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Introduction
Due to a higher frequency of air pollution in recent times, 

aquatic ecosystems have been subjected to increased acidity due to 
the condensation of acid rain [5]. Atmospheric carbon dioxide (CO2) 
molecules may spontaneously react with water molecules to yield 
carbonic acid (H2CO3) [8].

 .

Other atmospheric gases like nitrogen monoxide (NO) and sulfur 
oxide (SO) may also react with water molecules to produce nitric acid 
(HNO3) and sulfuric acid (H2SO4) respectively [5]. A relatively high 
abundance of carbonic acid ( )8 and the formation 
of strong acids like nitric acid and sulfuric acid would suggest that 
any aqueous mixture subjected to these acids would experience an 
effective increase in hydronium concentration (and thus a decrease in 
pH). It should be noted that prior to any sort of air pollution, there 
was acidification of aquatic bodies due to the presence of such gases as 
carbon dioxide, nitrogen oxide, and sulfur dioxide in the atmosphere; 
with the rise of greenhouse gas emissions, there has thus been greater 
amounts of acidification in the ocean and other aquatic bodies. 
Significant changes in the acidity of aquatic ecosystems may negatively 
impact the health of native species physiologically adapted to a narrow 
pH range. Bivalves like the Asian clam (Corbicula fluminea) are among 
the organisms to be negatively impacted by the acid rain deposition. 
In addition to its impacts on bivalve physiological properties, acidic 
conditions are expected to effectively corrode clam shells. Clam shells 
are primarily composed of calcium carbonate (CaCO3 ), an insoluble 
salt in standard conditions [1, 3, 4].

Bivalve shells are reported to be composed of 95% calcium 
carbonate (CaCO3) by weight; the same report states that calcareous 
(calcium carbonate-rich) shells have hardness that is about 3000 times 
that of their pure respective calcium carbonate polymorph [1]. It should 
be noted that the other 5% of bivalve shell mass primarily consists of 
proteins and carbohydrates [1]. Depending upon their environmental 
conditions, bivalve shells may be primarily composed of either calcite 
or aragonite, two anhydrous polymorphs of calcium carbonate most 
likely to be incorporated into mollusk shells [1]. At lower pressures and 
higher temperatures, calcite is the more stable polymorph characterized 
by its trigonal structure and block-like crystals [6]. The denser aragonite 
has an orthorhombic conformation and needle-like crystals that are 
spontaneously formed at higher pressures. 6 In aquatic environments 

inhabited by bivalves, the formation shells based on either calcite or 
aragonite depends upon the contents of the surrounding aqueous 
mixture [7]. Aqueous environments rich in magnesium cation (Mg2+) 
specifically promote the formation of aragonite-based shells from 
dissociated calcium carbonate.7 Mg2+ is reported to slow down calcite 
growth and incorporate itself into calcite structure while aragonitic 
shell formation is not affected by Mg2+ in aqueous mixture [7].

Even though calcium carbonate is considered “insoluble” in 
aqueous solution, pure calcium carbonate in crystal lattice form will 
experience an equilibrium reaction in aqueous solution in which some 
of the ions will leech off and reattach to the lattice structure:

.

The solubility product constant (Ksp) of calcium carbonate in 
aqueous solution at 25°C is  [4]. Thus calcium carbonate in 
aqueous solution has a solubility of  in such conditions. 
Solubility of ionic solids in aqueous solutions can be directly affected 
and manipulated by changes in pH or common ion concentration with 
the addition of species that can induce such changes. In an aqueous 
environment experiencing increases in acidity, hydronium ions (H3O

+) 
are expected to react with carbonate ions (CO3

-) from the clam shell to 
form bicarbonate ion or carbonic acid by protonation:

          

Note that the reversible chemical equations above are occurring in 
aqueous solvent [8].
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Abstract
Air pollution has effectively increased the acidity of marine and freshwater ecosystems by yielding increased 

amounts of greenhouse gases like carbon dioxide or nitrogen oxide, which can react with water to form acids. 
Acidification of surrounding aqueous environment can effectively corrode the calcareous shells of bivalves by 
protonating dissociated carbonate ions (CO3

2-) to increase the solubility of the constituent calcium carbonate (CaCO3). 
In this study, Asian clam (Corbicula fluminea) aragonitic shells were subjected to aqueous solutions of different pH 
for eight days. Solubility of aragonite (CaCO3) from the shell of each environment was measured by titration, and 
hardness was measured before and after the shells were exposed to their respective environments. Results for this 
study conflicted with formulated hypotheses based on contemporary chemical models. It was hypothesized that only 
acidic conditions would change shell aragonite solubility by protonating carbonate ions to increase solubility, but the 
collected data suggest that the solubility only changed (decreased) in basic conditions. 
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In this study, effects of acidity or basicity aqueous solutions on 
C. fluminea shell composition were observed. Asian clam shells were 
subjected to aqueous environments of either pH 3.18, pH 7.00 or 
pOH 3.18 at about 20°C. Clam shell hardness, a measure of durability, 
was measured before and after eight days of exposure to aqueous 
environment. Calcium carbonate concentration (or “water hardness”) 
of the surrounding solution was measured after eight days to detect 
whether significant amounts of calcium carbonate had left the clam 
shell specimens. It was hypothesized that the clam shell hardness would 
decrease in the acidic environment, because bicarbonate ( ) ion 
and carbonate ion ( ) are weak bases that can be protonated 
by hydronium ( ), a very strong acid in aqueous solution. Basic 
environment is not expected to affect the clam shell hardness; because 
calcium hydroxide could not be formed from dissociated Ca2+ ions from 
the clam shell as calcium hydroxide is a strong base that spontaneously 
dissolves in aqueous solution. 

Procedure and Materials
In this experiment, C. fluminea clam shells were subjected to different 

aqueous solutions and observed for changes in composition. Clam 
shells used in this experiment would be measured for their hardness, 
a measure of how sturdy the shells are, before and after exposure to the 
aqueous solutions. After eight days in aqueous solution, each clam shell 
would be measured again for hardness, and a sample of their aqueous 
solution would be titrated. In preparation for this experiment, materials 
gathered include Corbicula fluminea clam shells, 250-mL beakers, a 
durometer, a 50-mL buret, a buret clamp, a ring stand, funnel, 100-mL 
Erlenmeyer flasks, stir plates, stir bar, 25-mL volumetric pipet, 5-mL 
serological pipet, distilled water, 0.1-M calcium chloride aqueous 
solution, 0.03-M magnesium chloride aqueous solution, Eriochrome 
black T indicator, 0.01-M EDTA solution, and river water collected from 
the American River. Three aqueous environments were prepared for 
each of the clam shells. One was a control environment only including 
250 milliliters of deionized water. An “acidic” environment (pH 3.18) 
was prepared using a -dilution of 1.0 M hydrochloric acid 
aqueous solution to yield 250 milliliters of . A “basic” 
environment (pOH 3.18 or pH 10.72) was prepared by similar means 

using a -dilution of 1.0 M sodium hydroxide aqueous solution to 
yield 250 milliliters of .

The acidic environment first created was initially 250 milliliters of 
 M hydrochloric acid (HCl), or one-six thousandth of a mole 

of hydrochloric acid in one quarter of a liter of aqueous solution. A 
-dilution of the original 1.0-M HCl stock solution was conducted 

by adding 6.7 mL of stock solution to 93.3 mL of deionized water, 
effectively producing 100. ML of  M HCl. After the new dilute 
solution was prepared, it was mixed with a stir rod. 25.0 milliliters of 
this dilution was soon transferred to a 250-mL glass container, and an 
additional 225 mL of deionized water was also added to the container. 
The container was sealed and then shaken to homogenize the mixture. 
This 250-mL solution then served as the acidic environment of pH 3.18. 
A nearly identical series of steps was taken to prepare the basic solution 
(  M sodium hydroxide) of pH 10.72. The control environment 
was prepared simply by adding 250. mL of deionized water to an empty 
250-mL container.

Clam shells were measured for hardness throughout the duration 
of this experiment using a durometer that reported using the D scale. 
Hardness was measured at the most superficial, medial, and somewhat 
dorsal region of clam shell periostracum by placing the point of the 

durometer perpendicular to a flat surface that the clam shell rested 
upon. Clam shell hardness measurement were taken before the clam 
shells were submerged in their aqueous solution and eight days after 
exposure to their surrounding solution to account for confounding 
variables. Clam shells were set in aqueous solution with the superficial, 
rough side faced upwards, like the superior shell of a live clam.

Samples of the environments containing clam shells were measured 
for their respective calcium carbonate (CaCO3) concentrations after 
eight days. A hard water titration was performed using Eriochrome 
Black T indicator. 0.03-M magnesium chloride (MgCl2) solution and 
pH 10 buffer solution were also used to activate the Eriochrome Black 
T indicator and maintain a stable pH respectively. 25 milliliters of the 
specific solution of interest were added to a 100-mL Erlenmeyer flask 
with a stir rod. 15 drops of 0.03 M-magnesium chloride and 3 drops of 
Eriochrome Black T indicator were added to the analyte. The analyte 
was placed upon a stir plate at 300 RPM throughout the duration of 
the titration. 0.01-M EDTA solution was used as the titrant and placed 
into a 50-mL buret position above the Erlenmeyer flask containing 
analyte solution. Eriochrome Black T indicator made analyte solution 
a “wine red” color2 at the beginning of the experiment. Addition of 
titrant was terminated when the analyte solution became a “sky blue” 
color.1 Stoichiometric calculations were conducted to determine the 
original calcium carbonate concentration of analyte before titration 
preparations, and the “Water hardness” was measured using a scale 
as provided by the CHS First Protocol (Table 1) [2]. Given that there 
was about eight days for each shell-solution system to achieve chemical 
equilibria for different reactions, calcium carbonate concentration 
was thus used as an approximation of the calcium carbonate solubility 
of our clam shells. The solubility product constant of shell calcium 
carbonate in each aqueous environment were obtained using the 
derived approximation for solubility. 

Data/Results
In this study, only one C. fluminea clam shell was used per prepared 

aqueous environment due to environmental regulations of American 
River. Generally, no significant differences were observed the aqueous 
mixtures or clam shells when only comparing between the acidic and 
control environments. With regards to both qualitative and quantitative 
results, only the clam subjected to basic conditions was observed to 
have significant deviations from the control clam. Table 2 provides 
an overview of the contents of each prepared aqueous environment 
before addition of the respective clam shell. Figure 1 depicts an image 
of three harvested Asian clam shell specimens neither subjected to any 
prepared aqueous conditions nor used in this experiment. In (Figure 2), 

Calcium carbonate concentration 
(parts of per million)

Designation

Less than 43 ppm Soft
43‒150 ppm Slightly hard

150‒300 ppm Moderately hard
300‒450 ppm Hard

Greater than 450 ppm Very hard

Table 1: Water hardness: Calcium carbonate concentration in aqueous solution 
(Adapted from CHS First Hard Water Titration Protocol2) .

Clam shell environment Concentration of Solute pH of environment
Control ( ) N/A

Acidic ( )
Basic ( )

Table 2: Contents of each aqueous environment of differing acidity or basicity.
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there was an observable color change to a slight red or burgundy hue 
in the periostracum layer (the superficial, rough layerCITE) of the clam 
shell subjected to the basic conditions for eight days at about 22°C; the 
clam shells subjected to the acidic or control conditions retained their 
original yellow hue after exposure to their respective environments for 
eight days. The same durometer was used to measure shell hardness for 
each shell before and after the duration of exposure to the appropriate 
environment. In contrast to expectations, an increase in measured 
hardness was observed among all three clam shells (Table 3) the clam 
shell in basic solution experienced the smallest increase in measured 
hardness.

The solubility product constant of Asian clam shell aragonite in 
each environmental condition was estimated for the aragonite of each 
clam shell. Concentrations of calcium cation (Ca2+) were determined 
by use of titration results and stoichiometric conversions. Ca2+ ion 
concentrations and the derived solubility product constants (Ksp) are 
observable in (Table 4). The clam shells in control or acidic conditions 
had aragonite solubilities that were approximately equal, but the shell 
in basic conditions was observed to have an aragonite solubility about 

one half of that of the shell in control conditions. Note that “calcareous 
hardness” is simply a measure of how rich a tested aqueous solution is 
in calcium carbonate.

Discussion
The objective of this study was to observe Asian clam shell hardness 

and aragonite solubility to use such measurements to quantify shell 
corrosion. While quantitative data of interest was obtained for this 
experiment, the validity of these quantitative data should be inspected 
with great caution. Due to concerns of ethical treatment and limited 
resources, only one trial was performed for each clam shell in aqueous 
solution. An ideal sample for each condition would contain a quantity 
far exceeding fifty and no more than ten percent of the entire population 
of interest. Our sample were limited to, one and thus quantitative 
analyses would yield P-values too large to be of statistical significance.

Hardness measurements were observed to increase across the shells 
of all three conditions. Unless the bio macromolecules comprising 
about 5% of clam shell mass were hydrated by surrounding solvent, 
solute of the respective aqueous solution, hydronium, or hydroxide, 
no increase in clam shell composition should have been expected. 
Contemporary chemical models suggest8 that the sodium cations from 
the basic environment would not interact with the aragonite (CaCO3) 
of the shell or dissociated constituent ions, because Na+ is a relatively 
stable chemical species in aqueous solution derived from strong base 
NaOH. Likewise, the chloride ions (Cl-) in the acidic environment is 
not expected to interact with the aragonite of the clam shell, because 
Cl- is a relatively stable ion in solution derived from strong acid HCl.

It was hypothesized that the solubility of clam shells would increase 
in acidic solution and remains the same in basic conditions. Dissociated 
constituent ions from calcium carbonate would be present in a low 
concentration at standard ambient temperature and pressure (25°C 
and 1 atm respectively) because calcium carbonate is reported to have 
a Ksp of  at 25°C in pure water solvent and thus a solubility 

of  in those same conditions.8 Hard water titration data 
suggested different interpretations than was hypothesized: The 
estimated solubility of shell aragonite in the prepared basic conditions 
was less than the estimated solubility of shell aragonite in pure water 
solvent (control conditions). Meanwhile, the estimated solubility of 
shell aragonite in acidic conditions was about the same as that of the 
control condition. Reported literature values for the solubility product 
constant of “calcium carbonate” (CaCO3) are most likely based on 
results using calcite, the less dense and more stable polymorph of 
calcium carbonate at standard ambient temperature and pressure. The 
estimated solubility product constant for the control clam aragonite 
( ) was not consistent with the literature Ksp value of  
for “calcium carbonate’’ [8].

Further research is needed to better determine differences in 
the solubility of calcium carbonate in calcareous shells composed of 
aragonite or calcite. In pure aqueous solvent, a sample of pure aragonite 
is expected to spontaneously change to calcite. Because calcareous 
mollusk shells are reported to have substantially greater hardness than 
their respective pure anhydrous calcium carbonate polymorph, [1] it is 
likely that the proteins and carbohydrates in such shells give chemical 
and physical properties different from their pure polymorph.

The lone clam shell subjected to  solution for 
eight days experienced a change in color from a yellow hue to a red or 
burgundy hue. This color change suggests that there was a chemical 
reaction between the sodium hydroxide in solution. Additional research 

Clam shell environment Initial Hardness value
(D scale)

Hardness value after 
eight days of exposure

(D scale)
Control ( ) 3.5 5.0

Acidic ( ) 3.5 5.0

Basic ( ) 3.5 4.5

Table 3: Clam shell hardness before and after exposure to respective environment 
for eight days.

Clam shell 
environment

Calcium 
concentrations 

based on titration 
results

Calcareous 
hardness 

of aqueous 
environment

Derived solubility 
product constant 

(Ksp)

Control ( ) Soft (1.2 ppm)

Acidic ( ) Soft (1.2 ppm)

Basic ( ) Soft (0.58 ppm)

Table 4: Calcium ion concentrations in aqueous environments exposure to clam 
shell for eight days and derived solubility product constants (Ksp) of Asian clam shell 
aragonite (CaCO3 )  in such conditions.

Figure 1: C. fluminea shells from American River not subjected to aqueous 
environments.

Figure 2: Appearance of C. fluminea shells after exposure to control (left), acidic 
(middle), or basic (right) environments for eight days.
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is needed to understand what bio macromolecules are incorporated in 
mollusk shells and why sodium hydroxide may have induced such a 
change in color.

Conclusion
In this study, three 250-mL aqueous solutions of different pH 

values (3.18, ~7.00, and ~10.72 respectively) were created to mimic 
possible acidification or increases in basicity of aquatic ecosystems. 
Asian clam (Corbicula fluminea) shells were subjected to each 
environment for eight days to observe possible corrosion and effects 
on clam shell composition. Decreased shell hardness and increased 
calcium carbonate solubility were used as measures of corrosion. Clam 
shell calcium carbonate (CaCO3) solubility in pOH 3.18 solution was 
observed to decrease with respect to the control; shell CaCO3 solubility 
in pH 3.18 solution was not observed to be different from that of the 
control. Measured hardness values were observed to increase. A color 
change was observed in the periostracum layer of the shell subject to 
basic conditions, suggesting there was a chemical reaction between 
sodium hydroxide and shell components. Further research that 
explores the solubility of aragonite and calcite in clam shells would be 
useful to better quantify the effects of marine and freshwater ecosystem 
acidification on shell composition and hardness.
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