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Abstract Carbon dioxide entering and acidifying the ocean can be neutralized by the dissolution of calcium
carbonate, which is mainly found in two mineral forms. Calcite is the more stable form and is often found in
deep-sea sediments, whilst aragonite is more soluble and therefore rarely preserved. Recent research shows
aragonite may account for a much larger portion of marine calcium carbonate export to the ocean interior via the
biological pump than previously thought, and that aragonite does reach the deep sea and seafloor despite rarely
being buried. If aragonite is present and dissolving at the seafloor it will raise local pH and calcium and
carbonate concentrations, potentially enough to inhibit calcite dissolution, representing a deep-sea, carbonate
version of galvanization. Here, we test this hypothesis by simulating aragonite dissolution at the sediment-water
interface in the laboratory and measuring its effects on pH using microsensors. We show that the addition of
aragonite to calcite sediment, overlain by seawater undersaturated with respect to both minerals, results in an
unchanged alkalinity flux out of the dissolving sediment, suggesting a decrease the net dissolution rate of
calcite. In combination with a diagenetic model, we show that aragonite dissolution can suppress calcite
dissolution in the top millimeters of the seabed, locally leading to calcite precipitation within 1 day. Future
research efforts should quantify this galvanization effect in situ, as this process may represent an important
component of the marine carbon cycle, assigning a key role to aragonite producers in controlling ocean
alkalinity and preserving climatic archives.

Plain Language Summary Carbon dioxide (CO,) concentrations are rising due to human influences
and the ocean takes up around a third of these CO, emissions, causing ocean acidification. This can be
counteracted by dissolving calcium carbonate (CaCO;), which neutralizes CO,. CaCO5 makes up the shells of
organisms living in surface waters, which sink to the bottom after dying. Most deep-sea sediments are made up
of a stable form of CaCOj called calcite. However, there is increasing evidence that a more soluble form of
CaCOs called aragonite also reaches the seafloor. If aragonite does reach the seafloor, its dissolution could
protect the surrounding calcite grains from dissolving. This has been shown in a computational study by Sulpis,
Agrawal, et al. (2022), https://doi.org/10.1038/s41467-022-28711-z, and is further demonstrated in this
laboratory study, where we dissolved aragonite on a calcite bed and measured the surrounding seawater
chemistry at sub-millimeter scale. Our study suggests that aragonite not only protects calcite from dissolution,
but also leads it to grow. This indicates that aragonite plays an important role in CO, neutralization and should
be included in any representation of the marine carbon cycle.

1. Introduction

The marine CaCOj cycle regulates the uptake, storage and release of carbon dioxide (CO,) to the atmosphere and
therefore plays an important role in controlling atmospheric CO, on millennial timescales. The current buffering
of anthropogenic CO, serves as a good example: the global ocean has absorbed approximately one-third of
anthropogenic CO, emissions in recent years (Friedlingstein et al., 2022; Gruber et al., 2019). The ocean's large
storage capacity of inorganic carbon results from the reaction of carbon dioxide (CO,) with water to form bi-
carbonate (HCO;™) and carbonate (CO32_) ions, releasing protons (H'), which lowers pH. Changes in the dis-
tribution of the dissolved carbonate species chemically buffer seawater against the effects of CO, addition.
Homogenous buffering involves only dissolved components, whereas heterogenous buffering also includes the
balance between precipitation and dissolution of carbonate minerals (Middelburg, 2019). The latter is termed
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geochemical carbonate compensation, and allows CO, entering the ocean to be neutralized by CaCOj; dissolution
(Plummer et al., 1978):

CaCOs(s) + CO,(aq) + H,0 = Ca’* +2HCO;

In the open ocean, most CaCO; originates from the shells and skeletons of various organisms living in surface
waters (Smith & Mackenzie, 2016). These biominerals are exported from surface waters via multiple pathways,
including incorporation into marine snow aggregates and fecal pellets (Richardson, 2019; Silver et al., 1978), and
they sink to the seafloor due to gravity. The global CaCOj; delivery flux to oceanic sediments is estimated to range
from 40 to 60 Tmol yr', amongst which 11-12 Tmol will be preserved and buried, the rest being dissolved during
early diagenesis (Sulpis et al., 2021). Because deep-sea carbonate minerals cover most of the seafloor (Milli-
man, 1993), they are thus fundamental to regulating atmospheric CO,.

The saturation state (€2) of seawater with respect to each CaCO; mineral is the driving force behind the mineral's
precipitation or dissolution. If Q = 1, the solid and solution are in equilibrium; if Q < 1, the solution is under-
saturated and mineral dissolution can occur; and if > 1, the solution is supersaturated and precipitation should
occur. The saturation state is given by

K

where square brackets are concentrations and K;‘p is the stoichiometric solubility constant, a function of salinity,
temperature and pressure that is specific to each calcium carbonate mineral (Mucci, 1983). Whilst dissolved
calcium is uniformly distributed throughout the global ocean due to its long residence time (1.1-10° yr; Broecker
& Peng, 1982), carbonate ion concentration is subject to strong short-scale changes, both spatially and temporally
(Takahashi et al., 2014), and therefore plays an important role in controlling the saturation state variability in
seawater. Low saturation states in the deep ocean are explained by higher CaCO; solubility at high pressure and
low temperature (Millero, 1979) and, to a lesser extent, by changes in carbonate ion concentration (Berelson
et al., 1997) caused by the buildup of CO, in deep waters due to the oxidation of organic matter (Volk & Hof-
fert, 1985). The depth where seawater first becomes undersaturated (2 < 1) with respect to a carbonate mineral is
termed the saturation depth for that mineral. Below their saturation depths, dissolution rates of CaCO; minerals
generally increase with depth due to the decreasing € (Schink & Guinasso, 1977; Takahashi & Broecker, 1977).
In the ocean, different CaCO; minerals are found, each with its own composition or crystal structure, hence, with
its own solubility and saturation depth.

The most stable polymorph of calcium carbonate under Earth-surface conditions is calcite, which in the open ocean
constitutes the shells of the unicellular coccolithophores (phytoplankton) and planktonic foraminifera
(zooplankton). Calcite is often the only polymorph found in deep-sea sediments and most sediment traps (Berner &
Honjo, 1981; Buitenhuis et al., 2019; Fabry, 1990; Fabry & Deuser, 1991). Aragonite is the second most stable
polymorph of CaCO; and its pelagic production is dominated by planktonic gastropods living in surface waters
(Lalli & Gilmer, 1989). Most biogeochemical models used to project and reconstruct Earth's climate treat all
CaCO;j as calcite (Aumont et al., 2015; Ilyina et al., 2013; Moore et al., 2013; Watanabe et al., 2011). However,
recent research suggests aragonite export could be at par with that of calcite, which is a much larger contribution
than initially thought (BednarSek et al., 2012; Berner, 1977; Buitenhuis et al., 2019; Gangstg et al., 2008).

Aragonite is about 50% more soluble than calcite (Mucci, 1983). Thus, in all oceanic regions, the aragonite
saturation depth (~2,500 m in the Atlantic, ~300 m in the Northern Pacific; Feely et al., 2004) is shallower than
the calcite saturation depth (~4,000 m in Atlantic, ~500 m in the Northern Pacific; Feely et al., 2004). The
difference in the depth of the saturation level between the Atlantic and Northern Pacific is due to the pattern of the
thermohaline circulation, Northern Pacific deep waters being older and having accumulated more metabolic CO,
than the young and recently ventilated Northern Atlantic deep waters. Because most of the seafloor is deeper than
the aragonite saturation depth, aragonite is rarely preserved at the seafloor (Berger, 1978). However, sediment
traps have recorded high concentrations of pteropod genetic material (Boeuf et al., 2019) and aragonite grains
(Dong et al., 2019) at abyssal depths. This suggests that aragonite does reach the seafloor despite rarely being
buried there. Presumably, it dissolves at or near the sediment-water interface (SWI), where it could affect the
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Table 1
Overview of the Two Experiments Conducted

Initial composition of
overlying seawater

Aragonite

Calcite sand  material Container

Hydrodynamics Duration

Goal

Experiment 1: Foraminifera Spherical Q_, = 0.3 £ 0.04 Rotating disk reactor Reproduced Measure changes in
rotating disk ooze deposit coral TA = 681 + 5.4 pmol kg™ (radius = 7.5 cm, hydrodynamics dissolution-generated
reactor fragments height sediment disk = of an alkalinity flux through the SWI
experiment 3 cm, abyssal SWI when various amounts of
(RDR) height reactor = 12 cm) aragonite are added on a

calcite bed

Experiment 2: Foraminifera Pteropod Q_, = 0.3 +0.04 Quartz cuvette Absence of 4 days  Quantify dissolution rates of
cuvette ooze deposit shells TA = 681 =+ 5.4 umol kg™ (5%X2x%X6cm) flow calcite and aragonite, and
experiment possibly calcite precipitation
(CUV) rates, at a high depth resolution

using pH microprofiles and a
diagenetic model

dissolution kinetics of calcite (Archer, 1996; Sulpis et al., 2018). In a sedimentary system with overlying seawater
undersaturated with respect to both calcite and aragonite but containing both minerals, aragonite will dissolve
fully due to it being the most soluble (Mucci, 1983), raising TA and Q, and subsequently hampering calcite
dissolution. Sulpis, Agrawal, et al. (2022) showed this effect using a 3-D, micrometric-scale reactive-transport
model to simulate the dissolution of an aragonite pteropod shell on a bed of calcite particles in a typical deep-
sea setting, describing it as a deep-sea, carbonate version of galvanization. However, this galvanizing effect
has not yet been supported with observations.

Here, we test this hypothesis of aragonite galvanization by dissolving aragonite particles on a bed of calcite
particles in the laboratory and measuring changes in pH (with microelectrode profiling) and alkalinity in both
porewaters and water above the sediment. From measured alkalinity fluxes, we propose that an increase in
aragonite dissolution rate causes a decrease in net calcite dissolution rate of the same magnitude. In addition,
using a reactive-transport sediment model, we show that aragonite dissolution should induce calcite precipitation
to explain the observed pH microprofiles. We discuss the consequences of aragonite galvanization for interpreting
paleoenvironment records and water depth distributions of carbonate minerals. In the future, less aragonite
accumulating at the seafloor would enhance dissolution of calcite at the seafloor and destroy associated climate
archives.

2. Materials and Methods

Two complementary experiments were carried out to test the hypothesis of aragonite galvanization. (a) A 64-day
long dissolution experiment was run, in which (aragonite) coral fragments were placed in a calcite bed in a
rotating-disk reactor (RDR) that reproduces the hydrodynamics of the abyssal SWI, filled with undersaturated,
natural water. The goal was to measure how the dissolution-generated alkalinity flux through the SWI changes
when various amounts of aragonite are added onto a calcite seabed by measuring bulk seawater TA and pH
porewater profiles. This experiment showed an aragonite galvanizing effect but also highlighted the need to
observe porewater pH changes on much shorter, for example, hourly, timescales, and to seek for traces of calcite
precipitation in a smaller, better controlled environment. Thus, another follow-up experiment was needed. (b) A
4-day long dissolution experiment was carried out, in which (aragonite) pteropod shells were placed on a calcite
bed in a5 X 2 X 6 cm quartz glass cuvette filled with undersaturated, natural seawater, in the absence of flow. The
goal was to measure the effects of aragonite dissolution on pH profiles across the SWI at a high (sub-millimetric)
resolution, and combining the measured profiles with a diagenetic model, to quantify the calcite and aragonite
dissolution rates, and the calcite precipitation rate, if any. These two experiments are described in detail in the
following, and for clarity, a summary is provided in Table 1.

2.1. Material

Natural seawater from the Marsdiep, a tidal inlet between Den Helder and Texel in the Netherlands connecting the
North Sea and Wadden Sea, was filtered with Grade GF/F, 47 mm filters (down to 0.7 pm) and mixed to mask the
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Figure 1. Left: A juvenile pteropod, photographed using a Keyence VHX-7000 digital microscope. Right: Spherical
aragonite fragments.

tidal influence on water composition. In total, 70 L of water was collected and separated into seven different
batches. All batches had a practical salinity of 28.3, and the mean * standard deviation initial TA across all
batches was 2,373 =+ 1.1 pmol kg™, Hydrogen chloride solution (HCI, 1 M) was added to achieve a saturation
state of ., = 0.3 for 60 L and Q_, = 1.0 for the remaining 10 L of seawater. Air pumps were used to bubble air
(pCO, = 480 patm) through the seawater for 3 weeks until steady state was reached between the seawater and the
air; steady-state was inferred from the stabilization of pH readings (pH constant within +0.10 for 3 consecutive
days, measured using a Mettler Toledo pH Sensor InLab Expert Pro-ISM). The 60 L seawater with
Q.. =0.3+0.04 (TA = 681 + 5.4 pmol kg™") was used for both dissolution experiments (Table 1), and had a pHy
of 7.40 = 0.05. The 10 L seawater with _, = 1.0 £ 0.12 was used for calcite sand equilibration, explained below.

A foraminiferal ooze deposit from the Walvis Ridge (—29.74 N, 2.29 E) from 2,896 m depth and 6 m below the
SWI, was wet-sieved (63 pm) and dried at room temperature to provide calcite sand (with a porosity of 40%,
determined by the difference in weight between the wet and dry calcite sand, which is converted to volume and
then divided by the total volume of the wet calcite). The calcite sand was pre-equilibrated in the 10 L of seawater
(Q.,=1.0+0.12, TA = 1,093 + 4.0 pmol kg ™", pH = 7.71 =+ 0.05), regularly stirred, for 2 weeks to dissolve any
mineral phases more soluble than pure calcite. X-Ray Powder Diffraction (XRPD) (methodology in Sec-
tion 2.4.4) showed that the calcite sand consisted of 96% calcite, 4% feldspar and trace amounts of quartz and
halite (the latter formed during drying) (Table A4 in Supporting Information S1). This sand is hereafter referred to
as the “calcite sand”.

Juvenile pteropod shells (Figure 1) were taken from the shallow waters of the western entrance of the Corinth
Channel in Greece. Surface water from the Corinth Channel was pumped and filtered through a net (75 pm mesh)
for several hours. The retrieved pteropods were frozen, freeze-dried, and organic material was removed using a
Low Temperature Asher. No quantitative mineralogical analysis was possible for the pteropod sample due to the
low amount of sample available. However, the composition was inferred from initial qualitative results and
quantitative XRPD results done after the first experiment, indicating approximately 48% aragonite, 50% calcite,
and 2% quartz. The pteropods were only used for the cuvette experiments, and not in the RDR experiment
(Table 1). This was due to a limited amount of pteropods being available, as well as their small size making them
difficult to manage. Instead, spherical aragonite fragments (Figure 1) were used for the RDR experiment. These
were created by breaking coral branches into small pieces and filing them manually into 1-2 mm diameter
spheres. The coral originated from the Rockall Bank, Logachev mound province at 550-1,000 m water depth and
was collected via box cores.

Seawater was not poisoned with mercuric (II) chloride, but instead filtered to limit microbial respiration. To test
the effects of microbial activity on seawater carbonate chemistry during the timespan of our experiments, two
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beakers were filled with calcite sand and filtered seawater. Mercuric chloride was added (100 pg of mercuric
chloride per milliliter of sample) to one beaker to inhibit any biological activity. O, concentration was measured
at five different depths (1.5 and 0.5 above the SWI, 0.5, 1.5, and 2.5 cm below the SWI) using Unisense mi-
croelectrodes. These profiles were done again after 4 days and then again after another 3 days to see if any oxygen
was consumed or produced. No detectable change in [O,] was observed at 1.5, 0.5, and —0.5 cm depth. At
—1.5 cm and —2.5 cm, both the poisoned and the non-poisoned beaker showed some [O,] consumption after
7 days (Figure Al in Supporting Information S1). We conclude that it is unlikely that microbial respiration
affected our experimental results substantially within 7 days, but it is possible that it had an effect on longer
periods.

2.2. Experiment 1: Rotating Disk Reactor
2.2.1. Rotating Disk Reactor

Rotating disk reactors (RDR) are used to precisely control mass transfer conditions at the interface between a
liquid and a dissolving solid. They have been used in the context of calcite dissolution in seawater (Sjoberg &
Rickard, 1983, 1984a, 1984b; Sulpis et al., 2019), notably, to reproduce in the laboratory the slow bottom-water
current speed of the seafloor, and precisely control the diffusive boundary layer (DBL) thickness at the SW1 in the
laboratory. The DBL is a thin film of water extending up to a few millimeters above the SWI in which molecular
diffusion is the dominant mode of solute transport (Boudreau & Guinasso, 1982). Reproducing this DBL in the
laboratory is important when simulating benthic diffusive fluxes, since the thick diffusive boundary layers often
seen at the sea floor significantly reduce the diffusive rate of solutes through the SWI. The RDR simulates slow
flow in a reaction chamber filled with seawater using a rotating sediment disk (Figure A2 in Supporting Infor-
mation S1), where the entire water velocity gradient is reproduced from zero velocity at the SWI to constant full
velocity at the top of the water level. Here, we do not aim to test the effect of a DBL on dissolution rates, but
simply to perform experiments representative of deep-sea environments. By spinning the disk at a constant rate of
two rotations per minute, the bottom-water current speed reproduces a diffusive boundary layer (DBL) thickness
of 300 pm, which is representative of a typical deep-sea or shelf environment (Sulpis et al., 2018).

2.2.2. Timeframe of Experiments

The rotating disk within the reactor was filled with uniformly distributed calcite sand and then the reactor was
filled with acidified seawater (Q_, = 0.3), marking the start of the experiment. Using a multi-channel peristaltic
pump (Gilson's Minipuls 3), seawater was pumped through the reactor chamber at a constant rate of
11.28 mL hr™' via a 0.76 mm inner diameter Tygon polyvinylchloride (PVC) tube. The pumping rate was
determined in each experiment by measuring the volume of solution pumped out of the reactor over a fixed period.
To keep a constant volume of solution in the reactor, the solution was withdrawn from the reactor by the same
pump through a wider, 1.02 mm inner diameter tube whose inlet was at a fixed height within the reactor, that is,
the surface of the solution. The batch reactor was capped by a lid with openings for the solution input and output
tubes and a combination glass-reference pH electrode.

The evolution of the dissolution reaction was assessed by monitoring daily the pH of the experimental solution in
the water overlying the sediments inside the reactor at a fixed acidified-seawater pumping rate. At the beginning
of the experiment, pH increased due to the dissolution of the calcite sand. Then, the dissolution was eventually
high enough to balance the acidification caused by pumping acidified seawater in the reactor, at which point a
steady state was reached. After 21 days from starting the experiment, the steady state was assumed to be reached
when the pH of the overlying water was unchanged for 3 consecutive days. Measurements done at this timepoint
are labeled “RDR1” and include total alkalinity (TA) analysis of a sample of the output solution and three pH
microprofiles: at the center of the sediment disk, 3.5 cm from the center and 7 cm from the center near the edge,
see Figure A6 in Supporting Information S1. The average pH across these three microprofiles was computed.

Then, a line of 15 evenly spaced aragonite balls (diameter of 1-2 mm) was added from the center to the outer edge
of the sediment disk. The pH of the overlying water was once again monitored daily until a steady state was
reached after another 27 days. A sample for TA analysis was taken from the output solution and three micro-
profiles were measured at the center, 3.5 cm from the center and 7 cm from the center along the line of aragonite
balls (see Figure A6 in Supporting Information S1 for approximate locations). The average of these three profiles
was computed. The second steady state time point is referred to as “RDR2”.
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To increase the aragonite surface coverage once more, 15 more aragonite balls were added along the same line,
see Figure A6 in Supporting Information S1. pH was monitored daily until a steady state was reached after another
16 days. The pH microprofiles and an alkalinity sample were taken at the same locations as at the previous time
point, this time labeled “RDR3”.

2.2.3. Dissolution Rate Computation

For each result timepoint (RDR1, RDR2, and RDR3), at steady state, the alkalinity difference (ATA) between the
input solution (60 L batch of seawater with Q_, = 0.3) and the output solution was calculated. The dissolution rate
r (mol m™? yr~") was then calculated using

_ g, % ATA
" 2% SA% Al

where my,, is the mass of seawater present in the reactor (1.51 £ 0.05 kg), At is the residence time of the solution
in the reactor (130.2 =+ 8.0 hr), as given by the volume of the solution in the reactor divided by the pumping rate,
and SA is the surface area of the SWI (176.7 + 1 cm®).

2.3. Experiment 2: Cuvette (CUV) Experiment
2.3.1. pH Microprofiling in Cuvettes

Two glass cuvettes (51 X 18 X 57 mm) were each filled with ~14 g of calcite sand (layer thickness of 34 mm) and
acidified seawater (€2, = 0.3). The “control” cuvette denoted thereafter as “CUV CTRL” contained only calcite
sand and seawater, whereas the other cuvette, thereafter “CUV P” also included 260 mg (layer thickness of 1 mm)
of homogenously distributed juvenile pteropods spread over the sediment surface. Starting 15 min after adding the
seawater and pteropods (see Figure A2 in Supporting Information S1 for profiling set-up), two pH profiles (with
depth steps of 100 pm) per cuvette were measured, always at a different location, every hour for the first day, and
then once daily the following 3 days. Four different electrodes were used during these experiments due to suc-
cessive microsensors breaking, as the tiny sensor tips are fragile. At the end of the experiments, the overlying
seawater was sampled for TA analysis. The sediment was scooped out of the cuvettes in depth layers of ~3.5 mm-
thick, and the retrieved sediment samples were then dried and stored for XRPD analysis. Juvenile pteropods were
separated from the sediment for visual inspection under a microscope, and returned to their original samples
afterward.

When the standard deviation of any pHy data point was larger than 0.02, this data point was omitted (3% of 4,262
data points). There were seven resulting profiles for CUV P (with pteropods) and five profiles for CUV CTRL (no
pteropods). Unfortunately, the fragility of the microelectrodes caused breakages, so CUV CTRL has fewer
profiles than CUV P. See Table A2 in Supporting Information S1 for the elapsed time, electrode used and cor-
responding calibration slope gradients (all in the range —57.45 to —52.46 mV per pH unit at 20.9°C).

2.3.2. RADI Model

Model simulations aiming to reproduce the pH profiles from cuvette experiments were performed using the
RADIv1 one-dimensional sediment porewater model of Sulpis, Humphreys, et al. (2022) in its MATLAB version.
This model is targeted for the study of deep-sea calcium carbonates, incorporating both calcite and aragonite
dissolution, as well as calcite precipitation. The aim of these simulations was to reproduce the measured pHp
profiles, using TA and dissolved inorganic carbon (DIC) as the only reactive solutes present and calcite and
aragonite as the only reactive solids composing the sediment. Initial calcite and aragonite concentrations were set
to the values measured by X-ray diffraction, and initial DIC and TA were set to 672 pmol kg™’ and
681 pmol kg™!, respectively, to reproduce the observed initial Q.. As in the cuvettes, in the model simulations,
molecular diffusion was the only mode of solute transport and solid particles were immobile. The calcite and
aragonite dissolution rate constants, as well as the calcite precipitation rate constant were then tuned to reproduce
the pH profiles. Molecular diffusion was the only mode of transport considered. The porosity and amount of
CaCO; were assumed to be constant with depth, as supported by our XRPD results discussed later in the Results
and interpretation Section 3. Phosphate and silicate concentrations were also included as model variables because
they are used to compute pHy along with TA and DIC, but they were assumed to be non-reactive. The depth
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resolution of the model was set to 500 pm, and the time steps taken by the model were about 60 s. A link to the
model code is provided in the ‘Data Availability Statement’ section, and a complete overview of all model pa-
rameters is provided in Table A3 in Supporting Information S1.

2.3.3. Assumptions

For our analysis of the cuvette experiments and model, several assumptions were made: (a) chemical gradients
were assumed to be laterally homogenous, (b) no precision or accuracy difference between the different elec-
trodes used, (c) the water above the sediments was assumed to be both vertically and laterally homogenous due to
Brownian motion, and mixing caused by the inserting and removing of the micro- and reference electrodes, (d)
constant laboratory air pCO,, and (e) negligible respiration occurring within the sediment (see Figure Al in
Supporting Information S1).

2.4. Analytical Techniques
2.4.1. pH Microelectrodes

To obtain insight into micro-scale pH changes, we used microelectrodes to measure pH. They have a high spatial
resolution, do not significantly damage the sample being measured, achieve high rates of diffusion (hence fast
responses to change) and suffer much less from ohmic and double layer charging distortions than larger electrodes
(étuh’k et al., 2000). The pH microelectrodes used in this study (Unisense A/S, Aarhus, Denmark) have tip di-
ameters of 100 microns and an external reference electrode (Ag-AgCl). The electrodes were calibrated against
three Certipur buffer solutions with NBS/NIST-scale pH of 4.00, 7.00, and 10.00 at 20°C. A linear regression of
the electrode response to these buffers was used to obtain the Nernstian slope. Measurements were converted to
the total hydrogen ion concentration scale by altering the y-intercept of the calibration curve using a self-made 2-
amino-2-hydroxymethyl-1,3-propanediol (tris) buffer with a pH of 8.097 = 0.000 at 25°C, as described by
Paulsen and Dickson (2020). This meant a pHy of 8.223 £ 0.007 at 20.9°C (DelValls & Dickson, 1998). Note that
all pH values in this paper are reported on the total hydrogen ion scale (pHy) (Zeebe & Wolf-Gladrow, 2001). The
temperature dependency of the Nernst equation, and thus the temperature dependency of the theoretical slope of a
pH sensor, is compensated for by the Unisense software when calibrating the electrodes. Unisense states that any
linear slope of 50-70 mV/pH unit is acceptable. See Table A2 in Supporting Information S1 for the calibration
slopes and the y-intercepts. After calibration, vertical profiling was done using a Unisense high-precision
micromanipulator (pm scale).

2.4.2. Alkalinity Measurement

Initial alkalinity measurements of seawater were carried out at the NIOZ Royal Netherlands Institute for Sea
Research by potentiometric titration using a Versatile INstrument for the Determination of Titration Alkalinity
(VINDTA) 3C (Marianda, Kiel), while remaining alkalinity measurements were analyzed spectrophotometrically
on a Seal QuAAtro due to smaller sample volumes, following Sarazin et al. (1999). TA was computed from
potentiometric titration data using the Python package Calkulate v23.3 (Humphreys & Matthews, 2022). All TA
measurements were calibrated using batch #186 certified reference material (CRM) seawater obtained from A.G.
Dickson (Scripps Institute of Oceanography, USA). Samples were also analyzed for salinity (WTW Multi 3401),
which was assumed to remain constant for the remainder of the experiments. Experiments were carried out at the
Utrecht University Geolab (7' = 20.9°C and pCO, = 480 ppm, measured using a Claire PTH-5 meter with NDIR
Sensor).

2.4.3. CO, System Calculations

PyCO2SYS v1.8.0 (Humphreys et al., 2022), originating from the algorithm by Lewis and Wallace (1998), was
used to solve the carbonate system and propagate uncertainties. The same “standard” uncertainties for the
equilibrium constants and total borate were used as in CO2SYS for MATLAB (Orr et al., 2018). The equilibrium
constant parameterizations used to model carbonic acid dissociation were taken from Lueker et al. (2000), as
recommended by best practises (Dickson et al., 2007). The dissociation constant for bisulfate was taken from
Dickson (1990), for fluoride from Dickson and Riley (1979), and total borate was calculated from salinity
following Uppstrom (1974).
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2.4.4. X-Ray Powder Diffraction

Each sample was prepared for quantitative X-Ray Powder Diffraction (XRPD) by McCrone milling for 5 min in
10 mL 2-Propanol. Each sample was spiked with approximately 10 wt% corundum, and the weights were
recorded precisely. The spiked samples were homogenized by dry McCrone milling for 1 min. Spiked sample
powders were backloaded onto polymethyl methacrylate (PMMA) sample holders with a cavity diameter of
25 mm. The samples were run at the Department of Earth Sciences of Utrecht University on a Bruker D8 Advance
with a LYNXEYE detector and a 6/ goniometer. Cu-Ka radiation (4 = 1.54056 A) was used and the tube was
operated at 40 kV and 40 mA. To obtain quantitative results, a primary Soller slit of 4.1°, as fixed divergence slit
(0.165 mm)—resulting in a constant irradiated volume, and a motorized anti-scatter screen were used. XRPD
patterns were recorded from 3 to 80°26, in 0.02° steps, and counting for 0.85 s per step. Samples were spun
continuously during measurement (0.25 Hz).

An in-house reference library of standard XRPD patterns of pure minerals was used. This library was compiled
from specimens of pure minerals obtained from various mineral collections. All standard XRPD patterns were
scaled to a maximum intensity of 1,000 counts prior to determination of a full-pattern reference intensity ratio
(RIR) from a mixture of the pure mineral with corundum as an added internal standard, for which the weight
fractions were known precisely. All standard XRPD patterns were run under the same diffractometer conditions
as the unknown samples. Quantification of the mineral phases in the unknown samples was carried out using the
full pattern summation methodology implemented in the package powdR for the R Language and Environment
for Statistical Computing (Butler & Hillier, 2021).

3. Results and Interpretations
3.1. Experiment 1: Rotating Disk Reactor

The first experiment aimed at quantifying how the total CaCO; dissolution-generated alkalinity flux through the
SWI changes when various amounts of aragonite are added onto a calcite seabed by measuring bulk seawater TA
and pH porewater profiles, under hydrodynamic conditions representative of benthic environments.

After 21 days of experiment in which a calcite sand sediment disk was dissolving in acidified seawater, the pH of
the overlying waters reached a steady state (timepoint RDR1). At that point, the pH decrease caused by the in-
jection of acidified water into the reactor chamber was balanced by the pH increase caused by CaCOj; dissolution.
At RDR1, microprofiles indicated a sharp pH increase with depth in the top 5 mm of the calcite sand (Figure 2),
and stable pH values deeper in the porewaters. In terms of [H*] (Figure 2; note inverted x-axis), it translates into a
44 + 2 nM (32%) decrease within the top 5 mm of the sediment relative to the average overlying water [H*]
(65 =2 nM), as H" is consumed by the calcite dissolution reaction (Figure 2). The whole pH profile at RDR1 is
below the baseline, that is, the pH of the acidified water initially poured within the reactor chamber. This could
partly be due to microbial respiration occurring within the sediment. After 27 days, following the addition of 15
aragonite balls o nto the calcite sand surface (Figure A6 in Supporting Information S1), at steady state (RDR?2),
pH increased (and [H*] decreased) in the porewaters and in the overlying waters relative to RDR1. The shape of
the pH and [H*] profiles remained the same, but the pH increase ((H*] decrease) in the top se diment layer was
smoother, occurring over the sediment top centimeter. After the addition of 15 more aragonite balls and another
16 days, at steady state (RDR3), pH increased (and [H*] decreased) slightly relative to RDR2. For RDR2 and
RDR3, porewater [H*] was as much as 15 + 0.5 nM and 16 + 0.5 nM smaller than their average overlying waters
value, respectively. The H" consumption in the sediment porewaters, relative to the overlying waters, was much
smaller in RDR2 and RDR3 when compared to the pure calcite sediment in RDR1. This is attributed to an increase
by up to 0.4 mol kg™ in buffering capacity (B ;. a measure of the resistance to change of H* concentration when
TA changes at constant DIC, as explained by Egleston et al. (2010)), computed using PyCO2SYS v1.8.0
(Humphreys et al., 2022).

As aragonite balls were successively added onto the calcite sediment surface, overlying-water saturation state
with respect to calcite and aragonite and calcite increased (Table 2, Figure 3). The degree of undersaturation (1 —
Q) for both calcite and aragonite was plotted against the computed CaCO; dissolution rate (Figure 3). The three
computed dissolution rates ranged from 79 to 102 pmol m~2 hr™' and were statistically undistinguishable from
each other, that is, they did not increase throughout the course of the experiment as aragonite was added. The
computed dissolution rate corresponds to an alkalinity flux out of the sediment disk, and accounts for the net
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Figure 2. Rotating disk reactor profiles. Left shows pHy. and right shows [H*] (note inverted x-axis). Uncertainties of the
mean profiles shown by shading: depth uncertainty of 0.1 cm, uncertainty consists of microelectrode and tris standard
deviations. For RDR and RDR3, the data at 3.5 and 7 cm from the disk center cannot easily be seen because it is behind the
colored curves, indistinguishable from the data gathered at the disk's center.

dissolution rates of all calcium carbonate phases present. Thus, a possible interpretation for this unchanged
dissolution rate could be that calcite and aragonite dissolution rates are evolving in opposite directions.

When normalized by the SWI-surface area, the computed dissolution rate of a pure calcite sediment disk is close
to that predicted by classic, calcite dissolution rate laws (Figure 3). Addition of aragonite should cause arise in the
dissolution rate. If the sediment disk was made of pure aragonite, the computed dissolution rate would be higher,
in agreement with previously published aragonite dissolution rate laws (Figure 3). Without any buffering effect, a
sediment disk that is partly made of calcite and partly made of aragonite should emit a net alkalinity flux that is in
between the predicted aragonite and calcite dissolution rates.

In reality, because the addition of aragonite buffers the surrounding waters and raises saturation states, calcite
dissolution rate decreases as aragonite dissolution rate increases. Throughout the course of our experiment,
because the total (net) CaCO; dissolution rate was unchanged, we hypothesize that the aragonite dissolution rate
increase caused a calcite dissolution rate decrease of the same value.

Table 2
Rotating Disk Reactor ATA, Average pH and Saturation States*

ATA (umol kg™") Average pH water column Q., overlying water Q.. overlying water

RDR1 972941 =54 7.188 = 0.015 0.287 = 0.019 0.183 = 0.012
RDR2 942451 =54 7.537 £ 0.015 0.593 = 0.039 0.380 £ 0.025
RDR3 966.961 + 5.4 7.580 = 0.014 0.668 + 0.043 0.428 + 0.028

“For each timepoint during the RDR experiment, shows ATA of output water (collected after steady state was reached and
pH profiles were done) relative to the TA of the input seawater (., = 0.3), the average pH.r measured in the water column
by the microelectrodes and the computed €, of the overlying water for T = 20.9°C and S = 28.3. Uncertainties for TA
originate from VINDTA and QuAAtro and pH uncertainties from microelectrode and tris standard deviations. These un-
certainties together with a temperature uncertainty of £0.05°C as well as the aforementioned “standard” uncertainties were
used to compute € uncertainties in PyCO2SYS v1.8.0 (Humphreys et al., 2022).

VAN DE MORTEL ET AL.

9 of 20

85U807 SUOWWOD 3AIIERID 3|qeotjdde au Aq pausenoh a1e S8l VO ‘SN 0 S9|N 1oy AXeiqiT 8UIjUO AB]IA UO (SUOIPUOO-PUR-SWBI ALY A8 | IMAlR1q 1 BUl UO//SdNL) SUORIPUOD pue Swie | 84y 88S *[Z02/60/ST] U0 ARIqITauluO A8|IM * 0ju] UT 8pUNXSIAN JOOA Wnue) - sheiydwinH meume i Ad T852009E202/620T 0T/10p/wo0d" A imAreiqjeutjuo'sandnfey/sdny woly pepeojumod ‘Z ‘v20e ‘19686912



 Veld
M\I Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007581
AND SPACE SCIENCES
(1-Qa) 3.2. Experiment 2: Cuvette Experiment
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L adibebiea Ll o) NN RE i calcite sand in a smaller setting: a quartz glass cuvette filled with undersat-
§ =T urated, natural seawater in the absence of flow. The goal was to measure the
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':EL300 ]_-- effects of aragonite dissolution on porewater pH profiles at a high spatial and
P temporal resolution, and to use these results in combination with a diagenetic
200 1 oyt model to quantify the calcite and aragonite dissolution rates, as well as the
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2100 [ gl calcite precipitation rate. The dissolution experiment was carried out in two
5 RPRA-HHRPR2 T BDRL experimental cuvettes, one containing a layer of pteropod shells on top a
@ 0 . . : ; ; i ;
& 03 4 e 06 ol 0.8 calcite sand bed (CUV P), another one simply containing calcite sand (CUV

(1 - Qca)

CTRL). Thereafter, “elapsed time” refers to the amount of time that has
passed since the addition of the pteropod layer in CUV P.

Figure 3. The dissolution rate (calculated using ATA) plotted against the
degree of undersaturation (1 — €_,). Uncertainty propagation of the

dissolution rate computed with m,, # 0.05 kg, ATA + 5.4 pmol kg™" (from
QuAAtro), SA + 1*¥10™* m? and At =+ 8 hr. Calcite saturation state
uncertainty computed based on TA + 5.4 pmol kg™, pH = 0.015 (based on
the average standard deviations given by the Unisense software and the
standard deviation of tris) and T + 0.05°C. Dissolution rate law for calcite
was taken from Naviaux et al. (2019) and dissolution rate law for aragonite

from Dong et al. (2019).

3.2.1. pH Microelectrode Profiles

In both cuvettes, in the overlying waters and in the porewater, pH showed a
marked increase within the first hour, and for the rest of the experiment, was
consistently higher than the baseline pH (and [H*] was lower than the
baseline, Figure 4). After 1 hour, in both cuvettes, [H*] concentration slowly
decreased with depth within the overlying waters, at a rate of 10 nmol cm™" in
CUV P and 2.6 nmol cm™' in CUV CTRL. In both cuvettes, the largest
decrease in [H*] occurred in the porewaters, just below the SWI. At both 1 and 2 hr, [H*] decreased by a
maximum of 10.8 nM compared to [H*] at the top of the water column in CUV P, whereas [H*] decreased by
7.7 nM in CUV CTRL. Deeper in the porewaters, at about 2 mm below the SWI, [H*] increased again with depth
in CUV P, but was stable in CUV CTRL.

After 4 hours, the pH maximum at the SWI was no longer as pronounced in CUV P and CUV CTRL reached a
maximum pHy within the water column of 7.60. Relative to the baseline pH of 7.40, 79% of the H™ ions originally
in CUV P had been consumed within 4 hr, whilst in CUV CTRL only 37% of H* ions were consumed. Thus, the
presence of pteropods doubled the amount of H* ions consumed after 4 hr. Within the overlying waters, CUV P
reached a minimum [H*] of 8.2 nM (pHy. of 8.08) at 7 hr, compared to a minimum of 19.3 nM at 4 hr in CUV
CTRL (note that there is no profile at 7 hr for CUV CTRL).

In CUV CTRL, between an elapsed time of 7 and 25 hr, pH profiles did not show any obvious change. In CUV P,
however, porewater pH started decreasing between 7 and 25 hr, with a maximum decrease at around 5 mm below
the SWI, below the pteropod layer, and kept decreasing at 50 and 72 hr, eventually getting back to the baseline
level. This suggests that in CUV P, the maximum rate of dissolution was reached between 7 and 25 hr, after which
another process started dominating the pH signal, leading it to decrease.

3.2.2. Overlying Waters' Chemistry

Relative to the initial TA of the Q_, = 0.3 seawater, the TA of CUV P increased by 2089 + 5.4 umol kg~"' and that
of CUV CTRL increased by 845 + 5.4 ymol kg~ (Table A1 in Supporting Information S1). Thus, by difference,
the minimum alkalinity addition that is due to pteropod shells dissolution is 1244 pmol kg™"'. Assuming that this
alkalinity was homogeneously mixed within all the water in the cuvette, this would represent about 25 pmol of
alkalinity released by aragonite dissolution, that is, 1.2 mg of aragonite dissolved. For comparison, 260 mg of
aragonitic pteropod shells were initially placed in CUV P.

The final saturation states of the overlying seawater of both cuvettes were calculated using TA (of the overlying
seawater after the last profile) and the average pH in the water column of the final run. This resulted in final
Q.,=183+022andQ,. =1.17£0.14 for CUV P,and Q_, = 1.09 £ 0.02 and Q,, = 0.70 + 0.05 for CUV CTRL
(at T =20.9°C and S = 28.3).

The presence of aragonite in CUV P allows the seawater to become supersaturated with respect to calcite
(Q., = 1.83 £ 0.22). Thus, a reason for the large pH decline seen in CUV P could be reprecipitation of calcite
within pores of the sediment, explaining the lowering of pH seen in CUV P. The ‘halo’ of supersaturation caused
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Figure 4. Left: plots of the average of each consecutive pair of pH profiles in CUV P (with pteropod layer) and CUV CTRL (without pteropod layer) against depth, over
time, as well as [H*] against depth over time. The vertical gray dashed line shows the baseline: the pH, of the seawater (7.40) before adding it to the cuvette. Errors are
indicated by the shaded areas. The x-error is equal to the standard deviation of microelectrode pH; measurements, but is much smaller than the line width (average std
dev = 0.0038) as data points with a SD > 0.02 have been omitted. There is a y-error of +1 mm caused by manual alteration of depths per profile when switching
electrodes due to different electrode lengths, as well as an uneven sediment surface. Note SWI in CUV P refers to the start of the calcite sand, not pteropods. Right:
RADIv1 model (Sulpis, Humphreys, et al., 2022) results. Input parameters shown in Table A3 in Supporting Information S1 and reaction rates shown above. Calcite
production is shown by the solid lines, aragonite production by the dashed lines. Depth resolution was 0.5 mm steps. Note that calcium carbonate production rate is given
in mol per m® of solid (all solids, excluding porewater) per year, hence, negative values represent dissolution. Numbers in colored squares correspond to the elapsed time
for each pH or [H*] profile.
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by pteropod dissolution may not have been felt as strongly below 0.5 cm depth, explaining why pH increased
again below this depth.

The saturation of CaCOj is sensitive to both DIC and TA, and this effect was quantified by computing buffer
factors using PyCO2SYS v1.8.0 (Humphreys et al., 2022). The wp;c buffer factor was used to quantify the ca-
pacity to buffer changes in Q as DIC increases and TA remains constant, and the o, for the buffering capacity of
Q as TA increases and DIC remains constant (Egleston et al., 2010). Relative to the initial seawater, ®wpc
increased by 5.40 for both CUV P and CUV CTRL, indicating aragonite had no effect. However, o, decreased
by 4.94 for CUV P and increased by 4.51 for CUV CTRL. This shows how the dissolution of aragonite reduces the
seawater's ability to resist changes in €, making it more sensitive to changes in carbonate chemistry.

In CUV P, the overlying waters end up slightly supersaturated with respect to aragonite. This could also have been
due to the presence of an even more soluble CaCO; polymorph, such as vaterite (undetected in XRPD results, but
may have been present in small amounts), or a short-lived surface phase that develops upon the introduction of the
pure calcite to the seawater solution, as previously shown with magnesium calcite by Mucci and Morse (1984).

A lid was put on the cuvette (not air-tight) in between measurements to prevent evaporation, as an increase in
salinity could lead to an underestimation of the TA and saturation states. It should be noted some water loss was
visible in both cuvettes (also shown in Figure 4 by the lower start of the profiles over time), most likely caused by
the reference electrode moving in and out of the cuvettes. This effect was especially noticeable in CUV P, which
may have amplified the effect of pteropod dissolution on TA relative to CUV CTRL. Taking the lid on and off
could also have affected pH: when the lid is on, pH goes up due to calcite dissolution and CO, neutralization, but
when the lid is taken off, more rapid re-equilibration with the air could occur and allow more CO, to be taken up
and pH to decrease.

3.2.3. Visual Changes

A Keyence VHX-7000 digital microscope was used to observe the pteropods and calcite sand before and after
dissolution (Figure A3 in Supporting Information S1). At the end of the experiments, the pteropod shells had
remained structurally intact. Before the experiment they had fully translucent shells with no discernible areas of
dissolution. After dissolution, the protoconch was opaquer with a milkier color and rougher texture (Figure A3 in
Supporting Information S1). The same observations were made by Johnson et al. (2016) when dissolving juvenile
pteropods. There are no visual differences observed when comparing calcite sand (foraminiferal ooze) in CUV P
and CUV CTRL. Other studies have observed calcite recrystallization on the surface of foraminifera, attributed to
the calcite supersaturation surrounding dissolved aragonite particles at the seafloor (Collen & Burgess, 1979;
Pearson et al., 2015), but this was not visible for our experiments under the microscope.

3.2.4. XRPD

XRPD results (Table A4 in Supporting Information S1) for CUV P showed that in addition to calcite (77%) and
halite (5%), aragonite (14%) and quartz (5%) were only present in the top 3.5 mm layer. In CUV CTRL, no
aragonite and only negligible amounts of quartz were found throughout all the inspected layers. The percentage of
calcite ranged between 97% and 98% in CUV CTRL and did not show any particular depth variation, as Q_, was
around 1 throughout the entire cuvette. The percentage of halite did not vary by more than 1% in either cuvette
when excluding the top layer. Unfortunately, the XRPD results cannot prove whether the supersaturation caused
by pteropod dissolution actually suppressed calcite dissolution. This is because the change in the amount of
calcite dissolved was too small to measure.

3.2.5. RADI Model

The model input parameters used to fit pH profiles from both cuvettes are given in Table A3 in Supporting In-
formation S1, with TA, DIC, calcite and aragonite used to solve for the CO, system (phosphate and silicate
concentrations were also used but are assumed constant). The conditions for both CUV P and CTRL were the
same, except for the mask function used to create a pteropod layer of 0.15 cm in CUV P. This pteropod layer
consisted of 48% aragonite, with the remaining 52% consisting of calcite and quartz (estimation based on the
XRPD results shown in Table A4 in Supporting Information S1). The top boundary condition was a DBL control
at the SWI, as explained by Sulpis, Humphreys, et al. (2022). The DBL was assigned a depth of 1 mm, as this
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Table 3
RADI Model Reaction Rates, With Rate Constants Tuned According to Cuvette Experiment Results

Rate For: Rate order taken from:

Aragonite dissolution 0.0166% day~" * [Aragonite] (1 — Q,,)*" for Q,, > 0.835 Dong et al. (2019)

0.18% day ™' = [Aragonite] % (1 — Q)" for Q,, < 0.835
Calcite dissolution 1.7 % 107%% day ™" « [Calcite] % (1 — Qg,)*"! for Q_, > 0.8275 Naviaux et al. (2019)
0.54% day~" = [Calcite] * (1 — Q.,)*’ for Q_, < 0.8275

Calcite precipitation 411 mol % (m? # day) ™"  [Calcite] % (1 — Q)" for Q_, >1 Zuddas and Mucci (1998)

allowed reproduction of the smooth shape of the microprofiles. The overlying water seemed well-mixed
throughout the cuvette experiments as evidenced by lack of gradients, so was assumed mixed and thus con-
stant in the model. CO, exchange was parameterized in between the water column and the air assuming a constant
pCO, in the air of 480 ppm, which was measured throughout the cuvette experiments in the lab using the Claire
PTH-5 meter. Note that the water column was assumed to be at equilibrium with the air, ignoring the presence of
the lid used during the experiments. A zero-gradient bottom boundary condition was used for the sediment.
Constant porosity was assumed, though this may oversimplify dissolution behavior as porosity gradients affect
diffusion rates and thus concentration gradients. The rate constants were manually tuned to fit the model to the
experimental results, giving the pH and saturation state profiles shown in Figure 4. First, the calcite dissolution
rate constant was tuned to reproduce pH profiles in the cuvette with pure calcite. Second, the aragonite dissolution
rate constant was tuned to reproduce the shallow, strong pH increase seen in the cuvette with aragonite. Then,
calcite precipitation was enabled, and its rate was tuned to reproduce the pH decrease that can be observed in the
cuvette with aragonite after the first day of experiments. The reaction rates are given below in Table 3.

The model predicts increasing pHy and saturation states within the overlying waters over time in both cuvettes
(Figure 4). At the bottom of the sediment column, saturation states converge to ., = 1 in the sediment of both
cuvettes. In CUV P, within the pteropod layer, Q_, reaches a value of 1.1, due to the higher solubility of aragonite.
After 7 hr, pH decreases in the sediment up to 1.5 cm depth in CUV P, as seen in the experimental results. This
could only be modeled when increasing the calcite precipitation rate, assuming no respiration took place near the
SWI. In CUV CTRL, calcite dissolves most within the upper 0.1 cm of the sediment and after 7 hr remains stable
below this depth. In CUV P, aragonite dissolves within the pteropod layer and allows calcite to precipitate due to
the saturation state (Q_,) being larger than 1. Just below the pteropod layer this effect is also visible. The pro-
duction rate was plotted against the degree of undersaturation (Figure A4 in Supporting Information S1) to show
this was the same for each run, validating the model output.

The small decline in pH seen within the CUV CTRL during the experiment cannot be explained by the model,
seeing as the saturation state will always stabilize at Q_, = 1 in the model. This suggests factors out of the scope of
this model are at play, such as inhibitors of calcite dissolution/precipitation. Organic matter may exert control by
adsorbing to calcite and aragonite surfaces (Carter, 1978), though our understanding of this is limited. Trace
metals (e.g., Ni, Cu, Mn, or Co) (Gutjahr et al., 1996), strontium (Lorens, 1981) and especially phosphate (Burton
& Walter, 1990; Millero et al., 2001) are also known to influence calcite dissolution by blocking of active sites,
with their effectiveness being dependent on saturation state.

Many past studies have invoked inhibitors to explain laboratory-measured dissolution rates (Bischoff et al., 1987;
de Kanel & Morse, 1978; Keir, 1980) being faster than those measured in situ (Berelson et al., 1994; Berger, 1967,
Fukuhara et al., 2008; Honjo & Erez, 1978; Milliman, 1975; Peterson, 1966). More recent studies have found
CaCO; dissolution rates in the lab and field to be consistent, especially in the presence of DOC (Dong et al., 2019;
Naviaux et al., 2019). The rate expressions used here were found by tuning the calcite and aragonite dissolution
rate constants in RADI to match our pH profiles from the lab. Sulpis, Humphreys, et al. (2022) tuned their rate
constants to best fit in situ porewater and sediment measurements. These in situ rate expressions were plotted
along our rate expressions in Figure A5 in Supporting Information S1. This shows the calcite dissolution rate to
actually be slower in the lab than in situ, though both aragonite dissolution and calcite precipitation were faster in
the lab. Assuming inhibitors affect both calcite and aragonite equally, this suggests they are unlikely to play an
important role in our study.
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This diagenetic model and the finite element model built by Sulpis, Humphreys, et al. (2022) simulating the
dissolution of a pteropod on a bed of calcite show porewaters reach equilibrium with respect to calcite at
approximately 1.5 cm depth. In general, the microelectrode profiles showed pH stabilizing below 0.5 cm depth,
and then below 1-1.5 cm pH started to fluctuate. These small fluctuations were probably due to lateral movement
of the electrode caused by the compact sediment.

Overall, by reproducing the observed pH profiles, the RADI model predicts that up to 5 mol m™ yr~" calcite is

produced within the pteropod layer, which for the top ~2.7 cm? collected for XRPD analysis and the timespan of
the experiment (72 hr) equates to roughly 0.01 mg precipitated calcite. This quantity of calcite would be below the
XRPD detection limit and, if precipitation occurred homogeneously over the sediment volume, likely unde-
tectable by imaging techniques (e.g., electron microprobe).

4. Discussion
4.1. The Role of Aragonite in the Calcite Lysocline

In the open ocean, CaCO; minerals usually constitute most of the sediments on topographic highs, accounting for
75%—-100% of the sediment dry weight over most of the mid-Atlantic ridge (Archer, 1996; Goff et al., 2008). Most
sediment composition databases do not include information regarding the mineralogy of the CaCO; minerals
present, as their concentration is often determined by dissolving all inorganic carbon with an acid, rather than
identifying minerals with X-ray diffraction or Raman spectroscopy (Ellis & Moore, 1973; Hiilsemann, 1966;
Turekian, 1956). In addition, the sampling of sediments from the deep seafloor using classical coring techniques
can take a few hours before sediments are retrieved and stored on board, a time during which soluble carbonate
minerals such as in pteropod shells or fish—gut carbonate secretions could be altered or dissolved, thus biasing any
mineralogical data that is not collected and stored in situ. As a result, global maps of aragonite and calcite
sediment contents are unavailable, although some scattered aragonite sediment content estimates can be found in
the literature (Berger, 1978).

Our results suggest that as long as aragonite is present and dissolving in a calcite-containing sediment, the
alkalinity flux released by total CaCOj; dissolution should not be affected by saturation state changes. While the
addition of aragonite brings the total CaCO; dissolution rate up, its buffering effect brings the calcite dissolution
rate down, so that the net total CaCO; dissolution rate change is unnoticeable within the uncertainty of alkalinity
fluxes (Figure 3). This may have important implications for our interpretation of the calcite lysocline, the depth
range over which the calcite content in sediments decreases significantly and that would be, at steady state,
located between the calcite saturation depth and the calcite compensation depth (Boudreau et al., 2018). Some
authors have, instead, argued that the calcite lysocline starts deeper than the calcite saturation depth, because of
the slow calcite dissolution rates near equilibrium (Adkins et al., 2021; Subhas et al., 2015). We suggest that this
interpretation can be further complicated by the presence of aragonite, and that the upper limit of the calcite
lysocline may correspond to the depth below which aragonite does not accumulate in the sediments.

As the aragonite flux to or residence time at the SWI decreases with water depth, its buffering effect should
diminish and, eventually, below a critical depth, disappear. Below this critical depth, as there is no aragonite to
dissolve, calcite dissolution should increase — and the calcite content decrease — with water depth, that is, the
calcite lysocline starts. In reality, because there are also many different types of Mg-rich calcites produced in the
ocean (Chave, 1954; Wilson et al., 2005), most of them with a solubility higher than that of aragonite (Mackenzie
etal., 1983; Reeder, 1983), aragonite would also be protected against dissolution by those more soluble carbonate
minerals above the aragonite lysocline. This study highlights the need to consider more soluble carbonate phases
when interpreting the depth distribution of a given carbonate mineral, in the present day, in paleo-records and for
future predictions.

4.2. Past and Future Carbonate Sediments Burnout

Many events of widespread CaCOj5 seafloor dissolution have been documented from the geological record. In
sedimentary rock outcrops these events are characterized by the transition from a CaCOj;-rich to a CaCO5-poor
layer, for example, in limestone-marl alternations, although other diagenetic factors can play a role (West-
phal, 2006). Such events are often attributed to the spreading of acidified waters along the seafloor, following
massive CO, emissions due to volcanic eruptions, the release of methane from cold seeps, or the burning of fossil
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fuels (e.g., Haynes & Honisch, 2020; Sulpis et al., 2018; Zachos et al., 2005). An additional explanation could be
that the calcite preserved in those sediments dissolved once aragonite stopped accumulating because of other
factors linked to evolving surface-ocean ecosystems. Pelagic aragonite producers are ubiquitous and diverse
today, mostly represented by pteropods and heteropods, but also in the past, represented for instance by am-
monoids (Buchardt & Weiner, 1981; Peijnenburg et al., 2020; Wall-Palmer et al., 2020). Those groups may
evolve through time, eventually reducing or dropping their shells (Lalli & Gilmer, 1989), or may simply migrate
in response to environmental or ecosystem changes (Comeau et al., 2012; Johnson & Hofmann, 2020; Orr
et al., 2005). If aragonite does not accumulate at a given location at the seafloor, the onset of calcite dissolution
may be triggered. This could explain regional differences in the paleo-acidification record, because aragonite
producers may have been affected by climatic, evolutionary, or ecosystem changes differently depending on the
location.

Aragonite-producing organisms are among the first responders to the current ocean acidification episode,
with aragonite often seen as a predictor for the future effects of ocean acidification (Gardner et al., 2018).
The oceanic uptake of anthropogenic CO, has already resulted in the shoaling of the aragonite saturation
horizon by 40-200 m over the past century in various oceanic basins (Feely et al., 2004). One of the first
and most severely affected regions by ocean acidification is the Southern Ocean, of which 70% is predicted
to be undersaturated in aragonite by 2,100 (Hauri et al., 2015). This means that the Southern Ocean seafloor,
in particular, could receive less aragonite thus have a weakening of the aragonite buffering effect. This
buffering effect mainly occurs in areas of the seafloor where calcite is abundant and dissolving, that is,
below the calcite saturation depth and above the calcite compensation depth (Morse & Mackenzie, 1990).
This currently represents about 40% of the seafloor (Sulpis, Agrawal, et al., 2022). However, shoaling of the
calcite saturation horizon will mean areas where this is currently taking place may no longer be above the
calcite compensation depth, whilst areas currently situated above the saturation horizon may become new
areas of aragonite buffering.

In shallow carbonate platforms, recent research has reported the presence of non-skeletal aragonite muds resulting
from abiotic precipitation (Geyman et al., 2022), which may also facilitate the preservation of other carbonate
grains. Upon rising pCO,, shallow carbonate factories may precipitate less aragonite, which would be an almost
immediate CO, sink, and act as a negative feedback mechanism (Geyman et al., 2022). Our results suggest that
this negative feedback could be enhanced by the CaCO; dissolution triggered by the fewer aragonite muds.

4.3. Dynamic Equilibrium and Calcite Overgrowths

In addition to the buffering effect provided by aragonite dissolution, the model simulations suggest that calcite
precipitation could be occurring within the sediment. It is possible that calcite overgrowths develop on the surface
of calcitic foraminiferal grains, as observed in deep-sea sedimentary foraminifera samples (Collen &
Burgess, 1979; Hover et al., 2001). Other carbonate minerals, such as manganese carbonates, have been observed
as precipitates on sedimentary foraminiferal surfaces (Boyle, 1983). Calcite precipitation triggered by aragonite
dissolution may also contribute to preserving relics of sedimentary aragonite structures, such as skeletons of
nautilids or ammonites, via the precipitation of molds (Bruni & Wenk, 1985; Janiszewska et al., 2018; Palmer &
Wilson, 2004). As aragonite dissolves, dissolution products simultaneously recrystallize into more stable phases,
constituting a multiphase dynamic equilibrium.

4.4. Recommendations for Future Research

A major caveat in our understanding of marine aragonite cycling is the complete absence of agreement regarding
its production rate at the ocean surface at the global scale (BednarSek et al., 2012; Berner, 1977; Buitenhuis
et al., 2019; Gangstg et al., 2008). On the regional scale, in the North Pacific gyre, recent research reported that
pteropods and heteropods contribute ~14% and ~1%, respectively, to the CaCOj; standing stock, in the form of
aragonite (Ziveri et al., 2023), much lower than along the coasts in the same basin (Buitenhuis et al., 2019),
highlighting strong interregional variability. Future research should aim at identifying and gathering observa-
tional data of aragonite producers, to better constrain aragonite surface production rates, magnitudes and dis-
tribution. In shallow environments, future research should focus on quantifying the extent and response to
environmental changes of aragonite muds (Geyman et al., 2022). As discussed above, the shut-off of shallow
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aragonite mud factories would act as a negative feedback mechanism against climate changes on short time scales,
that is, years to decades.

Another area of improvement is the need to better understand the dynamic equilibrium constituted by simulta-
neous aragonite dissolution and calcite precipitation. We were unfortunately unable to detect calcite concentration
changes using XRPD, due to the small quantity of calcite that could have precipitated. Visualizing precipitates
using scanning electron microscopy (Fuhr et al., 2022; Hartmann et al., 2023; Hover et al., 2001) could be key to
understand the preferred locations of recrystallization and infer the phase that is precipitating. Performing
dissolution experiments in C and O isotopically labeled seawater would allow to visualize and quantify the extent
and rate of precipitation, for example, using a NanoSIMS (Akse et al., 2020).

Next to laboratory simulations, more in situ aragonite dissolution research at the seafloor is required to better
understand CaCO5 dynamics. The inconsistency between CaCO; dissolution rates in the lab and field shows the
lack of understanding of the role of inhibitors, which makes it difficult for lab simulations to accurately represent
actual deep-sea conditions. Unfortunately, the limited spatial and temporal resolution of instruments able to
function in the deep sea makes observing aragonite dissolution at the seafloor difficult, which means models are
often favored. However, multiple studies report a large discrepancy between in situ and model rate constants
(Morse & Mackenzie, 1990). We believe micro-electrodes could be a very powerful tool in the future research of
CaCO; dynamics due to their non-destructive small tips and high spatial resolution, especially when applied at the
actual seafloor.

5. Conclusions

The goal of the rotating disk reactor experiment was to investigate the effect of aragonite dissolution on sediment-
water TA fluxes under hydrodynamic conditions representative of benthic environments. It is likely aragonite
dissolution caused an increase in pH and saturation state, even when the reactive surface area of the aragonite was
relatively small. The galvanizing effect of aragonite caused increasing aragonite dissolution rates associated with
decreasing calcite dissolution rates, resulting in a constant net TA flux, as calcite and aragonite dissolution rates
compensated each other.

The second experiment involved a laboratory simulation of aragonite dissolution at the seafloor in the absence
of flow. Coupled with our model, results are consistent with the hypothesis that the dissolution of the more
soluble aragonite can lead to seawater supersaturation with respect to calcite. This means calcite dissolution
could be suppressed in the top layer of the seabed and, according to our simulations, calcite precipitation can
occur. This galvanizing effect was measured at high spatial resolution in a small cuvette using pH micro-
electrodes, which have been proven to be a useful tool in studying benthic CaCO; dynamics. Initially,
pteropod dissolution caused an increase in pH along the SWI, leading to seawater supersaturation with respect
to calcite. After 1 day, pH dropped in both the sediment and water column. This observed effect could only be
reproduced within our model by increasing the precipitation rate of calcite by a factor of more than 10°

to 411 mol % (m? % day) ™" # [Calcite] * (1 — Q.)""°.

Growing evidence for this galvanizing effect of aragonite dissolution on calcite suggests studies on marine CaCO;
dynamics should incorporate the simultaneous presence of several carbonate minerals. This study suggests the
presence of aragonite complicates our interpretation of the calcite lysocline and that more soluble carbonate
phases should therefore be considered when interpreting the depth distribution of a given carbonate mineral.
Spatial variety in aragonite accumulation could explain regional differences in paleo-acidification records, and
will also affect carbonate sediments in the future as ocean acidification weakens the aragonite buffering effect and
causes shoaling of the calcite saturation horizon.

Data Availability Statement

All data and code used to calculate the carbonate system using and create the plots in this paper are available in the
GitHub repository at https://github.com/hannavdmortel/Ar_dissolution_HvdM (last access: 8 January 2024) and
is archived on Zenodo at https://doi.org/10.5281/zenodo.7805268 (van de Mortel, 2023). PyCO2SYS v1.8.0
(Humphreys et al., 2022) was used to solve for the carbonate system, with software available at https://doi.org/10.
5281/zenodo.3744275 (Humphreys et al., 2023). RADIv1 was used to model the dissolution and precipitation of
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