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Abstract. This paper investigates the impact of human-caused CO, emissions on marine
carbonate chemistry, with particular attention being given to current trends and implications of
ocean acidification as well as projected future projections for its effects. The study provides
insight into the chemical processes underlying ocean acidification, its historical and modern
progressions, as well as its biological impacts on organisms such as corals, mollusks and
plankton. Furthermore, this report assesses the larger implications for marine ecosystems and
fisheries as well as valuing ecosystem services that have been negatively impacted by
acidification. Methodical approaches, including in situ observations, laboratory experiments and
predictive modeling are discussed here to illustrate the current status of research. This paper also
considers mitigation and adaptation strategies such as carbon capture and storage, enhancing
ecosystem resilience enhancement measures and international policy measures as mitigation and
adaptation strategies. By drawing together findings from diverse disciplines, this study seeks to
identify research gaps as well as prioritize areas for further investigation, stressing the
importance of joint efforts against ocean acidification.
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1. Introduction

Oceans are at the centre of life on our planet, supporting an immense diversity of organisms and
ecosystems. Their importance extends far beyond climate regulation: these vast bodies of water play an
instrumental role in global carbon cycling by absorbing nearly one quarter of all CO, produced through
human activities emitted into the atmosphere - but at an enormous price: ocean acidification caused by
humans taking in CO,. Unfortunately, however, ocean acidification poses one of the great environmental
threats facing 21st-century societies, altering marine carbonate chemistry while potentially impacting
overall ocean health negatively. According to a study by Doney et al [1], the average surface ocean pH
has decreased by 0.1 units since the pre-industrial era, representing a 30% increase in acidity, leading
to death and adaptations for marine life and ecosystems[1]. This paper delves deep into the complicated
interactions between increased atmospheric CO, concentrations and marine carbonate chemistry,
specifically with ocean acidification trends and projections. By investigating both chemical processes
behind changes as well as potential biological impacts caused by this increase, anthropogenic CO is
providing an assessment of its influence over marine environments worldwide. This paper's approach
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involves an in-depth literature review coupled with empirical data analysis from pH measurements and
CO; concentration studies. Through its methodology, this paper seeks to elucidate the mechanisms of
ocean acidification as well as its consequences on marine life and biogeochemical cycles. Case studies
and data demonstrate acidification's visible impacts on marine ecosystems. Assessing ocean
acidification impacts is central to conservation efforts and policy formation. It affects biodiversity,
fisheries, livelihoods and millions of lives worldwide - thus underscoring its relevance. This paper
highlights the need for carbon emission reduction strategies as an urgent way of mitigating ocean
acidification, protecting ocean ecosystems for future generations and creating informed responses to one
of today's foremost environmental challenges.

2. Literature Review

2.1. Introduction to Ocean Acidification Chemistry

Ocean acidification can be broken down to its core: carbon dioxide's interaction with seawater. Oceans
provide an important sink for atmospheric CO,, taking up approximately 25% of anthropogenic
emissions [1]. As CO; dissolves in seawater it undergoes chemical reactions leading to increased
concentrations of hydrogen ions which lower pH, creating more acidic conditions - this process is
illustrated through this equation: CO, + H.O = COs%, which plays a crucial role in marine organism
calcification processes [2]. In turn, carbonate ions such as COs?* are also reduced, which leads to
decreased concentrations [2]. The relationship between atmospheric carbon dioxide concentration levels
and oceanic pH can be complex, and is determined by various factors including temperature, salinity
and alkalinity levels; but one principle remains consistent: as CO; increases so does ocean pH decrease;
since 1900 CO; concentration has gone from approximately 280ppm to 400ppm correlating with an
approximate drop in average ocean surface pH by about 0.1 units [3]. While seemingly minor; it
represents approximately 30% increase in acidity due to logarithmic nature of pH scale. As CO, absorbs
into ocean waters, chemical reactions begin taking place that lead to lower pH levels and alter carbonate
chemistry - processes called anoxia or ocean acidification. These reactions begin with the production of
carbonic acid (H.COs), an unstable compound which quickly dissociates into bicarbonate (HCO?*) and
hydrogen ions (H+), contributing to increasing seawater acidity. Bicarbonate can dissociate into
carbonate ions (CO3?) and additional hydrogen ions, exacerbating its reduction of pH further. The shift
between bicarbonate, carbonate ions and carbonic acid significantly impacts marine life - especially
organisms dependent on CaCQOs; for building their calcium carbonate (CaCOs) shells or skeletons [4].

2.2. Historical pH Trends and Shifts

Historical and contemporary changes to ocean pH are evidence of human activities' profound effect on
marine chemistry. Paleoclimate data show that surface pH had remained relatively constant over
millions of years until industrial CO, emissions led to rapid shifts that have changed ocean chemistry
faster than any time since 300 million years [5]. If greenhouse emissions continue at their current rates,
ocean surface waters could experience further decrease of up to 0.4 pH units by the end of century [1].

3. Biological Effects of Ocean Acidification

3.1. Effects on Calcifying Organisms

Calcifying organisms such as corals, mollusks (including oysters clams snails ) and certain forms of
plankton can all be directly impacted by reduced carbonate ion concentration levels. These organisms
rely heavily on calcium carbonate (CaCOs) as their major building material to form shells and skeletons
for protection, an process impeded by ocean acidification. Studies have demonstrated that low pH levels
lead to reduced rates of calcification, leading to weaker structures, slower growth rates and greater
susceptibility to predation and disease [6]. Reef corals, an integral component of marine biodiversity,
have recently experienced decreased calcification rates that threaten growth and structural integrity -
decreasing resilience against environmental stressors [7].
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3.2. Ocean Acidification's Consequences on Marine Ecosystems

Ocean acidification's effects extend well beyond individual species, altering marine ecosystem structure
and function. Coral reefs - often called "rainforests of the sea"- serve as habitat and nurseries for one
quarter of all marine species, so their degradation could decrease biodiversity while negatively affecting
services they provide such as coastal protection, tourism, fisheries management or coastal protection [8].
Furthermore, changes to plankton abundance distribution may alter food web dynamics or production
[9]. One famous example is Australia's Great Barrier Reef. Australia's Great Barrier Reef has
experienced numerous coral bleaching events linked to elevated water temperatures and acidification,
which research indicates is undermining resilience by inhibiting coral growth and health - exacerbating
thermal stress impact even further [10]. Studies conducted in the Pacific Northwest region of the US
have documented how acidification impacts oyster hatcheries in that area; low pH levels interfere with
larval development stage processes resulting in significant drops in production [11]. Pteropods, small
calcifying planktonic essential for marine food webs, have shown evidence of shell dissolution due to
acidification conditions. This affects their survival but has far-reaching ecological ramifications [12].

4. Socioeconomic Consequences and Reponses to Ocean Acidification

4.1. Fisheries and Aquaculture

Fisheries and aquaculture play an essential role in global economies by providing essential nutrition,
employment and income opportunities to millions around the globe. However, ocean acidification
directly threatens their productivity and sustainability. Shellfisheries that depend on marine organisms
capable of calcification have already seen losses as carbonate ions are no longer readily available for
shell formation [13]. In addition, disruptions of marine food webs could cause drops in fish stocks
needed for commercial and subsistence fishing, undermining food security and economic stability across
many coastal regions [14].

4.2. Economic Valuation of Ecosystem Services

Marine ecosystems provide numerous ecosystem services with economic value that range from
supporting fisheries and tourism activities, protecting shorelines against erosion, or supporting coastal
economies. Acidification threatens coral reefs and other calcifying organisms, diminishing biodiversity
and habitat while diminishing valuable ecosystem services. Economic analyses have attempted to
measure the costs associated with ocean acidification, projecting billions in losses due to reduced fishery
yields, tourism revenue declines and coastal protection measures required as a result of weak reef
systems [15]. Such estimations demonstrate the stakes involved with combatting ocean acidification as
well as protecting marine ecosystem integrity.

4.3. Policy Responses and Management Strategies

In response to ocean acidification's socioeconomic threats, various policy responses and management
strategies have been devised in an attempt to limit its consequences as well as adapt to evolving ocean
conditions. International efforts such as the Paris Agreement aim to lower CO, emissions globally and
address its source - acidification. At regional and local levels, management strategies may include
developing aquaculture practices less vulnerable to acidification; creating marine protected areas to
strengthen ecosystem resilience; and economic diversifying to lessen communities' vulnerability to
changes in marine resource availability [12]. These efforts require taking an integrated multidisciplinary
approach which blends scientific research, economic analysis and policy formulation if we wish to
protect marine resources as well as communities that depend upon them.

5. Methodological Approaches to Ocean Acidification Research

Its Ocean acidification research entails various methodologies intended to capture its multifaceted nature,
from direct observations in marine environments through controlled laboratory experiments and

208



Proceedings of the 2nd International Conference on Functional Materials and Civil Engineering
DOI: 10.54254/2755-2721/89/20241123

complex computer models - each providing valuable insight and leading us towards an overall
comprehension of ocean acidification processes, impacts, and possible mitigation strategies.

5.1. Observations on Acidification

Ocean acidification research relies heavily on in-situ observations as real-time information regarding
seawater chemistry, biological reactions and ecosystem health can only be acquired via observations
carried out directly at seawater sites.

Long-term monitoring programs like the Global Ocean Acidification Observing Network (GOAON),
deploy sensors and buoys across ocean regions in order to measure pH levels, carbonate ion
concentrations, and other pertinent parameters [11]. These observations are essential in tracking changes
to ocean chemistry over time, validating models' predictions, and leading conservation and management
initiatives. Experimental studies, both within lab settings and natural marine environments (mesocosms),
play an essential part in comprehending how marine organisms respond physiologically and ecologically
to acidification.

5.2. Past Researches and Studies

Research using CO; levels and other conditions to simulate future scenarios have examined their impacts
on growth, reproduction, calcification, survival and adaptation across species [12]. Such experiments
have shed light on calcifying organisms' susceptibility to acidification while providing insight into
adaption strategies within marine populations and potential adaptation-resilience solutions for
adaptation strategies within populations.

5.3. Modelling and Simulations
Modelling and predictive analyses provide invaluable tools for projecting future trends of ocean
acidification as well as its environmental and socioeconomic implications. Scientists can utilize
atmospheric CO; emission scenarios with ocean circulation and biogeochemical models to predict
changes to ocean chemistry as a function of climate change pathways, providing valuable insight into
impacts to marine ecosystems and fisheries [4]. Models also help us explore potential mitigation
strategies, like carbon capture and storage or increased weathering, that might reduce acidification.
Although progress in ocean acidification research has made strides forward, researchers still face
several methodological difficulties that impede progress: the need for global monitoring networks with
comprehensive coverage; difficulty simulating complex ecosystem interactions through experiments;
and uncertainties inherent to predictive modelling. Resolving these challenges demands ongoing
technological innovation, interdisciplinary cooperation and incorporation of traditional knowledge.
Engaging public and policymaker audiences via effective dissemination of research findings is also vital
in mobilizing global action against ocean acidification.

6. Mitigation and Adaptation Strategies for Ocean

With ocean acidification becoming ever more evident, effective mitigation and adaptation strategies
become ever more necessary to combat its adverse impacts. Mitigation seeks to address its core cause
through CO; reduction while adaptation aims at mitigating impacts on marine ecosystems and human
societies - combined, these approaches create resilience against changing ocean chemistry.

6.1. Carbon Capture and Storage Techniques

Carbon capture and storage (CCS) techniques represent one key technological approach to mitigating
ocean acidification by directly reducing emissions into the atmosphere. CCS involves collecting CO, at
its source (such as power plants or industrial facilities) before either storing them underground in
geological formations for enhanced oil recovery purposes or using them to slow future emissions of CO»,
thus slowing ocean acidification [13]. Although CCS cannot offset existing levels of atmospheric CO.,
future emissions will decrease significantly and slow rate of ocean acidification [13].
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6.2. Enhancing Ecosystem Resilience

Marine ecosystem adaptation strategies aim to strengthen resilience against acidification's impacts by
protecting and restoring critical habitats such as mangroves, seagrass beds and coral reefs that serve as
natural carbon sinks while offering refuge to diverse marine species. In addition, more sustainable
fisheries management as well as decreasing pollution and overfishing stressors such as pollution may
enable populations to better adapt [14].

6.3. International Agreements and Policy Measures

Policy measures and international cooperation are integral parts of both mitigating and adapting to ocean
acidification. The Paris Agreement under the United Nations Framework Convention on Climate
Change (UNFCCC) offers a global plan for reducing greenhouse gas emissions with implications for
ocean acidification. Initiatives such as the Global Ocean Acidification Observing Network (GOAON)
promote international cooperation by monitoring ocean acidification and sharing best practices for
mitigation and adaptation strategies. Policies which incentivize carbon reduction, support research and
monitoring efforts, and assist communities dependent on marine resources are crucial in combatting
ocean acidification globally [12]. Implementing effective mitigation and adaptation strategies against
ocean acidification presents many obstacles, including substantial financial investment, technological
progress and international cooperation. However, these efforts also present opportunities for innovation,
sustainable development and enhanced oversight of ocean resources. Prioritizing actions which address
root causes of acidification and increase resilience of marine ecosystems will create an equitable future
that benefits everyone involved.

7. Summaries on Findings

This paper investigates the effect of human-produced CO- emissions on marine carbonate chemistry,
with particular attention to trends, implications and future projections related to ocean acidification.
Furthermore, this research investigates its chemical processes, biological effects and socioeconomic
ramifications - offering a complete picture of its wide-reaching impacts. Integrating these findings has
yielded an in-depth knowledge of how increasing CO; levels impact ocean chemistry, marine life, and
wider human society impacts. Research across disciplines has illuminated the interdependencies among
ecosystem health, biodiversity and human well-being; therefore emphasizing the necessity of taking a
holistic approach when responding to ocean acidification [12]. Despite significant advances, numerous
gaps remain that need further exploration; as a result of which, new priorities for research must be set:

1. Long-Term Ecological Impacts: Foreseeable long-term ecological effects from acidification are
unclear at present and require further studies, particularly to understand potential tipping points and
irreversible changes [14].

2. Organismal Adaptation and Resilience: Investigating marine species' adaptation capabilities may
provide invaluable insight into natural resilience as well as provide direction for conservation strategies
[15].

3. Socioeconomic Impacts and Adaptation: Conducting more research on the economic effects of
acidification for coastal communities that rely heavily on marine resources is vital in order to develop
appropriate adaptation measures.

4. Mitigation Strategies: By exploring novel mitigation techniques like ocean alkalinity enhancement
combined with carbon capture and storage, additional strategies may emerge that offer ways of slowing
and/or mitigating acidification [16].

8. Conclusions

Overall, addressing ocean acidification requires coordinated efforts across multiple disciplines. By
integrating findings from various fields, this study identifies research gaps and proposes priorities for
future research, emphasizing the need for effective solutions to protect marine ecosystems and the
communities that depend on them.
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