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Abstract One recently proposed approach to reduce atmospheric CO2 concentrations is marine alkalinity
enhancement. This technique increases the CO2 uptake capacity of seawater through weathering of fine‐grained
(mafic) rocks and minerals in marine environments. The weathering process has been extensively tested in
laboratory studies and verified by numerical models. Field experiments scaling the CO2 uptake under natural
conditions are still lacking. In a methodological approach, a novel in situ experiment was designed and installed
in a salt marsh at Ria Formosa coastal lagoon, southern Portugal. The experiment comprised deployments of
different sizes of olivine and basalt substrates, and a control site, which were tidally submerged twice a day. A
monthly monitoring scheme of supernatant and porewater properties from each deployment and control site was
established, and procedures for temperature, salinity, oxygen, pH, total alkalinity, nutrient, and trace metal
analyses were defined. This paper is devoted to the methods and describes the design, a protocol for the
analyses, and an evaluation of experimental performance and reliability. Data from the first 6 months are
presented for validation of the experiment. They demonstrated elevated total alkalinity in water samples, mostly
in porewater after the deployments, while salinity, oxygen, and pH reflect the control conditions. Significant
alkalinity differences were observed between the treatments and the natural background conditions monitored at
the control site, during the 6 months of the experiment. The methodological approach is presented with
strengths, limitations, and recommendations for an upscaling as CO2 removal measure, servicing, and
subsequent investigations.

Plain Language Summary Reducing atmospheric carbon dioxide (CO2) concentrations to combat
global warming is a major world challenge. A recently proposed approach to reduce atmospheric CO2 is to
increase ocean alkalinity. This technique increases the CO2 uptake capacity of seawater by dissolving natural,
fine‐grained minerals in the marine environment. The dissolution process has been tested in the laboratory and
verified by mathematical models, but field experiments under natural conditions are still lacking. To fill this
gap, an in situ experiment was designed and installed in a salt marsh area, in the coastal lagoon of Ria Formosa,
southern Portugal. Natural olivine and basalt substrates of different grain sizes were deployed, with an untreated
control site for comparison. Monthly monitoring of water properties included measurements of temperature,
salinity, oxygen, pH, total alkalinity, nutrients, and trace metals. Data of the first 6 months showed higher total
alkalinity in the water samples, mostly in porewater, after the deployments, while the other environmental
parameters remained stable. Significant alkalinity differences were observed between the treatments and the
natural background conditions at the control site. The methodological study provides insights into the
experimental design, analytical protocols, and performance evaluation, offering recommendations for scaling
up, maintenance, and future studies for climate solutions.

1. Introduction
One of the greatest challenges of humanity is to limit global warming to 1.5°C above preindustrial levels
(UNFCC, 2015). Despite all efforts made during the last decades to reduce CO2 emissions, the implemented
political and technical measures are still insufficient to stop global temperature rise (IPCC, 2018; Rogelj
et al., 2016). Carbon dioxide removal measures have emerged as a potential sustainable solution: atmospheric
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CO2 is stored on land, in the ocean, or in geological reservoirs (e.g., Meier et al., 2022; National Research
Council, 2015). These techniques still underly many uncertainties including CO2 sequestration capacities, costs,
benefits, and potential environmental risks (Fakhraee et al., 2023; Morrow et al., 2020). Enhanced weathering on
continents and ocean alkalinity enhancement are measures with high potential to increase carbon uptake and
storage, and likewise reduce ocean acidification (Bach et al., 2019; Bellamy et al., 2012; Kowalczyk et al., 2024).
In particular, silicate mineral weathering increases the natural alkalinity of seawater by releasing cations and
binding CO2 as bicarbonate and carbonate ions, thus increasing the gas exchange of CO2 from the atmosphere to
the ocean (Feng et al., 2017; Meysman & Montserrat, 2017). This process could be enhanced by spreading
crushed reactive mafic rocks and minerals (e.g., basalt and olivine), in the marine environment (e.g., Bach
et al., 2019; Köhler et al., 2013; Montserrat et al., 2017). The consumption of atmospheric CO2 during mineral
dissolution will depend not only on the reactivity of the silicate minerals of the materials used, but also on factors
such as grain size, temperature, and pH (Hangx & Spiers, 2009; Hartmann et al., 2013). Despite promising results
obtained by laboratory and modeling studies (e.g., Bach et al., 2019; Fuhr et al., 2022; Montserrat et al., 2017),
little is known about the CO2 uptake efficiency, nutrient release rate, and ecological effects of increasing the
alkalinity in marginal marine environments. In particular, field experiments under natural conditions are still
missing.

Based on model calculations, deployments of coarse‐grained olivine in high‐energy environments have been
proposed (Meysman & Montserrat, 2017). The permanent redeposition in the surf zone abrades the grains and
thereby removes reaction products from the grain surfaces, which sustains the solubility of the grains (Schuiling
& Boer, 2011; Walker, 1992). For the open ocean, the deployment of 1‐μm sized olivine is proposed on main
shipping routes through the release in suspension with the ballast water of the vessels (Köhler et al., 2013). The
smaller size ensures that the grains are readily dissolved in the surface mixed layer of the ocean before they sink to
greater depths. The main disadvantage of both approaches proposed is that the materials are “out of contro” once
they have been deployed. For example, parts of the grains may be deposited before dissolution, as beach sands at
highly dynamic coasts, or get removed out of the surf zone by rip currents (e.g., Balouin et al., 2005; Poate
et al., 2014; Wright & Short, 1984). Mineral dust particles may be covered with biofilms and subsequently get
enclosed in marine snow aggregates, which rapidly sink from the photic zone, creating an own, immediate
chemical and microbial environment (e.g., Simon et al., 2002; van der Jagt et al., 2018). Surveillance and
monitoring of the reaction paths as well as sampling or recovery of the deployed material is therefore not possible.

Deployments in coastal areas can be serviced, monitored, and eventually remediated. However, they are prone to
sediment instability, erosion, or accumulation, subjected to variable hydrodynamics, and sometimes human
interference. For this reason, only areas of high environmental stability need to be considered as deployment
fields. The pioneer vegetation zone of salt marshes adjacent to mud flats in sheltered bays or coastal lagoons is one
of the most suitable areas. In the Ria Formosa coastal lagoon, southern Portugal, the pioneer zone has been
identified as an area of high environmental stability (Schönfeld & Mendes, 2022). Long‐term monitoring,
including leveling, infers that a net sediment accumulation does not take place (Carrasco et al., 2021). The ho-
mogenous thicket of Spartina maritima (also referred to as Sporobolus maritimus) plants effectively reduce the
hydraulic energy during flood and ebb tides (e.g., Allen, 2000), which inhibits reworking and erosion of artificial
substrates after deployment.

This methodological study describes the design, monitoring scheme, and performance of a novel field experiment
installed in a natural intertidal environment, consisting of three separate replicates. Nonharmful natural materials,
such as reactive volcanic rocks rich in olivine, pyroxene, and plagioclase, commercially designed as olivine and
basalt, were deployed in pine wood frames, previously installed in the pioneer vegetation zone at Ria Formosa
coastal lagoon. The mineral olivine has the highest potential to sequester CO2 (approx. 1 t CO2 per 1 t olivine,
Renforth & Henderson, 2017) but can impact the environment with heavy metals (e.g., Ni; Guo et al., 2022). The
CO2 sequestering capability of the mafic volcanic rock basalt is approximately 30% less than pure olivine or
peridotite, but basalt can be enriched in nutrients and essential elements (e.g., P, Ca, K, Si, and Zn; Strefler
et al., 2018), potentially acting as slow‐releasing fertilizer. The overarching scientific questions of this field
experiment were (a) whether the lithic substrates produce excess alkalinity under natural conditions; (b) to what
extent the alkalinity is delivered to the (pore)waters within the salt marsh pioneer vegetation zone; and (c) how
long the weathering process of the deployed substrates is active.
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2. Materials and Procedures
2.1. Experimental Design and Implementation

The concept of the experimental approach is to bind the individual treatments with wooden frames, which act as
low barriers and prevent substrate dispersal by tidal currents or wave action. They also create controlled con-
ditions for measurements and observations. The frames with 60 × 60 cm width, were made from planed pine
wood boards, with 18‐mm thickness and 135‐mm height. They were assembled before installation. A simple,
angular woodworking joint was applied. Angular joints respond ductile in two directions, which is important once
reactive forces occur during installation. Three SPAX® INOX screws, 4 × 40 mm, countersunk head, T‐star Plus
T20 drive, and stainless steel A2, 1.4567, were used as fastener on each corner. For further stabilization, the four
inner corners of the box were reinforced with a triangular wooden ledge, which was fastened with four SPAX®
INOX screws, 3 × 30 mm, countersunk head, T‐star Plus T10 drive, and stainless steel A2, 1.4567. The A2 alloy
has been proven to be noncorrosive in seawater, both under oxic and anoxic conditions in the intertidal zone.
Furthermore, the screws are self‐drilling due to the 4 Cut tip and do not splinter pine wood. The frame structure
was not treated with preservatives or paint.

Before installation, the frames were laid out on a representative place in the Spartina field. The place was chosen
by integrating all features that do occur in the vicinity, where the vegetation coverage was considered as being
largely homogenous, and where the ubiquitous surface undulations were lower. Physical surface disturbances,
such as crab holes or gutters, were avoided. The frames were oriented with their diagonal axes perpendicular to
the slope (Figure 1), as tidal currents split at the corners otherwise and would not be substantially decelerated by
the frames.

Turbulence can therefore be considered as minor and would only affect the area around the corners outside the
frames. Before installation, a notch was cut with a spade around the frames to cut the roots of the vegetation. The
frames were driven into the notch by using a rubber mallet until they stuck out approximately 2–3 cm, maintaining
a penetration depth of about 10 cm in the sediment. They were aligned horizontally as much as possible by using a
bubble level. In most places, the sediment surface was slightly tilted toward the mud flat and the tidal channel.
Consequently, the upper landward corner of the frame was about 1–2 cm above the ambient sediment surface, and
the lower seaward corner stuck out about 2–4 cm. Each frame was tagged with a planting sign in the top right
corner (seaside) and labeled with information about the project and the treatments applied.

Figure 1. Schematic sketch of the experiment field installation in the salt marsh pioneer zone (not at scale).

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008591

MENDES ET AL. 3 of 13

 21698961, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JG

008591 by U
niversidade D

o A
lgarve, W

iley O
nline L

ibrary on [19/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Three replicate sites (plots) were installed, each one containing five separated experimental fields. One field was
covered with fine‐sized basanite designated as basalt fine (BF), one with coarse‐sized basanite as basalt coarse
(BC), one with fine‐sized picrobasalt rich in olivine as olivine fine (OF), and another with medium‐sized pic-
robasalt rich in olivine as olivine coarse (OC). A fifth field was left untreated as control (Ct.) (Figure 2).

2.2. Procedures Before Implementation

2.2.1. Grain Size and Mineralogical Composition of the Deployed Minerals

Sand‐sized materials were given preference for the treatments because of their high permeability and easier
handling when spread across the experimental fields. Reactive mafic volcanic rock powders (olivine‐rich pic-
robasalt and basanite) commercially available as olivine and basalt, were used. These materials are produced by
milling and sieving in quarry works. Norwegian olivine (i.e., picrobasalt) was supplied by SCR‐Sibelco NV,
Antwep, Belgium. As for this study, grade AFS 120 (90–180 μm) and grade AFS 50 (180–355 μm) were selected,
representing fine and medium to coarse sand fractions, respectively. Basalt (i.e., basanite) was purchased from
Rheinische Provinzial‐Basalt‐und Lavawerke GmbH & Co. oHG, Sinzig, Germany. The technical quality
“Durubas” (0.02–2.2 mm) and the fine fraction (63–355 μm) obtained by dry sieving with a 355‐μm mesh were
used. This fraction comprised only ∼28% of the bulk “Durubas” products. The quality “Basalt Fugensand” (0.5–
1.0 mm) met our requirements and was used without further treatment (Figure 3).

The mineralogical and the major elemental composition of the raw materials were also obtained (Table 1). The
mineralogical composition was determined via Rietveld refinement of X‐ray diffraction patterns recorded on a
PANalytical X’Pert PRO diffractometer (operational conditions: Co‐Kα, 40 kV, and 40 mA) equipped with a
high‐speed Scientific X’Celerator detector. The PANalytical X’Pert HighScore Plus software package and a PDF‐
4 database were used for mineral identification and quantification. The analytical error is <2 wt.% for each
mineral phase, based on comparison with chemical data (Baldermann et al., 2021). The samples OC and OF have
a high olivine content (>92 wt.%), with minor pyroxene, amphibole, and clay minerals, whereas samples BC and
BF are characterized by higher amounts of pyroxene and plagioclase (total: ∼68–73 wt.%) and moderate contents
of olivine, orthoclase, and smectite (total: ∼24–29 wt.%).

The major elemental composition of the raw materials, prepared as standard powder pellets, was analyzed by
energy‐dispersive X‐ray fluorescence using a PANalytical Epsilon 4 X‐ray spectrometer (Table 1). The analytical
error is±0.5 wt.% for the major elements, as determined by replicate measurements of a range of USGS standards
(Abdullayev et al., 2021). The chemical composition of these materials in the total alkali versus silica diagram,
which is frequently used for the classification of volcanic rocks (Le Maitre, 2005), identifies OC and OF as
picrobasalt and BC and BF as basanite, respectively, which is consistent with the nomenclature we used for the
characterization of the raw materials.

Before deployment, the materials were again checked for purity and dryness, and the dry bulk density was ob-
tained, with 1.58 for OF, 1.67 for OC, 1.51 for BF, and 1.29 g cm− 3 for BC.

Figure 2. Schematic representation of the field experiment, composed by three plots, each one with the five experimental
treatments installed in the salt marsh pioneer zone.
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2.2.2. Bottle Experiments to Test Nickel Release and Material Deployment

To assess the potential nickel (Ni) release during dissolution and to secure minimum environmental quality
standards (EQS) for seawater, raw material was tested in the laboratory before deployment. Five acid‐cleaned
glass bottles (1 L) were filled with 0.8 L of filtered seawater from the study site, the different substrates to be
tested were added, and a fifth bottle was left as a control (for details, see Text S1 in Supporting Information S1).
The bottles were permanently shaken and sampled over 10 days. The elemental analyses were carried out using an
Agilent 7900 inductively coupled plasma mass spectrometry by using standard methods for trace metals analyses
of near‐coastal waters. The accuracy of the certified reference material (BCR505; EU, JRC) was 10%, and the
precision was lower than 5%.

The EQS value for Ni in marine waters according to the European Commission report is 34 µgL− 1 (Table S1 in
Supporting Information S1). This value was only exceeded shortly in the beginning of the experiment in the fine
fraction of olivine and basalt (Figure S1 in Supporting Information S1). The higher concentrations of Ni in the fine
substrates at the beginning of the laboratory experiment were probably related to very small, fast dissolving
minerals (e.g., smectites) present in the raw material. The raw material used in both, bottle experiment and
deployment, was not previously washed to simulate real deployment scenarios. Considering that the laboratory
experiment was done in a close bottle and the in situ experiment was conducted in an intertidal area, tidally
submerged twice a day with water renewal, a potential risk of environmental contamination seems unlikely.

Encouraged by the results of the above leaching experiment, the basalt sand was applied as a layer of 1 cm and the
olivine as a layer of 0.5 cm thickness. The amount of material was calculated from the geometric volume of the

Figure 3. Grain size distribution of the starting materials used in the experiment, Durubas, Fugensand, Olivine AFS 120 and
Olivine AFS 50.
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frames and the dry bulk density. In particular, 5.5 of BF, 4.6 of BC, 2.8 of OF,
and 3 kg of OC were preweighed for each experimental field and individually
packed in bags before deployment. The spreading was done by two people
crouching around the wood frame. They took the respective raw materials out
of the bag with small, plastic toy shovels, and sprinkled it over the entire field.
Lateral inhomogeneities by individual preferences on how to sprinkle were
thereby equalized. The layer thickness may nonetheless vary slightly in
places, in particular, where the falling materials was deflected by the leaves of
the Spartina grass. Grains that have fallen on the frame were brushed inside.
Only a negligible amount fell outside the frame and was lost.

2.3. Sampling and Analytical Procedures

An analytical and sampling scheme was designed to obtain the environmental
data sets necessary to answer the scientific questions of the field experiment.
While the alkalinity is the focus of the experiment, the determination of
carbonate system parameters, such as Ωcalcite or ρCO2, are likewise of interest.
Therefore, critical environmental parameters, as temperature, salinity, dis-
solved oxygen, and specific nutrients were measured to facilitate the calcu-
lation of carbonate system parameters (Lewis & Wallace, 1998).

Silicate minerals are considered to weather very slowly under ambient tem-
perature conditions (Hangx & Spiers, 2009; Montserrat et al., 2017; Vink &
Knops, 2023), but they have been proven to be quite reactive in seawater
(Flipkens et al., 2021; Fuhr et al., 2022; Meysman & Montserrat, 2017).
Therefore, the first water samples were taken one day after material
deployment, and monthly from there on. The sampling was always performed
around the middle of a month, depending on tidal range conditions, daylight
and the weather conditions (e.g., avoiding rain conditions or too high tem-
peratures). The samples were collected during the ebb period of the first low
tide after sunrise, because the oxygenation, pH, and carbonate system pa-
rameters in near‐surface porewaters show a high diurnal variability in salt
marshes (Baumann et al., 2015; Koop‐Jakobsen et al., 2018; Saderne

et al., 2013; Schunter et al., 2020). The porewater sampling was performed shortly after the sampling sites have
emerged to avoid bias by desiccation (Schönfeld & Mendes, 2022). During each water sampling campaign, a site
description was made for each experimental field, including photographs, assessment of vegetation cover (in
percent), Spartina height (minimum, maximum, and average), description and count of visible macrofauna (live
and dead), sediment disturbance due to faunal activity (e.g., crab or worm holes), and other visible features. The
number of Spartina shoots in each experimental field was also counted regularly. In addition, data on air tem-
perature, rainfall, and wind conditions were recorded by a meteorological station at Faro Airport. The data were
made available by the Portuguese Institute of Sea and Atmosphere (https://www.ipma.pt/pt/oclima/monitoriza.
dia/). A serious matter of sampling and experiment surveillance are the vast number of footprints that were left in
the muddy salt marsh sediments, which comprise mainly of clay minerals (mostly muscovite and minor kaolinite),
feldspar, quartz, pyrite, and an amorphous phase, interpreted as organic matter and diatom‐associated bio‐opal
content. The footprints can be up to 30 cm deep, exposing the anoxic zone of the sediments, thereby releasing
nutrients, alkalinity, and potentially trace metals. The trampling also creates excess suspension that is redis-
tributed locally during the next flood. To avoid these disturbances, and to go easy on the salt marsh vegetation, the
experimental sites were accessed by walking on sporting body boards.

Supernatant water and porewater were sampled in each experimental field, and lagoon water was collected in
front of each plot. Water samples were taken with precleaned and acid‐decontaminated (HCl, 10%) vials or
syringes, depending on water availability, and stored in precleaned and acid‐decontaminated vials of two types:
20 ml, high‐density polypropylene Zinsser vials (Ø × A: 27 × 60 mm, VWR, No. 218–2255) and 100 ml
polypropylene beakers (Ø ext.: 52 mm, VWR, No. 216–1824). Lagoon water samples used for on‐site mea-
surements were taken with precleaned 100 ml polypropylene beakers (Ø ext.: 52 mm, VWR, No. 216–1824).

Table 1
Mineralogical and Chemical Composition of the Raw Materials Used in the
Experiment: Basanite is Denominated as Basalt and Olivine‐Rich
Picrobasalt as Olivine

Mineralogical composition

Comp. (wt.%)

Phase Basalt coarse Basalt fine Olivine coarse Olivine fine

Amphibole ‐ ‐ 0.7 0.8

Chlorite ‐ ‐ 1.2 0.5

Talc ‐ ‐ 0.4 0.4

Olivine 10.1 13.5 93.0 92.3

Pyroxene 42.5 40.3 4.4 5.6

Biotite 0.7 0.8 0.3 0.4

Smectite 6.3 6.0 ‐ ‐

Analcime 2.7 2.3 ‐ ‐

Plagioclase 28.6 28.1 ‐ ‐

Orthoclase 9.1 9.0 ‐ ‐

Chemical composition

Conc. (wt.%)

Component Basalt coarse Basalt fine Olivine coarse Olivine fine

SiO2 43.7 43.2 41.4 42.8

Al2O3 14.2 13.3 0.8 0.4

CaO 9.7 9.3 <0.1 0.1

MgO 10.3 12.5 48.0 48.2

Fe2O3 11.7 12.0 8.8 7.3

K2O 1.4 1.4 <0.1 <0.1

P2O5 0.7 0.7 <0.1 <0.1
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Supernatant water samples were regularly taken from a puddle that is kept in the lower corner of the wooden
frame of the experimental field, during falling tide. Hundred ml of water was collected for trace metal and nutrient
analyses, another 100 ml was taken for on‐site measurements, and 20 ml for alkalinity analysis. The vial of the
latter sample was carefully filled to avoid air bubbles and degassing of CO2. On‐site measurements were
immediately performed using a WTW Multi 3620 IDS multiparameter probe, and the remaining samples were
stored in a cooler with ice packs and promptly transported to the laboratory for further analyses.

Porewater samples were collected with rhizon samplers (Schönfeld & Mendes, 2022; Seeberg‐Elverfeldt
et al., 2005). The rhizon extraction method was chosen instead of centrifugation or high‐pressure squeezing,
as dissolved oxygen concentrations are not altered in this way (Anschutz & Charbonnier, 2020; Schulz, 2006),
and the sediment is not to be taken out of the experimental field. Four rhizons randomly orientated were used per
experimental site. During warmer months, 5 rhizons were used to shortly collect larger volumes and to minimize
effects arising from evaporation. Rhizons were horizontally inserted in the upper 0.5–1 cm layer of the sediment,
close to small depressions, or small bumps of the sediment surface, in which the tip is placed and kept stable in the
surface of the applied substrates (Figure 4). In the control experimental fields, the rhizon tips were placed in the
oxic surface layer of the sediment. An acid‐cleaned, 20 ml syringe was plugged to the luer‐lock connector of the
tubing; the syringe piston was pulled to generate a vacuum and held open with a spacer slat (Seeberg‐Elverfeldt
et al., 2005). The pore size of the rhizons was 0.1 μm. About 15 ml porewater was collected in∼60 min on average
per rhizon. The porewater was distributed in four 20 ml vials for on‐site salinity, oxygen, and pH measurements,
as well as for subsequent alkalinity (sampled without bubbles) and trace metal and nutrient analysis. Further, the
in situ temperature was measured at the extraction site using a plug‐in thermometer inside the surface sediment
layer. The samples for alkalinity, nutrients and metal analyses were immediately stored and transported to the
laboratory in a cooler filled with ice packs. Lagoon water samples were taken from the surface of the channel in
front of each plot, during the falling tide (ebb), before supernatant sampling, and during the rising tide (flood) after
porewater sampling.

The salinity, oxygen, and pH of the lagoon channel, supernatant, and porewater samples were measured on‐site
with aWTWMulti 3620 IDSmultiparameter probe. The pH sensor was calibrated on every sampling day with pH
4, 7, and 10 buffer solutions (pH 4: YSI‐381, pH 7: YSI‐3822, and pH 10: YSI‐3823). The buffer solutions have
an accuracy of 0.002 units at 25°C according to the manufacturer's data instructions. They are compatible with
National Institute of Standards and Technology pH standards. The accuracy of the conductometer sensor (IDS
digital conductivity cells TetraCon® 925) was tested in advance of the measurements with an International
Association for the Physical Sciences of the Ocean (IAPSO) standard (34,994 salinity units at 15°C). If necessary,
the sensor was recalibrated with 0.01 mol/l KCl, 1.413 µS cm− 1 at 25°C, following the procedures of the user
manual. The calibration of the oxygen sensor was checked every time before sampling, which is self‐calibrating
according to the manual.

The alkalinity was measured on the same day of sampling by using the Bruevich's titration method, which is
particularly designed for small sample volumes (Pavlova et al., 2008; Wallmann et al., 2006). The accuracy of the
alkalinity method was verified by the “Test for linearity” over a period of 3 days, which yielded a linearity of
R2 = 0.995 (see Supporting Information S2). One ml of the sample, 2 ml distilled water, and 20 μl methyl red and
methylene blue indicator solutionwere poured into a Pavlova titration vessel. The solutionwas titratedwith 0.02M
HCl until a stable pinkish color was established. To avoid a stochastic bias related with the different perceptivity
and recognition of the pink color tipping point, only one person measured all the samples of one campaign. The

Figure 4. (a) Schematic representation of the porewater sampling strategy used and (b) a field image of four rhizons on an
experimental field.
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titration vessel was continuously flushed with nitrogen (N2) to expel the reaction products CO2 and H2S from the
sample solution. An IAPSO standard with a total alkalinity of 2.325 mmol/l was measured in triplicate before, and
after a sample series. Each seawater sample was analyzed in triplicate as well. Mean values were calculated, the
measured values from the samples were corrected with the target value of the IAPSO standard, and the total
alkalinity was calculated with standard formulas (Wallmann, 2023). The internal alkalinity standard was stable for
2 months and was routinely replaced thereafter. The alkalinity of the IAPSO seawater and the Dickson alkalinity
standard were routinely measured for calibration and yielded a standard deviation of 0.0036 μM.

The nutrient samples were filtered after collection through a 0.45‐μm membrane filter (Whatman, ME 25/21 ST,
0.45 μm, Ø 47 mm) and frozen at − 20°C for preservation. Ammonium (NH4

+), nitrate (NO3
− ), phosphate

(PO4
3− ), and silicic acid (Si(OH)4) were analyzed by spectrophotometric methods as described in Grasshoff

et al. (1999), using a Thermo Scientific™ Sectrophotometer, Model Evolution 201. The Marine Nutrient Stan-
dards Kit (OSIL) was used as a reference standard, which guarantees a high accuracy of concentration mea-
surements. The detection limits for the analyzed nutrients were 0.09 μM for NH4

+, 0.07 μM for NO3
− , 0.03 μM

for PO4
3− ,and 0.05 μM for Si(OH)4.

The water samples for trace metals (e.g., Ni, Cu, and Cr) were filtered through precleaned and acid‐
decontaminated (HCl, 10%) 0.45‐μm membrane filters (Whatman, ME 25/21 ST, 0.45 μm, Ø 47 mm), and af-
terward acidified with ∼0.5 ml of nitric acid (67% HNO3) for preservation.

3. Experimental Assessment
The concept and applicability of the methods used in the field experiment were assessed in the pioneer salt marsh
vegetation zone at the Ria Formosa wetland, designed as a marine field experiment. Three independent replicate
plots were installed at large distances, and each plot comprised five experimental fields bounded by pine wood
frames (Figure 2). The sediment surface of the experimental fields was covered with reactive mafic rock powders,
that is, fine and coarse basalt or olivine. The fifth field was left untreated as control. The experiment was per-
formed to test (a) whether the substrates produce enhanced alkalinity under natural conditions, (b) to what extent
the alkalinity contributes to the lagoon waters, and (c) how long the substrates are active.

A two‐way analysis of variance (ANOVA) was carried out to examine the effect of different treatments compared
to natural conditions and between replicates (plots). The results of the analysis showed no statistically significant
differences (p > 0.05) between the replicates, over the first 6 months of the experiment (Table 2). Using the
percentage of dissolved oxygen saturation in porewaters as an example, data did not vary between the treatments
and the control boxes (p = 0.4478) in the three replicate plots, following a subsequent two‐sample t test to find
differences between each plot comparing the control samples with the different treatments. The results showed no
significant differences between the control plots, with p‐values of 0.45 for P1 control versus P2 control and 0.6 for
P1 control versus P3 control. Consequently, the deployment of different substrates in the three plots did not have
an effect on the dissolved oxygen saturation levels compared to the control conditions.

The two‐way ANOVA, based on the mean and median alkalinity values calculated by averaging the measure-
ments in porewater from all three plots, over the first 6 months, revealed statistically significant differences
between the treatments and natural conditions, indicating that the treatments increased alkalinity compared to the
background levels. This was further confirmed by a two‐sample t test, which compared the control to each
treatment, with p‐values <0.05 (Table 3).

Table 2
Two‐Way Analysis of Variance of the Oxygen Saturation (%) in Porewater Over the First Six Months of the Experiment

Two‐way ANOVA (oxygen)

Source of variation Sum of squares (SS) Degrees of freedom (df) Mean sum of squares (MS) F‐value P‐value F crit

Between the treatments 2.2436 4 0.5609 0.9432 0.4478 2.5787

Between the plots 2.2758 2 1.1379 1.9136 0.1594 3.2043

Interaction between treatments and plots 0.5227 8 0.0653 0.1099 0.9987 2.1521
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Plot 2 was chosen here as an arbitrary example, because no differences were found between plots. The data
showed elevated total alkalinity for the first 6 months, more evident in porewater in all treatments except for the
control, while the other environmental parameters, for example, salinity, oxygen, and pH remained relatively
similar as compared to control conditions (p > 0.05), with recognition of seasonal variations (Figure 5). An
exception was the lower salinity values in December 2022. They were associated with a precipitation event that
occurred a few days before water sampling. The highest alkalinity values were observed after the first day of
deployment, which is due to the high reactivity of the finest fraction of the substrates supplied in the different
treatments. The fine particles are likely to weather faster, explaining the observed strong increase in alkalinity and
pH of the porewater. After the fine particles are weathered, the coarser particles continue to weather, though at a
slower rate, and therefore steadily increase the alkalinity and pH of the water. The untreated control depicted no
elevated alkalinity (p > 0.05) but showed a slight decrease from September to December 2022, covarying with
temperature, and probably reflect some of the seasonal dynamics in natural alkalinity production (e.g., Reithmaier
et al., 2023). The outlier of high pH and low alkalinity values in the control box in January 2023 can either be
attributed to a transient coverage with mats of Enteromorpha algal filaments, which may change the pH due to
photosynthesis/night respiration, or to an accidental influence of unseen crab and/or other animals excretion

Table 3
Two‐Way Analysis of Variance on Alkalinity Measurements in Porewater Over the First Six Months of the Experiment, Along With the Results of a Two‐Sample t test
Comparing the Control With the Treatments

Two‐way ANOVA (alkalinity) Two‐sample t test

Source of variation Sum of squares (SS) Degrees of freedom (df) Mean sum of squares (MS) F‐value P‐value F crit Control versus. P‐value

Between the treatments 9.8607 4 2.4652 2.7208 0.0357 2.4937 Olivine coarse 0.0178

Between the plots 0.2877 2 0.1439 0.1588 0.8535 3.1186 Olivine fine 0.0340

Interaction between treatments
and plots

3.7400 8 0.4675 0.5160 0.8409 2.0644 Basalt coarse 0.0036

Basalt fine 0.0307

Figure 5. Records of total alkalinity, pH, and salinity measured in the supernatant and porewater samples from plot 2 and
from the channel during falling and rising tide, for the first 6 months of the experiment.
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products at the porewater sampling spot. Moreover, it is important to remark that the water collected for alkalinity
analysis is not the same as for in situ pH measurement. The different treatments and grain sizes used showed
consistent results among the three replicate plots, with no differences between them (p > 0.05). The efficiency of
the treatment with different substrates was displayed by the pervasive alkalinity gradient between the supernatant
water and the porewater. As the alkalinity was always higher than in the control box, the gradient depicts steady
alkalinity production by the substrates and a slow diffusion to the supernatant waters in puddles at the lower
corner of the boxes. The exposure time of a few hours of tidal emersion was sufficient to affect higher alkalinities
than in the adjacent tidal channel. In combination with the alkalinity of the tidal channel water, the gradient even
offers constraints of alkalinity variability, even though they may change through time with upcoming and out-
going waters and seasonality (Figure 5).

From these alkalinity data, mineral‐specific dissolution rates can be calculated, as is exemplarily shown for the
chemical weathering of the primary silicate mineral wollastonite (=pyroxene, CaSiO3): CaSiO3 + 2CO2 + 3H2O
→ Ca2+ + 2HCO3

− + Si(OH)4.

It becomes evident that atmospheric CO2 is consumed during this process and that carbonate alkalinity is
generated, causing a reduction of 1 mol of atmospheric CO2 per 1 mol of HCO3 formed. Such calculations will
allow us to verify and quantify (a) the efficiency of the individual substrates and (b) the carbon sequestration
potential at the Ria Formosa marsh system.

4. Experiment Strengths and Limitations
Several strengths can be outlined from the employed procedures in our experiment that provides means to its
replication in other intertidal environments. The substrates were, to our best knowledge, not eroded by tidal
currents or small waves affecting the frames. No negative physical interference of the frames with the sedimentary
environment was observed, nor erosion at their edges, which again demonstrates the pioneer vegetation zone with
Spartina as a suitable place for the experiment. The employed method for supernatant and porewater sampling
guarantees the collection of sufficient sample amounts for analysis. The applied grain size fraction of the sub-
strates provided sufficient pore space and permeability to allow exchange with the water above. The irregular
surface morphology around the plants was of advantage for porewater sampling. The consumables and in-
struments needed to perform the field experiment are cheap and easy to purchase. The installation in the salt marsh
is easy, and it takes only 2 days to accomplish the setup. However, accessibility to the salt marsh, the logistics, and
man power matters on sampling dates. This mainly concerns the tidal cycle, which offers only a limited period
when field data collection is possible.

A limitation of the field experiment is related to the size of the experimental fields. Earlier studies proposed an
upscaling of field trials to areas of 100 m2 and the use of common dredging equipment (Montserrat et al., 2017).
Our frames were 0.36 m2, hence more than two orders of magnitude smaller. The substrates form a thin veneer,
which can be accumulated in small depressions between the Spartina plants. The exact thickness of the substrate
layer is therefore difficult to measure, and it is probably not constant through time. A faint coverage with mud was
recognized after several months in some parts of the experimental fields, which are likely derived from bio-
turbation from crab holes and worms' excrement. Transient, patchy, and golden‐brown diatom and cyanobacteria
mats were observed after 1 month. A seasonal coverage during winter months of the whole pioneer zone of the salt
marsh by filamentous Enteromorpha macroalgae also occurred and potentially hampered the weathering of the
substrate. Some salt marsh vegetation can be damaged by even walking on bodyboards in the experimental sites,
and surface sediment disturbances can occur, especially outside the field treatments, from where the samples are
collected. The boards should be used for displacement in the experimental area from the first day. Another
limitation of the process efficiency lies in the influence of natural conditions. While the concept of ocean
alkalinity enhancement is designed to operate under natural circumstances, numerous environmental factors that
could potentially interfere with the process's efficiency are unpredicted and often not considered. Examples of
such factors include storm events, which may lead to increased sedimentation rates or erosion, and bioturbation,
where organisms such as crabs or worms burrow into the substrate, hindering rapid weathering. Unforeseen
processes like these are difficult to predict, but must be considered when implementing such experiments. Recent
studies emphasize the importance of carefully considering deployment strategies and monitoring frameworks to
mitigate potential environmental risks and optimize efficiency in natural ecosystems. For instance, storm‐induced
sedimentation could cover the substrate with a mud veneer and slow down weathering processes, while
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bioturbation may redistribute or bury material, reducing its exposure to reactive conditions (e.g., Fakhraee
et al., 2023). Transient or seasonal phenomena, such as algal blooms or diatommats, could also form and interfere
with substrate weathering. These factors emphasize the complexity of scaling up the process and highlight the
importance of comprehensive experimental design and monitoring to mitigate their impacts. The results of our
field experiment, performed in nature, under natural environmental conditions, disagree with laboratory exper-
iments conducted in closed systems. The laboratory experiments showed a rapid increase of alkalinity in two to
6 days and rather constant values thereafter (Montserrat et al., 2017), or a moderate increase within 2 days and
subsequently declining alkalinity to values far below the initial alkalinity (Fuhr et al., 2022).

5. Comments and Recommendations
The new experimental design offers not only the investigation of hydro‐chemical properties but also an
assessment of the influence of the treatments on carbonate system parameters. Furthermore, it allows the
investigation of real‐world faunal and floral responses to mineral/rock powder deployments in the coastal zone.
This is a breakthrough advance in comparison with laboratory or closed system mesocosm experiments.

An important question that could not be solved to date is the leaching, bioavailability, accumulation, and fate of
critical trace metals derived from substrate dissolution. The constrained experimental design and multiple options
for sampling will allow to address this question, which is of particular importance for upscaling and application as
novel carbon sequestration technology for climate solutions.

Another unsolved question concerns the positive effects on the salt marsh vegetation. Finely ground basalt is
extensively used as fertilizer in agriculture. Studies with olivine‐rich substrates have shown that it increases the
soil water pH and the plant biomass (Ten Berge et al., 2012). A regular monitoring of the Spartina shoots and an
assessment of their growth dynamics over a year will provide further constraints on the long‐term effects on the
vegetation coverage.

Finally, the remediation after the experiment is a yet unsolved issue. While the frames may be pulled out easily,
the substrate cannot be retrieved without major damage to flora and fauna, neither with a scraper nor with a
vacuum cleaner. Replanting and surface coverage with pristine mud may be necessary. These measures will
create damage in another place or imply the availability of donor sites in the Ria Formosa wetland system.
However, and according to our present knowledge based on observations and preliminary trace metal mea-
surements, the substrates did not release critical metals at harmful concentrations, but essential nutrients. It
might be an option to leave the substrates where they are and let them slowly cover with silt and mix with the
sediment below by bioturbation. Grains that have not weathered at the surface may slowly continue weathering
in the sediment, where they actively increase the alkalinity of the salt marsh soil on a long term and in a
sustainable manner (e.g., Beerling et al., 2020; Vicca et al., 2022). Further investigations are necessary to
evaluate whether enhanced weathering of mafic minerals in the pioneer vegetation zone of salt marshes or the
restoration of coastal habitats, in particular mangrove forests and sea grass meadows, is the more cost‐effective
and environment‐friendly solution to sequester atmospheric CO2 from unavoidable carbon emissions in the
future.

Data Available Statement
Data sets for this research are available in the Figshare repository [Datasets] Mendes et al., 2025 https://doi.org/
10.6084/m9.figshare.28334438.v2.
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