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ABSTRACT. Ocean acidification poses a growing global threat to marine ecosystems and biodiversity, with significant implications for 

ecological balance and human livelihoods. The Palk Strait, a vital ecological corridor between India and Sri Lanka, is particularly vulner- 

able to acidification due to anthropogenic influences and its unique hydrography. This study employs CO2sys and the R package Seacarb 

to predict acidification trends in the Palk Strait by analyzing key carbonate system parameters, including partial pressure of CO2 (pCO2), 

pH, total alkalinity, temperature, and salinity. Using the Seacarb function “pgas”, projected trends in pH, aragonite saturation state (ΩAr), 

and calcite saturation state (ΩCa) were evaluated. The findings reveal critical insights, indicating that the Bay of Bengal region is nearing 

undersaturation for both aragonite and calcite, signaling a concerning trajectory if mitigation efforts are not implemented. This research 

identifies potential acidification hotspots and underscores the urgency for targeted conservation and sustainable management strategies 

to safeguard the fragile marine ecosystem of the Palk Strait. 
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1. Introduction 

Ocean acidification, driven by the absorption of atmospher- 

ic carbon dioxide (CO2) by the oceans, is a growing concern 

worldwide with significant implications for marine ecosystems. 

Acidification can alter the distribution and abundance of marine 

species, favoring some while disadvantaging others. This can 

lead to shifts in ecosystem composition and biodiversity, with 

potential consequences for ecosystem functioning and resilience 

of the vulnerable regions (Mostofa et al., 2016). The Palk Strait, 

situated in the Bay of Bengal, is one such region vulnerable to 

the impacts of ocean acidification due to its geographical and 

environmental characteristics. With increasing anthropogenic CO2 

emissions, understanding the spatial distribution of ocean acid- 

ification hotspots in the Palk Strait is crucial for effective con- 

servation and management strategies. This study aims to identify 

these hotspots through a preliminary statistical analysis using 

the R package Seacarb. Seacarb is a software tool designed to 

calculate the carbonated chemistry parameters in seawater. The 

Seacarb package offers users direct functions for converting pH 

and constants between free, total, and seawater scales, whereas 

other packages handle these conversions internally without pro- 

viding user-accessible functions (Gattuso and Lavigne, 2009). 
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By analyzing critical factors like pH, dissolved inorganic 

carbon (DIC), carbonate ion concentrations, and calcium car- 

bonate saturation state, our aim is to identify regions within the 

Palk Strait that display heightened acidity levels, posing a risk 

of habitat loss. This examination will offer valuable insights 

into how ocean acidification varies spatially in the area and aid 

in crafting specific measures to counteract its effects. Moreover, 

by pinpointing ocean acidification hotspots in the Palk Strait, 

we can better grasp the potential consequences for marine bio- 

diversity, fisheries, and coastal communities. This understand- 

ing is vital for decision-makers, resource managers, and stake- 

holders to enact strategies that enhance the resilience of marine 

ecosystems and ensure sustainable marine resource utilization 

amid ongoing environmental shifts. Through our research, we 

aspire to contribute to the expanding knowledge base on ocean 

acidification in the Palk Strait, laying the groundwork for future 

investigations into its ecological and socio-economic ramifica- 

tions. 

2. Materials and Methods 

To identify the ocean acidification hotspots in Palk Strait 

it is necessary to choose the study sites which adequately repre- 

sent the variability of oceanographic conditions within the re- 

gion. Sites that are ecologically significant or support vulnera- 

ble marine ecosystems, areas with high biodiversity, comer- 

cially important fish stocks, or critical habitats such as coral 
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reefs or mangroves must be considered while choosing the 

sites. By carefully considering these factors, study sites that 

will provide valuable insights into ocean acidification hotspots 

in the Palk Strait, Bay of Bengal were strategically selected as 

follows: A) Kodiyakkarai, B) Sethubavachatram, C) Man- 

amelkudi, D) Kottaipatinam, E) Thondi, F) Devipattinam, G) 

Rameswaram, H) Mandapam, and I) Thonithurai. The study 

sites were located between Rameswaram and Kodiyakkarai 

(78°50’ ~ 79°55’ N, 9°15’ ~ 10°20’ E) and were found to be 

suitable representatives of dynamic oceanographic variations ob- 

served in Palk Strait (Figure 1). 

 

 
 

Figure 1. Study area map using Satellite image. 

 

To calculate the carbonate system parameters, CO2Calc a 

user-friendly standalone application was used. As per the meth- 

ods outlined by Pierrot et al. (2009), any two out of the five pa- 

rameters such as total alkalinity (TA), total carbon dioxide 

(TCO2), pH, partial pressure of carbon dioxide (pCO2) or fu- 

gacity of carbon dioxide (ƒCO2) must be inputted in the ap- 

plication along with temperature pressure and salinity to calcu- 

late the remaining parameters of the carbon dioxide system. pH 

and total alkalinity were used as inputs in the present study. pH, 

pCO2, temperature, salinity and total alkalinity of the selected 

sites were analyzed and input in CO2 calc which provided the 

remaining parameters of the carbonate system of the selected 

sites. The R package Seacarb was further used to predict the 

carbonate system parameters that are expected in the study site 

in the year 2100. The Seacarb function pgas was used for this 

purpose since the function estimates the changes in pCO2 and 

other parameters produced by gas bubbling method. The gas 

bubbling method used in pCO2 manipulation studies has been 

reported to best mimic the present and future scenarios of ocean 

acidification (Gattuso and Lavigne, 2009). 

3. Results and Discussion 

The carbonate system parameters are fundamental for un- 

derstanding and predicting various processes in the ocean, in- 

cluding pH regulation, calcium carbonate precipitation, carbon 

storage, ocean acidification, and biological productivity (Jones 

et al., 2017). Monitoring and managing these parameters are 

essential for the health and sustainability of marine ecosystems 

and the services they provide to humanity. Hence a total of 10 

carbonate system parameters such as pH, pCO2, total alkalinity, 

dissolved inorganic carbon, aragonite and calcite saturation sta- 

tes were analyzed in the selected sites of Palk Strait both directly 

as well as by CO2 calc (Table 1). The results thus obtained were 

used as inputs in Seacarb to predict the future trends of the car- 

bonate system parameters of the selected sites expected in the 

year 2100. 

pH, aragonite and calcite were taken into consideration for 

identifying the hotspots in the present study. pH plays a central 

role in ocean acidification, affecting a wide range of biological, 

ecological, and economic processes in marine ecosystems (Doney 

et al., 2020). Müller and Gruber (2024) reported 0.1 units de- 

crease in pH since industrial era and as per the reports of the 

United States Environmental Protection Agency (US-EPA). 

The current global oceanic pH is estimated to be 8.1; however, 

the current investigation found that the study location displayed 

an average pH of 7.84, which is notably lower than values re- 

ported by US-EPA and Müller and Gruber (2024). Sites D and 

H exhibited the lowest pH of 7.81, while the highest pH of 7.96 

was recorded at Site B. Seacarb analysis indicated a declining 

pH trend when comparing data between 2022 and 2100 (Figure 

2). The anticipated average pH for 2100 was 7.57, with the low- 

est pH of 7.55 observed at Site B and the highest pH of 7.59 

recorded at Sites E and G. 

 

 
 

Figure 2. Graphical representation of current and future trends 

of pH in the selected sites of Palk Strait, Bay of Bengal. 

 

Moreover, the two-way analysis of variance revealed a si- 

gnificant difference in pH across the years 2022 and 2100 (p < 

0.05) whereas no significant difference was observed in pH va- 

riations across the selected sites (Table. 2). The descriptive sta- 

tistics and box plot analysis (Figure 3) revealed an uneven dis- 

tribution of data across the selected sites. 

The absence of whisker on the upper quartile in the box 

plot indicates negative skewness in the data and the maximum 

pH of the year 2022 observed in Site B is considered an outlier 

which may be attributed to anthropogenic activities or climatic 

conditions on the study site at the time of sample collection. From 

the results it is understood that a significant decrease in pH is 

expected in the year 2100. This conspicuous decrease in pH may 
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Table 1. Prediction of Carbonate Chemistry in Different Locations at Palk Strait, Bay of Bengal 

Site Year pH CO2 fCO2 pCO2 HCO3 CO3 DIC Alkalinity ΩAr ΩCa 

SITE A 2022 7.82 0.00001 408.64800 409.80000 0.00105 1.10E-06 0.00116 0.00135 1.81761 2.65831 

2100 7.58 0.00002 790.76900 793.00000 0.00116 6.83E-05 0.00125 0.00135 1.15138 1.68394 

SITE B 2022 7.96 0.00001 408.62700 409.80000 0.00098 9.33E-05 0.00109 0.00125 1.55162 2.28061 

2100 7.55 0.00002 790.72900 793.00000 0.00108 5.86E-05 0.00116 0.00125 0.97397 1.43156 

SITE C 2022 7.83 0.00001 408.63000 409.80000 0.00797 1.15E-04 0.00120 0.00140 1.90591 2.79569 

2100 7.59 0.00002 790.73500 793.00000 0.00120 7.32E-05 0.00129 0.00140 1.21176 1.77747 

SITE D 2022 7.81 0.00001 408.62000 409.80000 0.00103 9.76E-05 0.00113 0.00130 1.63057 2.40561 

2100 7.56 0.00002 790.71600 793.00000 0.00113 6.11E-05 0.00121 0.00130 1.02112 1.50647 

SITE E 2022 7.84 0.00001 408.57900 409.80000 0.00112 1.03E-04 0.00123 0.00140 1.68699 2.51476 

2100 7.59 0.00002 790.63600 793.00000 0.00122 6.39E-05 0.00131 0.00140 1.04821 1.56254 

SITE F 2022 7.83 0.00001 408.59100 409.80000 0.00108 9.75E-05 0.00119 0.00135 1.61867 2.41131 

2100 7.58 0.00002 790.65900 793.00000 0.00118 6.04E-05 0.00126 0.00135 1.00358 1.49503 

SITE G 2022 7.84 0.00001 408.62300 409.80000 0.00109 0.11E-05 0.00120 0.00138 1.80928 2.67994 

2100 7.59 0.00002 790.72100 793.00000 0.00120 6.67E-05 0.00128 0.00138 1.13273 1.67782 

SITE H 2022 7.81 0.00001 408.63100 409.80000 0.00102 9.62E-05 0.00113 0.00129 1.64048 2.42458 

2100 7.57 0.00002 790.73700 793.00000 0.00112 6.01E-05 0.00120 0.00129 1.02428 1.51386 

SITE I 2022 7.83 0.00001 408.62000 409.80000 0.00107 1.03E-04 0.00118 0.00135 1.73424 2.56603 

2100 7.58 0.00002 790.71600 793.00000 0.00117 6.40E-05 0.00126 0.00135 1.08506 1.60548 

Gattuso and 

Lavigne, 2009 

2007 8.06 0.00001 382.67900 384.00000 0.00187 1.87E-04 0.00206 0.00233 2.89177 4.46264 

2100 7.79 0.00003 790.27100 793.00000 0.00205 1.10E-04 0.00219 0.00233 1.69964 2.62293 

 

Table 2. Two-Way Analysis of Variance of ph across Years and Sites 

Source of Variation SS df MS F P-value F crit 

Rows 0.00648 8 0.00081 0.53932 0.79956 3.43810 

Columns 0.31469 1 0.31469 209.59850 5.07E-07 5.31766 

Error 0.01201 8 0.00150 / / / 

 

Table 3. Two-Way Analysis of Variance of Aragonite Saturation across Years and Sites 

Source of Variation SS df MS F P-value F crit 

Rows 0.14941 8 0.01868 27.11795 5.14E-05 3.43810 

Columns 1.83252 1 1.83252 2660.86200 2.21E-11 5.31766 

Error 0.00551 8 0.00069 / / / 

 

lead to several unfavorable impacts on marine ecosystems, fish- 

eries and bio-geo chemical cycles (Knutzen, 1981). 

These profound changes in pH in turn impact the arago- 

nite and calcite saturation states of the selected sites. The satu- 

ration state of aragonite and calcite is a measure of the thermo- 

dynamic stability of these minerals in seawater. It’s typically 

expressed as Omega (Ω), which is the ratio of the ion activity 

product (the product of the concentrations of calcium and car- 

bonate ions) to the solubility product constant (Ksp) of the min- 

eral. When Ω is greater than 1, the seawater is said to be super- 

saturated with respect to the mineral, meaning conditions favor 

precipitation or the mineral’s formation. When Ω is less than 1, 

the seawater is under saturation, indicating conditions favor dis- 

solution of the mineral (Rackley et al., 2023). In areas where 

ocean acidification is occurring due to increased carbon diox- 

ide levels, the saturation state of calcium carbonate minerals 

can decrease, potentially impacting marine organisms that rely 

on these minerals for shell or skeletal formation. 

By measuring trends in aragonite (ΩAr) and calcite (ΩCa) 

saturation state over time, stakeholders can make predictions 

about future changes in marine chemistry and potential impacts 

on marine organisms and ecosystems. This information is es- 

sential for developing strategies to mitigate the effects of ocean 

acidification and protect vulnerable marine species (Fitzer et 

al., 2019). Hence, in the present study, the Seacarb R package 

was utilized to forecast trends in the saturation states of ΩAr and 

ΩCa for the year 2100 (Figures 4 and 5). 

The analysis indicated that the mean ΩAr values were pro- 

jected to be 1.71 and 1.07 for 2100, with Site B displaying the 

lowest ΩAr values of 1.55 and 0.97, and Site C exhibiting the high- 

est ΩAr values of 1.90 and 1.21 for the years 2022 and 2100, 

respectively. Similarly, ΩCa showed a mean value of 2.52 and 

1.58 for 2022 and 2100, respectively. Site C demonstrated the 

maximum ΩCa values in 2022 (2.79) and 2100 (1.77), while 

Site B exhibited the minimum ΩCa values in 2022 (2.28) and 

2100 (1.43). Unlike pH, the analysis of variance revealed sig- 

nificant variations (p < 0.05) across sites and years for both ara- 

gonite and calcite saturation states (Table 3). 
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The boxplot analysis revealed that unlike pH the data ob- 

served in ΩAr and ΩCa was evenly distributed with minimum 

positive skewness and no outliers (Figures 6 and 7). Schneider 

et al. (2007) carried out a similar study in the Mediterranean 

Sea where the authors used CO2sys to calculate the aragonite 

and calcite saturation state using CO2sys and they reported that 

the Mediterranean waters are strongly supersaturated with re- 

spect to both calcite and aragonite throughout the water col- 

umn, suggesting that the dissolution of calcium carbonates is 

not thermodynamically favoured. Specifically, the saturation 

state for calcite ranges between 5 and 6 at the surface and 

around 2.5 at a depth of 3,500 meters. For aragonite, the satura- 

tion state ranges between 3 and 4 at the surface and approxi- 

mately 1.5 at depth. 

 

 
 

Figure 3. Box plot representation of current and future trends 

in pH of the selected sites in Palk Strait. 

 

 
 

Figure 4. Current and future trends in aragonite saturation in 

the selected sites of Palk Strait. 

 

These findings are consistent with previous observations 

in the western, central, and eastern basins, as reported by Millero 

in 1979.The current study reveals that the waters of the Bay of 

Bengal are nearly undersaturated with both aragonite and cal- 

cite, a condition that is projected to deteriorate further in the 

coming years. Particularly, Site B emerges as a potential hotspot 

for ocean acidification concerning aragonite and calcite satura- 

tion states, with projected values of 0.97 and 1.43, respectively, 

by the year 2100. 

The saturation state of aragonite and calcite in seawater is 

a critical factor influencing the health, growth, reproduction, 

and ecological interactions of calcifying marine animals. Un- 

derstanding and monitoring these changes is essential for as- 

sessing the vulnerability of marine ecosystems to ocean acidifi- 

cation and implementing effective conservation and manage- 

ment strategies to protect these valuable organisms and their 

habitats (Ohde and Hossain, 2004). Monitoring aragonite and 

calcite saturation states allows stakeholders to pinpoint regions 

where ocean acidification is likely to have the greatest impact. 

Areas with naturally low saturation states or those experiencing 

rapid changes due to factors like upwelling, freshwater inputs, 

or anthropogenic CO2 emissions are identified as potential hot- 

spots requiring targeted conservation and management efforts. 

 

 
 

Figure 5. Current and future trends in calcite saturation in the 

selected sites of Palk Strait. 

 

 
 

Figure 6. Box plot representation of current and future trends 

in aragonite saturation of the selected sites in Palk Strait. 

 

 
 

Figure 7. Box plot representation of current and future trends 

in calcite saturation of the selected sites in Palk Strait. 
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4. Conclusion 

By integrating aragonite and calcite saturation data into 

ocean acidification models, scientists can make prognostica- 

tions about future trends in ocean acidification and forestall the 

impacts on vulnerable regions over time. This information is 

crucial for developing mitigation strategies and enlightening 

policymakers about the probable socioeconomic impacts of 

ocean acidification on coastal communities. Moreover, moni- 

toring aragonite and calcite saturation states play a dynamic 

role in evaluating the health of marine ecosystems and manag- 

ing conservation efforts to alleviate its impacts. Hence the pre- 

sent study utilized pH, aragonite, and calcite saturation states 

as key measures to identify ocean acidification hotspots in the 

Palk Strait, Bay of Bengal. The preliminary statistical analysis 

conducted using the R package Seacarb in the Palk Strait, Bay 

of Bengal, has identified Site B as particularly vulnerable to 

ocean acidification. This vulnerability is attributed to undersat- 

uration of both aragonite and calcite at this site. Undersatura- 

tion of aragonite and calcite infers that the acidified water is 

destructive to calcium carbonate minerals, which are vital for 

the formation of shells and skeletons in marine organisms. As 

a result, marine life in this area, including corals, shellfish, and 

plankton, may experience challenges in shell formation, growth, 

and overall health. The identification of Site B as a hotspot for 

ocean acidification underscores the importance of continued 

monitoring and research efforts in the region. Additionally, it 

highlights the need for targeted conservation and management 

strategies to mitigate the impacts of ocean acidification on ma- 

rine ecosystems in the Palk Strait. Addressing the underlying 

drivers of ocean acidification, such as anthropogenic CO2 emis- 

sions and nutrient runoff, will be essential for preserving the 

ecological integrity and socioeconomic well-being of coastal 

communities reliant on the Bay of Bengal’s marine resources. 

Further studies and collaborations are warranted to deepen our 

understanding of ocean acidification dynamics in the Palk Strait 

and develop effective adaptation and mitigation measures. 
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