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ARTICLE INFO ABSTRACT
Keywords: A new pH-equilibrated ocean alkalinization method was evaluated at the mesoscale level to assess the long-term
Seawater alkalinization stability of carbon retained as bicarbonate in seawater. Natural seawater was enriched in bicarbonate by reacting

CO,, storage

Marine carbonate chemistry
Climate change mitigation
Bicarbonate stability

Ca(OH), with CO3 in natural seawater, adjusted to match ambient pH, and introduced into controlled mesocosms
to increase the Dissolved Inorganic Carbon (DIC) content by 250 to 1990 umol C/L above natural levels. The
stability of chemical parameters in the mesocosms was monitored over a 76-day period. Under moderate alka-
linization (<1000 umol C/L of added DIC), >90% of the added inorganic carbon remained stable for nearly two
months. In contrast, treatments leading to an aragonite saturation state (Qa,) exceeding 10, exhibited rapid
declines in stability due to secondary carbonate precipitation and CO; degassing, particularly at high temper-
atures. While natural seawater salinity and pH did not directly induce instability, they modulated the carbonate
saturation state and therefore they must be considered for a correct prediction of the system behavior. Seasonal
fluctuations in seawater characteristics, namely salinity, temperature, and pH, were found to influence theo-
retical Qa, and should be considered for alkalinity dosing and site selection. These findings underscore the
importance of assessing real-time, site-specific conditions for effective and safe implementation.

1. Introduction CO(aq) + H,O()=HCO3 (aq) + H" (aq)=CO% (aq) + 2H" (aq) (@D

Consequently, the seawater pH decreased from 8.2 in preindustrial
times to 8.1 currently. Dissolution of carbonate minerals shifts equilib-
rium (1) toward (bi)carbonate ions, implying permanent CO, storage
without ocean acidification. This ocean alkalinity enhancement (OAE) is
a method studied for over 20 years (Hartmann et al., 2013; Ilyina et al.,
2013; Intergovernmental Panel on Climate Change (IPCC), 2005;
Kheshgi, 1995; Renforth et al., 2022; Ringham et al., 2024; Taylor et al.,
2016).

OAE can be accelerated by introducing calcium carbonate minerals
featuring high reactive surface areas (Caldeira and Rau, 2000; Kirchner
et al., 2020b; Rau, 2011; Rau and Caldeira, 1999) with seawater and
CO,, into a reactor (Chou et al., 2015; Kirchner et al., 2020a):

According to the United Nations Framework Convention on Climate
Change; UNFCCC Paris Agreement, limiting global warming below 2 °C
relative to pre-industrial levels, requires substantial reductions of COy
and other greenhouse gases emissions (Intergovernmental Panel on
Climate Change (IPCC), 2023). Carbon capture and storage (CCS) and
negative emission technologies represent important complementary
approaches to achieve those targets. However, most relevant technolo-
gies, like ocean-based CCS strategies,(National Academies of Sciences,
2022; Vibbert and Park, 2022) are not yet ready for large scale
application.

The oceans have absorbed approximately 25 % of the anthropogenic
COo, leading to seawater acidification (Kohler, 2020; Renforth et al.,
2022; Zhuang et al., 2023). CO3 is in equilibrium with carbonic acid and CO0,(aq) + CaCOs5(s) + H,O(1)=Ca*" (aq) + 2HCO; (aq) 2
its conjugate bases in seawater (Capelle et al., 2020; Zeebe and

Wolf-Gladrow, 2001): This approach, called Accelerated Weathering of Limestone (AWL),

does not rely on deep-sea release, but requires high amounts of water
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and large reactors. In the case of an incomplete reaction, CO5 degassing
and seawater acidification occur (Huysmans et al., 2025). Afterwards, a
Buffered-AWL (BAWL) method (Campo et al., 2021; Caserini et al.,
2021; De Marco et al., 2023) was proposed: Ca(OH); is added to buffer
the unreacted CO; and produce a bicarbonate-rich solution at the same
pH of seawater:

2C0,(aq) + Ca(OH),(s) + H,O(1)=Ca** (aq) + 2HCO; (aq) 3)

This allows permanent CO, storage, without seawater acidification
and CO, degassing (De Marco et al., 2023; Varliero, 2021). Cost analysis
of BAWL (De Marco et al., 2023) and mass and energy balance studies
(Campo et al., 2021; Caserini et al., 2021) revealed that the deeper is the
discharge point, the lower is Ca(OH)3, and consequently, the energy and
CO; emission for Ca(OH), production, while the pipeline costs increase.

An improvement of BAWL based solely on Ca(OH), addition to a
mixture of COy and seawater was eventually proposed: the near-pH-
equilibrated ocean alkalinization (Varliero et al., 2024). A series of
experimental reactors were designed and constructed to produce the
bicarbonate-enriched solution at the seawater pH. The aim was to up-
grade the technique from the laboratory phase to a realistic field
implementation and to evaluate its sustainability. From a geochemical
perspective, the sustainability depends on the amount of the formed
carbonate and the stability of seawater alkalinity, avoiding secondary
carbonate precipitation and CO; release (Bach et al., 2019; Hartmann
et al., 2023).

At laboratory scale, the threshold saturation state of aragonite, Qa;,
that prevents mineral precipitation was determined (Varliero et al.,
2024). Qa is defined as (Moras et al., 2022; Zeebe and Wolf-Gladrow,
2001):

_ [Ca**][cO5]
QAr - Ksp (4)
with Kgp being the solubility product of aragonite.

A pilot plant installed in the harbor of La Spezia, Italy (Varliero et al.,
2024), produced the near-pH-equilibrated bicarbonate-enriched solu-
tion was injected into natural seawater. Laboratory tests assessed the
chemical stability of the absorbed carbon. A total carbon concentration
below 1000-1500 pmol/L was considered safe for long-term stability of
the solution. The broad threshold range accounts for the variability of
the seawater and environmental conditions.

To scale up the approach, mesocosm experiments were later con-
ducted within a controlled greenhouse environment. Mesocosms are
outdoor, semi-controlled ecosystems, including experimental ponds and
streams, where physical dimensions and fundamental water chemistry
are regulated. Each mesocosm contains a few cubic meters of seawater,
making it larger than a microcosm but smaller than a full-scale
ecosystem (Boyle and Fairchild, 1997).

Biological studies in mesocosms have shown that planktonic com-
munities can exhibit a high degree of resilience to OAE in oligotrophic
environments (Bach et al., 2019; Sanchez et al., 2024; Xin et al., 2024).
In our project, biological monitoring was integrated alongside chemical
monitoring to comprehensively evaluate the process impact on marine
microorganisms (Groppelli et al., 2026). This article focuses exclusively
on the carbonate chemistry, the efficiency of near-pH-equilibrated OAE,
and the long-term stability of CO3 stored in seawater.

2. Experimental section
2.1. Pilot scale experiment

The near-pH-equilibrated bicarbonate-enriched solutions were pre-
pared using natural seawater collected at Porto Mirabello
(44°06'04.7'N, 9°49'40.6'E) in La Spezia (northern Tyrrhenian Sea,
Italy), at a depth of ca. 2 m using a draft pump with a flow rate of 25 L/s.
This seawater was first mixed with 100 % gaseous CO5 supplied by Linde
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Gas Italia S.r.l.. The resulting acidic output stream was then transferred
to a second mixing stage, where a slurry of Ca(OH); was added,
ensuring that the pH of the solution matched the starting pH of the
natural seawater. The pH control strategy of the pilot plant was designed
so that the outlet pH matched the real-time pH of the incoming seawater.
To achieve this, the hydroxide dosing pump was continuously regulated
by comparing inlet and outlet pH signals. In practice, small departures
from the target value (typically up to 0.3 — 0.35 pH units) may occur due
to the intrinsic response time and inertia of the control loop, as well as
the measurement uncertainty associated with seawater pH measure-
ment. While the current system provides sufficient precision for the
objectives of this study, an optimized industrial implementation, beyond
the scope of this work, could employ a higher-accuracy pH control
strategy to achieve tighter control.

The Ca(OH); slurry was prepared by mixing seawater with Ca(OH),
powder (supplied by Unicalce S.p.a.) in a weight ratio of 30:1. The
incoming seawater turbidity was continuously monitored using a
TurbSense SN—TSIR—9667 probe, and the pH of the output stream was
regulated with a pHSense 5-381 probe to ensure process consistency.

To evaluate the long-term stability of bicarbonate in natural
seawater, an experiment was conducted at the La Spezia location from
March 14 till May 29, 2024, for 76 days in total. The experimental
design included five distinct treatments, each replicated three times,
across 15 land-based mesocosms. To minimize external environmental
influences, the mesocosms were randomly placed under a transparent
cover. Groups of three mesocosms were each enclosed by a containment
pool filled with water, serving as a buffer against temperature fluctua-
tions. Each mesocosm consisted of a transparent low-density poly-
ethylene bag with a volume of 1000 liters. The mesocosms were filled
with natural seawater mixed with different concentrations of the
bicarbonate-enriched solution. Physicochemical parameters were
monitored with weekly sampling until day 27, and biweekly thereafter.

Table 1 summarizes the parameters employed for each treatment,
ranging from untreated seawater (used as the control mesocosms) to
seawater highly supersaturated with respect to aragonite (to simulate a
condition well above the threshold limit). The theoretical Qa, was
calculated using CO2SYS Excel Macro (version 2.5) (Pierrot et al., 2006),
based on the properties of natural seawater reported at the end of 2023,
which had a practical salinity of 38.3 at temperature of 19.8 °C, a pH of
8, a Total Alkalinity (TA) of 2602 weq/L, and a Dissolved Inorganic
Carbon (DIC) of 2562 ymol C/L.

2.2. Measurements

Considering the governing equations and variables, the marine car-
bonate chemistry is fully determined by knowing at least two out of
three variables (DIC, TA, or pH). Along with hydrographic conditions,
such as salinity and temperature, the entire system can be fully char-
acterized. In this study, TA, DIC, pH, and conductivity were systemati-
cally measured, and the precipitates were analyzed by X-ray diffraction

Table 1
The parameters used for each of the 5 treatments tested in the mesocosms.
ID  Treatments Treated Total Added Theoretical
volume mesocosm DIC Qar
(9] volume (L) (umol C/
L
C Control 0 1000 0 3.4
seawater
L Low 33 1000 250 3.9
concentration
M Medium 67 1000 508 4.3
concentration
H High 133 1000 1008 5.2
concentration
S Supersaturated 263 1000 1992 7.1

state
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(XRD). All measurements were carried out in the laboratories of the
Polytechnic University of Milan. DIC and TA serve as indicators of CO2
release and carbonate precipitation. Specifically, the precipitation of
calcium carbonate decreases DIC and TA in a 1:2 ratio, whereas CO-
release without precipitation results in a reduction of DIC while TA re-
mains unchanged (Zeebe and Wolf-Gladrow, 2001).

The pH was measured using a MATTLER TOLEDO Seven Excellence
S475 multiparameter instrument equipped with an InLab Routine Pro-
ISM pH electrode, with probe calibration performed biweekly based
on the National Institute of Standards and Technology (NIST) scale,
employing certified buffer solutions with pH values of 4.01, 7.00, and
10.00. According to the manufacturer specifications, the instrument
provides a pH accuracy of +0.002 pH units and a resolution of 0.001 pH
units. Conductivity was also measured with a METTLER TOLEDO Seven
Excellence S475, calibrated biweekly using a standard solution of
12,880 uS/cm as the reference. The instrument accuracy is +£0.5 % of
the reading, with a resolution between 0.001 and 2 S/cm, depending on
the range. Each treatment was run in triplicate mesocosms (n = 3), and
the error bars in all figures represent the standard deviation among the
three independent mesocosms.

For all carbonate system calculations (like the computation of Qa,),
the pH values measured on the NIST scale were not used directly.
Instead, they were converted to the seawater scale using the empirical
model of Badocco et al. (2021), which expresses seawater scale pH as a
function of pH measured on the NIST scale, temperature, and salinity.
Badocco and co-workers (Badocco et al., 2021) reported an overall un-
certainty of 0.009 — 0.016 pH units for the converted seawater scale pH.
Accordingly, we consider +0.02 pH units as a conservative estimate of
the uncertainty associated with the pH values used in our carbonate
system analysis.

TA was quantified using an automated titration system (Hanna In-
struments HI84531) operated in low-range mode (30- 400 mg CaCO3/
L). Calibration of the acid pump was performed before each analysis
session. The integrated pH electrode was calibrated biweekly using
buffer solutions at pH values of 4.01, 7.01, and 8.30. According to the
instrument specifications, the resolution is 0.1 mg CaCOs/L, and the
accuracy in low-range mode is +1 mg CaCO3/L or £3 % of the reading
(whichever is greater) at 25 °C. TA values were converted to ueq/L for
consistency with carbonate chemistry conventions.

For TA, pH, and conductivity, each sample was measured once;
therefore, the error bars shown in Figures represent the standard devi-
ation among the three replicate mesocosms for each treatment.

DIC was determined through acidification followed by non-
dispersive infrared absorbance using an Analytik Jena multi-NC 2100S
analyzer. Each sample was automatically measured three times, and the
reported value corresponds to the mean of these measurements. Ac-
cording to the manufacturer specifications, the repeatability of the in-
strument measurement is CV = 1-2 %. If the coefficient of variation
exceeded 2 %, the system performed a fourth measurement and auto-
matically discarded the outlier. Instrument blanks were performed using
deionized water at the beginning and end of each analytical session, and
calibration was verified daily using a 2500 umol C/L standard solution.

The temperature of the samples in the laboratory was measured
using the integrated temperature sensor of the SevenExcellence pH
electrode, which provides a resolution of 0.1 °C and an accuracy of +0.1
°C. The temperature and light intensity of the mesocosms were
measured using the HOBO Pendant MX Temperature/Light Data Log-
gers, placing one sensor for each pool. The sensor characteristics are a
temperature accuracy of +0.5 °C and a light accuracy typical for direct
sunlight of +10 %. Temperature measurements were recorded every
five minutes. This study considers the average temperature of all five
pools.

CO2SYS (Pierrot et al., 2006) was employed to calculate all other
variables, particularly Qa;, using DIC and pH, with the pH converted to
the seawater scale (Badocco et al., 2021) along with temperature and
practical salinity derived from the measured conductivity (Lewis, 1980).

International Journal of Greenhouse Gas Control 151 (2026) 104589

The calculations utilized carbonate system constants from Mehrbach
(Mehrbach et al., 1973) refit by Dickson and Millero (Dickson and
Millero, 1987) with supplementary constants from Dickson (Dickson,
1990) for KHSO4, and from Uppstrom (Uppstrom, 1974) for total borate
concentration. The calculated Q,, values were further corrected to ac-
count for the effects of calcium ion variation due to Ca(OH), dissolution
and CaCOs precipitation, as described by Moras et al. (Moras et al.,
2022).

The process efficiency (Nprocess) is defined as the ratio between the
observed increase of carbon content in treated seawater at the time of
discharge and the theoretical maximum increase expected from the
amount of CO; inflated through the process described in Eq. (3). Nprocess
depends on phenomena that may occur in the reactor or between the
reactor and the delivery point, which may reduce the carbon effectively
dissolved in seawater. Therefore, Nprocess inherently captures any
incomplete CO3 dissolution, gas-liquid mixing inefficiency, degassing, or
losses occurring during transport or at discharge point(Varliero et al.,
2024).

_ DIC(0) — DIC,,(0)

npmcess -

)

ADIC

where DIC(0) and DICsy(0) are the initial DIC values, measured on the
first day on the treated and control seawater, respectively, and Apc is
the expected increase in DIC based on the injected CO.

On the other hand, the stability efficiency (ns(t)) reflects the tem-
poral stability of the treatment under experimental conditions. It is
defined as the time-dependent ratio of the difference in DIC between the
treated and control seawater at a specific time t [DIC(t) and DICgy(t),
respectively], to the same difference measured on the first day (Varliero
et al., 2024):

1 DIC(t) — DICy,(t)

s (t) = #(t) * DIC(0) — DIC,,(0) ?
where:

_ DIC,(t)
"0 = bic,,(0) ’

Here r(t) represents the relative change in DIC of control seawater
over time, capturing baseline variations due to environmental and
experimental conditions, for example due to water evaporation. Since
DIC responds to both runaway precipitation and CO, degassing, it pro-
vides the best indicator to assess the stability of the system over time.
Because nsy(t) relies solely on experimentally measured DIC values, it is a
fully empirical metric and does not involve any theoretical or stoichio-
metric assumptions.

Precipitates were collected from each mesocosm at the end of the
experiment. The solid samples were separated through filtration. Due to
the features of the experimental setup, it was not possible to perform a
quantitative collection of the precipitates. Powder X-ray diffraction was
carried out on a Bruker D2-phaser diffractometer, using Cu-Ka radiation,
with X-ray generator working at 30 kV and 10 mA. The XRD patterns
were collected in the range 20 = 10-60 °, with step-size of 0.006° and
time per step 0.4-1.0 s depending on the scattering power of the sample.
The software QualX 2.0 (Altomare et al., 2015) was used for the phase
identification and Topas academic v6 (Coelho, 2018) for quantifying the
composition. In the refinements, unit cell parameters and atom positions
of calcite, aragonite, halite, quartz and gypsum were fixed at the known
values at ambient conditions and only the scale parameter of each phase
was refined, together with the crystallite size parameters and a preferred
orientation parameter for gypsum and halite, both strongly affected. It
was also necessary a refinement of the unit cell parameters for the Mg
rich calcite structure, given that the Mg content in the solid forms we
identified significantly deviates from that of the known structure (Falini
et al., 1998).
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3. Results and discussion

The aim of this study, following the previous determination of the
safe limit of CO, storage in seawater as bicarbonate (Varliero et al.,
2024), was the scalability of the process at the mesoscale and the
assessment of the process efficiency and the safe limits. This included
examining the efficiency of the near-pH-equilibrated ocean alkaliniza-
tion process and evaluating its long-term stability to mitigate risks such
as secondary precipitation, CO, degassing, and pH inconsistencies,
particularly when the saturation state of the treated seawater ap-
proaches the critical threshold.

Treatments included four concentrations of added DIC: Low (250
umol C/L), Medium (508 umol C/L), High (1008 umol C/L), and Su-
persaturated (1992 ymol C/L). Three mesocosms were assigned for each
treatment. Additionally, three mesocosms containing only natural
seawater served as experimental baselines. The selection of DIC addition
levels was informed by our previous laboratory-scale assessment of the
near-pH-equilibrated process (Varliero et al., 2024), where we identified
that aragonite precipitation begins once total DIC approaches the upper
stability limit of seawater. For the mesoscale experiment, we therefore
chose a range of added DIC concentrations spanning: values well below
the previously identified precipitation threshold, a level close to the
maximum stable range, and a higher level expected to exceed the
threshold. This design allowed us to evaluate both stable and unstable
regimes and to confirm the onset of precipitation under supersaturated
conditions.

Fig. 1 reports the pH for each mesocosm along with sample tem-
peratures recorded during laboratory measurements. All pH values
shown in this figure are reported on the NIST scale, consistent with the
electrode calibration procedure. The pH for the M and S treatments
slightly exceeded the expected values, possibly due to limitations in the
reactor's ability to precisely regulate the output stream pH, especially for
high concentrations of bicarbonate. Additionally, the sample tempera-
ture during laboratory analysis on day 19 artificially increased the pH
measured on that day for all treatments. Apart from that, a clear trend of
pH decrease is evident for the S treatment, as well as, with a slight delay,
for the H treatment. This suggests a loss of alkalinity due to the sec-
ondary precipitation and consequent CO, degassing. In contrast, the L
treatment exhibits a stable pH trend, mirroring the Control mesocosm.

Fig. 2 reports the conductivity (normalized to 25 °C), primarily
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Fig. 1. Average pH (reported on the NIST scale) measured for each treatment
over time, and average sample temperature. Error bars represent standard de-
viation across replicate mesocosms. Error bars represent standard deviation
across replicate mesocosms.
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Fig. 2. Average conductivity normalized to 25 °C. Conductivity refers to
electrical conductivity (uS/cm). Error bars represent standard deviation across
replicate mesocosms.

governed by the concentration and diffusivity of dissolved ionic species,
which is directly related to salinity and temperature. In principle, the
conductivity of the treatments was expected to increase progressively
from the C to the S treatment. However, as shown in Fig. 2, the S and H
treatments do not exhibit the highest conductivity, which is again a clue
of an incipient loss of ions at the beginning of the process due to asso-
ciation of the ions and ultimately to precipitation reactions. In contrast,
C, L, and M treatments follow the expected conductivity trend,
increasing proportionally with the added ionic species and being influ-
enced by sample temperature variations during measurement, like for
the pH data.

In Fig. 3, DIC and TA are reported as a function of time for each
treatment, together with average temperature of pools monitored on-
site over time. S and H treatments exhibited a sharp decline in both
TA and DIC immediately after the experiment began, indicating signif-
icant instability from the outset. This phenomenon can be attributed to
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Fig. 3. Average TA, DIC for each treatment, and average temperature of pools
monitored on-site over time. Error bars represent standard deviation across
replicate mesocosms.

TA (total alkalinity) and DIC (dissolved inorganic carbon) are expressed in peq/
L and umol C/L, respectively.
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the fact that natural seawater is already supersaturated with respect to
aragonite (see the Q, values in Table 1). The excessive alkalinity
addition led to a further increase of the supersaturation state and pro-
moting the nucleation and eventually the precipitation of solid car-
bonates. Consequently, this resulted in a loss of total alkalinity in
solution. Because the carbonates are naturally supersaturated, once the
nucleation and precipitation are triggered the amount of solid formed
may well exceed the injected alkalinity. This is evident in the S and H
treatments, where alkalinity fell below that of the control treatment by
days 40 and 76, respectively.

In contrast, L and M treatments, with lower added alkalinity,
exhibited relative stability up to day 55 of the experiment, with TA and
DIC trends closely matching those of the control treatment. However,
beyond day 55, as the temperature within the greenhouse hosting the
mesocosms rose and occasionally overcame 35 °C, both parameters
gradually declined in these treatments as well. This can be attributed to
the reduced solubility of both carbonate minerals and gaseous CO5 at
higher temperatures. This suggests that a temperature threshold must
also be considered, above which near-pH-equilibrated alkalinization is
not efficient, particularly at very high Q; levels. Analysis of the relative
declines in TA and DIC shows that their ratio is approximately 1:1,
indicating that the observed instability results from a combination of
secondary carbonate precipitation and CO, degassing.

It is important to note that the magnitude of these TA and DIC de-
clines (tens to hundreds of pneq/L and umol C/L, respectively) is far
greater than the analytical uncertainty of the measurements (refer to
measurements section), ensuring that the identification of instability
driven by extensive carbonate precipitation is not limited by instru-
mental precision.

In Fig. 1, the pH of the seawater samples was measured in the lab-
oratory at a nearly constant temperature of 20 °C. In contrast, Fig. 3
shows the on-site seawater temperature across the pools which fluctu-
ated significantly due to spring conditions affecting the mesocosms
during the latter half of the experiment.

The calculated process efficiency for all treatments exceeds 90 %,
ranging from 90.5 % to 95.4 % (Figure S1, Supporting Information). This
value was obtained by comparing the observed DIC increase after
preparation with the theoretical maximum increase expected from the
injected COs. This is significantly higher than the average efficiency of
approximately 80 % observed in the pilot plant launched in 2022
(Varliero et al., 2024). As mentioned in the previous section, the process
efficiency is influenced by factors such as the reactor design, the control
of operational parameters, and the potential pitfalls in the delivery
pathway. Therefore, minimizing these limitations will lead to a further
improvement in overall efficiency.

The efficiency of the system has been enhanced through the opti-
mization of the pilot plant, allowing for precise regulation of CO: in-
jection and improved control over mesocosm preparation. Additionally,
the deployment of better pumps and sensors has further increased
experimental accuracy in assessing the targeted bicarbonate
concentrations.

Fig. 4 shows the stability efficiency for each treatment over time. The
stability efficiency in the S and H treatments with added DIC of 1992 and
1008 pmol C/L dropped below zero after almost 40 and 60 days,
respectively. In contrast, L and M treatments with lower added alkalinity
remained stable, maintaining efficiency above 90 % for nearly two
months. Given that the saturation state of seawater in the S and H
treatments was at or near the threshold for precipitation, this result
highlights that higher alkalinity doses approaching this limit led to
increased precipitation and inefficiency. The negative efficiency
observed in the H and S treatments is in keeping with the DIC decline to
levels below those of control seawater (Fig. 3), indicating a runaway
precipitation phenomenon (Moras et al., 2022; Suitner et al., 2025) that
caused continuous alkalinity loss. This behavior indicates that when
alkalinity additions push the system into strongly supersaturated con-
ditions, secondary precipitation may draw down not only the added
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Fig. 4. Stability efficiency for each treatment over time. Error bars represent
standard deviation across replicate mesocosms.

alkalinity but also part of the inherent seawater alkalinity, leading to an
over-consumption of alkalinity. This over-consumption of natural alka-
linity highlights an important implication for large-scale applications:
when alkalinity additions approach highly supersaturated states, unin-
tended alkalinity loss may occur, reducing net CO4 retention efficiency.
On the other hand, the greenhouse temperature oscillated from 15 °C in
March to 36 °C in May (Fig. 3), contributing to the efficiency decline,
particularly in the L and M treatments after almost two months. While
temperature in the greenhouse went well above 30 °C, the actual at-
mospheric temperatures recorded in the sea at/around La Spezia have
ranged from 11 to 28 °C over the past decade (Regione Liguria, 2025),
with an average of 18 °C. The temperature rise during the experiment
was not planned, but due to the closed environment of the greenhouse
and to the warm spring conditions. The temperature values reached in
the mesocosms are unrealistic for seawater, at least in this region. In
fact, under real seawater conditions, where lower temperatures and
plume spreading effect enhance solution dilution, stability is expected to
improve, potentially allowing even higher added alkalinity levels
without significant loss in efficiency. Recent findings also indicate that
dilution below time-dependent critical thresholds of total alkalinity and
Qa, is essential to prevent net TA loss and ensure sustained stability
(Suitner et al., 2024). This highlights the importance of incorporating
dilution dynamics into both experimental design and large-scale appli-
cation strategies.

It is interesting to assess whether the efficiency drop in the S and,
with a delay, in the H treatments aligns with the supersaturation of
minerals like aragonite. In these conditions, each bicarbonate addition
intensifies supersaturation and, in extreme cases, induces secondary
precipitation. As shown in Fig. 5, fluctuations in calculated average Qar
occur even in the control treatment due to variations of ambient con-
ditions within the greenhouse. To mitigate this effect, the relative Qa,,
namely the ratio of each treatment’s Q4; to the control, was calculated
and is displayed in Fig. 5. This normalized curve confirms a sharp
decline in Qp; for the S treatment from the beginning of the experiment,
indicating extensive nucleation and mineral precipitation. This is further
corroborated by XRD analysis of collected precipitates, which confirms
aragonite as the dominant mineral phase. A full breakdown of mineral
abundances is presented in Table S1, and representative diffraction
patterns are shown in Figure S2 (Supplementary materials). A similar
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Q; is the aragonite saturation state and relative Q,, is defined as Qa, (treat-
ment)/Qa; (control).

trend, albeit delayed, is observed in the H treatment.

As shown in Figure S3, in each treatment, including the control, some
solid-state residual was eventually observed. The XRD analysis reveals
that calcium carbonate is always present, in the form of aragonite and, to
a much lesser extent, calcite (in combination with the Mg rich calcite,
also known as magnesium calcite). The presence of NaCl (halite) is due
to the filtering procedure, because the wet precipitates rapidly dry in air
accumulating sodium chloride. Among the other precipitates, one finds
also SiO in the form of a-quartz and CaSOy, in the form of gypsum
(CaS0O4-2H50). Aragonite is the dominant phase in H and S treatment,
whereas Mg-rich calcite is more abundant in the control mesocosms and
in one of the L treatment and M treatment mesocosms.

Notably, Fig. 5 shows that the control treatment’s Qa, on day 1 is
significantly higher than the theoretical value reported in Table 1
(~3.4), with similar behavior observed for other treatments. Since
theoretical calculations were based on seawater collected at the end of
2023, whereas the mesocosm experiment used seawater collected in
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March 2024, a broader investigation into the temporal variability of
seawater characteristics in the Gulf of La Spezia was necessary. Fig. 6
reveals significant seasonal fluctuations in seawater salinity, particu-
larly in shallower waters (Regione Liguria, 2025). Salinity tends to drop
to ~34-35 PSU in March of each year, compared to ~38 PSU in
December. This variation impacts the theoretical calculations. There-
fore, it is crucial to consider the natural seawater characteristics such as
salinity, pH, DIC, and temperature when determining the Q4 threshold.

In Fig. 7, the Qa, was calculated as a function of seawater salinity and
temperature. Four scenarios were considered, representative of the C, L,
M and S treatments. In addition, a contour line corresponding to Qa; =7
has been added to each 2D map; this line is not intended as a stability
threshold but rather serves as a visual reference to illustrate how su-
persaturation evolves across different seawater properties, including
temperature and salinity. Because the C and L treatments do not reach
Qar values comparable to those observed in the unstable H and S
treatments (Qa, > 10), using a lower reference contour provides a
consistent basis for comparing trends among treatments. The Qp; = 7
contour should therefore be regarded purely as a graphical guide to help
visually identify conditions under which high alkalinity additions may
lead to instability in the system. The pH values used for Q4 calculations
were seawater scale pH values derived from NIST scale pH, salinity, and
temperature. The results indicate that, even at realistic seawater tem-
peratures, high alkalinity dosages (S treatment) produce extremely high
Qar, posing a very significant risk of carbonate precipitation. In contrast,
the medium alkalinity addition (M treatment) allows for a wider range
of seawater salinity and temperature without inducing a sharp increase
in Qar. The Qa; map for untreated seawater can serve as a baseline for
future alkalinity regulation strategies.

This key finding underscores the influence of seasonal and climatic
variations on seawater chemistry, highlighting the need to carefully
consider the discharge location, operational season, and regional
oceanographic conditions in large-scale application of ocean alkalin-
ization (Ou et al., 2025; Zhou et al., 2025). According to Figs. 6 and 7,
the alkalinity dosing should be continuously adjusted based on real-time
local  weather and  seawater  conditions.  Implementing
near-pH-equilibrated ocean alkalinization during stable periods, such as
reduced rainfall or stable water circulation, may help maintain lower
Qa; even with substantial alkalinity additions, reducing the risk of sec-
ondary precipitation. Conversely, during months like March, when
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Fig. 6. Seawater Salinity in the Gulf of La Spezia records from 2015 to 2025.
Salinity is expressed in practical salinity units (PSU).
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Q, is the aragonite saturation state. pH values used in the Q,, calculations correspond to seawater scale pH derived from NIST scale measurements together with

salinity and temperature.

salinity reaches its annual minimum, careful regulation of alkalinity
input is necessary to prevent the supersaturation state of alkalinized
seawater from exceeding the critical Qa, threshold of 5, as recom-
mended by Moras et al. (Moras et al., 2022). One important advantage of
the near-pH-equilibrated ocean alkalinization is that it readily allows
such a fine tuning of the added alkalinity, unlike, for example, the simple
spreading of alkaline materials of the ocean surface.

4. Conclusions

Through this series of experiments, the process and the long-term
efficiency of near-pH-equilibrated ocean alkalinization were investi-
gated at a mesocosm scale in conditions very close to the real conditions
for a Mediterranean site. These experiments demonstrate that the
preparation and injection of a supersaturated solution (Qa; > 10) is
inefficient and counterproductive. In fact, the process efficiency

(preparation of the plume) is lower, and the treated seawater is not able
to stabilize the high concentration of bicarbonate dissolved with almost
immediate precipitation and degassing.

A medium concentration results in an efficient process which also
features good long-term stability, provided the environmental temper-
ature remains below T = 30 °C. Above that, precipitation and degassing
are triggered. Only the medium and low concentrations remained stable
for the entire duration of the long experiment, resisting to a temperature
above 30 °C, although the medium concentration indicates potential
instability if the high temperature is maintained for long period. This
study therefore addresses which is undoubtedly the recommended
concentration of bicarbonate in the plume that one should obtain to
guarantee bicarbonate stability also under adverse conditions.

It should be noted that these experiments have tested two very un-
favorable and unlikely situations: a) the seawater was collected in one of
the periods of the year with lowest salinity (likely caused by several
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rainy days before the operation); b) the temperature in the greenhouse
remained significantly higher than the average outdoor temperature
observed over an extended period throughout the year, reaching the
highest temperatures of the site maintained for several days continu-
ously (thus without night-time decreases). Both these situations
adversely affect the pH-equilibrated ocean alkalinization.

For a correct application of the technique, one would therefore
recommend tuning the concentration of the treatment depending on the
atmosphere temperature of the seasons (therefore higher in winter and
lower in summer) and the seawater salinity state that close to the coast
vary as a function of fresh-water injection from rivers. These recom-
mendations may therefore suggest the proper sites for the delivery of the
treated seawater (for example far from the mouth of a river) and the
seasonal load.
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