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Abstract. Ocean acidification is a serious marine ecosystem problem caused by the abundant
human emission of CO2. It is now a prevalent cognition that the dissolution of CO2 tends to
raise the concentration of H+ in the ocean and therefore make it more acidic. Anthropogenic
CO2 emission exacerbates the situation. This will then lead to another obvious problem---the
dissolution of calcium carbonate shells of certain ocean organisms. This article will present a
brief dissolution model, which can provide an analysis of the acidification effects from two
perspectives---both the forming and the dissolution of seashells. The model shows an
exponential relationship between the dissolved Ca2+ concentration and the pH of seawater. It
also presents the anticipation regarding a dissolution turning point in (approximately) 2090
under the RCP8.5 scenario. This turning point indicates an abrupt acceleration of calcium
carbonate shells’ dissolution. The result depicts the drastic but possible change in the seawater
solution system and gives a warning signal of a probable deadline for us to control the CO2
emission. Hopefully, it will attract more scholars to pay attention to this topic and figure out
methodologies to avoid the possible tragedy.

Keywords: Shelled ocean organisms, carbonate dissolution, ocean acidification, chemistry
equilibrium.

1. Introduction

Shelled ocean organisms are going to experience an unprecedented crisis if anthropogenic CO-
emission continues to increase. This is a common sense acknowledged by multiple scholars. The
specific process can be briefly summarized as the following process: the dissolution of anthropogenic
CO; raises the concentration of H' in the seawater. In other words, the abundant CO, dissolution is
making the ocean’s pH abnormally low. The CaCOs;-made shells cannot withstand a high
concentration of H" and tend to dissolve in low-pH solution systems. So far, scholars have noticed two
possible ways that the acidification process may harm ocean organisms with calcium carbonate shells:
one of them is the dissolution of the already formed shells; the other is the difficulty of forming new
shells, which can be explained by the concentration decrease of the carbonate ions (which is also
caused by the increase of H"). This article, accordingly, will discuss both topics while accentuating the
former. The dissolution of the shells is related to multiple factors, including the biological features of
different ocean organisms, temperature, pressure, and else. Even merely the chemical factors, which
are the main factors considered in this model, will involve multiple uncertainties since there exist a
variety of different chemical substances in the seawater. Previous studies have shown the seriousness
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of the acidification and shell-destruction process by relatively sophisticated and complex theories [1-2].
However, there is an absence of a simplified version of this dissolution process based on purely
chemical analysis. Therefore, this article will introduce such a model to illustrate this process way
intuitively.

2. Method construction and model description

2.1. Method Construction

Considering the more significant effect that the carbonate system has on calcium carbonate dissolution,
the author focuses on the interaction between this system and the compound. In the book Global
Warming Science: A Quantitative Introduction to Climate Change and Its Consequences [3], the author
built a set of chemical equilibrium equations to approximately describe the carbon system in the ocean.
Based on the existing equations listed in the book, adding the interaction between the carbonate
system and CaCOs;, we can get the following system of equations, which will be further elaborated
later:
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Alkc = [HCO3] + 2[CO3™] + [OH] — [HT] (6)
Cr = [HCO3] + [CO3™] + [H,CO;] (7)

In the equations listed above, KH (constant) stands for Henry’s constant; K1 (constant) and K2
(constant) stand for the equilibrium constant for the first and second step of carbonic acid’s ionization,
correspondingly; Kw (constant) stands for the equilibrium product of water; Ksp (constant) stands for
the solubility product constant of calcium carbonate; AlkC (constant) stands for the carbonic alkalinity;
CT stands for the total dissolved inorganic carbon; H,CO3 stands for the sum of aqueous carbon
dioxide and unionized carbonic acid (H,CO3=H2CO;+CO,(aq) ). Compounds and ions in square
brackets stand for the concentration, all in millimoles per liter, which is also the unit of AlkC and CT.
It is worth noting that symbols mentioned above should be seen as constants if and only if they have
the extra explanation of “(constant)”.

Eventually, we get this model centring on the main interaction between CaCO3 and the carbon
system and can present the influence of ocean acidification as well.

2.2. Model Description

To maintain the simplicity, all variables and constants are set in a background consisting of a 15°C
temperature, a Om depth (a 1 atm pressure), and a 35 ppt salinity, since some of the constants
(specifically, Henry’s constant and other equilibrium constants that start with ‘K’) are relatively
sensitive to these factors and can be seen as functions of these factors [4]. Moreover, for simplicity, the
model assumes the alkalinity to be a carbonate alkalinity because other ions’ effects are negligible in
this problem.
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Nevertheless, it is noteworthy that the solubility product constant of calcium carbonate varies
significantly due to its form, which mainly includes calcite and aragonite. This may lead to the
difficulty of determining the constant Ksp. Fortunately, a previous study [5] has acknowledged that
although the stable calcite may take a larger proportion in the ocean CaCOj reservoir, aragonite plays a
more significant role in reactions, and even dominates CaCO; production and cycling.
Correspondingly, this model sets the Ksp value as that of aragonite.

Now, with 6 reliable constants, 8 variables, and 7 equations in total, the system is still unsolvable.
As a result, the author picks CT, the total dissolved inorganic carbon (DIC), as the independent
variable, since the natural process of carbon entering into the ocean can be best described by the
change of this variable.

The code used to realize the model is presented in the appendix, and the resource of the constants’
value used in the model will be presented in the references part [6]. The original code is edited in
Python and Matlab, but since it is relatively lengthy, the article includes just the pseudo-code:

The Matlab Part:

Declare arrays to store each solution;

for C_T in 0.5~5.5 (with a step length of 0.01):

Set the value of the constant;

Set the equations;

Use the Matlab ‘solve’ to solve the equation system

(Constraint: all variables should be positive);

Store solutions in prepared arrays;

end for the loop

Store the solved data in a ‘.mat’ file;

The Python Part:

Open the ‘.mat’ file and load the data;

Plot the two figures with different Y-axis limits to compare;

X-axis: pH;

Y-axis: Concentration;

(Transformations of units and from [H'] to pH are not presented)

Use an exponential function to fit the Ca(2+) curve and analyze the goodness of fit;

Get the [Ca?']-[CT] relationship curve and get its first and second derivative;

3. Result and analysis
The model discussed above generated the following result:
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Figure 1. The relationship between the pH value of the seawater and the concentration of ions (also
including DIC). The upper plot is a magnified version without the [Ca?*] curve and is presented to
readers to show a comparison with the lower plot.
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Figure 2. The detailed and general version (upper plot and lower plot, respectively) of the exponential
fitting of the [Ca?*] curve.
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From the comparison of these two plots in Figure 1, we can obtain the simple fact that the CaCO;
dissolution (represented by the Ca®" concentration) remains a relatively stable but increasing state as
the pH decreases before reaching the pH of 8.0. However, this increasing trend tends to be dramatic
when the pH is lower than 8.0. Considering that the current average seawater pH is approximately 8.1,
it is a worrying fact that ocean acidification is still in progress.

This idea can be further supported by the evidence that an exponential curve can be almost
perfectly fitted to the Ca®>" curve. The visual effect is shown in Figure 2, indicating that when the
Y-axis is in a large expansion, the difference between the fitted curve and the original one is minuscule.
This can be better proved by the Pearson coefficient of this couple of curves: 0.9999998140106574
(very close to 1, which indicates a perfect linear correlation). As a result, we may conclude that this
model is presenting us with a severe situation of seashell dissolution.

Back to Figure 1 (the upper plot, specifically), we may also discover that the concentration of the
carbonate ion is going down when the pH value lowers. As described in the introduction, this trend
supports that ocean acidification will make it harder for ocean organisms to develop their shells. While
most ocean lives have a sufficient supply of calcium ions [7] inside their bodies (since Ca" is one of
the basic ions used in cells’ control), carbonate ion concentration is relatively scarce and largely

depends on the outer environment. Therefore, the decrease in the concentration of the critical CO3~
will be a considerable obstacle in shell forming.
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Figure 3. The [Ca?*]-CT relationship curve.

Also, the relationship between Ca?* concentration and CT (DIC) is demonstrated in Figure 3 since
this plot more directly reflects the effect of adding anthropogenic carbon into the ocean.

A turning point can be observed in Figure 3, which has a significant meaning since it divides the
modeled dissolution process into two main stages. These two stages can approximately be taken as
linear while the latter one has a much larger slope. To decide the CT value of the turning point, the
author obtained the first and second derivatives of the function displayed in Figure 3 and presented
them as follows:
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Figure 4. The first and second derivatives (upper plot and lower plot, respectively) of the function are
displayed in Figure 3.

Corresponding to the turning point in Figure 3, the derivative plot in Figure 4 shows a dramatic
increase in the same range of CT. Interpreting the derivative as the increasing rate of Ca®"
concentration concerning the increase of CT, the author finds it reasonable to consider the “maximum
acceleration”, which stands for the maximum value of the second derivative in the given range, as the
ultimate turning point. Via simple computation, we can obtain the approximate CT value of that
maximum: 2.33mmol/L.

This result leads us to a relatively more intuitive understanding of the coming seashell crisis than
the pH-c(Ca?") relationship does. Moreover, this gives the model the ability to combine with known
DIC prediction models. The author has already tried such a combination: according to the predicted
data of DIC generated by a reliable model [8], we will likely arrive at this turning point in 2090 (when
the regional CT maxima first reaches 2.346mmol/L, surpassing the 2.33mmol/L value) under the
RCP8.5 scenario.

4. Conclusion
The model showed excellent performance when generating crucial (under this topic) seawater ions’
concentration, fitting the exponential function to the original [Ca®] curve, and analyzing the [Ca*']
turning point by calculating the derivatives. Although its fixed setting of some physical factors—such
as temperature, pressure, and salinity—is not very satisfying, it does inform us how urgent the
situation (the ocean acidification’s dissolution effect) is. It suggests that we should take action to
reduce anthropogenic CO; emissions or the tragedy for seashells will arrive at the end of the century.
The current model has, including but not limited to fixed parameters, ignorance of some
small-influence components, and idealization in deciding the forms of CaCOj3 (aragonite or calcite,
which may not perfectly represent the biological CaCOs in seashells). The author wishes to make up
these flaws in future research and welcomes all scholars to contribute to the perfection of the model or
utilize it for proper purposes. The author would like to recommend scholars refer to this model when
analyzing calcium ion fluctuation in the ocean.
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