331 
treatments decreased to values slightly lower than turbulent treatments.  332 

 333 
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Figure 4: Calculated carbonate system parameters (a) DIC, (b) pCO2 and (c) ΩAr following TA and pH 334 
input values using the system CO2SYS for the stagnant (empty symbols, dashed lines) and turbulent 335 
(full symbols, solid lines) beach simulation experiments as well as the seawater reference. Data points 336 
are the average of the three replicates and error indicates 1 SD of the replicates. Grey box indicates an 337 
extreme rain event during the sampling time, impacting ambient conditions (section 4.1). 338 

 339 

3.1.2.  Major and trace element concentrations 340 

The major seawater cations Ca, Na, and K did not show any significant variation between all treatments 341 
and the incoming seawater reference (supplementary Fig. S1 and Table S3). For the sand-bearing 342 
treatments, Mg concentrations increased for all turbulent and stagnant treatments relative to the 343 
incoming seawater reference over the experimental period (supplementary Fig. S1). Silicon (Si) and 344 
total dissolved iron (Fe) concentrations were highest in the first 100 hours of the experiment with 345 
maximum values from the turbulent olivine treatments at 178 µmol L-1 and 29.5 nmol L-1, respectively 346 
(Fig. 5a,b). In the case of Si, most treatments were below detection limit after T+100h. Lithium (Li) and 347 
strontium (Sr) showed distinct patterns for the sand-bearing treatments, while the olivine pure 348 
treatments stayed within error of the incoming seawater reference, with the exception of an increase 349 
in Li in the first 4 hours (Fig. 5c,d). For the turbulent and stagnant sand-bearing treatments, Li increased 350 
within the first 120 hours to a maximum value of 32 µmol L-1, and then decreased to 28 µmol L-1 351 
(turbulent sand treatments). In all sand-bearing treatments, Sr increased continuously over the course 352 
of the experiment with highest concentrations reaching 112 µmol L-1 after T+288h for the olivine/sand 353 
treatment. Similarly to Li, Sr concentrations in olivine pure treatments stayed within error to the 354 
incoming seawater reference (Fig. 5c,d; supplementary Table S3). 355 

 356 

 357 

Figure 5: Major and trace element data for the different treatments of the beach simulation 358 
experiments, with (a) magnesium (Mg), (b) silicon (Si), (c) iron (Fe) and (d) and strontium (Sr). Data 359 
points are the average of the three replicates and error indicates 1 SD of the replicates. Note the high 360 
Si and Fe concentrations of all olivine-bearing treatments in the beginning of the experiment and the 361 
increase Sr in all sand-bearing treatments.  362 

https://doi.org/10.5194/egusphere-2026-3096
Preprint. Discussion started: 10 June 2026
c© Author(s) 2026. CC BY 4.0 License.



 

13 
 

Turbulent olivine treatments showed highest concentrations in Ni (1632 nmol L-1) and Cr (896 nmol L-363 
1), followed by the turbulent olivine/sand treatment with 359 nmol L-1 for Ni and 171 nmol L-1 for Cr. 364 
Subsequently, concentrations decreased over the course of the experiment for the turbulent olivine 365 
treatments to apparent steady-state values of 66±4 nmol L-1 and 47±7 nmol L-1, respectively 366 
(supplementary Table S3, Fig. 6). This was still 50 nmol L-1 for Ni and 31 nmol L-1 for Cr greater than 367 
incoming seawater. Ni and Cr concentrations for the turbulent olivine/sand treatment decreased to 368 
average values of 18±1 nmol L-1 and 19±3 nmol L-1, respectively, within error similar to the seawater 369 
reference (Ni: 15±3 nmol L-1; Cr: 16±2 nmol L-1). All stagnant treatments and the turbulent sand 370 
treatments stayed within error similar to the seawater reference. 371 

 372 

Figure 6: Trace metal data for the different treatments of the beach simulation experiments, with (a) 373 
nickel (Ni) and (b) chromium (Cr). Data points are the average of the three replicates and error indicates 374 
1 SD of the replicates.  375 

 376 

3.1.3. Major and trace element fluxes 377 

The highest Si fluxes were reached for the turbulent olivine treatment with Si at 1.4 mmol mol-1 olivine 378 
day-1, Fe (142 nmol mol-1 olivine day-1), Ni (12.5 µmol mol-1 olivine day-1) and Cr (4.6 µmol mol-1 olivine 379 
day-1) (Table 1, supplementary Figure S2 and Table S3). These fluxes quickly declined over the course 380 
of the experiment where minimum values were recorded: Si (0.29 mmol mol-1 olivine day-1), Fe (10.2 381 
nmol mol-1 olivine day-1), Ni (1.92 µmol mol-1 olivine day-1) and Cr (0.71 µmol mol-1 olivine day-1). Fluxes 382 
of the turbulent olivine/sand treatment were lower compared to the pure olivine treatment with the 383 
highest values reaching 0.61 mmol mol-1 olivine day-1 for Si, 74.7 nmol mol-1 olivine day-1 for Fe, 1.21 384 
µmol mol-1 olivine day-1 for Ni and 1.61 µmol mol-1 olivine day-1 for Cr. Similarly to the turbulent olive 385 
treatment, these fluxes subsequently declined and merged to match those of the stagnant olivine and 386 
olivine/sand treatments: 0.30 mmol mol-1 olivine day-1 for Si, -5.25 nmol mol-1 olivine day-1 for Fe, -387 
0.003 µmol mol-1 olivine day-1 for Ni and 0.02 µmol mol-1 olivine day-1 for Cr (Table 1, supplementary 388 
Figure S2 and Table S3). 389 

In contrast, Sr and Li maximum fluxes were recorded in the turbulent and stagnant olivine/sand 390 
treatments. For Sr, fluxes increased throughout the experiment with the highest values recorded for 391 
the turbulent olivine/sand treatment, ranging from 70 to 445 µmol mol-1 olivine day-1. Whereas the Li 392 
fluxes initially increased in the beginning of the experiment at T+4h from 87 to 168 µmol mol-1 olivine 393 
day-1 (excluding the extreme decrease of one sampling point to 8 µmol mol-1 olivine day-1 at T+74 h). 394 
Fluxes then declined after T+120h to a minimum of 54 µmol mol-1 olivine day-1. Fluxes for the turbulent 395 
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and stagnant olivine treatments were generally lower than the sand-bearing treatments, and ranged 396 
from -81 (stagnant) to 103 (turbulent) µmol mol-1 olivine day-1 for Sr, and varied between -18 (stagnant) 397 
and 37 (turbulent) µmol mol-1 olivine day-1 for Li (supplementary Table S3). 398 

For the stagnant and turbulent sand treatments, Fe fluxes remained mostly around zero, except for 399 
peaks observed in the turbulent treatments reaching a flux of 11 µmol day-1. Si fluxes are only 400 
detectable in the beginning of the experiments, and ranged from -1.01 (stagnant) to 112 (turbulent) 401 
µmol day-1 (supplementary Table S3). Sr concentrations increased from 2.2 to 27.3 µmol day-1, while Li 402 
concentrations varied between 2.01 and 15.4 µmol day-1. Ni fluxes varied between 22 (stagnant) and 403 
593 (turbulent) nmol day-1 and between -5.2 and 186 (turbulent) nmol day-1 for Cr (supplementary 404 
Table S3). 405 

 406 

3.2. Solid composition and geochemistry 407 
 408 

3.2.1.  Mineralogy 409 

The initial (i.e., before the experiment) olivine composition was 93 wt.% olivine and 3.9 wt.% pyroxene, 410 
with traces of kaolinite (1.0 wt.%), antigorite (0.8 wt.%), chlorite (0.6 wt.%), muscovite (0.5 wt.%) and 411 
talc (0.4 wt.%) (supplementary Figure S3 and Table S4). The sand starting material was composed of 412 
49 wt.% quartz, 19 wt.% plagioclase and 11 wt.% microcline, with minor components of calcite (7.6 413 
wt.%), halite (4.8 wt.%), aragonite (4.4 wt.%), high Mg-calcite (1.5 wt.%) and muscovite (1.5 wt.%). 414 

The stagnant and turbulent olivine and sand treatments were within error similar to the initial 415 
compositions, showing no significant compositional changes after the experiment (supplementary 416 
Figure S3 and Table S4). The stagnant and turbulent olivine/sand treatments (mixture of 2.2 g and 8.8 417 
g, respectively) showed no mineralogical differences and were composed of, on average, 38 wt.% 418 
quartz, 23 wt.% olivine, 2.4 wt.% pyroxene, 14 wt.% plagioclase, 9 wt.% microcline, with minor 419 
components of calcite (5.3 wt.%), aragonite (3.3 wt.%), halite (1.7 wt.%), high Mg-calcite (1.5 wt.%) 420 
and muscovite (1.5 wt.%). 421 

 422 

3.2.2.  Geochemistry 423 

The olivine was composed of 41.25 wt.% SiO2, 49.38 wt.% MgO and 7.75 wt.% Fe2O3. All other major 424 
elements were <1 wt.%. Olivine was enriched in the trace metals Cr (1912 ppm), Ni (3193 ppm) and 425 
Zn (51 ppm). The initial sand composition was 61.49 wt.% SiO2, 10.55 wt.% CaO, 9.64 wt.% Al2O3, 3.70 426 
wt.% K2O and 2.06 wt.% Na2O. All other major elements were <1 wt.%. Trace elements in the sand 427 
yielded 730 ppm Sr, 364 ppm Ba, 143 ppm Rb and 59 ppm Zr(supplementary Figure S4 and Table S5). 428 

After the experiment, the geochemistry of the solids in the olivine and sand treatments (turbulent and 429 
stagnant) were within error similar to the initial composition (supplementary Figure S4; supplementary 430 
Table S4). The stagnant and turbulent olivine/sand mixtures were within error similar in their 431 
composition with respect to the major elements. For the trace metals, Ni in the turbulent olivine/sand 432 
treatment showed higher concentrations (835 ppm) compared to the stagnant treatment (675 ppm) 433 
(supplementary Figure S5; supplementary Table S5). In the turbulent treatment, concentrations were 434 
469 ppm for Sr, 242 ppm for Cr, 116 ppm for Rb and 238 ppm for Ba. In the stagnant olivine/sand 435 
treatment, trace element concentrations were 534 ppm for Sr, 321 ppm for Cr, 233 ppm for Ba and 114 436 
ppm for Rb.   437 
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Correction of the trace metals to the initial composition showed a depletion of -570 ppm for Cr and an 438 
enrichment of +42 ppm for Ni in the turbulent olivine treatment (supplementary Figure S5). Whereas, 439 
for the sand treatment, the corrected sand treatments showed a depletion for Sr of -49 ppm and -74 440 
ppm for the turbulent and stagnant experimental runs, respectively. The turbulent olivine/sand 441 
treatment showed enrichment in Ni of +196 ppm and depletions in of Cr (-140 ppm), Sr (-115 ppm) 442 
and Ba (-54 ppm). The stagnant olivine/sand treatment showed enrichment in Ni of +36 ppm and 443 
depletions of Cr (-62 ppm), Sr (-51 ppm) and Ba (-58 ppm) (supplementary Figure S6). 444 

 445 

3.2.3.  Mineral surface texture and element composition 446 

The grain morphology differed significantly between the turbulent and stagnant olivine treatment. In 447 
the turbulent olivine treatment, the grains showed rounded edges, abrasion pits and striation-like 448 
features compared to the stagnant olivine treatment (Fig. 7). The abrasion pits appear as shallow, 449 
irregular depressions of varying size, commonly concentrated along the grain edges and high-relief 450 
areas, suggesting repeated mechanical impact or directional contact. The olivine grains from the 451 
stagnant treatment showed a rough surface texture and sharp edges (Fig. 7a,b). Despite halite, which 452 
likely originated from drying of the samples, no surface precipitates were observable on the olivine 453 
grains. 454 

 455 

Figure 7: Secondary Electron Microscopy images of olivine grains from the stagnant (a,b) and turbulent 456 
(c,d) experimental treatment. In the turbulent olivine treatment, grain edges are more rounded 457 
compared to olivine grains from the stagnant treatment, indicating the effect of abrasion due to grain 458 
collision. 459 

https://doi.org/10.5194/egusphere-2026-3096
Preprint. Discussion started: 10 June 2026
c© Author(s) 2026. CC BY 4.0 License.



 

16 
 

 460 

3.2.4.  Saturation indices for secondary phyllosilicates  461 

Amorphous silica (SiO2(a)) was undersaturated throughout the whole experiment for the turbulent 462 
olivine treatment (saturation indices (SI) from -1.0 (T+1h) to -2.1 (T+280h)), between -2.6 (T+1h) and -463 
2.3 (T+94h) for turbulent and stagnant sand and until T+94h for the olivine/sand treatment (SI from -464 
1.6 (T+1h) to -2.2 (T+94h); supplementary Figure S7). Note that for the stagnant and turbulent (T>94h) 465 
olivine/sand, sand and the stagnant olivine treatments (except T+1h with -2.2), no saturation indices 466 
could be calculated because of the low (below detection limit) Si concentrations (supplementary Table 467 
S3). Consequently, Si-phases, in general, were undersaturated for these experimental treatments. 468 
Amorphous silica (SiO2(a)) was also undersaturated throughout the experiment for all treatments, 469 
ranging in SI from -1 (T+1h, turbulent olivine) to -2.6 (T+94h, stagnant sand). Sepiolite and Fe(OH)3 470 
were only oversaturated in the first 4 hours of the turbulent olivine treatment; SI up to 1.6 and 0.17, 471 
respectively. 472 

Chrysotile was oversaturated for the turbulent olivine treatment throughout the whole experiment (SI 473 
between 0.04 and 3.0) and, in case where Si concentrations could be measured, for the turbulent 474 
olivine/sand (SI between 0.1 and 1.7; except T+48h with -0.1) and stagnant and turbulent sand (SI 475 
between 0.5 and 1.0 and 0.3 and 0.02, respectively) treatments (supplementary Figure S7). 476 

 477 

4. Discussion 478 

In coastal environments, the high-energy surf zone is considered a potential OAE deployment site, in 479 
which the effect of grain collision is hypothesized to enhance mineral dissolution and, thus, increase 480 
TA. Below, we will discuss the effectiveness of this approach using the results of the flow-through 481 
experiments that were designed to mimic the surf zone, fostering efficient grain collision and providing 482 
high dilution factors with ambient seawater. However, before the efficiency of this OAE approach is 483 
discussed, some experimental artefacts are considered that are impacting the carbonate system.  484 

 485 

4.1. Carbonate system and experimental challenges 486 

The experimental set up of the turbulent reactors caused several artefacts that potentially impacted 487 
the geochemical conditions in the reactors. The constant bubbling with ambient air in the turbulent 488 
reactors injected atmospheric CO2 with the inflowing seawater while facilitating CO2 exchange 489 
between the water line and headspace in the reactor. This shifted the pCO2 in the turbulent reactors 490 
to higher values (average last three data points 332±18 µatm) compared to the stagnant reactors 491 
(226±13 µatm) (Fig. 4b). The turbulent reactors were therefore affected by atmospheric CO2 invasion— 492 
but like the natural conditions in a surf zone— while the stagnant reactors followed the trend of the 493 
inflowing seawater. The similarity of stagnant and incoming pCO2 demonstrates that influx was more 494 
important than an exchange within the headspace and any potential slow dissolution occurring in the 495 
stagnant cones. That is, mixing of incoming seawater with the reactor fluid was a more primary driver 496 
of TA flux in the stagnant, passive, system.  497 

Interestingly, the DIC values of the inflowing seawater and the stagnant treatments were lower than 498 
the long-term concentration values for the west coast off Brittany (ranging seasonally and locally 499 
between about 2050 and 2200 µmol kg-1 recorded during the years 2008 and 2020; Gac et al. (2021); 500 
Petton et al. (2024)). This might be caused by phytoplankton activity (photosynthesis) in the outside 501 
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pond where incoming seawater is pumped into the experimental laboratory at Ifremer. This effect was 502 
not visible in the turbulent treatments where the carbonate system was affected by the bubbling with 503 
CO2 in the reactors. Over the course of the experiment, we saw an increase in DIC and pCO2 that 504 
translated to a decrease in pH, which was likely caused by CO2 invasion from the injected air stream 505 
(Fig. 4a,b; 8). Following the carbonate system processes and their stochiometric influences on TA and 506 
DIC, all stagnant treatments and the seawater reference followed the CO2 invasion trendline with some 507 
treatments indicating carbonate dissolution (Fig. 8). The turbulent treatments cluster to the upper 508 
right with respect to the starting seawater composition, and even fall on the carbonate dissolution 509 
trend line. However, we exclude carbonate dissolution as a process affecting our experiments because 510 
(1) olivine-bearing treatments do not contain carbonates (supplementary Fig. S2 and Table S4), and (2) 511 
carbonate was oversaturated throughout the experiment, (i.e., no dissolution; Fig. 4c). We conclude 512 
that the olivine and olivine/sand treatments were impacted by a mixture of olivine dissolution (only 513 
adding TA) and CO2 invasion (only adding DIC), while the sand pure treatments were impacted by CO2 514 
invasion and other dissolving mineral phases, likely feldspars (see following section 4.2). 515 

 516 

Figure 8: Alkalinity (TA) versus DIC and indicated carbonate-affecting processes modified after Zeebe 517 
and Wolf-Gladrow (2006). Experimental samples are mostly affected by CO2 invasion as well as olivine 518 
dissolution with minor carbonate precipitation. Processes indicated in italic do not apply to our 519 
experimental results. Note that carbonate dissolution is unlikely to occur due to Ω > 1 for all 520 
treatments. 521 

 522 

 523 

 524 

 525 
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4.2. Effectiveness of grain collision on mineral dissolution and alkalinity generation 526 

The effect of grain collision, providing a natural grinding mechanism, is clearly visible in the results of 527 
our experiments. All turbulent experimental treatments show a higher TA and flux compared to the 528 
stagnant treatments (Fig. 2,3; Table 1). This indicates that turbulent conditions are enhancing alkalinity 529 
generation, and can be regarded as an efficient application for OAE beach deployments. The generated 530 
TA (corrected to background seawater and normalized to mass of olivine; ol_corΔTA sw, sand_cor; see 531 
section 2.4), was higher in all turbulent compared to stagnant treatments, approaching an average TA 532 
concentration for the olivine and olivine/sand treatment of 0.41±0.02 and 0.45±0.04 mmol mol-1 533 
olivine, respectively (Fig. 2e,f; supplementary Table S1). This was excluding an initial TA peak of up to 534 
5.0 mmol mol-1 olivine for the olivine/sand treatment. This initial TA peak, however, has also been seen 535 
in experiments by Flipkens et al., 2023), who used the same type of olivine, though with a smaller 536 
average grain size (between 84 and 250 µm). Therefore, it is likely that this initial TA peak is related to 537 
the dissolution of fine-grained olivine material, following the common assumption, that with a higher 538 
surface area the dissolution rates increase compared to larger sized particles with a smaller surface 539 
area. 540 

 Amongst all turbulent treatments, the olivine/sand treatment reached the highest TA flux at 11.5 541 
mmol mol-1 olivine d-1, while the olivine treatment yielded 3.8 mmol mol-1 olivine d-1 (T+24h; Table 1). 542 
This high TA increase in the olivine-bearing  treatment is either caused by a larger fraction of small 543 
olivine particles (<250 µm), that make up 11.4 wt% of the total used olivine (section 2.1), or by fast 544 
mineral reaction rates in the beginning of the experiment when minerals are far-from-equilibrium 545 
when first brought in contact with seawater (Jeandel and Oelkers, 2015).  546 

For the stagnant treatments, TA either remained mostly within error to the incoming seawater 547 
reference (olivine treatment) or even showed negative TA values and fluxes (olivine/sand treatment; 548 
Figure 2, 3). The drop in TA below seawater concentration could be indicative of calcium carbonate 549 
mineral precipitation, which would also align with the oversaturated conditions of the fluids, with 550 
respect to aragonite (between 3.4 and 4.4). Moras et al. (2022) found in lime dissolution experiments, 551 
that carbonate precipitation was only triggered at ΩAr larger than 7, which is higher than the saturation 552 
value observed in our experiments. However, under the stagnant conditions in our experiment, the 553 
olivine and sand mixture remained undisturbed at the bottom of the reactor, providing nucleation 554 
sites, and localised carbonate mineral saturation in the pore space could exceed that based on the 555 
measured TA in the outflowing solution, potentially triggering carbonate mineral precipitation.  556 

Towards the end of the experiment, TA fluxes were a magnitude lower at 1.1±0.1 mmol mol-1 olivine 557 
d-1 for the turbulent olivine/sand treatment and 1.0±0.05 mmol mol-1 olivine d-1 for the turbulent 558 
olivine treatment (Fig. 3, Table 1). Both treatments overlapped in their TA fluxes within error; 559 
therefore, the effect of sand grinding diminished with time. This could be due to the grinding effect 560 
and the grain rounding where the sharp edges and loose particles become erased. Quartz, the main 561 
component of our sand (supplementary Table S4), has a slightly higher hardness (Mohs Scale (MS): 7) 562 
compared to olivine (MS: 6.5-7). This could generate the extra abrasion and, thus, trigger higher TA 563 
generation in the olivine/sand mixture treatments compared to the olivine pure treatments in the 564 
beginning of the experiment.  565 

When comparing the observed TA fluxes of the high-energy beach deployment simulation to fluxes 566 
observed by Fuhr et al. (2023) in from flow-through experiments simulating the low-energy benthic 567 
environment, we see a ~3-times higher TA generation in the beach simulation (11.5 mmol mol-1 olivine 568 
d-1). That is, in Fuhr et al. (2023) olivine dissolution was promoted by microbial activity in their low-569 
energy simulation (average of Dun1 & Dun2: 3.6 mmol mol-1 olivine d-1), whereas the high-energy 570 
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environment in our study displayed a magnified dissolution effect. Interestingly, both TA fluxes 571 
decreased to a similar value after 10 experimental days (~1 mmol mol-1 olivine d-1), while the benthic 572 
low-energy experiments increased again to attain an apparent steady-state of ~2.2 mmol mol-1 olivine 573 
d-1. However, it is important to note that the benthic low-energy experiments used a much smaller 574 
grain size (20-30 µm; Fuhr et al. (2023) compared to the high-energy beach experiments of this study 575 
(average of 500 µm). Therefore, the TA fluxes of the two experiments cannot be directly compared. 576 
Still, the results highlight the effectiveness of grain collision enhanced mineral dissolution, as similar 577 
steady-state TA fluxes are attained with a ~15-times larger grain size. This finding has important 578 
implications for the Life Cycle Assessment (LCA) of coastal enhanced weathering, as costs and energy 579 
can be saved with respect to mineral grinding before deployment (Foteinis et al., 2023). Further, it 580 
would be within reason to think that if smaller grain sizes were used in this study, our observed TA 581 
fluxes would be even greater due to the faster dissolution of grains with a lower specific surface area 582 
and additional grinding effect. 583 

In addition to an effective grain abrasion process, we see an enhanced dissolution behaviour, due to 584 
the constant exchange with seawater caused by the flow-through experimental design compared to 585 
batch experimental setups (Flipkens et al., 2023; England and Bach, 2025). In the batch experiments 586 
of recent studies, in which the effect of grain collision on either pure olivine (Flipkens et al., 2023) or 587 
pure olivine and a mixture of olivine and sand (England and Bach, 2025), an increase in alkalinity was 588 
observed.  In all of these set ups, however, the TA accumulation was lower compared to our flow-589 
through experimental results (Fig. 9). In conclusion, our experiments confirm the effectiveness of grain 590 
collision on TA generation, and in addition to the previous batch studies, show the enhanced mineral 591 
dissolution by constant dilution with seawater.  592 

 593 

 594 

 595 
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 596 

Figure 9: Accumulated TA increase over the course of the experiments. Turbulent TA release of olivine 597 
and olivine/sand treatments is higher compared to grain-collision batch experiments (Flipkens et al., 598 
2023; England and Bach, 2025).  599 

 600 

4.3. The absent additionality problem 601 

In mixed olivine and sand batch experiments, Bach (2024) identified a decline in natural TA release 602 
from the dissolution of carbonate minerals contained in sand when adding olivine: this was defined as 603 
the additionality problem. Natural sands can contain carbonate (here up to 14 wt% (calcite, high Mg-604 
calcite and aragonite; supplementary Table S4), and when in contact with corrosive seawater or pore 605 
water, can dissolve causing a natural increase in TA (Middelburg et al., 2020; Torres et al., 2020). In our 606 
study, an indication for carbonate dissolution is only seen in changes in the CaO content of the sand, 607 
which decreased by ~1 wt.% in the turbulent sand treatments (supplementary Fig. S6b; Table S4). 608 
However, in all our experimental treatments and in the seawater reference, carbonate minerals were 609 
oversaturated (ΩAr > 1; Fig. 4c), and should therefore not dissolve. The addition and subsequent 610 
dissolution of olivine even increased the carbonate saturation state to higher levels, further inhibiting 611 
the dissolution of sand-occurring carbonates. 612 

Next to carbonates, feldspars are highly abundant in the used sand, making up to 30.4 wt.% 613 
(plagioclase and microcline; supplementary Table S4) and, as plagioclase contains Ca, could also be 614 
responsible for the Ca loss in the solids upon dissolution (supplementary Fig. S6b,c; Table S4). Though 615 
being highly reactive in seawater, dissolution rates of feldspars (plagioclase) are about 20% lower 616 
compared to olivine (forsterite) (Jeandel and Oelkers, 2015). Nevertheless, feldspars can dissolve 617 
quickly when initially in contact with seawater, having the potential to impact marine element cycling 618 
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(Geilert et al., 2023). While high seawater background concentrations of Na, K and Ca inhibit a direct 619 
correlation with mineral dissolution, a strong increase in Sr and Li concentrations is visible only in the 620 
sand-bearing treatments compared to sand-free experimental treatments (Fig. 5c, d). While Sr 621 
continuously increased over the experiment, Li showed a decrease after ca. T+100 h. This may indicate 622 
the precipitation of secondary minerals, however, this is not directly visible in the TA concentrations of 623 
the sand-bearing treatments (see section 4.2 and 4.4). Also, Sr is lost from the solids of sand and the 624 
olivine/sand treatments, which was most pronounced in the turbulent olivine/sand treatment 625 
(supplementary Figure S6e,f). Unfortunately, we cannot unequivocally identify the mineral source and 626 
later sink  of these elements, as Sr and Li are both enriched in carbonates and feldspars (Bentley, 2006; 627 
Penniston-Dorland et al., 2017). In addition, the stoichiometric balances discern that the dissolution 628 
of carbonates and feldspars produce the same amount of TA (2 𝐻𝐶𝑂3

−); therefore, we cannot further 629 
constrain the TA source in the sand treatments based on our data set. Nevertheless, we can conclude, 630 
that TA generation in the sand treatments are lower, or equal, throughout the experiment compared 631 
to the olivine/sand treatments. Thus, the natural TA release by sand was not hampered by the addition 632 
of olivine. The reason for this might be the constant dilution with seawater in our flow-through 633 
experiments, which keeps TA accumulation below the critical thresholds, and thereby prevent mineral 634 
dissolution in the sand from carbonates or feldspars—as was observed in batch experiments by (Bach, 635 
2024b). Therefore, extrapolating our results to OAE beach applications, we conclude that the 636 
additionality problem might occur less than originally proposed. Nevertheless, the mineralogical 637 
composition of beach sands is of crucial importance and the composition of naturally occurring alkaline 638 
minerals should be assessed before a universal conclusion for OAE implications can be drawn. 639 

 640 

4.4. Minimal probability of secondary mineral precipitation 641 

Assessing the probability of secondary mineral precipitation in the OAE context is essential as the 642 
formation of carbonates and phyllosilicates is a source of CO2, which reduces the net CO2-sequestration 643 
potential of a system (Griffioen, 2017; Rigopoulos et al., 2018; Fuhr et al., 2022; Hartmann et al., 2022; 644 
Moras et al., 2022). In our flow-through experiments, the constant dilution with seawater reduced the 645 
probability of secondary mineral formation, as mineral saturation states were less likely to be attained. 646 
In the turbulent treatments, TA was always higher compared to the incoming seawater reference, 647 
indicating that no significant TA loss was due to secondary mineral formation (Fig. 2 and 3). Only in the 648 
stagnant olivine/sand treatments, negative TA values (and fluxes) were observed, indicating the 649 
formation of secondary minerals, potentially as carbonates (see section 4.2), as phyllosilicates and 650 
Fe(OH)3 were undersaturated throughout the experiment (supplementary Fig. S7). 651 

Interesting was the sharp drop in Li after T+144h, which occurred in all treatments except for the 652 
olivine treatment and the incoming seawater reference (Fig. 5d). Li can be incorporated into carbonate 653 
and phyllosilicate minerals, however, saturation states for the phyllosilicates sepiolite and chrysotile, 654 
which can form in seawater under ambient conditions (Wimpenny et al., 2010; Griffioen, 2017; 655 
Rigopoulos et al., 2018), show oversaturation only in the first hours of the experiment (up to T+100h) 656 
and then decrease quickly to undersaturated values (supplementary Fig. S7). Therefore, phyllosilicate 657 
formation likely played a minor role in our experiments with respect to TA, though small increases in 658 
the solid concentrations of SiO2 and MgO are present in the turbulent olivine/sand treatments 659 
(supplementary Fig. S6c). It is striking that the strong Li decrease only occurred in the sand-bearing 660 
treatments. This points to the formation of secondary Si-phases (Fig. 4e). We speculate, that the 661 
dissolution of feldspars in sand (30.4 wt.%; supplementary Fig. S3 and Table S4) releases Al, that 662 
induces Si-Al co-precipitation, as Al lowers the saturation state of Si-bearing phases (Van Cappellen 663 
and Qiu, 1997) without impacting TA. Secondary amorphous Si-Al phases often occur as a precursor 664 
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clay phase in marine sediments and could also form in our experiments when certain Si and Al 665 
concentrations are reached (Baldermann et al., 2013). This would also explain why Si was below 666 
detection limit after about T+100 h for most sand-bearing  treatments (Fig. 4b). The formation of 667 
amorphous metal (Al)-SiO2 precipitates could also explain why TA concentrations (Fig. 2e,f) and fluxes 668 
(Fig. 3) merged with the pure turbulent olivine treatment after circa T+144h. That is, by forming 669 
passivating surface layers on top of the olivine grains (Béarat et al., 2006; Oelkers et al., 2018), despite 670 
vigorous grain collision. If trace metals, such as Li, are taken up in these amorphous Si-Al phases still 671 
needs to be tested, but our data is a strong indication for this process. 672 

 673 

4.5. Release of trace metals 674 

The release of potentially toxic trace metals, such as Ni and Cr, is highest in all olivine-bearing turbulent 675 
treatments in the beginning of the experiment (Fig. 5a). The turbulent treatments show Ni 676 
concentrations about 20-times higher than incoming background seawater, whereas the turbulent 677 
olivine treatment showed 100-times higher Ni values (supplementary Table S3). These high Ni 678 
concentrations exceed the recommended EU guidelines for marine waters, which are 64 nmol for Ni L-679 
1, and a magnitude lower for Cr concentrations, with maximum values of 96 µmol Cr L-1 (Nickel institute 680 
2012; Vaiopoulou and Gikas, 2020). Studies have shown that dissolved Ni concentrations above certain 681 
threshold values can affect several marine species (Bach et al., 2019; Guo et al., 2022; Flipkens et al., 682 
2023, 2024; Pernet et al., 2026). Although, some studies have found neutral and positive effects of 683 
high Ni concentrations (Hutchins et al., 2023; Jankowska et al., 2026). The fast decline of Ni after T+24h 684 
to concentrations below the EU guideline values for the olivine/sand treatment limits the risk of 685 
potentially toxic exposure for the sensitive organisms in the water column. Interestingly, Ni shows an 686 
enrichment of 200 ppm in the solid phase after the experiment (supplementary Table S6). We 687 
speculate, that the potential formation of Ni(OH)2 phases, like theophrastite, in the olivine/sand 688 
treatment could also provide a sink for Ni, given that the solubility of Ni species is extremely low under 689 
alkaline conditions (Mattigod et al., 1997). The uptake of potentially toxic trace metals in secondary 690 
metal hydroxides and phyllosilicates was also observed by Fuhr et al. (2022), and could limit the risk of 691 
attaining toxic levels of trace metals in the natural environment. With respect to potential field tests, 692 
the release of high levels of dissolved Ni and Cr should be avoided, like in the beginning of the 693 
experiment, in real-world applications. For example, an olivine deployment may be performed in 694 
subsequent phases, and not via a one-time application of large amounts. This would also be in favour 695 
with respect to the settling behaviour of marine gastropods, where an avoidance of olivine settlement 696 
was observed, when concentrations exceeded 30%w/w, in addition to ambient environmental controls 697 
(Flipkens et al., 2024). 698 

 699 

4.6. OAE potential of beach applications 700 

Our experiments show that grain collision is efficient and can enhance the natural TA generation on 701 
beaches. In the flow-through experimental setup used in this study, no hindrance of the natural TA 702 
release from mineral dissolution (carbonates and/or feldspars) was observed, as described in the batch 703 
experiments from Bach (2024). The high flow rate in our system provided a constant dilution with 704 
seawater, which is comparable to natural beach settings. This can likely keep the solution 705 
undersaturated (or supersaturated at low levels) with respect to these minerals. 706 

The efficiency of olivine dissolution and, thus, TA generation has been shown in several laboratory 707 
experiments by now (Fuhr et al., 2022, 2024; Flipkens et al., 2023; Bach, 2024; Geerts et al., 2025; 708 
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England and Bach, 2025). However, transfer to field settings, and more specifically the detection and 709 
quantification of olivine-generated TA in contrast to natural alkalinity release remains challenging (Fuhr 710 
et al., 2023; Geerts et al., 2025; Kreuzburg et al., 2025). The next crucial step with respect to OAE is a 711 
reliable method of monitoring, reporting and verification (MRV). Tracer development is required and 712 
a potential strategy might be the use of stable isotope systems of silicon (Si) or nickel (Ni) (Geerts et 713 
al., 2025). With respect to our experiments, the use of stable Si isotopes was hindered due to low Si 714 
concentrations (below detection limit) resulting from high dilution rates with ambient seawater, which 715 
is also a likely scenario in field settings. Nickel, in contrast, remains at detectable concentrations 716 
throughout the experiment and could therefore be a suitable candidate for stable isotope applications 717 
and tracer development.  718 

With respect to beach OAE applications, next to natural TA release, the transport, deposition and burial 719 
of the olivine grains out of the high-energy environment in the surf zone impose additional challenges. 720 
However, as much as this is considered a challenge in beach applications, this process could also offer 721 
another route for TA generation via macrofauna bioturbation, digestion and microbial processes 722 
(Meysman and Montserrat, 2017; Eisaman et al., 2023). Recent studies show, that microbial processes 723 
in the benthic environment are quite efficient in enhancing mineral dissolution, though in the case of 724 
the Baltic Sea, carbonate dissolution was identified to dominate over olivine dissolution (Fuhr et al., 725 
2023, 2024, 2025; Dale et al., 2024). If the transport and burial of olivine along the shelf has a similar 726 
effect, this  needs to be investigated, but could provide an additional alkalinity source next to the 727 
alkalinity generated in the surf zone. In addition, olivine deployment would be facilitated by this 728 
natural transport process, as olivine spreading at beaches is more feasible compared to shelf 729 
deployments via the logistics involved in using marine vessels (Foteinis et al., 2023).  730 

 731 

Conclusion 732 

Ocean alkalinity enhancement in coastal environments is considered an efficient and low-cost 733 
technique in the context of CO2-removal as climate change mitigation strategy. In this study, we 734 
simulated the addition of olivine to beaches in a turbulent flow-through reactor experiment, in which 735 
grain collision was hypothesized to increase mineral dissolution. Our experiments show efficient 736 
mineral grinding under turbulent conditions and alkalinity generation up to 2-times higher compared 737 
to stagnant conditions, and up to 9-times higher during high mineral reaction rates at the beginning of 738 
the experiment. Our alkalinity  increases are 2.5-times higher compared to grain collision experiments 739 
in batch reactors. Thus, our experiments show an argument for an additional mineral dissolution effect 740 
under olivine-undersaturated conditions due to the constant flushing with seawater, which resembles 741 
natural field conditions more closely. Our experiments also show, that under high fluid-exchange rates, 742 
a decline in natural alkalinity (i.e, by carbonate mineral dissolution in the natural sand) is negligible, as 743 
critical mineral saturation levels can be avoided. Potential toxic trace metal release was observed to 744 
be highest in the first hours of the experiment when mineral reaction rates were fast. With 745 
experimental time, Ni concentrations decreased to values below critical concentration guidelines, 746 
likely lowering the risk of negatively impacting the pelagic marine ecosystem. The avoidance of these 747 
critical concentration overshoots should be one of the main foci when extrapolating to field 748 
applications to keep OAE a viable method to mitigate climate change. 749 

 750 

 751 
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