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1.(a) Sediments as Archives of Ancient Life and Environments (8 marks) 

Sediments act as natural archives that preserve evidence of past life forms and 
environmental conditions over geological time. During sedimentation, biological remains 
such as shells, bones, pollen, spores, and microorganisms get buried and preserved as 
fossils. These fossils provide direct information about the evolution of life, biodiversity, 
and extinction events. 

Sedimentary layers also record past climatic and environmental conditions. Grain size, 
sediment composition, and sedimentary structures (ripple marks, mud cracks) indicate 
depositional environments such as rivers, deserts, glaciers, or oceans. Chemical 
signatures like stable isotopes (¹³C/¹²C, ¹⁸O/¹⁶O) help reconstruct past temperature, 
rainfall, and ocean productivity. 

Additionally, sediments contain biogeochemical markers (biomarkers) that reveal 
ancient vegetation, marine productivity, and oxygen levels. Varves and stratified 
sediments allow chronological reconstruction of events. Thus, sediments serve as 
invaluable records for understanding Earth’s paleoenvironment, paleoclimate, and 
biological history, aiding environmental and climate change studies. 

 
(b) Taxonomic Hierarchy and its Significance in Biological Classification (8 marks) 

Taxonomic hierarchy is a systematic arrangement of living organisms into successive 
levels based on their similarities and differences. It provides a structured framework for 
biological classification. The hierarchy consists of Kingdom, Phylum (Division in plants), 
Class, Order, Family, Genus, and Species, with species being the basic unit of 
classification. 

Each higher category includes organisms that share common characteristics, while 
lower categories represent more specific similarities. This hierarchical system helps in 
identification, naming (nomenclature), and classification of organisms in a scientific and 
universal manner. 

The significance of taxonomic hierarchy lies in its ability to reflect evolutionary 
relationships among organisms. It simplifies the study of biodiversity, facilitates 
communication among scientists worldwide, and aids in predicting characteristics of 
organisms based on their classification. Moreover, it is essential for biological research, 
conservation planning, agriculture, and environmental management, making it a 
fundamental tool in biological sciences. 

 
c) Microbes and Diseases — with Suitable Examples (8 marks) 



 

Microbes are microscopic organisms such as bacteria, viruses, fungi, protozoa, and 
helminths, some of which cause diseases in humans, animals, and plants. These disease-
causing microbes are known as pathogens and they invade the host body, multiply, and 
disrupt normal physiological functions. 

Bacteria cause diseases like tuberculosis (Mycobacterium tuberculosis), cholera (Vibrio 
cholerae), and typhoid (Salmonella typhi). Viruses are responsible for diseases such as 
influenza, COVID-19, polio, and HIV/AIDS. Fungi cause infections like ringworm and 
candidiasis, while protozoa cause diseases such as malaria (Plasmodium) and 
*amoebiasis (Entamoeba histolytica). Helminths lead to diseases like filariasis and 
ascariasis. 

Microbial diseases spread through air, water, food, direct contact, and vectors like 
mosquitoes. Understanding microbes and their disease-causing mechanisms is essential 
for public health, disease prevention, vaccination, and sanitation, making microbiology 
crucial in controlling infectious diseases. 

(d) Levels of Organization in Living Organisms — with Examples (8 marks) 

Living organisms exhibit a hierarchical organization in which simpler components 
combine to form more complex structures. This structural and functional arrangement is 
known as the levels of organization. It ensures efficiency and coordination in biological 
systems. 

At the chemical level, atoms and molecules such as carbon, proteins, and nucleic acids 
form the basic building blocks of life. These molecules organize into the cellular level, 
where the cell acts as the fundamental unit of life, e.g., a nerve cell or plant cell. 

Cells group together to form tissues such as muscle tissue or xylem tissue. Different 
tissues combine to form organs, for example, the heart in animals and leaves in plants. 
Organs working together constitute an organ system, such as the digestive system or 
vascular system. 

All organ systems together form an organism, like a human or a tree. Beyond the 
organism, biological organization extends to population, community, ecosystem, and 
biosphere levels. This hierarchical organization allows life to function in an integrated 
and sustainable manner. 

(e) Threats to Forest and Wildlife Resources and Measures for Sustainable Management 
(8 marks) 

Forests and wildlife are vital natural resources that maintain ecological balance and 
support biodiversity. However, they are increasingly under threat due to human 
activities. Major threats include deforestation for agriculture, urbanization, mining, and 
infrastructure development. Illegal logging, forest fires, and overgrazing degrade forest 
ecosystems, while poaching and illegal wildlife trade severely reduce wildlife 
populations. Habitat fragmentation and climate change further threaten forest and 
wildlife resources. 

To ensure sustainable management, afforestation and reforestation programs should be 
promoted using native species. Protected areas such as national parks, wildlife 
sanctuaries, and biosphere reserves must be strengthened. Community participation 
through Joint Forest Management (JFM) and awareness programs helps in 



 

conservation. Strict enforcement of environmental laws, use of sustainable harvesting 
practices, and wildlife corridors are essential to maintain ecological connectivity. 

Thus, sustainable management of forests and wildlife is crucial for biodiversity 
conservation, ecological stability, and long-term human well-being. 

 

 
2. (a) Morpho-physiological and Biochemical Adaptation Mechanisms in Mesophytes and 
Epiphytes 

(15 marks) 

Introduction 

Plants exhibit diverse adaptations to survive under varying environmental conditions. 
Mesophytes are plants adapted to environments with moderate water availability, 
whereas epiphytes grow on other plants for physical support without deriving nutrients 
from them. Their survival depends on specific morphological, physiological, and 
biochemical adaptations. 

 
1. Adaptations in Mesophytes 

Mesophytes grow under neither extremely dry nor excessively wet conditions (e.g., 
wheat, sunflower, mango). 

(a) Morpho-physiological Adaptations 

• Well-developed root system for efficient water absorption 

• Broad, flat leaves to maximize photosynthesis 

• Moderate cuticle thickness to prevent excess water loss 

• Well-regulated stomata for balanced transpiration and gas exchange 

• Efficient vascular tissues (xylem and phloem) for transport of water and 
nutrients 

Examples: Wheat (Triticum), Sunflower (Helianthus), Mango (Mangifera) 

(b) Biochemical Adaptations 

• Presence of C₃ photosynthetic pathway, suitable for moderate temperature and 
water conditions 

• Balanced synthesis of osmolytes to maintain cellular water potential 

• Normal enzyme activity without stress-induced metabolic alterations 

 
2. Adaptations in Epiphytes 



 

Epiphytes grow on host plants mainly in tropical rainforests where light is abundant 
but water and nutrients are scarce (e.g., orchids, Tillandsia). 

(a) Morpho-physiological Adaptations 

• Aerial roots with velamen tissue to absorb moisture from air 

• Absence or reduced root system in soil 

• Leaves arranged in rosettes to collect rainwater 

• Succulent leaves and stems for water storage 

• CAM photosynthesis in some epiphytes to reduce water loss 

Examples: Orchids (Vanda), Tillandsia, Epipremnum 

(b) Biochemical Adaptations 

• Crassulacean Acid Metabolism (CAM): stomata open at night to reduce 
transpiration 

• Accumulation of organic acids (malic acid) during night 

• Enhanced water-use efficiency through altered metabolic pathways 

 
Mesophytes and epiphytes demonstrate contrasting yet efficient adaptation strategies. 
While mesophytes maintain equilibrium under moderate conditions through balanced 
structural and biochemical traits, epiphytes survive extreme nutrient and water scarcity 
through specialized morphological features and modified metabolic pathways. These 
adaptations highlight the evolutionary plasticity of plants in response to ecological 
niches. 

 

(b) Mass Extinctions as Drivers of Evolutionary Change 

(15 marks) 

Introduction 

Mass extinctions are short intervals in geological history marked by the rapid loss of a 
large proportion of Earth’s species. Rather than merely terminating life forms, these 
events have acted as powerful drivers of evolutionary change by reshaping ecosystems 
and opening new adaptive pathways. 

 
1. Fossil Evidence of Mass Extinctions 

The fossil record identifies at least five major mass extinctions: 

• Ordovician–Silurian (≈444 Ma): Marine invertebrate losses (trilobites, 
brachiopods) 

• Late Devonian: Decline of reef-building organisms 



 

• Permian–Triassic (≈252 Ma): Largest extinction (~90% marine species lost) 

• Triassic–Jurassic: Decline of archosaurs and marine reptiles 

• Cretaceous–Paleogene (≈66 Ma): Extinction of non-avian dinosaurs 

Post-extinction fossil assemblages reveal adaptive radiations, such as the diversification 
of mammals after the K–Pg extinction, highlighting evolutionary opportunity following 
ecological collapse. 

 
2. Role of Climatic Shifts 

Mass extinctions are closely linked with abrupt climatic changes, including: 

• Global cooling and glaciation (Ordovician extinction) 

• Rapid global warming and ocean anoxia (Permian extinction) 

• Impact-induced “impact winter” at K–Pg boundary 

These climatic perturbations disrupted habitats, food webs, and reproductive cycles, 
forcing surviving species to adapt or diversify into newly vacant ecological niches. 

 
3. Biogeochemical Alterations 

Extinction events are associated with major biogeochemical disturbances, such as: 

• Carbon cycle disruption due to volcanic eruptions (Siberian Traps) 

• Ocean acidification affecting calcareous organisms 

• Oxygen depletion (anoxia) in marine systems 

• Release of toxic gases like methane and hydrogen sulfide 

Isotopic anomalies (δ¹³C, δ¹⁸O) preserved in sediments and fossils provide evidence of 
these global chemical changes, linking extinction pulses to Earth system instability. 

 
4. Evolutionary Consequences 

• Ecological release allowed survivors to occupy vacant niches 

• Emergence of new dominant groups (mammals, birds, flowering plants) 

• Increased evolutionary experimentation and innovation 

• Restructuring of trophic hierarchies and ecosystem functions 

Thus, mass extinctions act as reset mechanisms, accelerating macroevolutionary trends. 

 
Fossil evidence, climatic shifts, and biogeochemical alterations collectively demonstrate 
that mass extinctions are not merely destructive episodes but crucial turning points in 



 

Earth’s evolutionary history. By eliminating dominant lineages and restructuring 
ecosystems, they have repeatedly shaped the trajectory of life on Earth. 

(c) Distribution of Forest Resources, Major Forest Products & Role of Indigenous 
Communities in India 

(10 marks) 

Introduction 

India has diverse forest ecosystems due to variations in climate, relief, and soil. Forest 
resources play a vital role in ecological stability, livelihoods, and economic development, 
especially for indigenous communities. 

 
1. Distribution of Forest Resources in India 

• Tropical evergreen forests: Western Ghats, Northeast India, Andaman & Nicobar 
Islands 

• Tropical deciduous forests (largest share): Central India (Madhya Pradesh, 
Chhattisgarh, Odisha, Maharashtra) 

• Thorn forests: Rajasthan, Gujarat 

• Montane forests: Himalayas 

• Mangrove forests: Sundarbans, Godavari–Krishna delta 

India’s forest cover is about 21.7% of total geographical area. 

 
2. Major Forest Products 

• Timber: Teak, sal, deodar 

• Non-Timber Forest Products (NTFPs): 

o Minor forest produce: tendu leaves, lac, bamboo, medicinal plants 

o Edible products: honey, fruits, nuts 

• NTFPs contribute significantly to rural and tribal livelihoods. 

 
3. Role of Indigenous Communities 

• Indigenous communities depend on forests for food, fuel, fodder, and medicine 

• Traditional knowledge supports sustainable harvesting and biodiversity 
conservation 

• Practices like sacred groves and shifting cultivation (jhum) reflect ecological 
understanding 



 

• Legal empowerment through Forest Rights Act, 2006 and Joint Forest 
Management (JFM) 

 
Forests in India are unevenly distributed and provide both timber and livelihood 
resources. Indigenous communities play a crucial role in conserving forests through 
traditional knowledge and sustainable practices, making them key stakeholders in 
forest management. 

 

3. (a) India’s Energy Mix and Limitations of Conventional Energy Sources 

(15 marks) 

Introduction 

India’s energy mix reflects its developmental needs, resource endowment, and policy 
priorities. As one of the world’s fastest-growing economies, India relies on a combination 
of conventional and non-conventional energy sources to meet rising demand. 

 
1. India’s Energy Mix 

India’s primary energy consumption is dominated by fossil fuels, though renewables are 
growing rapidly. 

• Coal: ~55–57% of primary energy; backbone of electricity generation 

• Oil: ~30%; major source for transport and industry 

• Natural Gas: ~6–7%; used in power, fertilizers, and city gas 

• Renewable Energy (solar, wind, biomass, small hydro): ~15% of installed power 
capacity 

• Hydropower: ~11% of installed capacity 

• Nuclear energy: ~2–3% of electricity generation 

Government initiatives such as National Solar Mission, National Green Hydrogen 
Mission, and 450 GW renewable target by 2030 aim to diversify the energy mix. 

 
2. Limitations of Conventional Energy Sources 

(a) Environmental Limitations 

• High greenhouse gas emissions, contributing to climate change 

• Air pollutants (SO₂, NOₓ, particulate matter) causing health issues 

• Land degradation and water pollution from mining and drilling 

(b) Resource Depletion 



 

• Fossil fuels are finite and non-renewable 

• Increasing dependence on energy imports, especially crude oil 

(c) Economic Constraints 

• Price volatility in global oil and gas markets 

• High costs of extraction from deeper or lower-grade reserves 

(d) Social and Health Impacts 

• Displacement of communities due to mining and dam projects 

• Occupational hazards and public health burdens 

 
While conventional energy sources continue to dominate India’s energy mix, their 
environmental, economic, and social limitations necessitate a rapid transition towards 
cleaner and sustainable alternatives. A balanced energy strategy integrating 
renewables, efficiency, and technological innovation is crucial for India’s energy security 
and climate commitments. 

(b) Challenges to Sustainable Food Production in India and Strategies for Restoring 
Agricultural Productivity 

(15 marks) 

Introduction 

India’s food security depends on sustaining agricultural productivity under increasing 
pressure from population growth, resource degradation, and climate variability. While 
the Green Revolution ensured self-sufficiency, it has also generated long-term ecological 
challenges. 

 
1. Key Challenges to Sustainable Food Production 

(a) Soil Degradation 

• Declining soil fertility due to excessive use of chemical fertilizers 

• Soil erosion from deforestation and intensive tillage 

• Salinization and alkalization in irrigated regions 

• Loss of soil organic carbon and microbial activity 

(b) Groundwater Depletion 

• Over-extraction for water-intensive crops (rice, sugarcane) 

• Falling water tables in Punjab, Haryana, Rajasthan 

• Energy-water nexus driven by free/subsidized electricity 

(c) Climate Change 



 

• Rising temperatures affecting crop yields 

• Increased frequency of droughts, floods, and heat waves 

• Shifts in pest and disease patterns 

• Uncertainty in monsoon behavior 

 
2. Scientifically Sound Strategies for Restoration 

(a) Soil Health Management 

• Integrated Nutrient Management (INM) 

• Promotion of organic matter (green manuring, compost, biofertilizers) 

• Conservation agriculture: minimum tillage, crop rotation 

• Soil testing and Soil Health Card–based fertilization 

(b) Sustainable Water Management 

• Micro-irrigation (drip and sprinkler systems) 

• Crop diversification towards less water-intensive crops 

• Rainwater harvesting and watershed management 

• Regulation of groundwater through community participation 

(c) Climate-Resilient Agriculture 

• Development of climate-resilient crop varieties 

• Adoption of agroforestry and mixed farming 

• Improved weather forecasting and crop insurance 

• Precision agriculture using remote sensing and AI 

 
Ensuring sustainable food production in India requires a shift from resource-intensive 
practices to ecologically sound, climate-resilient agricultural systems. Integrating soil 
health, water efficiency, and climate adaptation strategies is essential for long-term 
agricultural productivity and food security. 

(c) Impact of Climate Change on Species Distribution, Migration, and Extinction Risks 

(10 marks) 

Introduction 

Climate change is rapidly altering temperature regimes, precipitation patterns, and 
ecosystem dynamics, thereby influencing the distribution, movement, and survival of 
species across the globe. 

 



 

1. Influence on Species Distribution 

• Latitudinal and altitudinal shifts as species move towards cooler regions 

• Poleward movement of marine species due to ocean warming 

• Loss of suitable habitats for range-restricted and endemic species 

Example: Upward shift of Himalayan plant species; coral bleaching in tropical reefs. 

 
2. Impact on Migration Patterns 

• Altered timing of migration (phenological changes) 

• Disruption of migratory routes due to habitat fragmentation 

• Mismatch between migration and food availability 

Example: Early arrival of migratory birds affecting breeding success. 

 
3. Increased Extinction Risks 

• Rapid climate change exceeding species’ adaptive capacity 

• Synergistic effects with habitat loss and invasive species 

• Higher vulnerability of specialist species and island ecosystems 

Example: Polar bears due to sea ice loss; amphibians sensitive to temperature and 
moisture changes. 

 
Climate change reshapes species distribution and migration while significantly 
increasing extinction risks. Addressing these challenges requires climate-adaptive 
conservation strategies, habitat connectivity, and reduction of anthropogenic pressures. 

 

4.(a) Ecosystem Services — Concept and Types with Examples 

(20 marks) 

Introduction 

Ecosystem services refer to the benefits that humans obtain from ecosystems. The 
concept, popularized by the Millennium Ecosystem Assessment (2005), highlights the 
dependence of human well-being and economic development on healthy ecosystems. 
These services arise from the interaction of biotic and abiotic components of ecosystems. 

 
Types of Ecosystem Services 

The Millennium Ecosystem Assessment classifies ecosystem services into four major 
categories: 



 

 
1. Provisioning Services 

These are direct products obtained from ecosystems that support human survival and 
livelihoods. 

Examples: 

• Food: Crops, fruits, fish, meat (e.g., fisheries from marine and freshwater 
ecosystems) 

• Freshwater: Rivers, lakes, groundwater recharge zones 

• Timber and fuelwood: Forest ecosystems 

• Medicinal resources: Medicinal plants like Neem, Rauvolfia 

Significance: 
They contribute directly to food security, energy needs, and rural economies. 

 
2. Regulating Services 

These services regulate ecological processes, maintaining environmental stability. 

Examples: 

• Climate regulation: Carbon sequestration by forests and oceans 

• Flood control: Wetlands and mangroves (e.g., Sundarbans mangroves) 

• Pollination: Bees and insects pollinating crops 

• Disease regulation: Biodiversity limiting spread of pathogens 

Significance: 
They reduce disaster risks, mitigate climate change, and enhance ecosystem resilience. 

 
3. Cultural Services 

These are non-material benefits that contribute to mental, social, and cultural well-
being. 

Examples: 

• Recreation and ecotourism: National parks and wildlife sanctuaries 

• Spiritual and religious values: Sacred groves, rivers like Ganga 

• Aesthetic value: Landscapes, biodiversity-rich regions 

• Educational and research value: Biosphere reserves 

Significance: 
They enhance quality of life, cultural identity, and social cohesion. 



 

 
4. Supporting Services 

These are fundamental ecological processes that support all other ecosystem services. 

Examples: 

• Nutrient cycling: Nitrogen and phosphorus cycles 

• Soil formation: Weathering and organic matter accumulation 

• Primary production: Photosynthesis by plants 

• Habitat provision: Forests, coral reefs, wetlands 

Significance: 
They form the ecological foundation upon which provisioning, regulating, and cultural 
services depend. 

 
Interlinkages and Importance 

• Supporting services underpin all other services 

• Degradation of ecosystems leads to loss of multiple services simultaneously 

• Ecosystem services contribute to poverty alleviation, climate resilience, and 
sustainable development 

 
Ecosystem services are indispensable for human survival and sustainable development. 
Recognizing their value is essential for informed policymaking, conservation planning, 
and achieving global goals such as SDGs 13, 14, and 15. Protecting ecosystems ensures 
the continuity of these life-support systems for future generations. 

(b) Building a Scientific Herbarium, Its Maintenance Challenges, and Importance in 
Documenting India’s Plant Diversity 

(20 marks) 

Introduction 

A herbarium is a systematically arranged collection of preserved plant specimens used 
for identification, classification, and research. Scientific herbaria serve as permanent 
records of plant diversity and are crucial for taxonomy, ecology, conservation, and 
climate studies. In a megadiverse country like India, herbaria play a vital role in 
documenting floral wealth. 

 
I. Steps Involved in Building a Scientific Herbarium 

1. Field Collection 

• Selection of representative, healthy specimens with flowers and fruits 



 

• Recording field data: locality, habitat, altitude, date, collector’s name, GPS 
coordinates 

• Ethical collection avoiding overharvesting, especially of rare species 

2. Pressing and Drying 

• Specimens are placed between newspaper sheets and pressed using plant presses 

• Proper drying prevents fungal growth and decay 

• Large plants are folded to fit standard herbarium sheets 

3. Poisoning and Preservation 

• Treatment with preservatives (e.g., mercuric chloride in the past; safer 
alternatives today) 

• Prevents insect infestation and microbial damage 

4. Mounting 

• Dried specimens are mounted on standard-sized herbarium sheets 

• Use of glue, linen tape, or stitching to secure plant parts 

5. Labeling 

• Accurate labeling including scientific name, family, locality, habitat, collector 
details 

• Labels are essential for scientific authenticity 

6. Identification and Classification 

• Identification using taxonomic keys, floras, and expert consultation 

• Arrangement based on accepted classification systems (e.g., APG system) 

 
II. Challenges in Maintaining Herbarium Collections 

• Insect infestation (beetles, termites) 

• Fungal growth due to humidity 

• Deterioration from light, temperature, and moisture 

• Space constraints in large collections 

• Requirement of skilled taxonomists and financial resources 

• Digitization and data management challenges 

 
III. Importance in Documenting India’s Plant Diversity 

• Permanent records of flora, including rare and extinct species 



 

• Baseline data for biodiversity assessment and conservation planning 

• Reference material for taxonomic revisions and species discovery 

• Monitoring climate-induced range shifts 

• Support to environmental impact assessments (EIAs) 

• Preservation of indigenous and medicinal plant knowledge 

Indian examples: 

• Central National Herbarium (BSI), Howrah 

• Forest Research Institute Herbarium, Dehradun 

 
Scientific herbaria are invaluable repositories of botanical knowledge. Despite 
maintenance challenges, their role in documenting, conserving, and understanding 
India’s rich plant diversity makes them indispensable for biodiversity research, policy 
formulation, and sustainable environmental management. 

 

Part – II 

 
(a) Anthropogenic Pollutants (8 marks) 

Anthropogenic pollutants are contaminants introduced into the environment as a result 
of human activities. These pollutants alter natural systems and pose risks to ecosystems 
and human health. 

Types & Examples 

• Air pollutants: SO₂, NOₓ, CO, particulate matter from industries and vehicles 

• Water pollutants: Industrial effluents, sewage, pesticides, heavy metals 

• Soil pollutants: Plastics, agrochemicals, solid waste 

• Chemical pollutants: POPs, hydrocarbons, radioactive wastes 

Impacts 

• Climate change and global warming 

• Acid rain and smog formation 

• Bioaccumulation and biomagnification 

• Human health hazards 

Control Measures 

• Cleaner production technologies 

• Emission standards and regulations 



 

• Waste treatment and recycling 

 
(b) Major Ions Found in Water (8 marks) 

Water contains dissolved ions that determine its chemical quality and suitability for 
various uses. 

Major Cations 

• Calcium (Ca²⁺) – hardness, bone health 

• Magnesium (Mg²⁺) – hardness 

• Sodium (Na⁺) – salinity 

• Potassium (K⁺) – nutrient role 

Major Anions 

• Bicarbonate (HCO₃⁻) – alkalinity 

• Chloride (Cl⁻) – salinity 

• Sulfate (SO₄²⁻) – laxative effect at high levels 

• Nitrate (NO₃⁻) – eutrophication 

Significance 

• Influence taste, hardness, and potability 

• Indicate pollution and water source 

 
(c) Electrophiles and Nucleophiles (8 marks) 

Electrophiles and nucleophiles are reactive species involved in chemical reactions, 
especially organic reactions. 

Electrophiles 

• Electron-deficient species 

• Attracted to electron-rich centers 

• Examples: H⁺, NO₂⁺, carbocations 

Nucleophiles 

• Electron-rich species 

• Donate electron pairs 

• Examples: OH⁻, NH₃, CN⁻ 

Importance 

• Control reaction mechanisms 



 

• Play a key role in biochemical and environmental reactions 

 
(d) Classification of Pesticides Based on Chemical Nature (8 marks) 

Pesticides are classified according to their chemical composition, which determines their 
persistence and toxicity. 

Major Classes 

• Organochlorines: DDT, BHC (persistent, bioaccumulative) 

• Organophosphates: Malathion, Parathion (highly toxic, less persistent) 

• Carbamates: Carbaryl (moderate toxicity) 

• Synthetic pyrethroids: Cypermethrin (low persistence) 

• Biopesticides: Neem-based compounds 

Significance 

• Helps in safe application and regulation 

• Guides environmental risk assessment 

 
(e) Bioaccumulation of PAHs (Polycyclic Aromatic Hydrocarbons) (8 marks) 

PAHs are hydrophobic organic pollutants consisting of fused aromatic rings, released 
mainly from incomplete combustion. 

Sources 

• Fossil fuel burning 

• Industrial emissions 

• Oil spills 

Bioaccumulation Process 

• PAHs dissolve in lipid tissues of organisms 

• Poor metabolic breakdown 

• Accumulate over time in aquatic and terrestrial food chains 

Impacts 

• Carcinogenic and mutagenic effects 

• Disruption of aquatic ecosystems 

• Human exposure through food consumption 

 

6.(a) Internal Structure of the Earth and Major Stages of Geological Evolution 



 

(15 marks) 

Introduction 

The Earth is a dynamic planet with a complex internal structure that has evolved over 
billions of years. Understanding its internal composition and geological evolution helps 
explain processes such as volcanism, plate tectonics, earthquakes, and the origin of 
continents and oceans. 

 
I. Internal Structure of the Earth 

Based on seismic wave studies, density, and composition, the Earth is divided into three 
concentric layers: 

1. Crust 

• Outermost and thinnest layer 

• Thickness: ~5–10 km (oceanic crust) and ~30–70 km (continental crust) 

• Composed mainly of silica and alumina (SIAL) in continents and silica and 
magnesium (SIMA) in oceans 

• Site of all biological activity and human habitation 

2. Mantle 

• Extends up to ~2,900 km depth 

• Composed of silicate minerals rich in magnesium and iron 

• Divided into upper mantle (including asthenosphere) and lower mantle 

• Convection currents in the mantle drive plate tectonics 

3. Core 

• Extends from 2,900 km to the center (6,371 km) 

• Composed mainly of iron and nickel (NIFE) 

• Outer core is liquid, inner core is solid 

• Responsible for Earth’s magnetic field 

 
II. Major Stages of Geological Evolution 

1. Formation of the Earth (≈4.6 billion years ago) 

• Accretion of cosmic dust and gas 

• Differentiation into core, mantle, and crust due to gravitational heating 

2. Early Crust Formation and Cooling 

• Solidification of the crust 



 

• Development of proto-continents 

• Intense volcanism and meteorite bombardment 

3. Development of Atmosphere and Hydrosphere 

• Volcanic outgassing formed early atmosphere 

• Condensation of water vapor led to formation of oceans 

4. Origin of Life and Stabilization of Continents 

• Emergence of microbial life (~3.5 billion years ago) 

• Formation of stable cratons 

• Increase in atmospheric oxygen (Great Oxidation Event) 

5. Plate Tectonics and Continental Drift 

• Movement of lithospheric plates 

• Formation and breakup of supercontinents (Rodinia, Gondwana, Pangaea) 

• Shaping of present-day continents and oceans 

 
The Earth’s internal structure governs its dynamic geological processes, while its long 
evolutionary history reflects continuous interactions between the lithosphere, 
atmosphere, hydrosphere, and biosphere. Together, they have shaped the planet into a 
life-supporting system. 

 

(b) Environmental Impacts of Pesticides with Special Reference to DDT Degradation 
Pathways 

(10 marks) 

Introduction 

Pesticides are widely used in agriculture and public health to control pests, but their 
persistence and toxicity often lead to serious environmental consequences. DDT 
(Dichloro-diphenyl-trichloroethane), a classic organochlorine pesticide, exemplifies the 
long-term impacts of persistent pesticides. 

 
Environmental Impacts of Pesticides 

• Soil contamination: Alters soil microbial activity and fertility 

• Water pollution: Runoff and leaching contaminate surface and groundwater 

• Bioaccumulation and biomagnification: Accumulation in food chains 

• Toxicity to non-target organisms: Birds, fish, pollinators 

• Human health risks: Endocrine disruption, carcinogenicity 



 

 
DDT Degradation Pathways 

DDT is highly persistent but undergoes slow degradation through chemical and 
biological processes: 

1. Aerobic Dehydrochlorination 

• DDT → DDE (Dichloro-diphenyl-dichloroethylene) 

• Occurs in oxygen-rich environments 

• DDE is highly stable and strongly bioaccumulative 

2. Anaerobic Reductive Dechlorination 

• DDT → DDD (Dichloro-diphenyl-dichloroethane) 

• Common in waterlogged soils and sediments 

3. Photodegradation 

• UV radiation breaks down DDT on soil and water surfaces 

• Minor pathway compared to biological degradation 

 
Environmental Significance of DDT Degradation 

• DDE causes eggshell thinning in birds (e.g., raptors) 

• Persistent metabolites remain in ecosystems for decades 

• Continued toxicity even after DDT application stops 

 
Pesticides like DDT pose long-lasting environmental threats due to their persistence 
and toxic degradation products. Understanding DDT degradation pathways highlights 
the need for safer alternatives and stricter pesticide management for environmental 
sustainability. 

(c) Gibbs Free Energy, Chemical Potential, and Chemical Equilibria in Environmental 
Processes 

(15 marks) 

Introduction 

Environmental systems are governed by thermodynamic principles that control the 
direction, extent, and feasibility of chemical reactions. Concepts such as Gibbs free 
energy, chemical potential, and chemical equilibrium are fundamental to understanding 
processes occurring in the atmosphere, hydrosphere, lithosphere, and biosphere. 

 
1. Gibbs Free Energy (G) 



 

Gibbs free energy (G) is defined as: 

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇𝑇𝑇 
 

where H is enthalpy, T temperature, and S entropy. 

• A reaction proceeds spontaneously if ΔG < 0 

• ΔG = 0 indicates equilibrium 

Environmental Significance 

• Biogeochemical cycles: Redox reactions in carbon, nitrogen, and sulfur cycles 
depend on ΔG 

• Microbial metabolism: Energy yield from aerobic respiration (negative ΔG) vs 
anaerobic processes 

• Pollutant degradation: Feasibility of biodegradation reactions 

Example: Oxidation of organic matter in soils and water bodies is thermodynamically 
favored under aerobic conditions. 

 
2. Chemical Potential (μ) 

Chemical potential represents the partial molar Gibbs free energy of a substance and 
determines the driving force for mass transfer and chemical reactions. 

𝜇𝜇 = 𝜇𝜇0 + 𝑅𝑅𝑅𝑅ln 𝑎𝑎 
 

Environmental Relevance 

• Controls diffusion of pollutants between air, water, and soil 

• Governs gas exchange (CO₂, O₂) between atmosphere and oceans 

• Determines nutrient uptake by plant roots 

Example: Movement of dissolved nutrients from soil solution into plant roots occurs due 
to differences in chemical potential. 

 
3. Chemical Equilibria 

Chemical equilibrium occurs when forward and reverse reaction rates are equal and ΔG 
= 0. 

Role in Environmental Systems 

• Carbonate equilibrium controls pH and alkalinity of natural waters 

• Solubility equilibria regulate availability of metals (Fe, Al, Ca) 

• Acid–base equilibria influence buffering capacity of soils and water 



 

Example: 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 ⇌ 𝐻𝐻2𝐶𝐶𝑂𝑂3 ⇌ 𝐻𝐻𝐻𝐻𝑂𝑂3− ⇌ 𝐶𝐶𝑂𝑂32− 
 

This system regulates ocean chemistry and acidification. 

 
4. Integrated Role in Major Environmental Processes 

• Weathering of rocks governed by equilibrium and ΔG 

• Redox zonation in soils and sediments (O₂ → NO₃⁻ → SO₄²⁻ reduction) 

• Climate change processes such as CO₂ dissolution in oceans 

• Contaminant mobility influenced by equilibrium and chemical potential 
gradients 

 
Gibbs free energy determines the feasibility of environmental reactions, chemical 
potential drives material transport, and chemical equilibrium regulates the stability of 
environmental systems. Together, these thermodynamic principles provide a robust 
framework for understanding and managing natural and anthropogenic environmental 
processes. 

 

7. (a) Minerals, Mineral Chemistry, Rock-forming Minerals, Clay Minerals and Their 
Link with the Rock Cycle 

(15 marks) 

Introduction 

A mineral is a naturally occurring, inorganic, crystalline solid with a definite chemical 
composition and ordered internal structure. Minerals are the basic building blocks of 
rocks and play a central role in Earth processes, including the rock cycle, weathering, 
and soil formation. 

 
1. Mineral Chemistry 

Mineral chemistry deals with the chemical composition, atomic arrangement, and 
bonding in minerals. 

• Minerals are composed of elements combined in fixed or variable proportions 
(e.g., SiO₂ in quartz) 

• Ionic substitution (e.g., Mg²⁺ replacing Fe²⁺) leads to solid solution series 

• Chemical bonds (ionic, covalent, metallic) determine hardness, solubility, and 
stability 



 

Environmental relevance: Mineral chemistry controls mineral resistance to weathering 
and governs geochemical cycles. 

 
2. Rock-Forming Minerals 

A limited number of minerals constitute most rocks of the Earth’s crust. 

Major Rock-forming Mineral Groups 

• Silicates (dominant): Quartz, feldspars, micas, pyroxenes, amphiboles 

• Carbonates: Calcite, dolomite 

• Oxides: Hematite, magnetite 

• Sulfates: Gypsum 

These minerals determine the physical and chemical properties of igneous, sedimentary, 
and metamorphic rocks. 

 
3. Clay Minerals 

Clay minerals are fine-grained, secondary alumino-silicate minerals formed mainly by 
the chemical weathering of silicate minerals. 

Major Types 

• Kaolinite – low shrink–swell capacity 

• Illite – potassium-rich mica-type clay 

• Montmorillonite (smectite) – high swelling capacity 

Significance 

• High surface area and ion-exchange capacity 

• Control soil fertility, permeability, and pollutant adsorption 

 
4. Connection with the Rock Cycle 

• Igneous rocks crystallize from magma containing primary minerals 

• Weathering transforms primary minerals into secondary minerals, especially 
clay minerals 

• Sedimentation and lithification form sedimentary rocks 

• Metamorphism alters mineral chemistry and structure under heat and pressure 

Thus, minerals continuously transform, linking mineral chemistry, rock-forming 
minerals, and clay minerals within the dynamic rock cycle. 

 



 

Minerals, governed by their chemistry and structure, form the foundation of rocks and 
soils. Their transformation through the rock cycle explains Earth’s surface evolution, 
soil formation, and resource distribution, making mineral studies essential to geology 
and environmental science. 

(b) Atmospheric Stability and the Role of Temperature Inversion 

(15 marks) 

Introduction 

The vertical movement of air in the atmosphere is governed by its thermal structure, 
commonly described by the concept of atmospheric stability. Atmospheric stability 
determines whether an air parcel will rise, sink, or remain in equilibrium, thereby 
influencing weather, climate, and environmental quality. 

 
1. Definition of Atmospheric Stability 

Atmospheric stability refers to the tendency of the atmosphere to resist or enhance 
vertical motion of air parcels after they are displaced from their original position. 

• Stable atmosphere: Vertical motion is suppressed 

• Unstable atmosphere: Vertical motion is enhanced 

• Neutral atmosphere: Vertical motion is neither encouraged nor suppressed 

Stability is assessed by comparing the Environmental Lapse Rate (ELR) with the 
adiabatic lapse rates (Dry and Moist). 

 
2. Temperature Inversion 

A temperature inversion is a condition in which temperature increases with height, 
contrary to the normal decrease in temperature with altitude. 

Types of Temperature Inversion 

• Radiation inversion (clear, calm nights) 

• Subsidence inversion (high-pressure systems) 

• Frontal inversion (warm air over cold air) 

• Valley or orographic inversion 

 
3. Effect of Temperature Inversion on Vertical Air Movement 

• Inversion creates a strongly stable atmosphere 

• Rising air becomes cooler and denser than surrounding air 

• Vertical mixing is inhibited, leading to stagnation 



 

• Pollutants remain trapped near the surface 

Thus, temperature inversion acts as a lid restricting upward air motion. 

 
4. Environmental Impacts of Temperature Inversion 

• Air pollution episodes due to accumulation of pollutants 

• Formation of smog in urban areas 

• Fog and frost in valleys and plains 

• Adverse effects on human health, especially respiratory disorders 

Example: Winter smog episodes in Delhi and other North Indian cities. 

 
Atmospheric stability controls vertical air movement, while temperature inversion 
represents an extreme form of stability. By suppressing vertical mixing, inversions 
significantly influence air quality, weather phenomena, and environmental health, 
making their understanding crucial for environmental management. 

(c) Safe Destruction of Hazardous Substances for Environmental Protection 

(10 marks) 

Introduction 

Hazardous substances pose serious risks to ecosystems and human health due to their 
toxicity, persistence, and bioaccumulation. Safe destruction and detoxification are 
therefore essential components of environmental protection and waste management. 

 
Destruction of Selected Hazardous Substances 

1. Cyanides 

• Highly toxic compounds used in mining and electroplating 

• Detoxification methods: 

o Alkaline chlorination (CN⁻ → CNO⁻ → CO₂ + N₂) 

o Hydrogen peroxide oxidation 

• Prevents acute toxicity to aquatic life 

 
2. Chromium 

• Exists mainly as Cr(III) (less toxic) and Cr(VI) (highly toxic and carcinogenic) 

• Treatment strategy: 



 

o Chemical reduction of Cr(VI) to Cr(III) using ferrous salts or sulfur 
compounds 

o Precipitation as chromium hydroxide 

• Reduces mobility and bioavailability 

 
3. Aflatoxins 

• Toxic mycotoxins produced by Aspergillus species 

• Destruction methods: 

o Thermal treatment and irradiation 

o Chemical detoxification using ammonia 

• Prevents liver toxicity and carcinogenic effects 

 
4. Halogenated Compounds 

• Includes PCBs, chlorinated solvents, and pesticides 

• Destruction techniques: 

o High-temperature incineration 

o Dehalogenation and advanced oxidation processes 

• Minimizes persistence and bioaccumulation 

 
Safe destruction of hazardous substances through chemical, thermal, and biological 
methods reduces environmental contamination and health risks. Substance-specific 
treatment approaches are essential for effective environmental protection and 
sustainable waste management. 

 

8. (a) Impact of Rapid Fossil Fuel Consumption on Atmospheric Concentrations of CO₂, 
SO₂, and NOₓ 

(20 marks) 

Introduction 

Rapid consumption of fossil fuels—coal, petroleum, and natural gas—for energy, 
transport, and industry has fundamentally altered the chemical composition of the 
atmosphere. Combustion processes release large quantities of carbon dioxide (CO₂), 
sulfur dioxide (SO₂), and nitrogen oxides (NOₓ), which act as major drivers of climate 
change, air pollution, and ecosystem degradation. 

 



 

1. Alteration of Atmospheric CO₂ Concentration 

Sources and Mechanism 

• Fossil fuels are rich in carbon; their combustion releases CO₂ as the primary end 
product 

• Coal-fired power plants, thermal industries, transport, and cement production 
are major contributors 

𝐶𝐶 + 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 
 

Atmospheric Impact 

• CO₂ is a long-lived greenhouse gas, accumulating faster than natural sinks can 
absorb 

• Enhanced greenhouse effect leads to global warming 

• Increased atmospheric CO₂ from pre-industrial ~280 ppm to over 420 ppm today 

Environmental Consequences 

• Climate change and global warming 

• Ocean acidification due to CO₂ dissolution forming carbonic acid 

• Alteration of global carbon cycle 

 
2. Alteration of Atmospheric SO₂ Concentration 

Sources and Mechanism 

• Emitted during combustion of sulfur-containing coal and oil 

• Major sources: thermal power plants, oil refineries, smelters 

𝑆𝑆 + 𝑂𝑂2 → 𝑆𝑆𝑂𝑂2 
 

Atmospheric Transformation 

• SO₂ undergoes oxidation to form sulfuric acid aerosols 

• Participates in cloud formation and long-range transport 

Environmental Consequences 

• Acid rain, damaging forests, soils, and aquatic ecosystems 

• Corrosion of buildings and monuments 

• Formation of sulfate aerosols affecting visibility and climate (cooling effect 
regionally) 

 



 

3. Alteration of Atmospheric NOₓ Concentration 

Sources and Mechanism 

• NOₓ (NO and NO₂) formed during high-temperature combustion 

• Atmospheric nitrogen reacts with oxygen in vehicle engines and power plants 

𝑁𝑁2 + 𝑂𝑂2 → 2𝑁𝑁𝑁𝑁 → 𝑁𝑁𝑂𝑂2 
 

Atmospheric Role 

• Acts as a precursor to tropospheric ozone and photochemical smog 

• Participates in nitrate aerosol formation 

Environmental Consequences 

• Respiratory and cardiovascular health impacts 

• Acid deposition (nitric acid formation) 

• Nutrient enrichment and eutrophication in ecosystems 

 
4. Combined and Synergistic Effects 

• CO₂ drives long-term climate change 

• SO₂ and NOₓ cause regional air pollution and acidification 

• Interaction of NOₓ with hydrocarbons forms ground-level ozone 

• Atmospheric chemistry becomes more complex, reducing air quality 

 
5. India-Specific Context 

• Heavy dependence on coal-based power generation 

• Rapid motorization increasing NOₓ emissions 

• Urban smog episodes (e.g., Delhi NCR) 

• Policy responses: National Clean Air Programme (NCAP), renewable energy 
transition 

 
Rapid fossil fuel consumption has significantly increased atmospheric concentrations of 
CO₂, SO₂, and NOₓ, disrupting climate systems and degrading air quality. While CO₂ 
drives global-scale climate change, SO₂ and NOₓ exert strong regional environmental 
and health impacts. Reducing fossil fuel dependence through clean energy transitions 
and emission controls is essential for atmospheric stability and environmental 
sustainability. 

 



 

(b) Chemistry of Polycyclic Aromatic Hydrocarbons (PAHs) and Nitrosamines and Their 
Carcinogenic Effects 

(20 marks) 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) and nitrosamines are potent chemical 
carcinogens widely present in the environment due to anthropogenic activities. Their 
carcinogenicity arises not merely from their chemical structure but from their 
biochemical activation and interaction with cellular DNA, leading to mutations and 
cancer. 

 
1. Chemistry of Polycyclic Aromatic Hydrocarbons (PAHs) 

Chemical Nature 

• PAHs are hydrophobic organic compounds consisting of two or more fused 
benzene rings 

• Composed solely of carbon and hydrogen 

• Chemically stable, lipophilic, and poorly soluble in water 

Examples 

• Benzo[a]pyrene 

• Anthracene 

• Naphthalene 

• Chrysene 

Sources 

• Incomplete combustion of fossil fuels 

• Vehicular emissions 

• Industrial processes 

• Cigarette smoke and charred food 

Environmental Behavior 

• Persist in soils and sediments 

• Bioaccumulate in lipid-rich tissues 

• Undergo slow degradation 

 
2. Chemistry of Nitrosamines 

Chemical Nature 



 

• Nitrosamines are N-nitroso compounds containing the functional group –N–NO 

• Formed by the reaction of secondary amines with nitrites under acidic or high-
temperature conditions 

Examples 

• N-nitrosodimethylamine (NDMA) 

• N-nitrosodiethylamine (NDEA) 

Sources 

• Processed and preserved foods 

• Tobacco smoke 

• Rubber and pesticide industries 

• Endogenous formation in the stomach 

Chemical Properties 

• Relatively stable 

• Water soluble 

• Easily absorbed in biological systems 

 
3. Biochemical Interaction with Cellular DNA 

(a) Metabolic Activation (Procarcinogens) 

Both PAHs and nitrosamines are procarcinogens and require metabolic activation, 
primarily in the liver: 

• Enzymes involved: Cytochrome P450 monooxygenase system 

• Conversion into highly reactive electrophilic intermediates 

 
(b) DNA Adduct Formation 

PAHs 

• Benzo[a]pyrene is metabolized to benzo[a]pyrene diol epoxide (BPDE) 

• BPDE forms covalent adducts with DNA bases, especially guanine 

Nitrosamines 

• Metabolized into alkylating agents 

• Transfer alkyl groups to DNA bases (e.g., O⁶-methylguanine formation) 

 
(c) Mutagenesis 



 

• DNA adducts cause mis-pairing during DNA replication 

• If not repaired, lead to point mutations 

• Mutations often affect oncogenes and tumor suppressor genes (e.g., p53) 

 
4. Carcinogenic Effects 

PAHs 

• Strongly linked to: 

o Lung cancer 

o Skin cancer 

o Bladder cancer 

• Occupational exposure increases risk 

Nitrosamines 

• Associated with: 

o Liver cancer 

o Gastric cancer 

o Esophageal cancer 

Key Characteristics 

• Long latency period 

• Dose-dependent and cumulative effects 

• Enhanced risk due to bioaccumulation 

 
5. Environmental and Public Health Significance 

• Present in air, water, soil, and food chains 

• Chronic low-level exposure poses serious health risks 

• Classified as Group 1 carcinogens by IARC (e.g., benzo[a]pyrene) 

 
PAHs and nitrosamines illustrate how chemical structure, environmental persistence, 
and metabolic activation together determine carcinogenic potential. Their ability to form 
DNA adducts and induce mutations makes them significant environmental health 
hazards, necessitating stringent regulation, monitoring, and preventive strategies. 

(c) Importance of Ecological Classification Systems in Biodiversity Conservation and 
Ecosystem Management 

(20 marks) 



 

Introduction 

Ecological classification systems organize ecosystems, habitats, or biotic communities 
into meaningful categories based on criteria such as climate, vegetation, physiognomy, 
species composition, and ecosystem function. These systems (e.g., biome classification, 
ecoregions, life-zone systems) are critical tools for understanding ecological patterns and 
for designing effective biodiversity conservation and ecosystem management strategies. 

 
1. Concept and Types of Ecological Classification Systems 

Ecological classification systems classify natural areas using different bases: 

• Climatic-based systems (e.g., Köppen, Holdridge Life Zones) 

• Vegetation-based systems (e.g., Whittaker’s biome classification) 

• Floristic and physiognomic systems 

• Ecoregional frameworks (e.g., WWF Ecoregions, India’s biogeographic zones) 

These systems provide a spatial and functional framework for ecological analysis. 

 
2. Importance in Biodiversity Conservation 

(a) Identification of Biodiversity-rich Areas 

• Helps identify biodiversity hotspots, endemic zones, and unique ecosystems 

• Enables prioritization of conservation areas such as Western Ghats, Himalayas, 
Sundarbans 

(b) Systematic Conservation Planning 

• Facilitates representative protected area networks 

• Ensures conservation of diverse ecosystem types rather than isolated species 

(c) Species Distribution and Habitat Assessment 

• Predicts species ranges and habitat suitability 

• Supports conservation of range-restricted and threatened species 

 
3. Role in Ecosystem Management 

(a) Ecosystem-specific Management Strategies 

• Different ecosystems require different management approaches 

o Grasslands: controlled grazing 

o Wetlands: hydrological regulation 

o Forests: sustainable harvesting 



 

(b) Monitoring Ecosystem Change 

• Enables assessment of land-use change, habitat degradation, and fragmentation 

• Tracks impacts of climate change on ecosystem boundaries and structure 

(c) Restoration and Rehabilitation 

• Guides ecosystem restoration by defining reference conditions 

• Helps select appropriate species and management interventions 

 
4. Climate Change Adaptation and Resilience 

• Ecological classification helps identify climate-sensitive ecosystems 

• Assists in planning climate-resilient corridors and buffer zones 

• Supports modeling of future biome shifts under climate scenarios 

 
5. Policy and Governance Relevance 

• Forms the basis of national biodiversity strategies and action plans (NBSAPs) 

• Supports implementation of CBD, SDG 14 and 15 

• Used in Environmental Impact Assessments (EIAs) and land-use planning 

Indian context: 

• India’s 10 biogeographic zones guide protected area planning 

• Used by MoEFCC, Wildlife Institute of India, and Forest Survey of India 

 
6. Limitations and Challenges (Brief) 

• Ecosystems are dynamic and boundaries are not fixed 

• Anthropogenic pressures blur natural classifications 

• Requires continuous updating using GIS, remote sensing, and ecological data 

 
Ecological classification systems provide the scientific foundation for understanding 
ecosystem diversity, prioritizing conservation efforts, and managing natural resources 
sustainably. In an era of rapid biodiversity loss and climate change, these systems are 
indispensable for evidence-based conservation, adaptive management, and ecological 
resilience. 

 

 

 



 

(d) Comparison of Lead and Mercury: Chemical Properties, Environmental Behaviour, 
Human Exposure, and Health Effects 

(20 marks) 

Introduction 

Lead (Pb) and Mercury (Hg) are toxic heavy metals of major environmental and public 
health concern. Despite differences in their chemistry and environmental behaviour, 
both metals are persistent, bioaccumulative, and capable of causing severe adverse 
health effects. A comparative understanding is essential for effective environmental 
management. 

 
1. Chemical Properties 

Aspect Lead (Pb) Mercury (Hg) 

Nature Soft, malleable heavy 
metal 

Only metal liquid at room temperature 

Oxidation 
states 

+2 (most common), +4 0, +1, +2 

Reactivity Forms stable inorganic 
salts 

Forms organic compounds (methyl 
mercury) 

Volatility Non-volatile Highly volatile 

 
Inference: Mercury’s volatility and organometallic forms make it more mobile than lead. 

 
2. Environmental Behaviour 

Lead 

• Strongly binds to soil particles and sediments 

• Low mobility but high persistence 

• Accumulates in urban soils and water sediments 

• Limited biomagnification 

Mercury 

• Undergoes microbial methylation in aquatic systems 

• Methyl mercury is highly bioavailable 

• Biomagnifies strongly in aquatic food chains 

• Can travel long distances via atmospheric transport 

Example: Minamata Bay mercury pollution. 



 

 
3. Pathways of Human Exposure 

Exposure Route Lead Mercury 

Ingestion Contaminated water, food, 
paint chips 

Fish and seafood 

Inhalation Industrial emissions, lead dust Mercury vapour 

Occupational Battery, smelting industries Gold mining, thermometer 
manufacturing 

Maternal 
transfer 

Crosses placenta Crosses placenta and blood–brain 
barrier 

 
4. Absorption and Bioaccumulation 

Lead 

• Absorbed through gastrointestinal tract and lungs 

• Accumulates in bones and teeth 

• Long biological half-life 

Mercury 

• Methyl mercury absorbed efficiently from intestine 

• Accumulates in brain and nervous tissue 

• Rapid systemic distribution 

 
5. Health Effects 

Lead Toxicity 

• Neurodevelopmental damage in children 

• Reduced IQ, learning disabilities 

• Anemia (interferes with hemoglobin synthesis) 

• Kidney damage and hypertension 

Mercury Toxicity 

• Severe neurotoxicity 

• Tremors, memory loss, vision impairment 

• Developmental abnormalities in fetuses 

• Immune and endocrine disruption 



 

 
6. Comparative Environmental and Health Risk 

Parameter Lead Mercury 

Persistence High High 

Mobility Low High 

Biomagnification Limited Strong 

Primary target organ Nervous system, kidneys Nervous system 

Vulnerable groups Children Fetuses, fish-eating populations 

 
While both lead and mercury are hazardous environmental pollutants, mercury poses 
greater ecological and health risks due to its volatility, methylation, and 
biomagnification. Lead, though less mobile, causes chronic toxicity through long-term 
accumulation. Effective regulation, monitoring, and substitution are essential to 
minimize their environmental and human health impacts. 

 


