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Recent studies have begun to explore the potential of enhanced benthic

weathering (EBW) in the Baltic Sea as a measure for climate change mitigation.

To augment the understanding of EBW under seasonally changing conditions,

this study aims to investigate weathering processes under anoxia to hypoxia in

corrosive bottom waters, which reflect late summer conditions in the Baltic Sea.

Dunite and calcite were added to sediment cores retrieved from Eckernförde

Bay (Western Baltic Sea) with a constant flow-through of deoxygenated, CO2-

enriched Baltic Sea bottom water. The addition of both materials increased

benthic alkalinity release by 2.94 µmol cm−2 d−1 (calcite) and 1.12 µmol cm−2

d−1 (dunite), compared to the unamended control experiment. These excess

fluxes are significantly higher than those obtained under winter conditions. The

comparison with bottom water oxygen concentrations emphasizes that highest

fluxes of alkalinity were associated with anoxic phases of the experiment. An

increase in Ca and Si fluxes showed that the enhanced alkalinity fluxes could be

attributed to calcite and dunite weathering. First order rate constants calculated

based on these data were close to rates published in previous studies conducted

under di�erent conditions. This highlights the suitability of these proxies for

mineral dissolution and justifies the use of these rate constants in modeling

studies investigating EBW in the Baltic Sea and areas with similar chemical

conditions. Generally stable pH profiles over the course of the experiment,

together with the fact that the addedminerals remained on the sediment surface,

suggest that corrosive bottom waters were the main driving factor for the

dissolution of the added minerals. These factors have important implications for

the choice of mineral and timing for EBW as a possible marine carbon dioxide

removal method in seasonally hypoxic to anoxic regions of the Baltic Sea.
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1 Introduction

In recent years, the pressing need to limit global warming to
levels below 2◦C compared to preindustrial times has prompted
extensive discussions about the imperative role of Carbon Dioxide
Removal (CDR) strategies (Feng et al., 2017; Fuss et al., 2018;
Beuttler et al., 2019; IPCC, 2021; Campbell et al., 2022; Foteinis
et al., 2023). In the pursuit of innovative strategies to mitigate
the profound consequences of rising atmospheric carbon dioxide
(CO2) levels and the imminent climate crisis, Ocean Alkalinity
Enhancement (OAE) through enhanced weathering has emerged
as a promising avenue. This strategy aims to enhance CO2

storage capacity within the surface ocean, possibly presenting
an economical and efficient pathway for CDR (Oelkers, 2001;
Hartmann and Kempe, 2008; Montserrat et al., 2017; Renforth and
Henderson, 2017; Caserini et al., 2021; Campbell et al., 2022).

Materials used for this approach on the one hand need to
consume protons upon dissolution and on the other hand must
dissolve rapidly under the conditions found in the environment
where OAE is applied. Two promising minerals are olivine
[(Mg,Fe)2SiO4], a fast dissolving nesosilicate, with the two
endmembers forsterite (Mg2SiO4) and fayalite (Fe2SiO4), and
calcite, a highly abundant calcium carbonate (CaCO3; Rimstidt
et al., 2012; Subhas et al., 2015; Renforth and Henderson, 2017;
Kremer et al., 2019). Since olivine is the major component of
dunite, an ultramafic, igneous rock, and the purification of the
mineral is cost intense, dunite instead of olivine would be used
in an application scenario (Hochstetter, 1859; Rigopoulos et al.,
2018; Fuhr et al., 2023). Still, olivine is the fastest dissolving
component of dunite, which is why for the efficiency and efficacy of
enhanced dunite weathering, olivine dissolution is the key process
(Palandri and Kharaka, 2004; Rimstidt et al., 2012). Understanding
the kinetics of the dissolution reactions of forsterite, the most
abundant variety of olivine, and calcite is central to the effectiveness
of Enhanced Benthic Weathering (EBW). These reactions can be
summarized as follows:

Forsterite : Mg2SiO4 + 4H2O+ 4CO2(aq) → 2Mg2+ +

H4SiO4 + 4HCO3
− (1)

Calcite : CaCO3 +H2O+ CO2(aq) → Ca2+ + 2HCO3
− (2)

To date, much of the research on OAE and mineral dissolution
in sea water has mainly focused on laboratory environments with
well-defined chemical and hydrological characteristics (Walter and
Morse, 1985; Rimstidt et al., 2012; Subhas et al., 2015; Montserrat
et al., 2017; Naviaux et al., 2019; Fuhr et al., 2022; Flipkens et al.,
2023). These studies have revealed complexities, including the
potential release of toxicants like nickel during olivine dissolution
(Montserrat et al., 2017; Flipkens et al., 2021) and the formation
of secondary minerals such as CaCO3 and phyllosilicates, which
can hinder CO2 uptake (Burton and Walter, 1987; Sternbeck and
Sohlenius, 1997; Lein, 2004; Béarat et al., 2006; E. King et al.,
2010; Rigopoulos et al., 2018; Fuhr et al., 2022; Moras et al., 2022;
Hartmann et al., 2023). Importantly, these secondary minerals can
alter the overall stoichiometry of the dissolution process, leading to
disparities between calculated and actual dissolution kinetics (Fuhr

et al., 2022). Furthermore, recent studies using sediments from
the Baltic Sea have illuminated the distinctive challenges that arise
under conditions closer to the natural system (Fuhr et al., 2023).

In the Baltic Sea, distinguishing between natural and EBW is
difficult, given the substantial benthic background fluxes driven
by natural CaCO3 input from continental erosion for calcium and
diatom dissolution for silica that can overshadow potential fluxes
induced by enhanced benthic weathering (Gasiunaite et al., 2005;
Borawska et al., 2022; Wallmann et al., 2022; Fuhr et al., 2023).
Furthermore, the dissolution kinetics of both calcite and olivine
remain largely unexplored in the brackish waters of the Baltic
Sea, introducing uncertainty whether dissolution rates assumed in
modeling studies based on standard seawater (Feng et al., 2017;
Griffioen, 2017; Fakhraee et al., 2023) can be applied in this specific
region. Despite these challenges, the high organic-rich sediments
releasing up to 80 Tg yr−1 of dissolved inorganic carbon (DIC) in
the Baltic Seamake it an intriguing setting for EBW studies (Nilsson
et al., 2019).

Modeling plays a pivotal role in assessing the feasibility
and impact of OAE through EBW as a marine carbon dioxide
removal (mCDR) strategy. Currently existing models rely on
dissolution kinetics derived from studies conducted in marine
environments that do not align with the unique chemical and
hydrological properties of the Baltic Sea, where the partly seasonal,
partly perennial seasonal stratification of the brackish water body,
combined with limited deep water renewal leads to very low
pH values in bottom waters (Melzner et al., 2013; Meier et al.,
2019). This disconnect between the assumptions underlying many
modeling efforts and the specific conditions of the Baltic Sea creates
a critical need for empirical investigations of mineral dissolution
kinetics, which can, in turn, inform more accurate and regionally
tailored modeling efforts.

By investigating the efficiency of EBW under conditions
of hypoxia to anoxia as well as CO2 enrichment, this study
complements a previous study, where calcite and dunite were
added to Baltic Sea sediments exposed to oxic, calcite-oversaturated
bottom waters (Fuhr et al., 2023). To this end, sediment cores
were retrieved from Boknis Eck, a shallow, seasonally hypoxic
to anoxic depocenter in Eckernförde Bay in the southwestern
Baltic Sea, amended with calcite and dunite and exposed to
calcite-undersaturated bottom waters under controlled laboratory
conditions with the aim to simulate conditions prevailing during
late summer in this part of the Baltic Sea (Melzner et al., 2013).
The study not only contributes to our understanding of benthic
weathering in the Baltic Sea but also enhances the accuracy and
reliability of modeling approaches for assessing the potential of
EBW as a mCDR strategy.

2 Materials and methods

2.1 Materials

On 26 October, 2022, a total of nine sediment cores (60 cm
long) were retrieved from Boknis Eck with a multiple-corer from
a water depth of 27m with the research vessel FK Littorina.
Alongside the sediment cores, 500 l of bottom water were also
collected. The sediment cores contained 20–24 cm of surface
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sediment. Immediately after recovery, the cores were sealed at
the top and bottom with rubber bungs, maintained in an upright
position, and transported to a temperature-controlled laboratory at
12.5◦C, which reflects natural summer conditions in the study area
(Melzner et al., 2013). One of the cores was sliced for subsequent
pore water and sediment analyses to determine initial natural
background conditions. The results of these measurements are
reported in Supplementary Figure 4.

For the incubation experiments, a total of eight cores were
selected. Two different alkaline materials, dunite and calcite, were
added to assess their effectiveness in OAE. The dunite (olivine AFS
80) used was sourced from quarries in Årheim, Norway, and the
20–30µm fraction was isolated through sieving. The mineralogical
composition of the dunite is reported in Supplementary Table 1.
The calcite used was ground limestone provided by the German
Limestone Association, with a calcium carbonate content exceeding
99% (Supplementary Table 2) and grain sizes below 0.12mm. Prior
to the experiment, the calcite was rinsed with deionized water with
a conductivity of 18.2 MΩ cm−1. To eliminate the fine fraction
of the material, the calcite was mixed with deionized water in
a settling column (20 cm height), and particles that remained in
suspension after 20 s were decanted. This process was repeated
until the supernatant water became clear after 20 s. As a result, all
particles were expected to settle on the sediment surface within a
few minutes after adding the calcite to the sediment cores. Grain
size distribution and median grain size after washing are reported
in Supplementary Table 1 and Supplementary Figure 1.

2.2 Determination of reactive surface area

Since the majority of studies used the geometrical surface
assuming spherical grains to determine olivine dissolution
(Rimstidt et al., 2012), the surface of dunite grains was determined
likewise, assuming a grain size of 25µm (Table 1).

The reactive surface of calcite grains was determined via gas
adsorption following the Brunauer-Emmett-Teller (BET) method
after Brunauer et al. (1938) on a StöhleinTM AREA-Meter II.

The findings from the measurements and calculations are
presented in Table 1.

2.3 Experimental setup

Eight sediment cores were positioned vertically in a rack. Since
the sediment surface was slightly oxidized by the bottom water
(∼125 µmol l−1 upon recovery), the cores were left plugged on the
top for 13 days to settle after recovery until the sediment surface
was anoxic. To achieve chemical conditions that are expected in
the natural system (Melzner et al., 2013), 500 l of retrieved sea
water were degassed via bubbling with pure dinitrogen gas in
batches of 100 l. Afterwards, between 50 and 60 l were transferred
into an evacuated gas tight bag. After the transfer, pH and total
alkalinity (TA) were measured to determine the DIC of the water.
Afterwards the DIC was increased via adding pure CO2 until a CO2

partial pressure (pCO2) of ∼2,300–∼3,300µatm was established
mimicking conditions prevailing in Boknis Eck during summer

(Melzner et al., 2013). This mixture is hereafter referred to as
modified bottom water. The pCO2 was slightly increased in the
reservoir over time to compensate for alkalinity increases in the
water overlying the cores due to benthic anaerobic degradation of
organic matter and maintain calcite undersaturation.

Stirring heads were installed on the cores, allowing for the
insertion of optodes for continuous measurements of bottom water
pH and oxygen (PyroscienceTM PHROBSC-PK8 and OXROB3-
SUB, respectively). The logging was done on a self-constructed
16 channel device for O2 and pH (each parameter 8 channels).
For the measurement of O2 and pH for each channel, the
underwater OEM O2 meter PICO-O2-SUB (Pyroscience) and the
underwater OEM pH meter PICO-PH-SUB (Pyroscience) were
used, respectively. Calibration was carried out according to the
manufacturer’s instructions. For brackish bottom water conditions,
all pH probes including micro-sensors (Section 2.6) were calibrated
using three TRIS-buffers (Pratt, 2014; Müller et al., 2018). Thus,
pH values reported in this study refer to the total pH scale (pHT,
Dickson, 1993). The equilibrium constants for further calculations
were chosen accordingly.

To prevent the development of oxic conditions, it was ensured
that as little gas phase as possible was left in the cores. Elimination
of pelagic autotrophs, heterotrophs, and suspended particles was
achieved by flushing the cores with modified bottom water for 2
days with a flow rate of 1.5 mml min−1. Afterwards, a continuous
throughflow of 700 µl min−1 from the reservoir of modified
bottom water was applied, leading to a residence time of∼2.1 days
inside the cores.

For the experimental incubations, six cores received additions
of alkaline materials, three with calcite (Cal1 - Cal3) and three
cores with dunite (Dun1 - Dun3), leading to three replicates
per treatment. Two control cores remained untreated (C1, C2).
The amount of added substrate was based on the rain rate of
particulate organic carbon observed in Boknis Eck (0.5 mmol
cm−2 a−1

, Dale et al., 2011), the proton consumption of each
substrate (Equations 1, 2) and then doubled to achieve a resolvable
weathering signal. A detailed parameter description of each
experiment can be found in Table 1. Prior to mineral addition, the
cores were monitored untreated for 6 days to establish a natural
baseline. The incubation lasted for 25 days. The volume of water
in each core was determined at the end of the experiment via
measuring the height of the water column after removing the
stirring heads.

2.4 Sampling procedure and analysis

Bottom water samples (12ml) were collected from the outflow
of each core, over several minutes. Sampling was conducted
daily for the first 2 weeks and then every 2 days till the end
of the experiment. All samples were filtered using a 0.2µm
cellulose membrane filter and stored refrigerated in Exetainer

R©

12ml Vials. TA samples (1ml) were titrated with 0.02N HCl
following the method described by Ivanenkov and Lyakhin (1978),
with titration ending upon the appearance of a stable purple
color. During titration, continuous nitrogen bubbling degassed the
sample to eliminate any generated CO2 and H2S. The procedure
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TABLE 1 Overview on materials used in the experiment, including bottom water (BW) volumes, treatments (Cal = calcite, Dun = dunite, C = control),

BET surface area of calcite (measured) and geometrical surface area of dunite grains, calculated for an average grain size of 25µm.

Core name Cal1 Cal2 Cal3 Dun1 Dun2 Dun3 C1 C2

Volume BW (dm3) 2.083 2.052 1.942 2.021 2.178 2.060 1.824 2.099

Mineral: Calcite Calcite Calcite Dunite Dunite Dunite - -

Mass (g): 7.8618 7.8618 7.8618 4.4781 4.4781 4.4781 - -

Grain size (µm) D50 = 87 D50 = 87 D50 = 87 20–30 20–30 20–30

BET-surf. (m2 g−1) 0.45± 0.06 0.45± 0.06 0.45± 0.06 - - - - -

Geom. surf. (m2 g−1) - - - 0.073± 0.004 0.073± 0.004 0.073± 0.004 - -

was calibrated using an IAPSO seawater standard. Anion element
concentrations (SO2−

4 , Cl−, Br−) were determined using ion
chromatography (IC, METROHM 761 Compact, conductivity
mode). Acidified sub-samples (3ml sample and 30 µl suprapure
HNO−

3 ) were prepared for major and trace element analyses (Si,
Na, K, Li, B, Mg, Ca, Sr, Mn, Ni, and Fe) using inductively coupled
plasma optical emission spectroscopy (ICP-OES, Varian 720-ES).

At the end of the experiments, bottom water was removed
via suction, and the cores were sliced for analysis of pore water
and solid phases. Pore waters were obtained by centrifuging each
sediment layer in 50ml Falcon tubes at 3,000 rpm for 10min.
The resulting supernatant water was filtered (0.2µm regenerated
cellulose syringe filters) and transferred to polyethylene vials within
an oxygen-free glove bag environment. Additional parameters,
such as H2S and Fe2+, were analyzed in the pore waters. For
dissolved Fe2+ analysis, 1ml sub-samples (1ml) were stabilized
with ascorbic acid and complexed with Ferrozin within 30min
inside the glove bag. H2S measurements involved diluting an
aliquot of pore water with oxygen-free artificial seawater and fixing
of H2S through immediate addition of zinc acetate gelatin solution.
Further details on these procedures can be found in Dale et al.
(2014) and Dale et al. (2016). Bottom water solute concentrations
are reported in the Supplementary material.

2.5 Solid phase analysis

Freeze-dried and ground sediment samples were subjected
to flash combustion using the EuroEA 3000 element analyzer
(EuroVector, Pavia, Italy) to measure total carbon (TC), total
organic carbon (TOC), total nitrogen (TN), and total sulfur (TS).
The total inorganic carbon (TIC) content was determined by
subtracting the TOC value from the TC measurement. Method
blanks and two reference standards, namely 2.5-Bis(5-tert-butyl-
2-benzo-oxazol-2-yl)thiophene (BBOT, HEKAteckTM), and an
internal sediment standard, were employed to evaluate the accuracy
of the analytical method.

2.6 Micro-profiling

To conduct sediment micro-profiling, a motorized UnisenseTM

micromanipulator (MMS) was employed. Oxygen, pH, and H2S
profiles were measured using UnisenseTM micro-sensors Ox-50,

pH-100, and SULPH-100, respectively. The vertical step sizes
were adjusted based on the sensor specifications (at least twice
the needle diameter) and the desired measurement resolution to
minimize profiling time (100µm for O2 profiles, 300µm for pH
and H2S profiles). Sensor calibration followed the manufacturer’s
recommendations, with the UnisenseTM calibration kit used for
SULPH-100 at a calibration concentration of 109 µmol l−1.

Following the acquisition of H2S and pH profiles, the
total dissolved sulfide concentration was calculated according to
UnisenseTM guidelines based on the work of Millero et al. (1988)
and Jeroschewski et al. (1996). Unless specified otherwise, the term
H2S refers to the total dissolved sulfide concentration (≈ H2S
+ HS−). Micro-profiles were obtained at the beginning of the
experiment (t = −6 d), directly before the addition of substrates
(t = 0 d) and at the end of the experiment (t = 19 d). Results of
these measurements are presented in the Supplementary material.

2.7 Flux calculations from bottom water
concentrations and oxygen profiles

Solute fluxes across the sediment surface were determined
by applying the following calculations, which consider the
concentrations of an element in the inflow and outflow:

Fe =

((

dCe

dt
+ kw × Cout − kw × Cin

)

× VMUC

)

/Ased (3)

Fe represents the element flux across the entire sediment surface
(mol cm−2 d−1), dCe

dt
denotes the rate of concentration change

of the specific element over a defined time (mol l−1 d−1),
kw represents the water exchange rate in d−1, Cout signifies
the concentration in the outflow (mol l−1), Cin represents the
concentration in the inflow (mol l−1), VMUC denotes the volume of
bottom water (l) in each core, and Ased (cm2) signifies the surface
area of the incubated sediment cores.

2.8 Calculation of the carbonate system
and saturation states

The rate of calcite dissolution, R, is dependent on its
saturation state (Ωcal; Walter and Morse, 1985 and references
therein) following:

R = k(1− �cal)
n (4)
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FIGURE 1

TA concentrations in bottom waters (A) and fluxes at the sediment surface (B) averaged over the di�erent treatments. Positive fluxes denote a flux

from the sediment to the bottom water and negative fluxes vice versa. Horizontal dashed line in a) shows concentration in the reservoir. Dashed

vertical lines indicate the addition of substrates. Changes in the reservoir concentration denote the times a new reservoir was used. Time is given in

days relative to mineral addition. Solid horizontal line denotes fTA = 0. Error bars denote one standard deviation (SD) from the average of the

replicates. Fluxes were calculated from bottom water concentrations (Equation 3).

where k is an empirical rate constant (µmol g−1 hr−1) and n is
the reaction order. The Ωcal values are a function of Ca2+ and
CO2−

3 concentrations, where the latter is a function of the carbonate
system equilibria (Zeebe and Wolf-Gladrow, 2001). In this study,
CO2−

3 and hence Ωcal were calculated using measured pH and TA
pore and bottom water values, following:

�cal =
[Ca]× [CO2−

3 ]

Kscal
(5)

where [Ca] and [CO2−
3 ] are the concentrations of dissolved

calcium and carbonate, respectively, and Kscal is the solubility
product of calcite at the respective salinity, temperature
and pressure (Zeebe and Wolf-Gladrow, 2001). Due to the
experimental set-up, TA and Ca2+ concentrations in pore waters
could not be measured over time. Therefore, only initial and
final values for both parameters were used and interpolated
linearly for each depth layer between the initial and final
concentrations. We recognize the uncertainty associated with
this approach.

Further properties of the carbonate system (pCO2, DIC) were
calculated as described by Zeebe and Wolf-Gladrow (2001).

3 Results

3.1 Bottom water chemistry and fluxes
across the sediment-water interface

Bottom water TA concentrations averaged over each treatment
remained relatively stable around the reservoir value (2.08 mmol
l−1) in all treatments before the addition of alkaline materials
(Figure 1A). After mineral addition, TA increased in all cores to
values between 2.35 ± 0.1 mmol l−1 [control cores (C)] and 2.45
± 0.1 mmol l−1 [dunite treated cores (Dun)]. After 5 days, TA
values were equal within error in all treatments. After day five,
values dropped to ∼2.25 ± 0.1 mmol l−1 in dunite treated cores
and to ∼2.15 ± 0.1 mmol l−1 in the control experiments while
they remained elevated in calcite treated cores. For the rest of the
experiment, TA concentrations remained relatively stable at values
of ∼2.39 ± 0.05 mmol l−1 [calcite treated cores (Cal)], ∼2.27 ±

0.06 mmol l−1 (dun) and 2.16± 0.03 mmol l−1 (C). These changes
are reflected in corresponding TA fluxes (Figure 1B). Before the
addition of alkaline minerals, fluxes varied around ∼0.3 ± 1 µmol
cm−2 d−1 within error in all treatments. The addition of alkaline
minerals led to an immediate increase in TA fluxes for the calcite-
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FIGURE 2

Si concentrations in bottom waters (A) and fluxes at the sediment surface (B) averaged over the di�erent treatments. See Figure 1 for further

information.

and dunite-treated cores to values around 6 ± 2 µmol cm−2 d−1

on day one. In the reference cores, fluxes also increased at the time
of addition and peaked at values of ∼5 ± 1 µmol cm−2 d−1 on
day 3. Toward the end of the experiment, the system approached a
steady state with relatively constant fluxes for each set of the equally
treated cores. The highest values (∼3.8 ± 0.5 µmol cm−2 d−1) at
that point in time were observed in calcite treated cores followed
by dunite treated cores (∼1.9 ± 0.1 µmol cm−2 d−1). Lowest final
values were observed in the control experiment with ∼0.6 ± 0.1
µmol cm−2 d−1.

Dissolved silicon (Si) concentrations (Figure 2A) increased in
all treatments during the early stage of the experiment to peak
values between ∼65 ± 10 µmol l−1 (Cal) and ∼77 ± 15 µmol
l−1 (Dun). Just before the addition, Si levels decreased to ∼52 ±

12 µmol l−1 (Cal) and ∼65 ± 3 µmol l−1 (C). After the addition
of alkaline substrates, concentrations increased to slightly higher
values in dunite treated cores compared to the other treatments.
Overall, large error bars indicate strong variability within the
different treatments, obscuring clear trends. Over the course of the
experiment, bottom water concentrations varied slightly between
∼50 ± 3 µmol l−1 (Cal) and ∼70 ± 5 µmol l−1 (Dun) with
one clear peak in all treatments around day 11. During the entire
experiment, highest Si concentrations were observed in dunite
treated cores. This difference became clearer toward the end of
the experiment. The corresponding fluxes (Figure 2B) averaged

between 0.45 ± 0.1 µmol cm−2 d−1 and 0.75 ± 0.6 µmol cm−2

d−1 before addition of substrates. Afterwards, fluxes were overall
lower, ranging between 0 ± 0.1 µmol l−1 and 0.55± 0.3 µmol l−1,
with decreasing fluctuations and error bars toward the end of the
experiment. Again, highest values at a given time were observed
in dunite treated cores with clearly higher values compared to the
other treatments toward the end of the experiment.

Dissolved calcium (Ca) concentrations averaged over
each treatment (Figure 3A) showed clearer trends than Si
concentrations. Ca concentrations remained fairly constant
around ∼7.1 ± 0.5 mmol l−1 and thus slightly above reservoir
concentrations before the addition of substrates. After the
addition, values significantly increased in calcite treated cores to
concentrations around∼7.17± 0.05mmol l−1 whereas in the other
treatments, values dropped slightly and tracked the concentrations
in the reservoir. After day 5 the reservoir concentrations increased
to 7.23 mmol l−1. This increase is also visible in bottom water
concentrations in all treatments. On day 11, concentrations in
dunite treated cores and the control cores averaged around ∼7.24
± 0.06 mmol l−1 while concentrations in calcite treated cores
reached up to ∼7.32 ± 0.02 mmol l−1. Toward the end of the
experiment lower reservoir concentrations of 6.94 mmol l−1 led to
lower bottom water concentrations that stabilized at ∼7.11 ± 0.01
mmol l−1 in calcite treated cores compared to ∼7.02 ± 0.01 mmol
l−1 in the other two treatments.
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FIGURE 3

Ca concentrations in bottom waters (A) and fluxes at the sediment surface (B) averaged over the di�erent treatments. See Figure 1 for further

information.

This development is reflected in Ca fluxes. Between day−5 and
day 0, values averaged around ∼0.5 ± 1.5 µmol cm−2 d−1, but
remained fairly stable within error. Directly after the addition, the
fluxes in calcite treated cores peaked at values around ∼2.7 ± 0.8
µmol cm−2 d−1. Until day 6 values then decreased to 0.2 ± 0.9
cm−2 d−1 to stabilize around 1.2 ± 0.2 µmol cm−2 d−1 toward
the end of the experiment. In the other two treatments, values
fluctuated between−0.1± 0.05 and 1.1± 1.0 µmol cm−2 d−1 with
final values around 0± 0.2µmol cm−2 d−1 with a tendency toward
slightly negative values in dunite treated cores.

Throughout the experiment, nickel concentrations stayed
below detection limit (∼0.2 µmol l−1) both in pore waters and in
bottom waters.

Oxygen concentrations in bottom waters (Figure 4) stayed at
∼0 µmol l−1 in cores Cal1, Dun3, and C1 over the course of the
experiment. They varied widely in the other cores. At the beginning
of the incubation, oxygen concentrations were ∼0 µmol l−1 in all
cores except C1 where concentrations were close to the reservoir
concentration of 20 µmol l−1, but increased to values between 120
µmol l−1 (Dun1) and 23 µmol l−1 (Cal2). Between day 0 and
day 3 in Cal3 concentrations peaked at ∼25 µmol l−1 on day two
and at 140 µmol l−1 in Cal2 around day 5. Between days 6 and
11, reservoir concentrations of 40 µmol l−1 were accompanied by
overall higher bottom water concentration of up to 150µmol l−1 in
Dun1. Until day 15, concentrations decreased back to∼0 µmol l−1

in C1, Dun1, and Dun2 but remained between 120 µmol l−1 and
130 µmol l−1 in Cal2 and Cal 3. Toward the end of the experiment
concentrations had decreased back to values below 2 µmol l−1

in all cores except from C1, where for the only time during the
experiment concentrations had increased to ∼80 µmol l−1 during
the last day of the incubation.

Due to a failure of the pH logging system, bottom water pH
values are only available each time a micro-profile was obtained. To
calculate the bottom water carbonate system properties, these pH
values were interpolated linearly between the three obtained data
points in each core. Before the addition of substrates, the calculated
pCO2 values in all cores fluctuated around the reservoir value
(∼2,350µatm) with a decreasing trend in all cores (Figure 5A).
Lowest values just before the addition were observed in dunite
treated cores (∼2,000µatm), with highest values (∼2,400µatm)
in the two control cores. At the time the substrates were added,
the new reservoir pCO2 was higher (∼2,950µatm) than the first
batch. Subsequently, pCO2 in all cores increased with highest values
of ∼2,800µatm in the two control cores, ∼2,400µatm in dunite
and calcite treated cores. After the reservoir was changed, they
decreased again to ∼2,300µatm such that the values in dunite
and calcite treated cores were the same after ∼5 days. For the
rest of the experiment pCO2 remained relatively stable in dunite
treated cores at ∼2,100µatm while values in calcite treated cores
continuously decreased to ∼1,850µatm on day 19. The highest
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FIGURE 4

Oxygen concentrations in bottom waters over the entire time of the experiment for calcite treated cores (blue circles), dunite treated cores (green

crosses), and control experiments (orange triangles). Measuring accuracy is 0.3 µmol l−1, resolution is 0.15 µmol l−1 (according to manufacturer).

Vertical dashed line indicates time of addition of alkaline substrates. Thin dashed, horizontal line denotes oxygen concentrations in the reservoir tank.

Changes in the reservoir concentration denote the times a new reservoir was used.

FIGURE 5

pCO2 (A), DIC (B), and SatCalcite (C) values in bottom waters over the entire course of the experiment. Values are reported as average of each

treatment. Error bars report 1 SD of the averaged values. Vertical dashed lines denote the time of addition of substrates. The horizontal line in c

denotes the saturation with respect to calcite.
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pCO2 at the end of the experiment was observed in control cores
(∼2,500 µatm).

Before the addition of substrates, calculated DIC values
remained stable within the error around the reservoir value of∼2.1
mmol l−1 (Figure 5B). After the addition, values increased in all
cores until day 5 to values of ∼2.4 mmol l−1. After the reservoir
was changed between days 5 and 6, DIC decreased to 2.2 mmol
l−1 in control cores and 2.3 mmol l−1 in dunite treated cores. In
calcite treated cores, values remained significantly higher around
∼2.4 mmol l−1. Toward the end of the experiment, reservoir values
of around ∼2.15 mmol l−1 led to final values of ∼2.16 mmol l−1

in the control cores, ∼2.25 mmol l−1 in dunite treated cores and
∼2.35 mmol l−1 in calcite treated cores.

Saturation with respect to calcite remained below 1, implying
corrosive bottom waters in all cores over the entire course of the
experiment (Figure 5C). Overall these values mirrored the pCO2

values. Before addition of substrates they were close to the reservoir
value of ∼0.6. Until the second reservoir change between day 5
and 6, they increased to values around ∼0.8 in calcite and dunite
treated cores and ∼0.63 in the control cores. After day 6 in calcite
treated cores, values increased continuously to ∼0.93. In all other
treatments (dunite and controls) values decreased to ∼0.76 in
dunite treated cores and 0.6 in control cores, thus only slightly
above the reservoir value of∼0.5.

3.2 Solid phase TIC content and
distribution of added material

After mineral addition, calcite and dunite covered
the sediment surface as an ∼0.5mm thick layer.
This layer remained at the surface throughout the
experiment with only very minor visible changes
(Supplementary Figure 2).

In the initially sampled core (black line and crosses in
Figure 6), TIC content varied between ∼0.3 and ∼ 3.2 wt.%
in depths below 2.5 cm. Above this depth to the sediment
surface, values increased progressively to ∼9.7 wt.%. In calcite-
treated cores, TIC content at the surface was increased up to
28 % in the uppermost sample (0.5 cm). Directly below this
depth (1.5 cm) and further downcore the TIC content varied
between ∼0 and ∼8 wt.% in all cores. At the surface, TIC
levels in dunite-treated and control cores were significantly lower
compared to the initially sampled core and ranged between∼0 and
∼4 wt.%.

4 Discussion

4.1 Changes in bottom water and
porewater composition over the course of
the experiments

The data showed a consistent trend between all sediment cores.
The cores behaved very similarly, until the addition of substrates,
followed by a phase with more dynamic developments in bottom
water chemistry. Afterwards, the different cores approached a
quasi-steady state with similar trends between equally treated

FIGURE 6

TIC content in the solid phase of all cores. Colored markers indicate

contents in each core at the end of the experiment. Black crosses

indicate the contents in the initial core. Error bars report analytical

precision.

cores. The pore water solute concentrations, as well as the pore
water pH profiles (Supplementary Figures 3, 4), did not change
significantly over the course of the experiment, which indicates
that sediments were not significantly altered by the incubation.
Slightly enhanced Ca concentrations in the upper sediment of
Cal2 and Cal3, compared to all other cores, point either toward
diffusion into the sediment or toward entrainment of calcite grains
into the surface sediment and subsequent sedimentary dissolution
in the corrosive porewaters in the upper millimeters, especially
in Cal2 (Supplementary Figure 5). The uniformity of pore water
solute concentrations in most cores with the initially sampled
core suggests that deviations observed in C1 and Dun1 reflect
the spatial inhomogeneity of the sediment composition, despite
the close proximity of coring locations. In previous experiments
conducted under oxic conditions, drastic changes were observed in
porewater composition over the course of the experiments (Fuhr
et al., 2023). These changes did not occur in the experiments in
the present study which is most likely a consequence of the shorter
incubation time and the fact that the cores were recovered at
an ambient temperature of 10.2◦C, thus closer to the laboratory
conditions (12.5◦C), compared to 6.9◦C in the former experiment.
The shift in the pore water pH profiles in Cal2 and Cal3, however,
appears very similar to changes observed in sediments from the
same location under oxic conditions (Fuhr et al., 2023). In general,
pH shifts in all cores were low and had a comparably minor impact
on sedimentary fluxes and bottom water chemistry. The stable
pore waters combined with the steady state attained at the end
of the experiment, allows for a straightforward interpretation of
the data.
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4.2 Correlation between oxygen
concentrations and TA in bottom waters

For the assessment of TA that derives from EBW, it is necessary
to consider the oxidation state of bottom waters, which controls
the benthic release of reduced substances such as H2S, NH

+
4 ,

Fe2+, Mn2+, and PO3−
4 generated during anaerobic organic matter

degradation including denitrification (Hiscock and Millero, 2006).
In order to assess the correlation between oxygen and TA

concentrations in bottom waters, TA measured in individual cores
(Supplementary Figure 6) was plotted as function of the respective
oxygen concentrations (Figure 7). Oxygen concentrations in all
cores varied between 0 µmol l−1 (C1 and Dun3) and 150 µmol
l−1 in Dun1 on day 8. These variations are driven by the supply
of oxygen from the reservoir via the throughflow, invasion of
oxygen into the cores along the joints of the stirring heads and
oxygen consumption in bottom waters as well as in the sediments.
The reservoir oxygen concentrations slightly varied as a complete
deoxygenation was technically not possible, and minor oxygen
invasion during the transfer into the gastight reservoir bag was
inevitable. H2S was not measured in bottom waters or the reservoir
over time. Nevertheless, a sulfidic smell in collected samples
indicated its presence in several cores during phases with very low
oxygen concentrations. Furthermore, H2S was detected in bottom
waters of Dun3 during the initial micro-profiling and in Cal2
during the profile obtained just before the addition of substrates
(Supplementary Figure 7).

Additionally, a control measurement on day 5 revealed H2S in
the overlying water in cores Cal1, Dun2, Dun3, and C1 during a
phase with very low oxygen concentrations in the reservoir and
bottom waters (Figure 4). Increased TA fluxes during this anoxic
phase together with the increased TA concentrations in Dun3
before addition of substrates suggests that during anoxic phases,
as soon as the available oxygen had been completely consumed,
reduced species such as H2S were released into the bottom waters,
and thus contributed to TA. The reoxidation of these species during
phases with higher oxygen availability subsequently consumed TA
(Figure 7). During phases with higher oxygen content in bottom
waters, considerable TA fluxes were only observed in calcite and to
a lesser degree in dunite amended cores. Inmost other cores, higher
fluxes only occurred during anoxia.

4.3 Usability of the carbonate system for
assessment of enhanced weathering

The most important limitation for interpreting the bottom
water carbonate system is the interpolation of pH values between
the three obtained pH profiles (see Section 3.1). The consequence
is that possible pH changes due to temporal TA changes (Figure 1)
are not considered. It is, hence, possible that the pCO2 and DIC
values (Figures 5A, B) were lower between day 0 and day 5 in
cores where TA was presumably released from the sediment due to
very low oxygen concentrations, whereas ΩCal values were higher
(Figure 5C). This hypothesis is underpinned by the fact that the
calculated DIC values increased in all cores during that phase
and remained elevated on that higher level in calcite treated cores

whereas they decreased in the dunite treated and control cores. The
decrease of DIC in dunite treated cores is difficult to reasonably
explain by known chemical processes, since the reservoir as well
as the cores were very limited in exchange with ambient air.
Therefore, the phase between days 0 and 7 will not be considered
in further discussions. In contrast, the calculated bottom water
carbonate system properties are more reliable toward the end
of the experiment and less influenced by errors induced due to
interpolated pH values. Furthermore, in a steady state situation,
as reflected in TA concentrations and fluxes (Figure 1B), the entire
carbonate system should be relatively constant as the reservoir and
sedimentary fluxes are the only sources for DIC.

The low bottom water pCO2 (Figure 5A) and the
corresponding elevated DIC in calcite treated cores suggest
contribution of DIC via CaCO3 dissolution and a subsequent
conversion of dissolved CO2 to HCO−

3 . The most important
indicator for calcite dissolution is the ΩCal, especially in the calcite
treated cores. Despite the fact that the interpolated pH values might
lead to an underestimation of ΩCal values between days 0 and 5,
the final values of ∼0.94 (Figure 5C) suggest that in these cores
the bottom waters remained corrosive throughout the experiment,
which is important for evaluating the dissolution kinetics and
mechanisms in this study.

4.4 Evaluation of enhanced and natural
CaCO3 weathering

Despite the aforementioned uncertainties associated with the
calculated carbonate system properties over time, the development
of a steady state in the cores toward the end of the experiment
implies that it is reasonable to focus on the last 5 days of
the experiment to disentangle natural and enhanced weathering.
For these days, sedimentary fluxes of corresponding weathering
products (TA, Ca and Si) were averaged and compared (Table 2).

If TA is generated via CaCO3 dissolution, the ratio of FTA:FCa
is expected to be 2:1 (Equation 2). In the calcite treated cores the
uncorrected ratio was ∼2.97:1 (not shown in Table 2). This ratio is
higher than the expected ratio, since it results from a combination
of natural and enhanced weathering as well as TA fluxes that derive
from metabolic processes. The natural background fluxes were
considered by subtracting TA and Ca fluxes of the untreated control
cores from the cores with mineral addition (1FTA = FTA treated
core – FTA (control), 1FCa = FCa (treated core) – FCa (control),
likewise for 1FSi), resulting in a corrected ratio of 1FTA/1FCa
= 2.60:1 (Table 2). The remaining excess TA indicates that an
additional TA flux of ∼1.21 µmol d−1 cm−2 was possibly not
directly driven by CaCO3 dissolution. Thus, it is important to
understand potential mechanisms that can lead to these elevated TA
fluxes. In a previous study investigating weathering on sediments
from the same location under fully oxic conditions (Fuhr et al.,
2023), similar excess TA fluxes were possibly driven by microbial
metabolism, which could, in principle, also explain additional
TA fluxes from the sediment in cores Cal2 and Cal3. At the
same time, these two cores also showed enhanced Ca2+ pore
water concentrations in the upper 3 – 4 cm of the sediment
(Supplementary Figure 4). This elevation is not visible in pore
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FIGURE 7

TA fluxes (fTA) over oxygen concentrations in bottom waters. Horizontal dashed line denotes fTA = 0. Analytical precision (∼0.5 µmol cm−2 d−1 for fTA
and ∼2 µmol l−1 for O2) are not shown for clarity.

TABLE 2 TA, Ca, and Si fluxes in di�erent cores averaged for di�erent treatments over the last 5 days of the experiment.

FTA FCa FSi 1FTA/1FCa 1FTA/1FSi

Treatment µmol cm−2 d−1
µmol cm−2 d−1

µmol cm−2 d−1

Calcite: 3.69± 1.15 1.24± 0.36 0.33± 0.08 2.60 −294.1

Dunite: 1.87± 0.26 0.15± 0.54 0.45± 0.09 28.1 10.2

Control: 0.75± 0.34 0.11± 0.22 0.34± 0.08

Errors for dunite and calcite represent standard deviation (SD) between averages of each treatment. Since for the control experiment, only two cores were used, errors indicate the deviation of
each core from the average. 1FTA/1Fi ratios indicate ratios between flux differences between treatments and the control experiment.

water TA values of the same cores (Supplementary Figure 4). It
may be possible that the higher diffusion coefficient of HCO−

3
compared to Ca2+ (Boudreau, 1997), caused HCO−

3 to diffuse out
of the very upper sediment before Ca2+, as proposed by Fuhr
et al. (2023). The difference between the excess TA flux observed in
controls (∼0.53 µmol d−1 cm−2) and calcite treated cores (∼1.21
µmol d−1 cm−2) is ∼0.68 µmol d−1 cm−2. The depth-integrated
excess dissolved Ca2+ in the upper pore water of these cores
(Supplementary Figure 4) is ∼1.1 µmol cm−2, which would be an
equivalent of ∼2.2 µmol cm−2 of TA. Given that these values were
obtained over the last 5 days of the experiment, this diffusive time
lag would explain an additional∼0.43 µmol d−1 cm−2 TA flux and
therefore a significant fraction of the elevated TA:Ca ratio.

With regards to ΩCal profiles (Supplementary Figure 5), the
upper millimeters of the incubated cores were much less
undersaturated with respect to calcite than those previously

incubated under oxic conditions (Fuhr et al., 2023). Hence,
dissolution within the sediment is unlikely to significantly
contribute to calcite weathering. This, together with Ωcal values
in bottom waters (Figure 5C), implies that the driver for calcite
dissolution under hypoxic to anoxic conditions is the corrosive
bottom water (Equations 4, 5). This hypothesis is corroborated
by the very low Ca2+ fluxes in dunite treated and control cores
(Figure 3B, Table 2), despite TIC contents of 3–5% in the sediment
solid phase (Figure 6).

With this weathering mechanism in mind, it is reasonable to
use only Ca2+ concentrations and fluxes to quantify enhanced
CaCO3 dissolution and not both TA and Ca2+ as proposed by
Fuhr et al. (2023) for oxic conditions. This approach avoids
uncertainties induced by potential natural benthic weathering and
other processes that may have induced additional TA fluxes. The
enhanced Ca2+ flux and thus the rate of enhanced weathering (Rew)
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can then be described as:

Rew = (FCa(Cal) − FCa(C)) (6)

where FCa(Cal) is the calculated average flux in the calcite treated
core and FCa(C) is the calculated average flux in the control cores.

This calculation leads to an enhanced Ca flux and Rew of 1.12
± 0.40 µmol cm−2 d−1 in the calcite treated cores. Based on this
number and the amount of CaCO3, it is now possible to estimate a
first order dissolution rate constant (kr) following:

krCa =
Rdiss

ACal
(7)

where Rdiss is the dissolution rate over the entire surface of the
sediment of one core (RDiss = Rew × sediment surface area) and
ACal is the reactive surface of the calcite added on the sediment
(BET-surf., Table 1).

This leads to a rate constant krCa of 0.0025 ± 0.0008 µmol
cm2 d−1 and subsequently to a Log10(krCa) of −13.54 ± 0.12mol
cm−2 s−1 for a mean ΩCal value of 0.9 (Figure 5C). These values
are in line with values reported by Naviaux et al. (2019) of−13.5±
0.4 for 0.8< ΩCal <1 for in situ dissolution in the North Pacific
Ocean. The conformity of these rate constants estimates implies
that the kinetic constant and rate law for calcite dissolution assessed
in previous studies can be employed to calculate and simulate the
dissolution rates of calcite added to Baltic Sea surface sediments
that are exposed to undersaturated bottom waters.

4.5 Assessment of olivine dissolution rates
and kinetics

The high olivine content of over 90% in dunite (Hochstetter,
1859), justifies the assumption that olivine dissolution is
representative for dunite dissolution. The dunite dissolution
rate can be described as a function of temperature and pH
(Rimstidt et al., 2012).

The high Mg2+ content in Baltic Sea water (∼36 ± 0.72 mmol
l−1) excludes its use as a proxy for olivine dissolution due to the
analytical resolution. Thus, excess TA and/or dissolved Si might be
reasonable proxies.

In all cores, background fluxes of Si were observed, which
are presumably induced by diatom dissolution (Rickert, 2000;
Gasiunaite et al., 2005; Dale et al., 2021; Fuhr et al., 2023). As
performed for calcite treated cores, these background fluxes for
both TA and Si were subtracted from the average fluxes in the
dunite treated cores (Table 2). Additionally, the TA flux induced by
CaCO3 dissolution was subtracted (twice FCa). This led to a residual
FTA:FSi ratio of 7.52. Following Equation 1, this ratio should be
4 if the olivine dissolution was the only source of excess TA in
dunite treated cores. This suggests that either ∼0.39 µmol d−1

cm−2 of additional TA was released from the sediments, or that
the overall stoichiometry of the dissolution process was altered
due to either secondary mineral formation (Fuhr et al., 2022) or
incongruent weathering (e.g., preferential release of Si over Mg or
vice versa; Montserrat et al., 2017). The latter cannot be assessed
in the frame of this study and will therefore be accepted as a

possible explanation, but not discussed further. The formation of
secondary minerals would explain lower dissolved Si fluxes, but
at the same time also diminished TA fluxes (Fuhr et al., 2022).
Additionally, results from studies on olivine dissolution in an open
system (Flipkens et al., 2023) suggest that even when grains are
not in suspension, as in the present study, and in higher saline
water, the formation of secondaryminerals is very unlikely to occur.
Hence, it can be assumed that the altered FTA:FSi ratios derived
from additional sedimentary TA fluxes are not linked to olivine
weathering or CaCO3 dissolution, but rather sedimentary fluxes of
reduced species (see Section 4.2).

With these assumptions in mind, the dissolution kinetics of
olivine can be estimated following Equations 6, 7, with Si as a
candidate proxy, assuming congruent weathering. Considering the
amount and geometric surface area of the added dunite (Table 1),
the first order rate constant for olivine dissolution can be calculated
by normalizing the mean observed Si release rate over the last
5 days of the incubations (RDiss = 7.17 × 10−11 to 1.48 ×

10−10 mol s−1) with the available dunite surface area (0.574 m2,
Equation 7). The result is a krSi of 1.822·10−10 mol m−2 s−1

and subsequent Log10(krSi) of −9.76 ± 0.16 [−9.90 < Log10(krSi)
< −9.59]. This value is close to values suggested by Rimstidt
et al. (2012) whose rate law yields Log10(krSi) = −9.96 for the
temperature and pH values prevailing during our experiments
(12.5◦C, pH = 7.44). The slightly higher observed values may
result from the calculations of the reactive surface or enhanced
dissolution along highly reactive sights on the grains (Fuhr et al.,
2022). Alternatively, the non-dunite related Si fluxes might have
been slightly higher in dunite treated cores than in the control
cores that were employed to calculate excess fluxes. Still, the
conformity of krSi values suggests that the sedimentary excess Si
flux largely derives from dunite (olivine) dissolution and that the
kinetic constant and rate law for dunite dissolution assessed in
previous studies (Rimstidt et al., 2012) can be employed to calculate
and simulate the dissolution rates of dunite added to Baltic Sea
surface sediments.

4.6 Comparison of di�erent dissolution
mechanisms and materials

The evaluation of enhanced fluxes and the fate of the added
substrates in this study has revealed that during anoxic to hypoxic
phases the added alkaline minerals remained directly on the
sediment surface due to minimal bioturbation and are dissolved
by undersaturated bottom waters. Under oxic conditions (Fuhr
et al., 2023), the substrates were quickly worked into the sediment
by bioturbation such that dissolution was governed by intra-
sedimentary processes and the resulting chemical conditions of
the pore waters. Dissolution under oxic conditions appears to
be slower as the transport of weathering products is driven by
diffusion, whereas dissolution on the sediment implies a fast
removal of weathering products directly to the bottom water.
Furthermore, intra-sedimentary dissolution is only possible in the
zone where ΩCal values fall below 1 (Fuhr et al., 2023). When
the added material is worked into the sediment, it might not
be completely exposed to corrosive pore waters. In contrast, the
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FIGURE 8

Comparison of enhanced fluxes under oxic (Fuhr et al., 2023) and

anoxic to hypoxic conditions (this study) in calcite (blue) and dunite

(green) treated cores. Fluxes under anoxic/hypoxic conditions were

calculated based on excess Ca and Si fluxes. For oxic conditions

fluxes were calculated based on excess Ca flux in calcite treated

cores and based on excess TA for dunite treated cores. Error bars

denote SD of the respective calculations.

presented results suggest that minerals located on top of the
sediment and exposed to corrosive bottom waters are more likely
to completely dissolve. These differences lead to excess TA fluxes
(Figure 8) that were ∼2.5 times higher under anoxic to hypoxic
conditions (2.48 ± 1.15 µmol cm−2d−1) compared to oxic bottom
waters (0.968 ± 0.096 µmol cm−2d−1, Fuhr et al., 2023) in calcite
treated cores.

At the same time, the enhanced TA fluxes induced by the
materials are different. Despite the fact that olivine weathering is
4 times more efficient with regards to TA release compared to
calcite weathering (Equations 1, 2), the actual TA fluxes were 4.4
(oxic) to 5.6 (anoxic/hypoxic) times higher in calcite treated cores
than those in the dunite treatments. The reason for these large
differences is based on the different dissolution kinetics of both
materials. Given that the average grainsize of the applied dunite was
much smaller than that of the added calcite (Table 1) and that the
temperature of 12.5◦C constitutes the uppermost temperature that
can be expected in the natural system at Boknis Eck (Melzner et al.,
2013), this raises the question whether usage of olivine as a material
for EBW is sensible in the Baltic Sea. It is possible, though, that
under the confined laboratory conditions the benthic “weathering
engine” (Meysman and Montserrat, 2017) was not as efficient as it
might be under natural conditions. Nevertheless, these differences
in condition and material-based efficiency are crucial findings of
this study. They suggest that calcite addition is a more efficient
method of EBW than dunite amendment for most seafloor areas
in the Baltic Sea.

4.7 Implications for field and modeling
applications

In combination with recently investigated EBW under oxic
conditions (Fuhr et al., 2023), it becomes apparent that in the
relatively cold Baltic Sea, calcite addition leads to significant excess
TA fluxes which makes it the candidate material for OAE in
this region.

Based on the assessment of different weathering mechanisms
and the subsequently much higher excess TA fluxes under anoxic
to hypoxic conditions, the ideal timing for addition of substrates
for enhanced weathering in Boknis Eck would probably be at the
beginning of anoxic to hypoxic phases. This would maximize the
time that the added material is exposed to corrosive bottom waters
and maximize weathering. Based on long-term observations in
Boknis Eck (Melzner et al., 2013) the best time for addition would
therefore be between June and early September, depending on the
onset of anoxia.

Furthermore, the results of the present study reveal that under
anoxic to hypoxic conditions the weathering of calcite and dunite
can be traced and quantified based on dissolved Ca and Si,
respectively. The concentration increase for both species was high
enough to be detected and distinguishable from the background
flux despite the higher flow rate in this experiment compared to
the previous experiments carried out by Fuhr et al. (2023). This
is also due to the fact that under anoxic to hypoxic conditions,
limited macrofaunal activity allows natural and enhanced fluxes
of weathering products to be more easily distinguished. As a
consequence, these conditions would facilitate the monitoring
during a field application for example via benthic flux chambers.

The highest TA fluxes were observed during highly anoxic
periods of the experiment but were not accompanied by Ca or Si
fluxes which suggests that during these strictly anoxic phases high
TA background fluxes may increase pH values and thus reduce or,
in the case of calcite, possibly inhibit dissolution. At the same, in an
open natural system, the dilution and dispersal of the released TA is
likely much larger than in laboratory incubations. Combined with
the high concentrations of metabolically formed CO2, this may lead
to seasonal and possibly persistent undersaturation with respect to
calcite in strictly anoxic basins (Lass and Matthäus, 2008, Lencina
Avila and Rehder, pers. communication). This would enhance the
total area of sediments suitable for enhanced benthic weathering in
the Baltic Sea (Carman and Cederwall, 2001).

An important finding of this study is the fact that the first order
rate constants derived from sedimentary fluxes of dissolved Ca and
Si were very close to values that were obtained in other laboratory
and field studies (Rimstidt et al., 2012; Naviaux et al., 2019). This
implies that these kinetic constants and the corresponding rate laws
can be employed to simulate EBW and investigate the uptake of
atmospheric CO2 induced byOAE in the Baltic Sea and presumably
other anoxic to hypoxic ocean basins.

5 Summary, conclusion, and outlook

The present study investigates EBW of calcite and dunite on
organic rich sediments from Boknis Eck in the Eckernförde Bay
covered by CO2 enriched and de-oxygenated bottom waters, to
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assess the potential of these minerals for alkalinity enhancement
and thus mCDR. For this purpose, sediment cores were amended
with calcite and dunite and subsequently incubated for 19 days. The
bottom water in the cores was subjected to a constant throughflow
from a gas tight reservoir with deoxygenated Baltic Sea water with
a defined pCO2. The addition of both materials led to an increase
on weathering products such as TA, dissolved Ca and dissolved Si
compared to untreated control experiments. These fluxes could be
attributed to different sedimentary processes and thus the enhanced
fluxes identified and quantified. The first order rate constants that
were calculated based on these enhanced fluxes fit very well to the
rate constants and corresponding rate laws previously published for
calcite and olivine dissolution which underlines the inference that
the enhanced fluxes derive from the dissolution of added calcite
dunite (olivine) directly at the sediment-water interface in contact
with undersaturated bottom waters.

The fact that excess TA fluxes were ∼3 times higher under
anoxic to hypoxic conditions compared to oxic bottom waters,
allows narrowing down the ideal timing for a possible application
of especially calcite on seasonally hypoxic sediments of the
Baltic Sea. A highlight of this study is the congruence of
observed and previously published dissolution rate constants
which underpins the usability of these constants for modeling
approaches toward large scale assessment of EBW as a climate
change mitigation measure.

The results of this study suggest that benthic weathering of
dunite and calcite can lead to significantly increased TA fluxes with
higher efficiencies observed for calcite. The latter is therefore the
candidate material for EBWon organic rich sediments in seasonally
anoxic to hypoxic regions in the Baltic Sea. Despite the fact that
biohazardous elements such as nickel were below detection limit in
both bottom and pore waters in this study, more applied research
using larger benthocosms or in situ field experiments will be needed
to exclude negative side effects of dunite addition on the fragile
ecosystem in the Baltic Sea. Such studies would also augment the
understanding of natural and enhanced weathering in a close-to-
natural system compared to the laboratory conditions under which
these processes were investigated in this study.
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