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Abstract Marine carbonate production and dissolution are important components of the global carbon cycle
and the marine alkalinity budget. Global carbonate production by marine fish (ichthyocarbonate) has been
estimated to be as high as 9.03 Pg CaCO; yr~!; however, the fate of ichthyocarbonate is poorly understood.
High magnesium concentrations in ichthyocarbonate would traditionally suggest rapid dissolution under current
marine conditions, but a correlation between dissolution rate and mol%MgCO; has not been observed. Here, we
aim to determine the role of organic coatings on dissolution rates of ichthyocarbonate in marine environments.
We applied a combination of petrographic, geochemical, and microCT approaches to assess the quantity and
distribution of organic matter in ichthyocarbonate produced by two species of marine fish, the Gulf toadfish
(Opsanus beta) and the Olive flounder (Paralichthys olivaceus). We show that organic matter, including
external coatings and embedded organic material, is volumetrically significant, ranging from 8.5% to 32.3% of
ichthyocarbonate by volume. Bleach oxidation of external organic matter coatings increased the dissolution rate
of ichthyocarbonate by more than an order of magnitude, suggesting these coatings serve to reduce reactive
surface area of the mineral fraction in ichthyocarbonate. Assuming that organic coatings do not influence
sinking rates, external coatings extend the depth of ichthyocarbonate persistence in the water column by ~12—
15x%. Therefore, organic coatings are an important determinant of the role of ichthyocarbonate in the marine
carbon cycle.

1. Introduction

Changes in the magnitude, rate, and composition of carbon fluxes to the deep ocean exert tremendous impact on
Earth's climate (Sarmiento et al., 1998), the distribution of oxygen and nutrients (DeVries & Weber, 2017), and
marine ecosystem productivity (Broecker & Peng, 1982; Ducklow et al., 2001) through geological time. Recent
studies have recognized the significant role of particulate carbonate produced by marine bony fish (ichthyo-
carbonate) in both the global carbon cycle and marine alkalinity budgets (Folkerts et al., 2024; Ghilardi
et al., 2023; Oehlert, Garza, et al., 2024; Saba et al., 2021; Wilson et al., 2009; Woosley et al., 2012). However,
significant knowledge gaps surrounding ichthyocarbonate production magnitude and fate currently preclude their
integration into fully coupled Earth system models and our understanding of their role in global carbon cycling
(Saba et al., 2021). Here, we address the unknown role of the organic coating associated with ichthyocarbonates
on their fate in oceanic environments. Initial work by Wilson et al. (2009), assuming a global fish biomass of
~0.9-2.1 Gt, indicated that marine fish can conceivably be responsible for 3%—15% (0.33-0.93 Pg CaCO; yr™"),
but potentially as much as 45% of annual carbonate production in the oceans. Since then, technological advances
have resulted in significantly larger global fish biomass estimates, ranging between 2.0 and 19.5 Gt (Bar-On
et al., 2018; Bianchi et al., 2021; Irigoien et al., 2014; Jennings & Collingridge, 2015; Proud et al., 2017, 2018,
2019), suggesting a much higher global production of ichthyocarbonate than initially estimated. Linearly
extrapolating global ichthyocarbonate production by more recent estimates of global fish biomass suggests that
the global ichthyocarbonate production rate can range from 0.33 to 9.03 Pg CaCO; yr~' (Oehlert, Garza,
et al., 2024). Despite the growing appreciation for the important role of ichthyocarbonate production in the global
carbon cycle, only a few studies have investigated the fate of excreted ichthyocarbonate, especially as it applies in
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the open ocean (Folkerts et al., 2024; Foran et al., 2013; Woosley et al., 2012). Without robust and empirical
observations of the ichthyocarbonate dissolution rate, predictions regarding the impact of marine fish on global
alkalinity budgets and the carbon cycle are limited (Dunne et al., 2012; Saba et al., 2021; Subhas et al., 2022).

Ichthyocarbonate produced by the Gulf toadfish (Opsanus beta) (Woosley et al., 2012) and the Gilthead Seab-
ream (Sparus aurata) (Foran et al., 2013) were found to have ~1.95X higher solubility than aragonite in filtered
seawater at 25°C in both studies. Based on these observations, Woosley et al. (2012) suggested that dissolution of
ichthyocarbonate may be responsible for excess normalized total alkalinity concentrations above the aragonite
saturation horizon, although conflicting conclusions were presented by a recent study of carbonate chemistry in
the North Pacific (Subhas et al., 2022). Relatively high solubility of ichthyocarbonate has largely been proposed
to result from high mol%MgCO; in ichthyocarbonate (Walsh et al., 1991; Wilson et al., 2009; Woosley
et al., 2012). Mineralogical analyses showed that high-magnesium calcite (HMC) and amorphous calcium
magnesium carbonate phases (“ACMC,” Foran et al., 2013; Perry et al., 2011; Salter et al., 2012, 2014, 2017,
2018) dominate the carbonate components in ichthyocarbonate. Prior studies of other forms of biogenic HMC
have reported increasing mineral solubility with increasing mol%MgCO; (Bischoff et al., 1987; Chave
et al., 1962; Morse & Mackenzie, 1990), compatible with the hypothesis that the high mol%MgCO; of ich-
thyocarbonate is likely to drive high dissolution rates (Foran et al., 2013; Perry et al., 2011; Salter et al., 2012,
2014, 2017, 2018; Woosley et al., 2012). However, a recent study of dissolution rates of ichthyocarbonate
produced by three marine fish species conducted across a range of aragonite saturation indicated heterogeneous
dissolution rates unrelated to mol%MgCO; (Folkerts et al., 2024). Thus, alternative controls on the ichthyo-
carbonate dissolution rate, such as organic matter coatings and the presence of microbial communities, were
hypothesized to play more important roles in the fate of ichthyocarbonate (Folkerts et al., 2024; Grosell &
Oehlert, 2023).

Organic matter has previously been linked to both enhanced (Archer, 1991; Emerson & Bender, 1981; Milliman
et al., 1999) and depressed (Honjo & Erez, 1978; Keir, 1980) dissolution rates in sinking carbonate particles.
Enhanced dissolution rates were proposed to be associated with microbial degradation of the associated organic
matter, which has been hypothesized to lead to localized increases in CO, (Godoi et al., 2009; Milliman
et al., 1999). On the other hand, dissolution rates of biogenic carbonates treated with bleach to oxidize organic
coatings were elevated relative to non-bleached biogenic carbonate minerals produced by foraminifera, bivalves,
as well as synthetic and spar calcite, leading investigators to propose that organic coatings reduce the reactive
surface area of sinking particles and depress dissolution rates (Berger, 1967; Corliss & Honjo, 1981; Glover &
Kidwell, 1993; Honjo & Erez, 1978; Naviaux, Subhas, Dong, et al., 2019; Oelkers et al., 2011; Suess, 1970).
Subhas et al. (2019) differentiated between surface coatings of organic matter and those incorporated within the
coccolith lattice. Coatings were not found to induce significant dissolution rate differences; however, intra-
crystalline organic matter in the lattice was hypothesized to promote re-precipitation or even suppress dissolution
rates (Subhas et al., 2019). Although insightful, these prior studies focused on biogenic carbonates characterized
by low magnesium calcite, aragonite, or high magnesium calcite with mol%MgCOj significantly lower than that
observed in ichthyocarbonate (Foran et al., 2013; Perry et al., 2011; Salter et al., 2012, 2017, 2018, 2019).
Furthermore, ichthyocarbonate is known to contain significant quantities of organic matter (~5-40% d.w.;
Oehlert, Garza, et al., 2024), but the composition of this organic matter has yet to be described. For instance, it
remains unknown whether organic matter is similar in ichthyocarbonate produced by different species of fish, and
whether intestinal microbial communities (i.e., Walsh et al., 1991) significantly contribute organic matter to
ichthyocarbonate.

Here, we specifically addressed knowledge gaps about the origin of ichthyocarbonate organic matter and the
impact of organic matter coatings on ichthyocarbonate dissolution rates. To accomplish this, we evaluated the
composition, quantity, and spatial distribution of organic matter in ichthyocarbonate, and assessed whether
organic matter coatings enhance or reduce the dissolution rates of ichthyocarbonate produced by two species of
marine fish. Measurements of C/N ratios and 613COrg values were used to assess whether the compositional
characteristics of organic matter in ichthyocarbonate could be attributed to fish or microbial sources. To deter-
mine the role of organic coatings on the dissolution rate of ichthyocarbonate, we compared the dissolution rates of
ichthyocarbonate with intact organic matter coatings to those where the organic coating was degraded with
bleach. We show here that the quantity and distribution of organic matter significantly impacts the dissolution
rate, and thus the ultimate fate, of ichthyocarbonate. Results indicate that organic matter coatings play an
important role in extending the depth to which sinking ichthyocarbonate persists in the oceans.
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2. Materials and Methods
2.1. Ichthyocarbonate Collection

Samples of ichthyocarbonate were collected as previously (Folkerts et al., 2024; Oehlert, Garza, et al., 2024;
Salter et al., 2018, 2019), using disposable pipettes, from the bottoms of tanks holding O. beta (Gulf toadfish) and
Paralichthys olivaceus (Olive flounder) in the Environmental Physiology and Toxicology laboratory or from the
University of Miami's Experimental Hatchery (UMEH) at the Rosenstiel School under Institutional Animal Care
and Use Committee (IACUC) protocols No. 19-201 and 20-138. Magnesium concentrations were determined
previously with Olive flounder icthyocarbonate containing 24.5 mol%MgCO; and Gulf toadfish ichthyocar-
bonate containing 32.3% (Folkerts et al., 2024). Upon collection, samples of ichthyocarbonate were treated
differently depending on the analytical procedure for which they were destined, the details of which are described
in the following sections.

2.2. Wet Thin Sections

Wet thin sections of ichthyocarbonate produced by the two species were prepared to facilitate examination of the
spatial relationships between organic matter and minerals. Ichthyocarbonate samples destined for wet thin section
preparation were preserved in a 3.7% (v/v) solution of formalin and filtered seawater and stored in a refrigerator at
4°C. Wet thin section preparation techniques were developed by Nye et al. (1972) to preserve the three-
dimensional relationship of the organic components in the system with the minerals by maintaining sample
hydration through the embedding process (Vitek et al., 2022). The resulting samples were mounted on glass
microscope slides, cut, and polished to approximately 20 pm thickness using conventional thin sectioning
techniques on a Hillquist thin section machine, and subsequently stained with crystal violet as previously
described (Vitek et al., 2022) to identify cell membranes and negatively charged biomass. An Olympus BH-2
petrographic microscope equipped with plane-polarized and cross-polarized transmitted light was used to
examine thin sections; photomicrographs were collected using a Lumenera Infinity 3 digital microscope camera
(Infinity Analyze v 6.5.6) as previously described (Vitek et al., 2022).

2.3. X-Ray Microcomputed Tomography (Micro-CT)

Micro-CT analyses were conducted to assess the volume of organic matter in ichthyocarbonate for comparison
with dry weight measurements published previously. Ichthyocarbonates were collected in 0.2 mL PCR tubes and
filled with UV-sterilized and 0.22 pm filtered seawater from Biscayne Bay to cover the precipitates. PCR tubes
were scanned with a Bruker 1273 Skyscan micro-CT instrument within hours of collection. The pellets were
irregularly shaped, and ranged from 0.25 to 2 mm in diameter, and larger ones were chosen for detailed analysis.
The instrument has a Varex 2315 camera, which is a high speed, low noise X-ray detector capable of detecting
features as small as a few pm with a pixel matrix of 3072 by 1944. The X-ray source was a Hamamatsu L9181-02
with an operation range of 40-130 kV and 10-130 pA. Due to the samples' low density and size, the scans were
performed at 50 kV and 50 pA with no filters, at a pixel size of 6 pm, and an exposure time of 3,000 ms. Pro-
jections were taken at 0.4-degree intervals and averaged for 10 frames in each step. A total of 518 unique pro-
jections were collected.

The X-ray projections were then reconstructed with Bruker NRecon software. The scans did not need any post-
scan adjustments, and parameters including smoothing, beam hardening, and ring artifact correction were set to
zero. The dynamic range was set between 0 and 0.05. A total of 1,510 slices were reconstructed for each vial of
precipitates. For the analysis, the boundary of 5 individual ichthyocarbonates per species were manually mapped
every third slice and then saved into a new data set to be analyzed separately using CTan Analytical Suite. Based
on visual sample characteristics of density, segmentation analyses were conducted for each grain. Organic matter
in ichthyocarbonate produced by the Gulf Toadfish was delineated using thresholds of 50-100 in the grayscale
index, while carbonate ranged from 110 to 255 on the grayscale index. Visual differences in ichthyocarbonate
produced by the Olive Flounder resulted in thresholds for organic matter that started at the low end at 30, and a
high threshold between 75 and 130 on the grayscale index. The carbonate was segmented as the residual up to 255.
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2.4. Geochemical Analyses

Geochemical analyses of organic matter in ichthyocarbonate were conducted to determine whether compositional
differences exist in ichthyocarbonate produced by different species. Samples destined for elemental and stable
carbon isotope analyses were rinsed briefly three times in ultrapure (18 MQ.cm) MilliQ water and dried in an
oven at 35°C overnight. Dry samples were weighed and dissolved in 10% HCI, and the insoluble residue was
collected by vacuum filtration using Whatman GF/C filters as previously described (Oehlert, Garza, et al., 2024;
Oehlert & Swart, 2014; Oehlert et al., 2019). Filters were combusted using a Costech ECS4010 (Costech
Analytical Technologies, Inc., Valencia, CA, USA) and the resulting CO, gas was transferred to a Delta V
Advantage (Thermo Fisher Scientific, Waltham, MA, USA) for stable isotope measurement in the Stable Isotope
Laboratory at the University of Miami. Reproducibility was +0.1%o as indicated by the standard deviation of
replicate analyses of internal standards (n = 13) for 8'>C values of the organic matter. All data are reported
relative to the Vienna Pee Dee Belemnite (V-PDB) scale, defined for organic carbon as the 8'>C value of graphite
(USGS24) = —16.05%0 versus V-PDB (Coplen et al., 2006). C/N ratios measured by the Costech ECS 4010 are
reported as molar ratios, and the standard deviation on the analysis was +0.28.

2.5. Dissolution Rate

Dissolution rates were measured on untreated and bleach-treated ichthyocarbonate produced by the Gulf toadfish
and the Olive flounder to determine whether organic matter coatings influence dissolution rates, and also to
provide empirically constrained data for fate modeling described in Section 2.6. Ichthyocarbonate collected from
both species was split into two subsamples. The first subsample received no pre-treatment prior to dissolution rate
measurements, while the second subsample was leached for 90 min in a 50% solution of commercial bleach
diluted (v/v) with filtered seawater at room temperature (measured pH = 10.7). Bleach was chosen to oxidize the
organic matter because it has frequently been used in other studies of ichthyocarbonate to remove the mucus
coating on ichthyocarbonate (Perry et al., 2011; Salter et al., 2012, 2014, 2017, 2018; Woosley et al., 2012), and it
is characterized by high pH values (>10, Crowley & Wheatley, 2014; Honjo & Erez, 1978; Keir, 1980; Subhas
etal., 2019) that are not likely to dissolve the carbonate in the sample. After the leaching period was complete, the
supernatant was carefully removed with a pipette and discarded. The remaining solid material was rinsed briefly
in seawater three times to remove any bleach residues, and the sample was immediately used in dissolution rate
measurements alongside unbleached subsamples.

Digestion efficiency of the 50% bleach solution was assessed using a mixture of certified reference materials
(CRM) including IAEA 413 and NCS DC70301 (Brammer Standard Geological Materials) in mass proportions
approximating known ichthyocarbonate composition for the species investigated here (~95% carbonate, ~5%
organic matter (Oehlert, Garza, et al., 2024)). Following the protocol described above, these mixtures of the
CRMs were also treated with the 50% bleach solution for 90 min. The supernatant was carefully removed, the
sample was rinsed three times in MilliQ water, and the residual was allowed to dry overnight in a Class 100
exhausted hood. Dry weights were collected and used to assess mass loss of the organic fraction only, since
carbonates were assumed to be stable at alkaline pH values of commercial bleach. Digestion efficiency is reported
as %mass loss. Scanning electron microscope imaging of bleach-treated ichthyocarbonate produced by the Gulf
toadfish was conducted in order to compare to previously published images of natural ichthyocarbonate produced
by the same species to confirm no change in crystallite morphology (and thus mol%MgCOs, i.e., Salter
et al., 2018) from bleach treatment. Detailed methods are provided in Supporting Information S1.

Measurement of the ichthyocarbonate dissolution rate was conducted as previously described (Folkerts
et al., 2024). In brief, known weights of ichthyocarbonate samples were introduced into aeration tubes allowing
for gentle agitation of ichthyocarbonate during the experimental period. Tubes were filled with 15 mL of ambient
temperature, UV-sterilized and filtered seawater, and dissolution was allowed to proceed for measured periods of
time ranging from 1.5 to 4 hr. Controls were conducted simultaneously by measuring changes in seawater with no
ichthyocarbonate. After the dissolution period, 10 mL of the solution was removed, centrifuged for less than 30 s,
and analyzed using double endpoint total titratable alkalinity measurements described previously (Brix
et al., 2013). Rates of ichthyocarbonate dissolution were calculated as described previously (Folkerts et al., 2024)

and expressed in pmol eqv g~ ' hr'.
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2.6. Modeling the Fate of Ichthyocarbonate With and Without Organic Matter Coatings

To determine whether differences in the dissolution rate driven by organic matter coatings exert a significant
impact on the predicted depth of completed dissolution, we modeled the fate of ichthyocarbonate with and
without organic matter coatings. To accomplish this, we used a recently published model based on Stoke's law for
settling velocities that was specifically developed to estimate the depth of complete ichthyocarbonate dissolution
(Folkerts et al., 2024). This modeling approach assumes spherically shaped particles with a seawater specific
gravity of 1.030 g mL ™" at 20°C and incorporates the measured specific gravity of ichthyocarbonate produced by
the Gulf toadfish and Olive flounder, which was characterized previously (Folkerts et al., 2024). In brief, sinking
rates were calculated using the buoyant velocity integrated approach that integrates particle specific gravity and
size, as previously reported (Zheng & Yapa, 2000). Then, using average measured dissolution rates for natural
and bleach-treated ichthyocarbonate produced by both species, we calculated the fate of sinking particles using
two diameters (0.36 and 0.91 mm) to model the fate ichthyocarbonate most likely to reach depths below the
euphotic zone, as previously reported (Folkerts et al., 2024). These diameters were selected because ichthyo-
carbonates <0.36 mm (~50% of global production) were predicted to fully dissolve before reaching a water depth
of 500 m when excretion is assumed to occur in the surface waters of the ocean (Folkerts et al., 2024). Particles
with diameters greater than 0.91 mm (~25% of global production; Folkerts et al., 2024) were predicted to reach
oceanic depths greater than 1,000 m, where millennial scale sequestration is thought to be achieved (Bianchi
et al., 2021). Through this approach, both the measured dissolution rates as well as the diminishing size of
ichthyocarbonate with depth occurring as a function of dissolution were used to estimate complete dissolution
depths. Although fish biomass is heterogeneously distributed with depth, here we assume that all ichthyocar-
bonate excretion occurs at the surface of the ocean to maintain a comparable starting depth between calculations
of fate for ichthyocarbonate produced by different fish species. While the influence of temperature on seawater
viscosity is implicitly considered in this model (Folkerts et al., 2024), the influences of temperature, pressure, and
aragonite saturation state on dissolution rates, which change with depth, were not considered in these estimates.

2.7. Statistical Tests

Two-tailed #-tests were used to compare the results of MicroCT and geochemical analyses between bleach treated
and natural ichthyocarbonate. Mann Whitney U tests were used to investigate significant differences in disso-
lution rates between bleach-treated and natural ichthyocarbonate because of differences in data set lengths. In all
instances, significant differences were defined when p values were less than 0.05.

3. Results
3.1. Wet Thin Sections

Petrographic characteristics of the ichthyocarbonate and distribution of the organic matter in the sample were
identified via observation of the wet thin sections. Ichthyocarbonate pellets ranged in size from 0.5 to 2 mm for
both species (Figures 1a and 2a). Organic components in the ichthyocarbonate were stained in shades of blue and
purple by positively charged crystal violet. Wet thin section analysis of ichthyocarbonates produced by both
species demonstrated the presence of a thick exterior coating of organic matter (Figures 1 and 2; see abundance
and distribution of organic matter stained purple with crystal violet), as well as the presence of organic matter
throughout the ichthyocarbonates, which occurred in various morphologies.

In plane polarized light, Gulf toadfish ichthyocarbonate appeared sometimes as single pellets ranging in size from
~1.0 to 2.8 mm, and are sometimes comprised of an aggregate of smaller pellets ranging in size from ~0.25 to
0.5 mm (Figures 1a—1d). Organic matter and putative microbial cells were frequently observed around the edges
of the smaller pellets within the aggregated ichthyocarbonate grains (Figures la, 1c, and le). Within ichthyo-
carbonate grains, purple staining highlighted both diffuse organic matter (Figure 1a, red box), distinct organic
matter components (Figure la, arrow), as well as microbial cells (Figure 1c). Under higher magnification, the
diffuse organic matter distributed within the toadfish ichthyocarbonate pellets exhibited a dendritic network
texture, as well as long linear ropey features (Figure le). Carbonate components in the ichthyocarbonate pre-
dominantly occurred as fine microcrystalline carbonate (“micrite”) that varied in color across the samples
(Figure 1a). Observation under cross polarized light (Figures 1b, 1d, and 1f) highlights the anisotropic crystalline
phases characterized by high birefringence. Figures 1d and 1f show small, ellipsoid features scattered throughout
the micrite matrix, characterized by strong birefringence.
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Figure 1. Photomicrographs of wet thin sections of ichthyocarbonate produced by the Gulf toadfish (Opsanus beta) stained
with crystal violet in plane (a, c, e) and cross-polarized (b, d, f) light at increasing magnifications. Panel (c) shows area
outlined in red box in (a), and (e) shows area outlined in yellow box in (c). Areas stained in shades of blue and purple are
organic matter, while the carbonate precipitates occur in shades of brown. Note the thick mucus envelope in (a), (c), and (e),
as well as the presence of organic material throughout the interior of the ichthyocarbonate pellet.

Ichthyocarbonate produced by the Olive flounder was also comprised of grains that appeared to be a single pellet
ranging in size from ~0.9 to 2.5 mm, and also pellets that contained aggregates of multiple smaller grains ranging
in size from ~0.6 to 1 mm (Figures 2a and 2b). Large pieces of organic matter that were stained purple were also
observed in this species but lacked visual evidence of carbonate embedded within this component (Figure 2a,
white arrow). Thick purple staining around the edges of most pellets and smaller composite grains was observed
under plane polarized light. Within ichthyocarbonate pellets, composite grains were often bounded around the
edges by organic matter (Figures 2a, 2c, and 2e), and densely packed clumps of organic matter were observed in
one of the composite grains with unstained spherical areas approximately 10-50 pm in diameter embedded
throughout (Figures 2a and 2c). With higher magnification, diffuse purple staining was observed throughout the
ichthyocarbonate produced by the Olive Flounder. Pockets of coccoid-shaped microbial cells were observed in
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Figure 2. Photomicrographs of wet thin sections of ichthyocarbonate produced by the Olive flounder (Paralichthys
oliveaceus) stained with crystal violet in plane (a, c, e) and cross-polarized (b, d, f) light at increasing magnifications. Panel
(c) shows area outlined in red box in (a), and (e) shows area outlined in yellow box in (a). Areas stained in shades of blue and
purple are organic matter, while the carbonate precipitates occur in shades of brown in plane polarized light. Note the
extensive mucus (white arrow) in (a), as well as the presence of organic material throughout the interior of the
ichthyocarbonate pellet (b, c¢). Clumps of organic matter containing apparent void spaces may reflect the presence of
positively charged biomass (c), while small coccoid shaped bacteria with negatively charged biomass are visible in (e) (wWhite
dashed arrow).

between the diffusely stained organic matter (Figure 2e, white dashed arrows). Carbonate components in the
ichthyocarbonate produced by the Olive flounder were characterized by more subdued birefringence under cross
polarized light and lacked strongly birefringent ellipsoidal features (Figures 2d and 2f).

3.2. MicroCT Analysis

MicroCT analysis of five ichthyocarbonate particles per species revealed significant differences in the volumetric
abundance of organic matter and carbonate in ichthyocarbonate produced by the Gulf toadfish and the Olive
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Figure 3. Results of MicroCT segmentation analysis. (a) Shows the average volumes of organic matter and carbonate
minerals as segmented from five whole ichthyocarbonates produced by the Gulf Toadfish (b) and Olive flounder (c).
Reconstructed cross sections from each of the five ichthyocarbonate particles mapped for both species are shown in (b) and
(c). White areas show the distribution of organic matter, and red scale bars are all 250 pm.

flounder (p < 0.01). Ichthyocarbonate produced by the Gulf toadfish contains significantly more organic matter
(32.3% + 14.7%) than that produced by the Olive flounder (9.5% =+ 3.9%, p < 0.01; Figure 3). Organic matter in
ichthyocarbonate produced by the Olive Flounder has a lower degree of anisotropy (1.89 £ 0.24, n = 5) and pore
thickness (0.03 = 0.00 mm, n = 5) than that produced by the Gulf toadfish (2.24 £+ 0.18 and 0.06 £ 0.00 mm,
respectively, n = 5 for both data sets, p < 0.05 for both comparisons). Surface to volume ratios of organic matter
were significantly higher in ichthyocarbonate produced by the Olive flounder (190 + 24 1/mm) than the Gulf
toadfish (92.6 + 35.6 1/mm, p < 0.01). Ichthyocarbonate-associated organic matter produced by the Gulf toadfish
was prevalent both within the interior of the particles as well as in exterior coatings (Figure 3b), while organic
matter in ichthyocarbonate produced by the Olive Flounder is typically concentrated around the exterior of the
particles (Figure 3c).

3.3. Geochemical Analyses

C/N ratios in bulk organic matter in ichthyocarbonate produced by the Gulf toadfish ranged from 6.48 to 9.94, and
averaged 7.65 = 1.61 (n = 6, Figure 4). The molar C/N ratio in organic matter of ichthyocarbonate produced by
the Olive Flounder ranged from 6.55 to 8.68 and averaged 7.66 £ 0.81 (n = 6, Figure 4).

The average 613C0rg value of the organic matter in ichthyocarbonate produced by Olive Flounder (n = 6) was
—21.2 + 0.02%o, lower than the average &' C,rg value of ichthyocarbonate-associated organic matter produced by
the Gulf toadfish (—19.3%0; Oehlert, Garza, et al., 2024). Two-tailed r-tests assessing variation in weight percent
nitrogen, weight percent carbon, and average 6'3’C0rg values indicated a significant difference (p < 0.05) between
organic matter associated with ichthyocarbonate produced by the Gulf toadfish (n = 6) and Olive flounder (n = 6).
No significant differences were observed between species for C/N ratios (p > 0.05).

3.4. Dissolution Rate

Experiments assessing organic matter mass loss after leaching in the 50% bleach solution using mixtures of
certified reference materials were conducted in triplicate and revealed that 59.2 + 20.7% (n = 3) of the organic
matter was oxidized during this treatment process. Comparison of bleach-treated ichthyocarbonate produced by
the Gulf toadfish to natural ichthyocarbonate using Scanning Electron Microscopy revealed consistent crystallite
morphology between treatments (Figures S1 and S2 in Supporting Information S1).

Dissolution rates measured for untreated ichthyocarbonate produced by the Gulf toadfish and Olive Flounder
(Figure 5) were ~32 and 20 peqv g~ ' hr™, respectively, which agree with previous observations for these species
(Folkerts et al., 2024). Subsamples treated with 50% bleach solution (Figure 5) dissolved 15 and 13 times faster
than unbleached controls for Gulf toadfish and Olive flounder ichthyocarbonate, respectively. No significant
difference was observed in the dissolution rates of natural ichthyocarbonate produced by the Gulf toadfish and the
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Figure 4. Cross plot of the molar ratio of organic carbon to total nitrogen
content (C/N) versus the ESBCQrg value of the organic matter embedded in
ichthyocarbonate produced by the Gulf toadfish (Opsanus beta; blue
squares, this study), the Olive Flounder (Paralichthys olivaceus; aqua
squares, this study), and marine fish muscle from the Florida Keys (orange
circles; data from Lamb et al. (2012)). Shaded polygons in the background
show ranges of 613C0rg and C/N for organic matter sources in coastal waters
published previously (Lamb et al., 2006). POC = particulate organic carbon,
DOC = dissolved organic carbon.
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Figure 5. Comparison of average dissolution rates for bleached (hatched
bars) and untreated (open bars) ichthyocarbonate produced by the Gulf
toadfish (white, n = 15) and the Olive flounder (gray, n = 7 and 8,
respectively). * indicates statistically significant difference from
corresponding unbleached samples (p < 0.001 in both cases), and 4
indicates significant difference between bleached ichthyocarbonate samples
produced by the Gulf toadfish (white hatched bar) and the Olive flounder
(gray hatched bar, p < 0.05).

Olive flounder (p = 0.38), but significant differences in ichthyocarbonate
dissolution rates arose after bleach-treatment (p < 0.05).

3.5. Dissolution Depth

Calculated initial sinking rates of ichthyocarbonate range from 10 to 100's of
meters per day, with larger ichthyocarbonate sinking faster than smaller ones.
Here, results are reported for particles with 0.36 and 0.91 mm diameters since
these particle dimensions were previously predicted to reach depths beneath
the euphotic zone (500 and 1000 m, respectively; Folkerts et al., 2024). Initial
sinking rates for 0.36 mm diameter Gulf toadfish ichthyocarbonate are 12.0
and 76.9 m d™" for particles 0.91 mm in diameter. Ichthyocarbonate produced
by the Olive flounder has an initial sinking rate of 16.2 m d™' for 0.36 mm
particles, and 103.6 md~"' for 0.91 mm particles. Integrating these results with
measurements of dissolution rate, model results predict that natural ichthyo-
carbonate with diameters of 0.36 and 0.91 mm produced by both species of
marine fish will completely dissolve at depths ~12-15X deeper than bleach-
treated counterparts (Table 1).

4. Discussion

Here we show that organic matter coatings strongly reduce the dissolution
rates of sinking ichthyocarbonate, a result which holds implications for
shallow ocean alkalinity cycling and the global inorganic carbon cycle.
Marine carbonate production and dissolution are fundamental processes that
drive the oceanic alkalinity cycle, which in turn influence the ocean's ability
to buffer changes in atmospheric CO, through time. To predict and/or
model the response of the oceans to changing pCO, through time, a
quantitative understanding of the amount, composition, and fate of all types
of marine carbonate produced in the modern oceans is required. Despite
growing appreciation of the significant quantities of carbonate produced by
marine fish (Folkerts et al., 2024; Ghilardi et al., 2023; Grosell & Oech-
lert, 2023; Oehlert, Garza, et al., 2024; Saba et al., 2021; Walsh et al., 1991;
Wilson et al., 2009), the fate of naturally excreted ichthyocarbonate is
poorly understood. Recent work showed that the dissolution rate of un-
treated ichthyocarbonate is high compared to other biogenic carbonate
minerals such as aragonitic corals; thus, marine fish play an important role
in determining shallow ocean alkalinity cycling and vertical alkalinity
profiles in the oceans today (Folkerts et al., 2024).

4.1. Characteristics of Ichthyocarbonate-Associated Organic Matter

Ichthyocarbonate pellets occur as single, continuously connected particles, or
aggregates of smaller particles comprised of microcrystalline carbonate
(“micrite”) attached to each other by organic matter (Figures la and 2a).
Under cross polarized light, strong birefringence of the micrite seen in ich-
thyocarbonate produced by the Gulf toadfish highlights an anisotropic
ellipsoidal morphology several microns in length that is consistent with the
crystallite size and morphology observed via scanning electron microscopy
previously (Perry et al., 2011; Salter et al., 2017, 2019; Woosley et al., 2012).
Optical petrography and microCT analyses showed that organic matter occurs
within the ichthyocarbonate grain in intercrystalline spaces and as exterior
organic coatings (Figures 1-3). Since crystal violet stains negatively charged
biomass and gram-positive bacteria in our thin section preparation approach
(Nye et al., 1972; Suosaari et al., 2022; Vitek et al., 2022), regions of the thin
section that are stained purple are consistent with the previously identified
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Table 1
Results of Fate Model Which Predicts the Depth of Complete Dissolution for Ichthyocarbonate of Two Diameters Produced
by Two Species of Marine Fish

Depth of complete dissolution (m) Depth of complete dissolution (m)

Treatment and species 0.36 mm diameter 0.91 mm diameter
Bleached

Gulf toadfish 1.7 25.0

Olive flounder 39 59.0
Natural

Gulf toadfish 22.0 348.0

Olive flounder 46.0 737.0

negatively charged protein-rich organic matrix associated with ichthyocarbonate (Schauer & Grosell, 2017,
Schauer et al., 2016, 2018) as well as microbial cells (Walsh et al., 1991). Exterior organic matter coatings on
ichthyocarbonate grains were observed both in microCT analyses and optical petrography (Figures 1-3),
including large, folded organic matter excreted in close association with ichthyocarbonate (Figure 2a, white
arrow; Figures 3b and 3c). Within grains of Gulf toadfish ichthyocarbonate, the organic matrix is present as a
dendritic network and linear rope-like features occur at the 100-pm scale (Figures 1c, le, 2c, and 2¢). Microbial
cells may be present within the dendritic network, but dark stains preclude differentiation. Further work using
higher-resolution analytical approaches like scanning electron microscopy (i.e., Perry et al., 2011; Walsh
et al., 1991), would be illustrative for this species. Ellipsoidal crystallites (Figures 1d and 1f) occur within the
dendritic network in toadfish ichthyocarbonate, supporting the hypothesis that the organic matrix may have
provided nucleation sites for carbonate mineral precipitation within the intestine (Schauer & Grosell, 2017;
Schauer et al., 2016, 2018). At the resolution of microCT analysis, our results suggest that significant proportions
of ichthyocarbonate produced by the Gulf toadfish are likely organic-rich in the interior (Figure 3).

Negatively charged organic matter in ichthyocarbonate produced by the Olive flounder occurs as distinct clumps
separated by unstained regions in the grain (Figure 2). Within some of the distinct clumps of organic matter, small
(~5 pm) circular unstained regions may reflect gram-negative bacteria. Counterstaining with safranin (Bever-
idge, 2009; Coico, 2005) could confirm this hypothesis. Dense accumulations of gram positive coccoidal bacteria
cells can be observed in between the clumps of organic matrix (Figure 2e, white dashed arrows) in flounder
ichthyocarbonate, and individual cells occur scatted throughout the organic matrix (Figure 2d). The observation
that organic matter and microbial cells occur within the interior of the ichthyocarbonate suggests they were
present at the time of ichthyocarbonate formation. MicroCT analyses suggest limited occurrence of organic
matter in ichthyocarbonate produced by the Olive flounder within the grains (Figure 3); however, it is important to
note that the working resolution of microCT scans conducted here (~10 pm) likely integrates crystallites and
organic matter within each slice. These results may suggest that the spatial relationship between crystallites and
organic matter in ichthyocarbonate produced by Olive flounder occurs at finer scales than in those produced by
the Gulf toadfish. Consequently, microCT analyses conducted here may underestimate organic matter volumes in
the samples of ichthyocarbonate produced by Olive flounder. Ellipsoidal crystallites in ichthyocarbonate have
been observed to occur at length scales <1 um up to ~10 pm using SEM (Salter et al., 2012), suggesting the need
for finer scale analytical resolution than what can be achieved with microCT analysis.

Detailed work characterizing the biochemical composition and function of the proteinaceous matrix produced by
the fish was conducted previously (Schauer et al., 2016, 2018; Schauer & Grosell, 2017), but potential differences
in composition in ichthyocarbonate produced by different species of fish and contributions by microbial com-
munities to ichthyocarbonate-associated organic matter were not considered. Newer results from our geochemical
analyses indicated that 613C0,g values of ichthyocarbonate-associated organic matter were significantly different
between species, whereas C/N ratios were not (Figure 4). Changes in 613C0rg values of organic matter in ich-
thyocarbonate produced by different species may reflect differences in diet composition (Oehlert, Garza,
et al., 2024). Similar C/N ratios suggest similar origins of organic matter in ichthyocarbonate produced by both
species. Comparison with published data sets of 613COrg values and C/N ratios used to identify the origin of organic
matter, including values for marine fish muscle (Lamb et al., 2012) and the expected ranges of bacteria from Lamb
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etal. (2006), were characterized by ~5%o higher 813CUrg values and higher molar C/N ratios (p < 0.01) than organic
matter associated with ichthyocarbonate produced by both species studied here (Figure 4). Using this approach, it
was not possible to determine the proportional contribution of intestinal microbial communities to the organic

matrix production since ranges of C/N ratios and 8'°C,,,, values were inconsistent with published ranges of bac-

org
terial organic matter. A more robust data set across multiple species incorporating genetic markers could provide

needed insight into the role of gut microbiota in organic matrix production rate and composition.

4.2. Impacts of Organic Matter Coatings on Ichthyocarbonate Fate

Organic matter coatings on ichthyocarbonate produced by two species of fish significantly reduced the dissolution
rate. Prior studies have presented conflicting interpretations of the influence of organic matter coatings on the rate
of carbonate dissolution, but our study is the first to directly evaluate the role of organic matter on ichthyocar-
bonate dissolution. Although recent work suggests that organic coatings are likely to be associated with
metabolically-influenced microenvironments that lead to increased dissolution rates (Archer, 1991; Emerson &
Bender, 1981; Godoi et al., 2009; Milliman et al., 1999), earlier studies hypothesized that organic coatings may
quell dissolution rates by reducing the reactive surface area of the minerals in contact with seawater
(Berger, 1967; Honjo & Erez, 1978; Suess, 1970). Our results support the latter hypothesis, and show that organic
matter coatings on ichthyocarbonate (Figures 1-3) significantly reduce dissolution rates of excreted ichthyo-
carbonate (Figure 5) with natural, untreated ichthyocarbonate dissolving 13—15X slower than bleach treated
ichthyocarbonate for both species (p < 0.05). The observation that ichthyocarbonate dissolves faster when
organic coatings are oxidized holds implications for comparison with previously published studies of ichthyo-
carbonate solubility. While evaluation of the solubility of bleach-treated (Woosley et al., 2012) or dissection-
collected (Foran et al., 2013) ichthyocarbonates has provided important insights into their fate, recent use of
natural ichthyocarbonates to estimate dissolution rates is proposed to provide a more representative understanding
of the fate of ichthyocarbonates in modern oceanic conditions (Folkerts et al., 2024). For instance, our predicted
depths of complete dissolution are more than an order of magnitude greater for natural ichthyocarbonate
compared to bleach-treated ichthyocarbonate (Table 1), demonstrating the impact of sample pre-treatment on
estimates of ichthyocarbonate fate. Importantly, these results indicate the primary role that organic coatings play
in determining the role of ichthyocarbonate in the marine carbon cycle by isolating mineral crystallites from the
seawater and extending their transit duration prior to complete dissolution.

Although dissolution rates of natural ichthyocarbonate were not significantly different between species
(p = 0.38), significant differences were observed in bleached treatments between species (Figure 5). Bleached
ichthyocarbonate produced by the Gulf toadfish dissolves faster (471.4 peqv g~ hr™' on average) than similarly
treated ichthyocarbonate produced by the Olive flounder (262 peqv g~' hr™" on average, p < 0.05). Since the
digestion efficiency using this bleach treatment was ~60% on powdered certified reference materials with high
reactive surface areas, we conclude that the oxidation predominantly affected the external organic matter coat-
ings. Thus, we infer that mineralogical differences may be explanatory, once a fraction of the organic matter
coating is oxidized and crystallites are exposed. Folkerts et al. (2024) found that untreated ichthyocarbonate
excreted by the Olive flounder contained significantly less Mg>* than that released by the Gulf toadfish
(24.5 £0.2 vs. 32.3 + 0.8 mol%MgCOs;, respectively). Thus, the observation that bleach-treated ichthyocarbonate
produced by the Gulf toadfish dissolves faster than that produced by the Olive flounder (Figure 5) is consistent
with the hypothesis that biogenic HMC exhibits increasing mineral solubility with increasing mol%MgCO;
(Bischoff et al., 1987; Chave et al., 1962; Morse & Mackenzie, 1990). Consequently, it appears that the organic
coatings, which exert strong influence on dissolution rates, may mask any effects from mol%MgCO; content.
Based on the two species studied here, it appears that once organic coatings have been removed, mol%MgCO5
may be an important influence on dissolution rates as predicted.

4.3. Implications of Organic Matter Coatings on the Role of Ichthyocarbonate in the Carbonate Pump

The dissolution of soluble carbonate mineral phases is one of three principal mechanisms invoked to explain
excess alkalinity above the aragonite saturation horizon (i.e., Liang et al., 2023), a characteristic that enables the
surface oceans to buffer atmospheric CO, concentrations over sub-millennial timescales (Broecker, 1982;
Revelle & Suess, 1957). Ichthyocarbonate is a quantitatively important type of metastable mineral that is pro-
duced in the oceans today (Oehlert, Garza, et al., 2024; Wilson et al., 2009), and ichthyocarbonate dissolution has
been proposed as one explanation for excess normalized alkalinity above the aragonite saturation horizon
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(Folkerts et al., 2024; Grosell & Oehlert, 2023; Wilson et al., 2009; Woosley et al., 2012). A prior study estimated
that ichthyocarbonate dissolution could plausibly explain a quarter of excess normalized total alkalinity in the top
1,000 m of the oceans (Wilson et al., 2009). With revised median estimates of annual ichthyocarbonate production
rates ~4.2X higher than before (Oehlert, Garza, et al., 2024), the dissolution of ichthyocarbonate may explain a
more significant fraction of excess alkalinity above the aragonite saturation horizon than previously predicted.

Ichthyocarbonate-associated organic coatings may offer one explanation for why contradictory interpretations
about the importance of marine fish contributions to the inorganic carbon cycle have been presented. Extrapo-
lating the results of ichthyocarbonate solubility measurements (Woosley et al., 2012) as a proxy for the behavior
of biogenic HMC in general, Sulpis et al. (2021) concluded that HMC dissolution is most important at shallow
oceanic depths, with a globally averaged HMC saturation depth predicted to be 330 + 210 m. However, in situ
experiments conducted on coccoliths and foraminiferal calcite in the North Pacific Ocean suggested that the
dissolution of more metastable minerals, such as aragonite and HMC, was not necessary to explain the observed
patterns in regional shallow ocean carbonate chemistry (Subhas et al., 2022). Even correcting the estimated
dissolution flux of ichthyocarbonate (0.02-0.07 mmol CaCO; m™2 d™'; Wilson et al., 2009) by the increase in
estimates of global ichthyocarbonate production (~4 but up to 9X; Oehlert, Garza, et al., 2024) may not fully
explain the ~0.5 mmol m~> d~" estimated for this region (Subhas et al., 2022). This discrepancy may be explained
by organic coatings. Slower dissolution rates resulting from intact organic coatings on ichthyocarbonate are likely
more realistic in natural environments (Figure 5, Table 1), an observation consistent with modeled estimates of
ichthyocarbonate fate based on measurements of untreated ichthyocarbonate size, sinking rate, and dissolution
rates (Folkerts et al., 2024). In concert, these findings suggest that predicting the impact of ichthyocarbonate on
the depth of the HMC saturation depth is complicated; higher global annual ichthyocarbonate production rates
(Oehlert, Garza, et al., 2024) suggest there is more HMC available for dissolution than previously considered, but
intact organic coatings produce slower dissolution rates (Folkerts et al., 2024; this study) than current solubility
models predict. Nonetheless, it is clear that improved constraints on ichthyocarbonate fate are needed to fully
quantify the impact of carbonate mineral dissolution on seawater carbonate chemistry, the buffering capacity of
the oceans, Earth's climate, and the carbon cycle more broadly.

4.4. Implications for Ichthyocarbonate Organic Matter in the Biological Pump

Here, we have shown that organic matter coatings significantly influence the dissolution rate and fate of ich-
thyocarbonate, which has implications for shallow ocean alkalinity cycling and the global inorganic carbon cycle.
However, we can also consider the impact of mineral dissolution rate on the vertical distribution of
ichthyocarbonate-associated organic matter in the ocean. Previous analyses of total organic carbon content (TOC)
indicated that ichthyocarbonate produced by three species of marine fish contains significant overall quantities of
TOC (5.5%—40.4% d.w.; Ochlert, Garza, et al., 2024). Our new results indicate that this organic matter occurs both
as embedded organic matter and external coatings (Figures 1-3). The fraction of mineral-embedded organic
matter in ichthyocarbonate may be protected from shallow remineralization; thus, it is important to develop a
quantitative understanding of the depth at which this embedded organic matter is released from the ichthyo-
carbonate mineral matrix. Organic matter released during ichthyocarbonate dissolution may have an important
impact on vertical gradients in remineralization, energy sources for mesopelagic microbial communities, and
nutrient profiles in the ocean.

4.5. Limitations

Despite recent advances (Bianchi et al., 2021; Folkerts et al., 2024; Ghilardi et al., 2023; Grosell & Oehlert, 2023;
Oehlert, Garza, et al., 2024; Saba et al., 2021; Wilson et al., 2009; Woosley et al., 2012), uncertainty persists
regarding the production magnitude, composition, and fate of ichthyocarbonate in the global oceans. In this study,
we addressed key knowledge gaps ichthyocarbonate fate by investigating the role of organic matter coatings in
reducing or enhancing dissolution rates of ichthyocarbonate produced by two species of marine fish. Limitations
of our data set are the limited number of species investigated, and that dissolution rates with varying chemical and
physical characteristics of seawater (i.e., aragonite saturation state, temperature, and pressure) were not evaluated.
Our results may overestimate the ultimate depth of complete ichthyocarbonate dissolution, since dissolution rate
is expected to increase with decreasing aragonite saturation state and temperature, and increasing pressure (i.e.,
Folkerts et al., 2024; Morse & Mackenzie, 1990). On the other hand, our estimates may be conservative because
ichthyocarbonate is not exclusively excreted at the surface of the ocean, since much of the global fish biomass
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inhabits mesopelagic water depths (Irigoien et al., 2014; Proud et al., 2017, 2018, 2019). Notably, the size,
composition, and dissolution rate of ichthyocarbonate produced by mesopelagic fish species remain unknown;
thus, we applied assumptions generated by studies of shallow marine fishes to conduct this modeling exercise.
However, analysis of ichthyocarbonate produced by temperate species in temperature ranges as low as 10°C
showed that ichthyocarbonate crystallite morphologies and mol%MgCO; were similar to those produced by
subtropical reef-fishes (Salter et al., 2019), supporting extrapolations about mesopelagic ichthyocarbonate
composition, at least for a first-order estimate of trends. Thus, while the estimates of ultimate dissolution depth
presented here carry uncertainty arising from assumptions in the modeling approach, our results clearly
demonstrate that organic matter coatings on ichthyocarbonates significantly delay complete dissolution.

4.6. Recommendations

Organic matter embedded within the particles may also indirectly exert an influence on the ichthyocarbonate
dissolution rate through its role in the initial formation of ichthyocarbonate. Ichthyocarbonate produced by both
species contains a significant fraction of organic matter embedded within the particles (Figures 1 and 2), sug-
gesting the presence of organic matter when ichthyocarbonate initially forms in the intestine of the fish. The
presence of this organic matter during the initial precipitation of ichthyocarbonate has been proposed to play a role
in the mineralogy and ACMC content by prior investigations. Previous in vitro calcification experiments showed
that varying concentrations of organic matter, especially a proteinaceous matrix, influenced the magnesium
content of the crystallites that precipitated out of a solution analogous to intestinal fluid (Schauer et al., 2016). In
addition, phosphate in ichthyocarbonate-associated organic matter has been proposed to be a stabilizing agent for
amorphous phases, which contain high concentrations of Mg®* and are even more soluble than HMC (Foran
et al., 2013). Consequently, the presence of organic matter in the intestinal lumen may play a role in determining
the crystallite morphology of ichthyocarbonate (i.e., ellipsoids, splayed bundles, dumbbells, Perry et al., 2011),
which is known to correlate with mol%MgCOs. For instance, Salter et al. (2018) documented higher Mg**
contents observed in ACMC phases and ellipsoids, and lower mol%MgCOj5 in spheres, dumbbells, and rhom-
bohedra. Further elucidation of the impacts of organic matrix composition on mol%»MgCO5 and morphology is
warranted.

With respect to fate, controls on dissolution kinetics appear to be the first-order control on ichthyocarbonate fate
rather than mineral solubility. Prior studies investigating the complexities of HMC solubility with varying mol%
MgCOj; have produced fundamental and important knowledge regarding the dissolution of metastable carbonate
minerals (Bischoff et al., 1987; Mucci & Morse, 1984; Plummer & Mackenzie, 1974; Walter & Morse, 1985
Stabilities, Morse et al., 2007, among others). Importantly, such analysis of biogenic HMC pre-treated with either
bleach or hydrogen peroxide to remove organic material (i.e., Bischoff, 1998; Subhas et al., 2018; Woosley
et al.,, 2012) or synthetic HMC (i.e., Bischoff et al., 1983, 1985, 1987; Mackenzie et al., 1983; Mucci &
Morse, 1983) informs mineral solubility, thermodynamic equilibrium, and the definition of K, values which are
essential parameters in models of mineral stability. Building on this detailed knowledge base, our results suggest
that further studies focused on the fate of untreated HMC will provide additional insight regarding the role of
HMC dissolution in shallow alkalinity cycles. It is possible that suppressed dissolution rates induced by organic
coatings may also apply to other metastable carbonate phases such as aragonite. For instance, early work on
aragonite indicated that dissolution rates of pteropod shells collected from a sediment core dissolved at rates
approximately ~25X% slower than aragonite synthesized in laboratory settings (Morse et al., 1979). Another early
in situ study investigating biogenic carbonate mineral dissolution found that bleached treated biogenic carbonates
dissolved faster than unbleached counterparts (Honjo & Erez, 1978), although a recent study found otherwise for
coccolithophores (Subhas et al., 2018). Since coccolithophores typically have significantly lower PIC:POC ratios
(Findlay et al., 2011) than ichthyocarbonate (Oehlert, Garza, et al., 2024), a minimum thickness of external
organic coatings may be required to suppress dissolution rates. Thus, it is possible that organic matter coatings
also play a significant role in determining the fate of other metastable carbonate minerals. Recent detailed work
outlining kinetic controls on low magnesium calcite dissolution provides a useful foundation for future studies
aiming to determine the impacts of pressure, organic matter, and temperature (Adkins et al., 2021; Dong
et al., 2018, 2019, 2020; Liang et al., 2023; Naviaux, Subhas, Dong, et al., 2019; Naviaux, Subhas, Rollins
et al., 2019; Subhas et al., 2015, 2022; Ziveri et al., 2023) on dissolution rates of biogenic HMC when organic
matter coatings are kept intact.
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5. Conclusions

Our integration of geochemical, petrographic, and microstructural analyses indicates that ichthyocarbonate
contains significant amounts of organic matter, occurring both as exterior organic coatings and within microscale
intercrystalline spaces. Intercrystalline organic matter and microbial cells suggest the presence of these organic
phases during ichthyocarbonate formation, suggesting a potential role in the process of precipitation. Through the
dissolution rate experiments conducted here, external organic matter coatings reduced the dissolution rate of
ichthyocarbonate by up to 15X, and extended the ultimate depth of dissolution by at least 12X, revealing that
ichthyocarbonate-associated organic matter plays an important role in defining the impact of ichthyocarbonate
dissolution on vertical alkalinity profiles in the ocean and the global carbon cycle more broadly. Ultimately,
organic matter coatings appear to be a strong determinant of ichthyocarbonate fate in the modern oceans, gov-
erning whether they dissolve and contribute to alkalinity in seawater or accumulate in sedimentary deposits in the
marine environment.

Data Availability Statement

Data sets generated through this study, including dissolution rate measurements on natural and bleach-treated
ichthyocarbonate, compositional analyses, and volumetric analyses conducted on microCT data sets are avail-
able as a Mendeley Dataset via: https://doi.org/10.17632/7mt9cf89ws.2 with a CC BY 4.0 License (Oehlert,
Walls, et al., 2024).
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