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EDITORIAL

WELCOME TO THE JOURNAL OF ENGINEERING -THEMED ENVIRONMENTAL TOURISM.
I am delighted and honoured to welcome you to the second issue of the

Journal Of Engineering-Themed Environmental Tourism.

I am Gbemisola Arike Agbaje, the Editor-In Chief and the progenitor of engineering-
themed environmental tourism.

I am a Chartered Professional in the fields of Civil Engineering and Environmental
Engineering. I am a Tourism enthusiast, Nature enthusiast, and a Space enthusiast. I
am also certified in Systems Safety Engineering.

Gbemisola Agbaje
Editor-in-Chief

The Energy and Tourism Industries are massive, with resulting environmental and engineering implications

and effects on the sustainability of habitats across the Earth. In this issue , Engineering Resilience in Modern
Global Tourism is a topic of interest. The Tourism Industry has evolved simultaneously with rapid advances

in the Engineering Field.

Volume 1, Issue 2, , includes the following ,

1. Sustainable Landscape Reclamation of Granite Quarries: Environmental Impacts, Restoration
Strategies, and Strategic Study Analysis from Guntur, India

2. Expert Interview with Michael Maenelli, Chairman of Z/Yen , President of London Chamber of
Commerce , former Lord Mayor of London

I invite you to network with JETET through our Social Media Networking page on LinkedIn by joining the
JETET Group on LinkedIn.

Our LinkedIn Group, JETET can be found here
LinkedIn

Our Website is https://www.journalofengineering-themedenvironmentaltourism.org

Here you can find our Call for Papers and our Author Guidelines.

Subscribe to our YouTube Channel



https://www.linkedin.com/groups/12793146
https://www.linkedin.com/groups/12793146
https://www.journalofengineering-themedenvironmentaltourism.org/
https://youtube.com/@jetet-journal?si=TtAkZIBIS-p0gLXy
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Our contact details are also available on our website, and we have a dedicated page on the website of Faith
Conglomerate Limited

https://www.fcl-uk.com/jetet

We are continuously building our Editorial Board, so if you are interested in volunteering on our Editorial
Board, please contact us. We accept Academia ,Students, Researchers and Seasoned Experts to our Editorial
Board.

We invite both local and international Researchers, Industry Experts, Practitioners , PhD Candidates and
Undergraduates with relevant experience in Tourism , Engineering and Sustainability and Space and Astro-
Travel , to publish their relevant research papers, articles or opinion pieces in our Journal.

We welcome Sponsorship Proposals for future Publications from parties relevant to our areas of interest.
JETET is published by Faith Conglomerate Limited, UK and is an e-Journal.

I really hope you enjoy reading Volume 1, Issue 2 and welcome feedback

Yours,
ghemi,
editer-Qm-Chief


https://www.fcl-uk.com/jetet
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Sustainable Landscape Reclamation of Granite

Quarries: Environmental Impacts, Restoration
Strategies, and Strategic Study Analysis from Guntur,
India

Surendra Babu Gantenapati Lavanya Vemula
Bowling Green State University University of North Carolina at Charlotte
Bowling Green, Ohio, United States sbgantenapati@gmail.com Charlotte, NC, United States
https://orcid.org/0009-0008-4748-4248 ar.lavanya.v(@gmail.com

https://orcid.org/0009-0007-0182-1889

Abstract— Granite quarrying supplies essential construction materials but causes persistent changes to landform, soil,
vegetation, hydrology, biodiversity, and landscape character. This study develops an integrated framework for sustainable quarry
reclamation by combining a structured narrative review with an illustrative spatial case study of a granite quarry landscape in
Guntur District, Andhra Pradesh, India. The review synthesizes evidence concerning mine-land disturbance, slope stabilization,
soil rehabilitation, revegetation, water management, and post-quarry adaptive reuse. The case study integrates field observations
and geographic information system analysis of topography, relief, slope, drainage, soil conditions, land use, vegetation indices,
and potential surface-water features. Unlike traditional reclamation approaches that often treat engineering stabilization, soil
treatment, and revegetation as separate closure measures, the proposed framework connects environmental diagnosis, spatial-
priority zoning, ecological restoration, community-oriented ecotourism, and long-term performance monitoring within an
adaptive sequence. The findings demonstrate that effective reclamation cannot be reduced to planting or site beautification alone.
Stable landform design, runoff and sediment control, recovery or reconstruction of growth media, staged establishment of native
vegetation, and a feasible post-quarry use must be planned as coordinated interventions. The Guntur case demonstrates how steep
quarry faces, disconnected drainage, exposed rock, waste deposits, and localized water accumulation constrain restoration, while
remnant vegetation, surrounding agricultural land, and pit-water storage provide opportunities for ecological recovery,
environmental education, and controlled ecotourism. A five-phase framework is proposed comprising site assessment and
planning, stabilization and risk control, hydrological and soil recovery, ecological restoration, and ecotourism development with
adaptive monitoring. The study contributes a transferable strategic planning structure for landscape architects, quarry operators,

regulators, and communities addressing abandoned or closing hard-rock quarries.
Keywords—Granite quarrying; mine reclamation; ecological restoration; revegetation; slope stabilization; GIS; post-mining land use
Acronym—Digital Elevation Model (DEM), Geographic Information System (GIS), Universal Transverse Mercator (UTM), World Geodetic System 1984 (WGS 84), European
Petroleum Survey Group (EPSG) code, Linear Imaging Self-Scanning Sensor III (LISS-1II), Land Use / Land Cover (LULC), Environmental Impact Assessment (EIA), Mines and
Minerals (Development and Regulation) (MMDR) Act, District Mineral Foundation (DMF), State Environment Impact Assessment Authority (SEIAA), Andhra Pradesh Pollution
Control Board (APPCB), Ministry of Environment, Forest and Climate Change (MoEFCC), Key Performance Indicator (KPI), National Remote Sensing Centre (NRSC), Indian Space
Research Organisation (ISRO), Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index (NDWI)

I. INTRODUCTION
Mineral extraction is fundamental to construction and infrastructure development, yet surface mining produces some of the
most visible and persistent transformations of terrestrial landscapes. Granite quarrying removes vegetation and topsoil, fragments
rock through drilling and blasting, creates benches and steep pit walls, deposits waste material, alters drainage pathways, and
generates dust, noise, and traffic. Although dimension-stone operations may produce fewer processing emissions than some other
forms of mineral extraction, their cumulative effects on habitat, landform, hydrology, and landscape character can be substantial

when closure and reclamation are delayed or inadequately funded (Ashmole and Motloung, 2008; Worlanyo and Jiangfeng,
2021).

The reclamation challenge is not simply to conceal or revegetate an abandoned excavation. A quarry functions as a coupled
landscape system in which geomorphology, soil, water, vegetation, biodiversity, public safety, community needs, and future land
use interact. Steep slopes restrict soil retention and planting; disrupted drainage accelerates erosion and sediment transport; poor
growth media limit vegetation establishment; contaminated or inadequately managed pit water constrains reuse; and an
unrealistic post quarry program can undermine long-term maintenance. Effective reclamation therefore requires a coordinated
sequence of engineering, ecological, hydrological, and spatial-planning decisions rather than a single treatment applied at closure
(Gray and Sotir, 1996; Lottermoser, 2010).

Previous mine-restoration research has examined natural succession, technical reclamation, revegetation, and engineered
stabilization. Natural recovery can produce locally adapted plant communities but may proceed slowly on compacted, nutrient-
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poor, saline, or physically unstable substrates. Active interventions can accelerate stabilization but may fail when inappropriate
species, excessive grading, or uniform soil treatments disregard local site variability (Bradshaw, 1997; Tordoff et al., 2000;
Navarro-Ramos et al., 2022).

Traditional reclamation approaches have commonly emphasized regulatory closure, slope stabilization, soil replacement,
drainage control, and vegetation establishment. Although these measures are essential, they are frequently planned as separate
technical actions and may provide limited guidance for spatial prioritization, community participation, adaptive management,
and viable long-term land use. In particular, revegetation or site beautification alone may not resolve persistent safety,
hydrological, ecological, and management constraints.

In contrast, this study develops an integrated, phased, and performance-based framework that connects literature-based
evidence, field observations, GIS-based environmental diagnosis, engineering stabilization, hydrological and soil recovery,
ecological restoration, spatial-priority zoning, community-oriented ecotourism, and long-term monitoring. The framework treats
reclamation as an adaptive process in which monitoring can trigger renewed stabilization, drainage modification, soil treatment,
planting, or visitor management measures. Its contribution is therefore not a single restoration technique but a coordinated
planning structure linking environmental recovery with feasible post-quarry use.

This paper addresses the identified need through two connected components: a structured narrative review of international
reclamation principles and an illustrative spatial case study of a granite quarry landscape in Guntur District, Andhra Pradesh,
India. The study has four objectives: (1) identify the principal pathways through which granite quarrying affects landform, soil,
vegetation, hydrology, biodiversity, and landscape character; (2) compare engineering, hydrological, and ecological reclamation
measures; (3) integrate field observations and GIS-derived spatial evidence to identify restoration constraints and opportunities;
and (4) propose a phased framework linking stabilization, ecological recovery, spatial-priority zoning, community-oriented
ecotourism, and adaptive monitoring.

The proposed framework is intended as a strategic planning tool rather than a construction-ready landscape architectural or
engineering design. Detailed geotechnical, hydrogeological, ecological, contamination, visitor-capacity, and socioeconomic
investigations would therefore be required before site-level implementation.

II. MATERIALS AND METHODS

A. Research design

This study adopted a mixed-methods research design that integrates qualitative environmental assessment, Geographic
Information System (GIS)-based spatial analysis, field observations, and an extensive review of peer-reviewed literature to
develop a comprehensive framework for sustainable granite quarry reclamation. The research combines descriptive, analytical,
and case study approaches to evaluate the environmental impacts of granite quarrying and identify effective ecological restoration
strategies suitable for post-mining landscapes.

The study was structured around a representative granite quarry located near Phirangipuram, Guntur District, Andhra Pradesh,
India, selected because it exhibits the typical environmental conditions associated with abandoned hard-rock quarries, including
steep excavated slopes, exposed bedrock, waste rock dumps, disrupted drainage systems, degraded vegetation cover, and altered
landforms. This site provided an appropriate setting for investigating the interactions between quarry operations and the
surrounding ecological landscape.

A case study methodology was employed to examine site-specific environmental characteristics through the integration of
spatial datasets, topographic information, field documentation, and environmental observations. GIS-based analyses were used
to evaluate land-use patterns, topography, slope characteristics, relief, vegetation distribution, hydrological networks,
groundwater conditions, and flood susceptibility. These spatial datasets were interpreted collectively to identify environmentally
sensitive areas, restoration constraints, and opportunities for ecological rehabilitation.

To complement the spatial analysis, a structured narrative literature review was undertaken to synthesize current knowledge
on quarry reclamation, ecological restoration, slope stabilization, soil rehabilitation, revegetation, water management, and
sustainable post-mining land-use planning. Unlike a formal systematic review, the literature synthesis was designed to identify
established engineering and ecological restoration principles that could be integrated with the findings from the Guntur case
study. The reviewed literature was critically analyzed to compare international reclamation practices and assess their applicability
to granite quarry environments.

The research followed four sequential stages:

= Environmental baseline assessment, including site reconnaissance, field observations, and collection of spatial
datasets;
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. GIS-based spatial analysis to evaluate terrain characteristics, vegetation condition, hydrology, soil distribution,
and environmental constraints;

. Literature synthesis and comparative analysis to identify internationally recognized quarry reclamation
strategies and best management practices; and

. Development of an integrated reclamation framework combining engineering stabilization measures,
ecological restoration principles, landscape planning, and adaptive post-mining land-use strategies.

This integrated research design enabled the study to evaluate environmental degradation from multiple perspectives while
developing a practical, science-based reclamation framework that can be adapted to similar granite quarry landscapes worldwide.
The approach also supports sustainable mine closure planning by integrating engineering, ecological, and landscape architectural
principles within a unified decision-making framework

B. Framework

The evidence base comprises publications on dimension-stone environmental management, post-mining land use, mine-waste
rehabilitation, active revegetation, slope bioengineering, soil salinity and alkalinity, hydrological disturbance, and quarry
adaptive reuse. They directly informed at least one of five analytical themes: disturbance pathways, landform stability, soil and
growth-media rehabilitation, vegetation establishment, or post-mining use. Foundational books and peer-reviewed articles were
used alongside an industry proceedings paper where it provided quarry-specific operational context. The synthesis distinguishes
findings supported by published literature from observations derived from the Guntur case material.

FLOW DIAGRAM 1: : BIOLOGICAL-TO-URBAN Al MAPPING ACROSS FIVE REFERENCE SYSTEMS
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The methodology integrates three complementary evidence sources: literature and policy review, field investigation, and GIS
based spatial analysis. The literature review identifies established quarry-reclamation practices, comparable case studies, relevant
scientific evidence, and government requirements. Field investigation records existing vegetation, water conditions, exposed
rock surfaces, access, safety hazards, surrounding land uses, and community priorities. GIS and remote-sensing analysis
evaluates elevation, slope, drainage, vegetation condition, potential surface water, land use, and site accessibility.

The two evidence streams are consolidated into an integrated database and used to diagnose environmental constraints and
opportunities. The results inform spatial-priority zoning for ecological restoration, safety and restricted areas, and controlled
ecotourism and interpretation. These zones guide the five-phase reclamation framework covering assessment, stabilization,
hydrological and soil recovery, ecological restoration, and ecotourism development. Monitoring provides feedback for adaptive
management and may trigger renewed stabilization, drainage improvement, soil treatment, planting, or visitor-control measures.

B.1 Indian Government Policy Context Through 2026

As of August 2026, quarry reclamation in India is governed by a combination of central environmental legislation, national
restoration policies, state mineral rules, environmental-clearance conditions, and District Mineral Foundation programmes.

At the central level, the Mines and Minerals (Development and Regulation) Act, 1957 remains the principal mineral-
governance legislation. The MM DR Amendment Act, 2025 expanded provisions relating to mineral exploration and development
but did not replace existing environmental-clearance or mine-closure requirements (Ministry of Mines Annual Report 2025-26).
Environmental appraisal continues under the EIA Notification, 2006, as amended, which requires prior environmental clearance
for mining projects and categorises projects for central- or state-level appraisal (EIA Notification Compendium).
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The National Action Programme to Combat Desertification, updated in 2023, supports India’s commitment to restore 26
million hectares of degraded land by 2030. Quarry reclamation contributes to this objective through soil recovery, erosion control,
vegetation establishment, and restoration of ecosystem functions (MoEFCC, 2023).

The Green Credit Rules, 2023, followed by the tree-plantation methodology issued in 2024, introduced incentives for
plantation on identified degraded lands. However, green credits are based mainly on verified tree establishment and should not
be considered a substitute for mandatory quarry reclamation, native biodiversity recovery, soil development, water management,
or long-term vegetation survival (MoEFCC, 2024).

India’s updated National Biodiversity Strategy and Action Plan, released in 2024, promotes ecosystem-based restoration,
recovery of degraded landscapes, community participation, biodiversity conservation, and coordination among government
institutions. This supports a quarry-reclamation approach based on native ecosystems rather than plantation numbers alone (PIB—
MoEFCC, 2024).

The revised Pradhan Mantri Khanij Kshetra Kalyan Yojana guidelines issued in January 2024 strengthened the use of District
Mineral Foundation funds in mining-affected areas. Environmental preservation, pollution control, water management, health,
livelihoods, and community development are identified as priority areas. At least 70% of DMF expenditure is directed toward
directly affected areas and high-priority sectors (Ministry of Mines, 2024). These funds could support drainage restoration, dust
control, waterbody improvement, native planting, and community amenities around Phirangipuram.

The State Mining Index and Mining-Sector Reform Guidelines introduced during 2024-2026 encourage states to establish
progressive and final closure plans, financial assurance, mine-closure monitoring, environmental star ratings, water conservation,
waste management, and inspection systems for minor-mineral mines. These guidelines represent national policy direction and
incentives for state reform; they should not be described as standalone statutory closure requirements (Ministry of Mines, 2025).

At the Andhra Pradesh level, granite, building stone, and road metal are regulated as minor minerals. Quarry leases continue
to be administered under the Andhra Pradesh Minor Mineral Concession Rules, 1966, as amended. These rules operate together
with approved mining plans, progressive mine-closure plans, lease conditions, and inspections by the Department of Mines and
Geology (Andhra Pradesh Mines and Geology).

Environmental clearance is processed through SEIAA Andhra Pradesh, while the Andhra Pradesh Pollution Control Board
administers applicable consent and pollution-control requirements. Recent 2026 EIA documents for Andhra Pradesh granite
quarries continue to require operation according to approved mining and progressive mine-closure plans (APPCB, 2026).

The Andhra Pradesh District Mineral Foundation Rules also provide a mechanism for addressing environmental and
community impacts in mining-affected areas. Leaseholders of major and minor minerals contribute to DMF funds, which may
be used for water supply, mine drainage, pollution prevention, environmental restoration, and community infrastructure
(Government of Andhra Pradesh DMF).

The Andhra Pradesh New Sand Policy, 2024 should not be cited as a controlling policy for the Phirangipuram granite quarry
because it specifically addresses sand extraction. The relevant state framework consists of the minor-mineral concession rules,
approved mining and closure plans, environmental-clearance conditions, APPCB requirements, and DMF provisions.

Overall, the 2023-2026 policy direction moves beyond simple end-of-lease plantation toward progressive reclamation,
financial responsibility, quantitative monitoring, biodiversity recovery, water conservation, and community participation. The
proposed Phirangipuram framework aligns with this direction by combining GIS-based terrain analysis, soil reconstruction,
drainage restoration, native vegetation, assisted natural regeneration, field validation, and long-term monitoring.

II1. QUARRY DISTURBANCE PROCESSES

A. Operational sequence and disturbance pathways

Granite extraction typically progresses from site clearance and overburden removal to drilling, blasting or cutting, loading,
haulage, processing, and waste placement. Environmental effects accumulate across these stages. Vegetation clearance removes
habitat and exposes soil; overburden stripping eliminates the most biologically active growth medium; blasting creates fractured
faces and vibration; traffic produces dust and compaction; and uncontrolled waste placement modifies surface runoff. Closure
planning is most effective when topsoil conservation, drainage, progressive bench treatment, and final landform design begin
during operation rather than after extraction ends (Hartman and Mutmansky, 2002).
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Flow Diagram 2: GENERALIZED SEQUENCE OF MINING AND QUARRYING ACTIVITIES AND THEIR PRINCIPAL DISTURBANCE PATHWAYS.
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TABLE L.

QUARRY PHASES, DISTURBANCES, AND CORRESPONDING RECLAMATION CONSIDERATIONS.

Phase

Primary Disturbance

Reclamation Implication

Site preparation

Vegetation removal and topsoil stripping

Survey baseline conditions; salvage and separately store
viable topsoil.

Extraction

Benches, pit walls, vibration, exposed rock

Design final slopes progressively; map discontinuities and
unstable blocks.

Material handling

Dust, traffic, compaction, spills

Control dust and runoff; designate service and spill-
response areas.

Waste placement

Dump instability, erosion, drainage obstruction

Engineer dump geometry; segregate potentially useful
growth media.

Closure

Residual hazards and abandoned infrastructure

Remove hazards; establish drainage, vegetation, access
control, and monitoring.

ISSN 2979-1995




Journal of Engineering-Themed Environmental Tourism(JETET)|Vol. 1 | Issue 2 | September 2026 ISSN 2979-1995

B. Interacting landscape elements

Landform, soil, vegetation, and water should be assessed as an integrated system. Benches and pit walls control runoff and
access; loose soil and waste deposits determine erosion potential; vegetation influences surface protection and habitat; and pit
geometry controls water storage and overflow. Changes to any one component affect the others. For example, placing soil on an
excessively steep face is unlikely to succeed, while planting below an uncontrolled drainage outlet may expose young vegetation
to scour. Figure 1 identifies common quarry elements that should be mapped before reclamation design.

Fig. 1. landscape elements in an open quarry, including pit crest, benches, haul roads, waste deposits, exposed rock, loose soil, vegetation, and water accumulation.

LANDSCAPE ELEMENTS IN QUARRY SITE

- { Vegetation

P

§ Rain water stream
- r %

TABLEII. PRINCIPAL ENVIRONMENT AL EFFECTS AND RESPO  NSE PRIORITIES .
Environmental Typical impact Priority response
component
Landform Pits, benches, steep faces, unstable dumps Geotechnical assessment, grading, scaling,
access.
Soil Topsoil loss, compaction, low organic matter, Characterization, amendment, erosion control,
salinity or alkalinity reconstructed growth medium.
Water Drainage interruption, sediment, ponding, possible Source control, clean/dirty water separation, sediment
hydrocarbons treatment, water-quality testing.
Vegetation and habitat Clearance, fragmentation, invasive colonization
Protect remnants; use staged native revegetation and habitat
connectivity.
Community and Dust, noise, visual exposure, loss of productive Buffering, safe access, compatible reuse, stakeholder

landscape land participation.
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IV. CASE-STUDY EVIDENCE AND INTERPRETATION

The study was conducted using a representative granite quarry located near Phirangipuram, Guntur District, Andhra Pradesh,
India, selected due to its typical hard-rock quarry characteristics and the presence of significant post-mining environmental
disturbances. The site provides a suitable case for examining the ecological and physical impacts of granite extraction and
evaluating sustainable reclamation strategies applicable to abandoned and inactive quarry landscapes.

The case study integrated multiple sources of evidence, including Geographic Information System (GIS) datasets, field
observations, photographic documentation, topographic maps, and environmental resource maps developed during the original
landscape planning investigation. Spatial datasets comprised land-use and land-cover maps, digital elevation models (DEM),
slope and relief analyses, soil classification, drainage networks, groundwater distribution, flood susceptibility, and vegetation
indices. These datasets were analyzed collectively to understand the interactions among terrain characteristics, hydrological
processes, vegetation patterns, and anthropogenic disturbances resulting from quarrying activities.

Field investigations were undertaken to verify spatial observations and document site-specific environmental conditions,
including quarry benches, exposed rock surfaces, waste rock dumps, remnant vegetation, erosion features, surface water
accumulation, access roads, and disturbed landforms. These observations provided essential qualitative evidence for validating
GIS interpretations and identifying environmental constraints that could not be fully captured through spatial datasets alone.

The interpretation of the case study followed a systematic environmental assessment framework consisting of five analytical
stages:

. Landform Assessment — Evaluation of quarry morphology, slope gradients, relief characteristics, and
geotechnical stability to identify areas requiring stabilization and safe landform reconstruction.

- Hydrological Assessment — Analysis of natural drainage patterns, runoff pathways, groundwater conditions,
seasonal water accumulation, and flood-prone areas to determine suitable water management and erosion control
measures.

. Soil and Vegetation Assessment — Examination of soil conditions, vegetation distribution, natural regeneration
potential, and degraded surfaces requiring ecological restoration and soil rehabilitation.

= Environmental Risk Assessment — Identification of environmental hazards, including unstable quarry faces,
erosion-prone slopes, sediment transport, habitat fragmentation, and potential impacts on adjacent agricultural land and
surrounding ecosystems.

. Reclamation Suitability Assessment — Integration of spatial and field-based information to delineate restoration
zones and recommend appropriate engineering, ecological, and landscape interventions based on site capability and
long-term sustainability.

The spatial analyses were interpreted using GIS as a decision-support tool rather than as standalone predictive models.
Consequently, the generated maps served to identify restoration priorities, environmental constraints, and opportunities for
adaptive land use rather than to produce definitive engineering designs. Site-specific implementation would require
supplementary geotechnical investigations, hydrogeological studies, soil testing, ecological inventories, and detailed engineering
assessments before reclamation measures could be executed.

The integration of GIS-based spatial analysis with field observations enabled a comprehensive understanding of the
environmental processes influencing quarry degradation and recovery. This approach facilitated the development of a
scientifically informed reclamation framework that combines engineering stabilization, ecological restoration, sustainable water
management, and landscape planning to support long-term environmental resilience and productive post-mining land use.

A. Case-Study Evidence 1: Restoration of Timba Basalt Quarry, Gujarat

Timba Quarry is a significant Indian example of restoring a degraded hard-rock quarry through assisted natural regeneration.

Located approximately 110 km southeast of Ahmedabad in the Pavagadh basalt, the 41-ha site contained excavations 15-20 m
deep (Rao, 2014).
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Between 1977 and 1985, Prabhakar B. Bhagwat and Associates replaced a proposed eucalyptus and Leucaena leucocephala
monoculture with an ecological strategy based on soil, hydrology, topography and native vegetation. Topsoil and organic matter
were spread over exposed basalt, followed by grasses, ground covers, shrubs and trees. Existing contours retained runoff and
helped create a quarry water body. Human intervention was gradually reduced to allow natural succession.

Within approximately eight years, the quarry developed into a largely self-sustaining woodland and wetland ecosystem
supporting diverse wildlife, including around 140 bird species annually. Timba demonstrates the importance of restoring soil and
hydrological processes and establishing pioneer vegetation. However, differences in geology, climate and native species require
locally adapted measures at Phirangipuram. Limited quantitative monitoring also means that Timba should be treated as a
restoration precedent rather than definitive experimental evidence.

Landscape Architect: Prof. Prabhakar B. Bhagwat
Firm: Prabhakar B. Bhagwat & Associates, Ahmedabad
Restoration Period: 1977-1985

B. Case-Study Evidence 2: Wetland Restoration of Black Rock Sanctuary, Pennsylvania

Black Rock Sanctuary demonstrates the transformation of a degraded industrial site into a wetland habitat and environmental
education park. Located in Phoenixville, Pennsylvania, the 120-acre former coal-silt basin was restored by KMS Design Group
and completed in 2010.

Following environmental testing, more than 12,000 cubic yards of coal silt were removed and recycled. Grading created
deepwater wetlands, shallow pools, nesting islands and vernal pools. The project created 27 acres of wetlands, improved another
19 acres and established native meadows, biofiltration cells, vegetated swales and a rain garden. Invasive species were replaced
with native plants, and a 0.8-mile accessible interpretive trail supported recreation and education.

Recorded bird species increased from 63 in 2004 to 100 in 2011, while annual visitation rose from approximately 10,000 to
34,414 visitors. Relevant strategies for Phirangipuram include environmental testing, wetland creation, vegetated runoff
treatment, invasive species control and interpretive trails. However, these measures must be adapted to Phirangipuram’s granite
geology, seasonal water availability and drier climate.

Landscape Architect: KMS Design Group, LLC
Completion: 2010

C. Case-Study Evidence 3: Restoration of Ramco s Old Limestone Quarries, Tamil Nadu

Ramco’s Pandalgudi project is a recent Indian example of converting exhausted limestone quarries into native forest, wildlife
habitat and a recreational eco-park. Located in Virudhunagar District, Tamil Nadu, the project was developed by Ramco Cements
in collaboration with Auroville Botanical Gardens.

Restoration began in November 2018 with the removal of invasive Prosopis juliflora, reshaping of waste-rock piles and
protection of existing ponds, rock formations and mature trees. Pioneer and native species were planted using Miyawaki and
conventional restoration methods. The project also introduced ponds, streams, pathways, cycle tracks and an environmental-
education centre.

By mid-2021, more than 220,000 trees and shrubs representing approximately 140 native varieties had been planted. The
project expanded from about 65 acres to approximately 350—400 acres by 2023-2024. Relevant strategies for Phirangipuram
include invasive-species removal, waste-rock stabilization, water-body conservation and phased native planting. However,
differences between limestone and granite, along with the project’s intensive planting and corporate funding, limit direct
comparison. Because available information is primarily supplied by the project organizations, it should be treated as a
documented precedent rather than independently verified evidence.

Client: Ramco Cements Limited

Restoration Consultant: Auroville Botanical Gardens

Restoration Commencement: November 2018

Eco-Park Inauguration: March 2022
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D. Case-Study Evidence 4: Artistic Transformation of Butchart Gardens, Canada

ISSN 2979-1995

Butchart Gardens illustrates the artistic and horticultural reuse of an abandoned limestone quarry. Located at Tod Inlet on
Vancouver Island, the quarry formerly supplied limestone to Robert Butchart’s cement plant.

Beginning in the early twentieth century, Jennie Butchart introduced topsoil across the quarry floor and benches while
retaining the quarry walls, central limestone mound and level changes as landscape features. The 5-acre Sunken Garden was
developed with winding paths, viewpoints, flower beds, trees and water features. The larger property later incorporated Japanese,
Italian and Rose gardens as distinct outdoor spaces.

The 55-acre property was designated a National Historic Site of Canada in 2004. Its transferable strategies include retaining
quarry walls, using elevation changes for viewpoints and organizing visitor movement through sequential spaces. However, its
ornamental planting, intensive maintenance and humid climate limit direct application. At Phirangipuram, artistic reuse should
instead be combined with native vegetation, water conservation and ecological succession.

Creator: Jennie Butchart
Japanese Garden Designer: Isaburo Kishida
Development Period: 1904-1939
Historic Designation: National Historic Site of Canada, 2004

TABLE III.

PRINCIPAL ENVIRONMENTAL EFFECTS AND RESPONSE PRIORITIES. COMPARATIVE ANALYSIS OF CASE STUDIES

Comparative Quarry Reclamation Case Studies

Transcribed from the supplied image and lightly proofread for spelling, capitalization, and readability. Substantive values were preserved.

Name Duration  Area Location Vegetation Issues Before Site Method Used For Amenities Benefits
Redevelopment Advantages  Reclamation Provided
Basalt 8 years 41 ha/ 15— Timba, Tropical dry ~ Poor vegetation ~ Contours  Natural succession  Native planting A nz}tural
Quarry 20 m Gujarat deciduous growth and and a quarry and development of a and water environment
woodland disturbance of the pitneara  self-sustaining diversion. supporting
natural ecological river. ecosystem. flora and fauna.
environment.
Black 55 years 120acres United States Temperate Coal mining Closetoa Restoration by filling Wetland trails,  Improved ecology
Rock (48.6 ha) wetland and ~ caused soil river. the site with silt birdwatching  and supported
Sanctuary Not native meadow contamination, formed in the decks, bird-watching
reported toxins and heavy Schuylkill River and rain gardens,
metals, removing toxic and
biodiversity loss, materials from the silt. butterfly and tourism
and river pollution. gardens development.
Ramco' s Under Initially 65 Tamil Nadu Tropical dry  Limestone Natural A combined Site grading, A  recreational
Old process  acres to evergreen quarries ponds nature-and human paths, ponds, place for local
Limes}one 350-400 and thorn- containing rocks, within oriented approach tree planting, communities.
Quarries acres / Not scrub rubble, and deep through and
reported vegetation thorny species. quarry development of a interpretation
areas. recreational forest.
Butchart 18 years 55 acres Brentwood = Temperate An exhausted Closetoa Jennie Butchart Themed Ecological
Gardens Not Bay, British  rnamental limestone quarry. — river. planned an artistic gardens, development,
reported  Columbia,  gyrden transformation to seasonal educational
Canada vegetation create beauty within events, opportunities, and
recreation, cultural

the large exhausted
pit.

dining, tours,
and educational
activities

entertainment
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V. INTEGRATED RECLAMATION STRATEGIES

A. Landform and slope stabilisation

Slope safety is the first condition for ecological restoration and public reuse. Quarry slopes may consist of intact rock faces,
jointed benches, loose colluvium, or unconsolidated waste; each requires a different treatment. Scaling, trim blasting, rock bolts,
dowels, mesh, buttresses, drainage, and retaining structures can reduce immediate hazards. Bioengineering measures—Ilive
staking, brush layering, coir systems, erosion-control blankets, and deep-rooted vegetation—are more appropriate where a stable
soil mantle can be established. Engineering and ecological measures are complementary: structural interventions address acute
instability, while vegetation and surface-water control improve long-term resistance to erosion (Gray and Sotir, 1996; Wang et
al., 2018).

Uniform slope angles should not be prescribed without geotechnical evidence. Gentle regraded slopes support soil retention
and maintenance, but competent rock faces may be retained when setbacks, rockfall controls, and access restrictions are provided.
Final landforms should also avoid long, planar surfaces that concentrate runoff and appear artificial. Benches, concave
transitions, varied contours, and stable drainage outlets help integrate the quarry with surrounding terrain.

TABLE IV. COMPARISON OF SLOPE-STABILIZATION APPROACHES.

Method Best application Key limitation
Scaling/trim blasting Loose blocks and hazardous overhangs Requires specialist design; may
create additional debris.
Rock bolts, dowels, mesh Jointed rock requiring reinforcement or rockfall Cost, access, corrosion protection, and visual
control effects.
Regrading and buttressing Loose material, waste dumps, accessible slopes Large material movement and land take.
Surface/subsurface drainage Water-driven erosion or instability Requires maintained outlets and erosion
protection.
Bioengineering and revegetation Stable soil-covered slopes and drainage lines ~ Slow establishment; unsuitable as sole

treatment for structural instability.

B. Soil rehabilitation and growth-media design

Revegetation success depends on the physical and chemical quality of the rooting medium. Salvaged topsoil is valuable
because it contains organic matter, microorganisms, propagules, and locally adapted seed, but long stockpiling can reduce these
qualities. Where topsoil is absent, a reconstructed growth medium can combine suitable overburden, fine quarry material,
compost, mulch, or other tested amendments. Material must be assessed for texture, compaction, pH, salinity, nutrient
availability, metal content, and water-holding capacity before placement (Tordoff et al., 2000; Lottermoser, 2010, Talento, K.,
2025).

Alkaline or sodic conditions may require gypsum or other amendments, while saline areas depend primarily on drainage and
salt management (Rengasamy, 2006). Amendment rates should never be transferred directly from a generic guideline to a site
without laboratory testing. Deep ripping, roughening, contour placement, mulch, and temporary erosion controls improve
infiltration and reduce early soil loss. The objective is not merely to achieve short-term green cover but to establish a stable soil—
plant system capable of succession.

Monitoring should measure survival, ground cover, erosion, invasive species, soil condition, and habitat development
rather than relying only on the number of plants installed. Failed areas require diagnosis before replanting. Persistent
failure may indicate unstable substrate, inadequate drainage, unsuitable species, grazing, or insufficient maintenance
rather than a simple shortage of plants. Field studies of quarry revegetation similarly show that stabilized growth
media and site-appropriate establishment methods are prerequisites for durable cover (Zhang et al., 2017).
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Fig. 2. Vegetation conditions observed in disturbed quarry environments: remnant trees, spontaneous pioneer growth, vegetation in rock fissures, moisture
associated colonization, and contrasting vegetation patches. Source: field documentation.

C. Water management

Quarry pits can intercept runoff and, in some settings, groundwater. Water may become an asset for storage, habitat, irrigation
support, or recreation, but only after quantity, quality, seasonal behavior, and overflow risk are understood. Clean runoff should
be separated from water exposed to disturbed material or service areas. Sediment controls, energy dissipation, stable spillways,
and monitoring points should be integrated into the final landform because extraction-related channel disturbance can alter
erosion and sediment transport (Kondolf, 1997). Hydrocarbon contamination from equipment washing or maintenance requires
source control and remediation rather than dilution (Younger et al., 2002).

The Guntur material indicates marked seasonal groundwater conditions and dependence on monsoon rainfall and irrigation
canals. These patterns strengthen the case for designing reclamation around seasonal water movement rather than treating
drainage as a secondary detail.

Fig. 3. Groundwater and rainfall evidence used in the original assessment, including pre-monsoon and post-monsoon conditions. Source: Guntur Municipal
Corporation map

D. Adaptive reuse

Post-mining use should follow, not precede, an assessment of residual risk and landscape capacity. Potential outcomes include
ecological reserves, woodland, agriculture or agroforestry, water storage, research or education sites, trails, viewpoints, parks,
and carefully controlled development. Deep pits and unstable walls may favor restricted ecological or water-management uses,
whereas accessible, stable benches near settlements may support public programs. International examples demonstrate that
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quarry landscapes can become valuable community assets, but iconic adaptive reuse should not obscure the importance of long-
term safety, water management, access, and operating finance (Wang et al., 2018).

VI. GUNTUR-PHIRANGIPURAM CASE STUDY

A. Guntur setting

The case-study landscape lies within the Guntur, Andhra Pradesh, where agriculture, settlements, irrigation infrastructure,
and granite extraction coexist. The broader terrain contains productive agricultural soils and monsoon-dependent vegetation, but
quarry activity has introduced exposed rock, waste deposits, altered contours, and localized drainage interruption. Diagnosis is
important because reclamation performance depends on off-site water movement, seed sources, land-use compatibility, access,
and community practices as much as on conditions inside the lease boundary.

Fig. 4. Gunture planning evidence: land-use context, soil distribution, vegetation pattern, and topographic setting in the Guntur. Source: Guntur Municipal
Corporation map
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Fig. 5. Interpreted 1980-2023 landscape-change sequence showing vegetation clearance, quarry expansion, access development, waste accumulation, and pit
water formation. Source: author’s Google satellite image

The presentation reconstructs a 20002020 sequence in which the site changed from a vegetated hill or agricultural-edge
landscape to an increasingly cleared and excavated quarry with service access, expanding disturbed surfaces, waste accumulation,
and pit-water formation. The timeline is valuable because it demonstrates that degradation was progressive rather than
instantaneous. This supports progressive reclamation: areas no longer required for extraction should be stabilized during
operations, not deferred until final closure.
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Fig. 6. Visitors, Site survey conducted on site with the help of local peoples
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B. Geospatial Data Source and Analysis

Digital geospatial datasets were obtained from the Bhuvan Open EO Data Archive, maintained by the National Remote
Sensing Centre (NRSC), Indian Space Research Organisation (ISRO), Government of India, Hyderabad. The study area is centred
near Phirangipuram, Guntur District, Andhra Pradesh, at approximately 80.41916° E and 16.39533° N.

Terrain analysis was conducted using the CartoDEM 1-arc-second digital elevation model, with an approximate spatial
resolution of 30 m. Vegetation and surface-water conditions were examined using a Resourcesat-1 LISS-III scene acquired on
19 November 2011. The LISS-IIT sensor provides multispectral data at approximately 23.3 m spatial resolution. Red (Band 3)
and near-infrared (Band 4) bands were used to calculate the Normalized Difference Vegetation Index (NDVI), while green (Band
2) and shortwave infrared (Band 5) bands were used to calculate the Modified Normalized Difference Water Index (MNDWI).

Terrain analysis was conducted using the CartoDEM 1-arc-second digital elevation model, with an approximate spatial
resolution of 30 m. Vegetation and surface-water conditions were examined using a Resourcesat-1 LISS-III scene acquired on
19 November 2011. The LISS-III sensor provides multispectral data at approximately 23.3 m spatial resolution. Red (Band 3)
and near-infrared (Band 4) bands were used to calculate the Normalized Difference Vegetation Index (NDVI), while green (Band
2) and shortwave infrared (Band 5) bands were used to calculate the Modified Normalized Difference Water Index (MNDWI).

The source datasets were supplied in the WGS 84 geographic coordinate system (EPSG:4326). Before calculating distances,
areas, slopes, contours, and hydrological characteristics, all datasets were projected to WGS 84/UTM Zone 44N (EPSG:32644).
GIS processing was completed using [software name and version, such as QGIS 3]. Raster layers were clipped to the study
boundary and aligned to a common spatial extent. The original pixel resolution of each dataset was retained wherever possible.
Where raster alignment was required, bilinear interpolation was used for continuous data, such as elevation and spectral indices,
while nearest neighbour resampling was used for categorical LULC data.

The CartoDEM 30 m dataset was selected because it is an authoritative, freely accessible, nationally standardised elevation
product suitable for regional-scale terrain, drainage, slope, and watershed analysis in India. Its resolution is sufficient for
identifying general landform patterns, drainage directions, catchment relationships, and broad slope constraints relevant to
strategic quarry reclamation planning.

However, the 30 m DEM cannot reliably represent individual quarry benches, steep quarry faces, small drainage channels, or
detailed pit geometry. Therefore, DEM-derived elevations and drainage patterns were interpreted at the landscape-planning scale
and verified using a GPS Waypoints android mobile app survey.
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TABLE V. RECOMMENDED SATELLITE DATA
Required map Recommended satellite/data Files or bands required Spatial Resolution
Contour map CartoDem-1 arc Sec / Digital elevation model in GeoTIFF Approximately 30 m
CartoDEM Version format
Streams/drainage CartoDem-1 arc Sec / DEM used for flow direction and 30 m
CartoDEM Version accumulation
Vegetation/NDVI Resourcesat LISS-I11 Band 3—Red and Band 4—Near 233 m
Infrared
Water bodies Resourcesat LISS-III Band 2—Green and Band 5—SWIR 233 m
Land-use map Bhuvan SIS-DP Phase 2 NRSC thematic land-use dataset 1:10,000 mapping scale;
LULC source imagery

approximately 5.8 m

The inspected Resourcesat-1 LISS-III scene was acquired on 19 November 2011. The Bhuvan SIS-DP Phase 2
LULC dataset represents the 2018-2023 national mapping cycle. The specific acquisition date and publication period
of each dataset were recorded separately to avoid presenting the datasets as belonging to a single observation period.

C.1 Contour Generation

QGIS version 3.14 was used for raster preparation, visualization, and contour generation. Contours were generated from the

projected CartoDEM using a 10 m contour interval. Contour elevations were calculated as

[C_n=B-+nI) ]

where (C _n) is the contour elevation, (B) is the base contour, (I) is the contour interval, and (n) is an integer. With a base
contour

of 0 m and an interval of 10 m

[ C_n=0+(n) ]

This produced contours at 0, 10, 20, 30, 40, and 50 m, continuing throughout the elevation range. Because CartoDEM has an
approximate spatial resolution of 30 m, the contours were used for terrain interpretation rather than detailed engineering or quarry

bench design.

C.2 Stream and Drainage Delineation

Hydrological analysis was performed in ArcGIS Pro using the CartoDEM elevation raster. The DEM was hydrologically
conditioned using the Fill tool, followed by D8 Flow Direction and Flow Accumulation analyses. The contributing drainage area

was calculated as

[ A=(FA+1)C xC y ]

where (A) is the contributing drainage area, (FA) is the flow-accumulation value, and (C_x) and (C_y) are the raster-cell

dimensions. For a 30 m DEM

[ A=(FA+1) ]

Cells exceeding the selected flow accumulation threshold were classified as potential drainage channels. The resulting stream
network was converted into vector lines and compared with identifiable drainage features in the satellite imagery and Bhuvan

thematic data.

GPS point system using the gps point finding the msl of the particular place using Waypoints

C.3 Vegetation Analysis
Vegetation distribution was evaluated using the Normalized Difference Vegetation Index (NDVI). NDVI was calculated from

LISS-III Band 4, representing near infrared reflectance, and Band 3, representing red reflectance

[ NDVI= B4-B3/B4+B3 ]
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Higher positive values indicate comparatively denser or healthier vegetation, while values approaching zero or becoming
negative generally represent exposed rock, barren land, built surfaces, or water. The resulting NDVI raster was classified into
non vegetated, sparsely vegetated, moderately vegetated, and densely vegetated areas.

NDVI values below 0.00 represent water, shadows, or non-vegetated surfaces; values from 0.00 to 0.20 indicate bare rock,
quarry surfaces, or built-up land; values above 0.20 to 0.40 represent sparse vegetation; values above 0.40 to 0.60 indicate
moderate vegetation; and values above 0.60 represent dense vegetation.

C.4 Water Body Analysis

Surface water features were identified using the Modified Normalized Difference Water Index (MNDWI). The index was
calculated using LISS-III Band 2, representing green reflectance, and Band 5, representing shortwave infrared reflectance:

[ MNDWI= B2-B5/B2+BS5 ]

Positive MNDWI values were initially treated as potential water features. The classification threshold was subsequently
checked against visible water bodies and quarry shadows because shaded rock surfaces can produce spectral responses similar
to water.

All spatial outputs were clipped to the study area, checked for coordinate consistency, and prepared with standardised legends,
north arrows, scale bars, coordinate references, data source citations, and acquisition dates.

C.5 City and catchment-scale interpretation

The city scale maps indicate an agricultural and peri-urban matrix around the quarry landscape. Topographic and
hydrological patterns suggest that disturbed contours can redirect runoff toward low areas and the quarry pit. Vegetation-index
mapping distinguishes active vegetation from exposed or sparsely vegetated surfaces, while the flood layer identifies areas where
temporary water storage and controlled diversion may reduce impacts on cropland. Because map dates and accuracy statistics
are incomplete, these layers should guide field verification rather than serve as final design documentation.

Fig. 7. Topographic, Hydrology, Flood Map. Source : QGIS generated
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C. Topography Map

The topographic analysis indicates that the highest elevation within the study area is approximately 171 m above mean sea
level and corresponds to the granite quarry zone. The lowest elevation is approximately —34 m, primarily resulting from deep
excavation associated with quarrying activities. The map uses a contour interval of 5 m, clearly illustrating the substantial
elevation variation and altered terrain produced by mineral extraction.

D. Hydrology Map

The hydrological analysis shows that the terrain generally slopes toward the southeast, influencing the direction of surface-
water runoff. Water originating from the Krishna River is conveyed through the Nagarjuna Sagar Right Canal and distributed for
irrigation across the surrounding agricultural areas. The existing drainage pattern should be considered when developing quarry-
reclamation and stormwater-management strategies.

E. Flood Map

Flash flooding is a significant environmental concern within the study area, particularly during February and March, which
coincide with the cropping season. Inadequate drainage causes floodwater to accumulate in agricultural fields, resulting in crop
damage and adverse economic impacts on local farmers. An integrated stormwater-management plan could redirect excess runoff
into abandoned quarry pits for temporary storage. This strategy may reduce flooding in agricultural areas while supporting
groundwater recharge and the ecological reclamation of the quarry.

2015; Filho et al., 2022) identified persistent limitations: vendor lock-in, inadequate participation, and failure to address
climate resilience.

Fig. 8. City- and catchment-scale analysis: topography, normalized difference vegetation index, hydrology, and flood-related conditions. Source:. QGIS
generated
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F. Normalized Difference Vegetation Index (NDVI) Map

The Normalized Difference Vegetation Index (NDVI) is widely used to assess the distribution, density, and health of
vegetation based on the reflectance characteristics of plants at different wavelengths. NDVI values range from —1 to +1. Negative
values generally represent water bodies, while values close to zero (approximately —0.1 to +0.1) indicate barren surfaces such as
exposed rock, sand, or quarry areas. Low positive values between approximately 0.2 and 0.4 represent grasslands and shrub
vegetation, whereas higher values indicate dense and healthy vegetation.

The NDVI analysis shows that the study area is predominantly surrounded by agricultural land, with settlement areas
concentrated along one side of the quarry. The exposed quarry surfaces exhibit low NDVI values due to the absence of vegetation.
These spatial variations provide a baseline for identifying degraded areas and planning vegetation-based quarry reclamation.

VII. SITE-SCALE CONSTRAINTS AND OPPORTUNITIES

At the site scale, the quarry is characterized by a stepped excavation, exposed rock, localized steep faces, waste deposits,
sparse spontaneous vegetation, and water accumulation in lower areas. The relief and slope maps identify zones where direct
planting would be unreliable without stabilization or soil reconstruction. The site-level vegetation layer also shows that some
disturbed surfaces retain ecological recovery potential. These patterns support a zoned strategy: restricted stabilization areas at
hazardous faces, active soil and vegetation treatment on accessible slopes, water-management areas around the pit, and
conservation of remnant vegetation wherever it does not conflict with safety.

Fig. 9. Site-scale spatial analysis: topography, relief, slope,. Source: QGIS generated
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A. Contour Analysis

Before quarrying began, the site consisted of a hillock approximately 20 m high. Continuous extraction has substantially
altered the original landform, creating a stepped open pit that reaches approximately 15 m below the surrounding ground level.
Waste-rock dumps are also present but are proposed to be transported from the site. The depressed quarry floor collects surface
runoff, resulting in permanent or seasonal waterlogging and the formation of a pond.

Fig. 10. Site section

Existing Site Conditions along Section A-A’

Exposed quarry cliff Rock outcrop Unstable exposed soil Discarded equipment and Service road connecting
and deposited rock waste approximately 8 m high, layer on quarry slope vehicle waste within the the nearby village and
with scattered surface rock quarry site Kondaveedu Fort
Agricultural land 6 m-high rock-waste mound Quarry pit Water-collection pond Dense vegetation 9 m-wide service road

SECTION A-A'

B. Relief Map

The relief map demonstrates the substantial vertical transformation caused by quarrying. The site contains abrupt elevation
differences between the quarry rim, stepped excavation levels, waste-rock deposits, and the pit floor. Certain excavated faces
approach a 90° angle, creating potentially dangerous and unstable conditions. These areas require stabilization and controlled
grading as part of the reclamation strategy.

C. Slope Analysis

The slope analysis indicates that most of the site is relatively flat, with gradients of less than 5%. However, the quarry edges
and exposed rock faces contain extremely steep slopes, in approaching 90°. These steep faces present risks of rockfall, erosion,
and slope failure. Appropriate measures—including benching, slope stabilization, drainage control, safety barriers, and
vegetation establishment—are therefore required.

D. Hydrology Map

Quarrying has disturbed the natural contours and interrupted established surface-water flow paths in several parts of the site.
Excavation has also created new drainage channels that direct runoff toward the quarry pit, contributing to water accumulation.
Mechanical pumping and artificial diversion methods are currently used to manage this water. Future reclamation should restore
drainage continuity and integrate the quarry pond into a sustainable stormwater-management system.

The open pit covers approximately 1 ha (10,000 m?) and has an average depth of 10 m, providing a theoretical storage capacity
of approximately 100,000 m*. Based on an average seasonal rainfall of 18.5 cm (0.185 m), direct rainfall over the pit would
contribute approximately 1,850 m® of water per season. This represents approximately 1.85% of the pit’s theoretical capacity.
The actual stored volume would be lower because of evaporation, infiltration, seepage and overflow losses. Additional recharge
may occur through surface runoff from the surrounding catchment; however, this contribution requires catchment delineation
and site-specific runoff coefficients. Therefore, the pit should be considered a potential seasonal water-storage feature rather than
a confirmed permanent water source.
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Fig. 11. Site-scale spatial analysis: topography, relief, slope,. Source QGIS generated
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E. Normalized Difference Vegetation Index (NDVI)

The Normalized Difference Vegetation Index (NDVI) is an effective method for evaluating vegetation distribution, density,
and health based on the spectral reflectance characteristics of plants. NDVI values range from —1 to +1. Negative values generally
represent water bodies, while values close to zero (approximately —0.1 to +0.1) indicate barren surfaces such as exposed rock,
sand, and quarry areas. Low positive values between approximately 0.2 and 0.4 represent grasslands and shrubs, whereas higher
values indicate dense and healthy vegetation.

The NDVI analysis shows that the quarry contains extensive exposed and sparsely vegetated surfaces. The surrounding
landscape is predominantly agricultural, while settlement areas are concentrated along one side of the site. This spatial pattern
provides a baseline for identifying degraded zones and selecting priority areas for vegetation-based reclamation.

F. Plant Species Identified on the Site

Field observations identified the following tree and palm species within and around the quarry site: Acacia nilotica ,

Azadirachta indica , Tamarindus indica , Ficus religiosa , Phoenix sylvestris , Borassus flabellifer

These locally established species demonstrate their adaptability to the site’s climatic and soil conditions and may inform
species selection for ecological restoration.

G. Crops Identified
The agricultural areas surrounding the quarry primarily contain the following crops and cultivated species : Guava (Psidium
guajava) , Cotton (Gossypium spp.) , Rice (Oryza sativa)

The presence of these crops highlights the importance of controlling quarry runoff, sediment movement, dust, and flooding
to protect surrounding agricultural productivity.
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Fig. 12. Selected field conditions at the quarry: exposed and fractured rock, waste piles, remnant vegetation, access routes, and disturbed surfaces. Source: field
photographs.

TABLE VI. CASE -STUDY DIAGNOSIS AND

RECOMMENDED RESPONSE .

ol 1 liti

Risk or limitation
Steep and fractured quarry faces

Rockfall and limited planting access

Reclamation Response
Geotechnical mapping, scaling or
reinforcement, setbacks, restricted

access.

Waste rock and scattered debris Characterise and reuse suitable material;

Instability, poor visual quality, blocked

drainage remove debris; regrade stable landforms.
Sparse soil and exposed rock Low water retention and limited rooting  Create planting pockets or reconstructed
depth

growth media only on stable surfaces.
Survey, protect, and use as seed and
habitat reference.
Seasonal water balance, quality testing,
stable spillway, and defined end use.
Buffers, clean-water diversion,

stakeholder consultation, compatible
reuse.

Remnant native vegetation Potential damage during earthworks

Pit-water accumulation Water-quality and overflow uncertainty

Agricultural surroundings Dust, runoff, and land-use conflict
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TABLE VII. DIGITAL DATA ANALYSIS
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buffer green belt
noise and sound
visual few view are spefied

VII. PROPOSED RECLAMATION FRAMEWORK FOR ECO TOURISM

The evidence supports a five-phase framework in which each phase establishes the conditions required by the next. The
sequence is iterative: monitoring can trigger renewed stabilization, soil treatment, or planting. The framework is intentionally
performance-based so that treatments can be adapted to geology, climate, regulation, land ownership, and community priorities.
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Flow Diagram 3: GENERALIZED SEQUENCE OF MINING AND QUARRYING ACTIVITIES AND THEIR PRINCIPAL DISTURBANCE PATHWAYS.
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TABLE VIII. PHASED RECLAMATION AND PERFORMANCE FRAMEWORK.
Phased Quarry-Reclamation Action Matrix
Regional-Level Measures
Water Connections Site Visual, Noise and Pollution Community Motivation
Boundary
Reconstruct disconnected Install Use phased planting to reduce visual, noise Educate the Involve local Support tourism
drainage channels. Boundary. and pollution impacts. Public. communities.  development.
safety
measures and Signage.
Divert water toward the site. Establish Implement beautification and functional Coordinate Engage Promote the site to
Maintain waterlogged areas visual and landscape measures. noise-buffer through local farmers and leaders.  regular visitors.
and drainage channels. planting. students.
Site-Level Measures
Engineering Measures Vegetative Measures Tourism
Stabilize Divert water; Implement Construct retaining ~ Apply Plant Retain Provide Divert water; construct
artificial construct site-safety walls where traditional shade- compatible planting channels and install
slopes; channels and measures. necessary. mixed- tolerant pioneer activities, geomembranes where
install install cropping species weeds and student required.
barriers, geomembranes methods. argupd ground involvement cover. and
gates and where existing walking
signage. required. vegetation. trails.
Manage visitor inflow Vegetative measures
Provide Create spaces Shape Establish a plant Increase Introduce Use Allow productive naturalProvide play equipment
play for different exposed rock nursery. surfaces tree cover.  locally species that succession and visitor facilities.
equipment activities. for suitable can benefit with
?I}d safe use and interpretation. species minimal local disturbance.
visitor that communities.
facilities. support
wildlife

habitat.
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The abandoned granite quarry into a multifunctional landscape organized around four components: vegetation, safety, activities,
and art. Ecological restoration includes native planting, peripheral vegetation buffers, wetland vegetation, agroforestry, and an
onsite nursery supported by local participation. Safety measures include slope stabilization, hazard-zone identification, protective
barriers, signage, road-safety improvements, and buffers around utility infrastructure. Low-impact visitor activities include
walking trails, bird-watching decks, picnic and educational areas, controlled rock climbing, rope walks, nature camping, and
community planting programs. Quarry waste rock and reusable metal materials are proposed for landscape art, interpretive
installations, seating, and culturally oriented event spaces. Together, these interventions support biodiversity recovery,
environmental education, community involvement, and local economic opportunities while retaining the quarry’s geological and
cultural identity.

Fig. 13. Selected field conditions at the quarry: exposed and fractured rock, waste piles, remnant vegetation, access routes, and disturbed surfaces. Source: field

photographs.
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IX. DISCUSSION

A. From Visual Repair to Landscape Performance

A central finding of this study is that quarry reclamation should be evaluated through environmental and social performance
rather than visual appearance alone. Vegetation may visually soften a disturbed site while leaving unstable slopes, contaminated
water, erosion, or failing drainage unresolved. Conversely, a stabilized rock face or functioning stormwater basin may initially
appear less “green” but provide an essential foundation for long-term ecological recovery and safe public use. Reclamation
performance should therefore be evaluated using transferable criteria, including slope stability, erosion and sediment control,
water quality, soil function, vegetation establishment, habitat connectivity, visitor safety, community benefit, and long-term
stewardship.
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For an ecotourism-oriented quarry, visual improvement should be treated as one outcome of environmental recovery rather
than its primary objective. Trails, viewing platforms, climbing areas, camping facilities, and cultural spaces should be introduced
only after geotechnical hazards, drainage problems, and ecological sensitivities have been adequately addressed.

B. Progressive Reclamation and Circular Use of Materials

Progressive reclamation reduces the area remaining untreated at closure and enables operators to evaluate and refine
restoration methods while equipment, materials, and technical expertise remain available. Topsoil, suitable overburden, stone
fines, and waste rock may serve as reclamation resources when properly characterized, segregated, stored, and placed.

This circular approach can reduce material-import requirements, transportation impacts, and waste-disposal volumes. Waste
rock may also be used for drainage structures, slope stabilization, trails, seating, landscape art, and interpretive features. However,
reuse must be governed by geotechnical, hydrological, and environmental suitability. Materials should not be incorporated into
the reclaimed landscape solely because they are locally available. Their physical stability, drainage behavior, potential
contamination, and compatibility with vegetation establishment must first be evaluated.

C. Governance and Community Participation

A technically credible reclamation plan may still fail if land ownership, maintenance responsibility, funding, regulatory
approval, and community expectations remain unresolved. Nearby residents and land users can identify seasonal flooding,
informal access routes, valued views, grazing practices, cultural uses, and livelihood opportunities that may not be apparent
through desktop or GIS analysis.

Community participation should therefore occur during baseline assessment, end-use selection, spatial zoning,
implementation, and monitoring rather than only after the design concept has been completed. In the Guntur context, agricultural
compatibility, water availability, dust control, local planting knowledge, visitor management, and opportunities for community-
based tourism are particularly relevant.

Local participation could include nursery operations, planting and maintenance programs, environmental education, guided
quarry tours, food and craft services, and management of low-impact visitor facilities. However, these opportunities require a
clearly defined governance structure to ensure that tourism revenue contributes to ecological maintenance and community
benefit.

D. Advancement Beyond Existing Quarry-Reclamation Models

Existing quarry-reclamation models commonly emphasize individual interventions, including natural succession, mine-waste
revegetation, slope stabilization, soil improvement, water remediation, and site-specific adaptive reuse (Bradshaw, 1997; Tordoff
et al., 2000; Wang et al., 2018; Navarro-Ramos et al., 2022; Talento, 2025). Although these approaches provide important
ecological and technical guidance, they are frequently presented as separate treatments rather than as a coordinated
implementation process for hard-rock quarry landscapes.

Traditional reclamation approaches also commonly treat stabilization, soil replacement, drainage control, and revegetation as
final closure measures. Such approaches may provide limited guidance concerning spatial prioritization, community
participation, longterm management, and selection of an environmentally appropriate post-quarry use.

The proposed framework advances beyond this fragmented treatment by integrating literature-derived evidence, field
observations, multi-scale GIS diagnosis, geotechnical risk control, landform and drainage repair, soil and habitat reconstruction,
staged native revegetation, spatial-priority zoning, community participation, ecotourism reuse, and long-term monitoring within
a single phased structure. It recognizes that reclamation activities are interdependent: slope and drainage stabilization must
support soil reconstruction; soil conditions must support vegetation establishment; and ecological recovery and safety conditions
must determine the location and intensity of future visitor activities.

The framework also distinguishes ecological-restoration zones, safety and restricted zones, and controlled ecotourism and
interpretation zones. This prevents recreation from being introduced uniformly across environmentally sensitive or physically
hazardous areas. Monitoring results can trigger corrective stabilization, drainage modification, soil treatment, replanting, habitat
protection, or visitor-control measures rather than allowing reclamation to remain a fixed end-of-mining plan.

The framework adapts internationally transferable reclamation principles to the climatic, agricultural, regulatory, and
community conditions of Indian granite quarries. Its principal contribution is therefore not a new individual reclamation
technique or a
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construction-ready tourism design, but an integrated, spatially explicit, and performance-based planning framework that
converts separate interventions into an adaptable sequence for progressive closure and long-term landscape recovery.

7.5 Limitations

This study has several limitations. First, the literature synthesis was structured but not fully systematic and may therefore
omit relevant publications. Second, the case study was developed from an earlier landscape-architecture investigation rather than
a new, statistically designed field campaign. Field observations and available site photographs supported interpretation, but
contemporaneous quantitative ground-truth sampling was not conducted.

8. Conclusions

Granite quarry reclamation should be approached as the reconstruction of a functioning landscape rather than as visual repair
or revegetation alone. Unlike traditional approaches that often treat slope stabilization, drainage, soil treatment, and planting as
separate closure measures, the proposed framework integrates these actions into a phased process of risk control, hydrological
and soil recovery, ecological restoration, adaptive reuse, and performance monitoring.

The Guntur—Phirangipuram case demonstrates how steep quarry faces, exposed rock, altered drainage, limited growth media,
waste deposits, pit-water accumulation, remnant vegetation, and surrounding agricultural land can be organized through spatial
priority zoning. These zones identify areas for ecological restoration, water management, restricted access, and controlled public
use. However, GIS findings must be verified through current geotechnical, hydrological, ecological, and field investigations
before implementation.

Ecotourism provides a potential long-term reuse strategy after safety and ecological performance have been established. Low
impact recreational trails, bird-watching decks, geological viewing areas, controlled climbing, nature camping, and restored
wetland areas could support recreation without compromising sensitive habitats. Educational programs, interpretive signage,
guided quarry tours, student planting activities, and demonstration nurseries could communicate the site’s geological history and
restoration process. Community reuse may include locally managed nurseries, cultural events, guided tourism, craft and food
services, and maintenance employment, allowing restoration benefits to extend beyond the quarry boundary.

The study contributes an integrated strategic planning framework rather than a construction-ready design. Future research
should test it through monitored pilot projects and evaluate ecological recovery, visitor carrying capacity, public safety,
community participation, and socioeconomic benefits. Long-term monitoring should guide corrective stabilization, drainage
improvement, replanting, habitat protection, and visitor management as site conditions change.
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Professor Michael Mainelli

Part I: Hard Engineering, Space Infrastructure, & Green Finance

Question 1: Space Debris and Orbital Environmental Protections

Through Z/Yen's Space Protection Initiative, you have championed Space Debris
Removal Insurance Bonds (SPADRIBSs) to keep space "clutter-free". How can
we translate this type of performance-bond model to terrestrial eco-
tourism infrastructure to ensure that developers are financially

accountable for the long-term decommissioning or recycling of their sites?

Performance and surety bonds work because they convert a promise into a
priced obligation. A SPADRIB - a Space Debris Removal Insurance Bond , isn't
clever because it's about space; it's clever because it forces a launch operator
to post capital against a future clean-up they'd rather forget about once the
satellite is up and the champagne is drunk. The same logic transfers to eco-
tourism sites with almost no translation required.

Think of a “DEDRIB” - a Decommissioning and Debris Removal Insurance
Bond , for a rainforest lodge, a polar research-tourism base, or a deep-sea
observation platform. The developer posts a bond at construction, sized
actuarially against the cost of full site restoration (not partial, not “best efforts”

- full). The bond sits with an independent trustee, accrues interest, and is
released on verified decommissioning, inspected by a third party against a pre-

agreed restoration standard. If the operator walks away, disappears, or goes
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bankrupt , which happens more often in adventure tourism than anyone likes to

admit , the bond pays for restoration regardless.

Core to the orbital version, and the bit I'd insist eco-tourism keeps, is that the
bond premium is priced dynamically, not set once and forgotten. Debris risk in
orbit changes as congestion changes; site risk in a fragile ecosystem changes
as visitor numbers, storm frequency, or permafrost melt change. A static bond
becomes a subsidy for negligence within a decade. A dynamically re-priced one

keeps developers honest for the life of the asset, not just at ribbon-cutting.

In short, we move from the wasteful 'build—operate—abandon' paradigm to a
disciplined 'build—operate—restore' lifecycle where capital markets enforce
operational rigor. Eco-tourism should not merely minimise harm; it must

guarantee total ecological reversibility.

Question 2: Bridging Aerospace and Green Finance

You began your early career as a research scientist in aerospace and computing
before becoming a leading global authority on green finance. How does your
foundational background in "hard engineering” shape how you evaluate
the economic viability and investment risk of frontier, large-scale

sustainable infrastructure today?

| spent my early career doing hard sums on things that either worked or
exploded, which is a wonderfully clarifying environment for a young scientist or

engineer. Aerospace teaches you that a system's real cost is never the one on
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the spec sheet , it's the cost of everything that has to go right, in sequence, under
uncertainty, for decades. That's a mindset, not a formula, and it's the one | bring
to green finance. The long-term. Not surprisingly, in 2005 and inspired by the
Long Now project to build a 10,000 year giant clock, Z/Yen founded the Long
Finance initiative, commencing research into “when would we know our financial

system is working?”.

Most infrastructure investors evaluate frontier projects the way accountants
evaluate a bridge: capex, opex, discount rate, done.

Engineers evaluate them the way test pilots do: where does this fail first, how
visible is that failure before it happens, and who pays when it does? Green
finance for genuinely frontier infrastructure — orbital, deep-sea, polar — needs
the second, systems mindset far more than the first. I'd rather underwrite a
project with an honest failure-mode analysis and a mediocre IRR than a beautiful

spreadsheet with an untested assumption buried in row 40.

Question 3: Funding Mega-Scale Eco-Tourism Infrastructure

As private enterprise accelerates plans for extreme environmental tourism,
ranging from deep-sea exploration vessels to orbital commercial hubs like Blue
Origin’s Orbital Reef, the capital requirements are massive. What specific
green finance vehicles or bond frameworks do you see as most viable for

funding these unprecedented, high-risk infrastructure projects?

We are entering an era where mega-scale eco-tourism infrastructure resembles

venture capital in scale and uncertainty. Traditional project finance alone will not



Journal of Engineering-Themed Environmental Tourism(JETET)|Vol. 1 | Issue 2 | September 2026 ISSN 2979-1995

suffice because early actuarial data is thin to non-existent. Financial structures
must accept this reality and feature built-in mechanisms for continuous learning
and adaptation. To fund projects like orbital commercial hubs or deep-sea
vessels, | see a layered capital framework utilising three primary instruments:
1. Parametric & Catastrophe Structures: Borrowed directly from the
reinsurance markets, catastrophe bonds and resilience bonds with
parametric triggers are essential. They pay out immediately upon a clearly
defined event (such as structural failure, emergency evacuation, or
environmental containment breach) rather than forcing operators into
prolonged, multiyear claims processes nobody can afford to wait for in

extreme environments.

2. Milestone & Performance-Linked Green Bonds: Sustainability Linked
Bonds (SLBs) should feature coupon step-downs tied strictly to
independently verified engineering milestones, such as the first successful
closed-loop resupply or verified zero-discharge cycle, rather than
marketing KPIs. Blended finance models, where public or philanthropic
capital absorbs first-loss risk, can further catalyse institutional capital by

rewarding patient equity while punishing market hype.

3. Integrated Decommissioning Wrappers: Decommissioning linked
instruments, such as the SPADRIB/DEDRIB frameworks, must be issued
alongside initial construction bonds rather than bolted on as an

afterthought when compliance notices an absence of an exit plan.
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For the most ambitious projects, | foresee hybrid instruments combining
infrastructure debt, venture equity, and insurance wrappers , effectively
financialising uncertainty itself. None of these instruments are overly exotic; they
represent standard risk-transfer engineering applied to a novel asset class. The
overarching rule is transparency: institutional capital will fund calculated risk, but

it will never fund opacity.

Question 4: Framing "Victimless Economic Expansion™

You have observed that space exploration uniquely offers a prospect of "mostly
victimless economic expansion" compared to historical colonial infrastructure.
How should frontier infrastructure developers frame the ESG
(Environmental, Social, and Governance) narrative to attract institutional
investors who want to support pioneering infrastructure without triggering

typical ecological backlash?

Historical colonial infrastructure often had an inherent victim baked directly into
its business model, someone’s land, labor, or local resources were expropriated
to build a railway, mine, or port. Orbital and deep-ocean frontiers appear low on
this original sin: there is no indigenous population in geostationary orbit. On
deeper consultation though, the increasing density of objects in orbit does offend
indigenous rights to view the sky from New Zealand to Canada’s First Nations,

or deep-sea tourism disturbing concepts of areas that should be left alone.

Developers who rely on 'there is nobody here to harm' as their entire narrative

present a weak pitch that becomes a hostage to fortune the moment an incident
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occurs. Honest framing must centre on demonstrating an active engineering
obligation not to create new victims, no orbital debris fields, no seabed

devastation, no atmospheric free-riding, no lingering toxic footprint.

Don’t forget that indigenous co-ownership can reduce investment risk,
transforming political risk into investment opportunity, when the people of the
land are partners in what is built upon it. Indigenous peoples bring something
no due diligence process can replicate: generational knowledge of the terrain,
the logistics, the supply chains, the community , and the legitimacy that makes
approvals stick and projects endure. Including indigenous ownership is not
philanthropy; it is superior economics. Economists praise land value capture as
a principle , the idea that those who steward land should share in the wealth its
development creates. Indigenous coownership is that principle made real. This
may apply more to land and sea than space, but | would emphasise mutual

structures where needed over purely commercial.
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Part ll: Policy, Risk Management, & Global "Smart Centres"

Question 5: Policy, Regulation, and Commercial Viability Drawing on your
immense experience with the City of London and the London Chamber of
Commerce and Industry; What role should international policy and
commercial centers play in regulating frontier tourism? How do we
balance stringent environmental protection standards with the economic
incentives needed to attract private developer investment?

International policy centres and commercial hubs , the City of London , chief
among them, earn their keep by doing something governments alone do badly:
setting standards that markets then compete to meet rather than merely comply
with. My time with the City and the London Chamber of Commerce and Industry
taught me that regulation which is only ever a floor gets treated as a floor;
regulation that's also a badge of credibility gets treated as a ceiling worth

reaching for.

People forget that the vast majority of world trade operates through community-
enforced standards markets. International community enforced standards
markets support safe, interoperable electrical insulation products across
borders, underpinning resilient supply chains and fair market access. At the high
end near eco-tourism we see “kitemarks” for good behaviour such as Fairtrade,
Rainforest Alliance, or Better Cotton. lan Harris and | wrote “The Price of Fish”
partially based on our work with the Marine Stewardship Council’s kitemark for

sustainable wild fisheries.
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Frontier tourism needs both a floor (minimum environmental and safety
standards, ideally harmonised across the handful of jurisdictions capable of
hosting it) and a badge , something like a “frontier tourism kitemark”
administered by a commercial centre with genuine credibility, that lets a
developer signal quality to investors and insurers without waiting a decade for
treaty law to catch up. The balance isn't struck by choosing between
environmental stringency and commercial incentive; it's struck by making the

stringency itself the commercial incentive.

Question 6: Managing the Liability Profile of "Extreme" Destinations
Commercial tourism in hostile environments, like suborbital flights or deep-sea
expeditions, carries inherent, long-tail physical risks. As an expert in
accounting and financial services, how do you see the global insurance
and indemnity markets evolving to effectively underwrite operations where
standard actuarial data simply doesn't exist yet?

Before we get overly lyrical or pan-glossian on “the wonders of markets”, it is
important to recognise that we recognise there may be areas, perhaps the
Antarctic is a good one where we want to truly leave things alone, reserves,

corridors, or set-aside areas where the reserved area increases with the traffic.

However, financial and market solutions to eco-tourism will often be operating in
a grey-zone of uncertainty. Insurance markets have solved this problem before,
just not in these venues. Lloyd's underwrote the first transatlantic cable and the

first commercial flights with essentially no actuarial base either. What happens
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is a slow migration from indemnity thinking to parametric thinking: instead of
insuring against “what went wrong,” you insure against “did the defined trigger
occur,” because the trigger can be specified and priced even when the

underlying failure mode can't yet be modelled with confidence.

Expect three things to happen roughly in parallel: syndicated risk pools at Lloyd's
and similar markets, because no single underwriter will carry suborbital or deep-
sea liability alone in the early years; mandatory, standardised incident-data
sharing across operators, because the actuarial base only builds if competitors
report failures rather than burying them; and a growing role for mutual structures
, operators pooling risk among themselves , because mutuality has always been
where insurance goes before the actuarial tables exist to make it a proper

market.

The hope is that capital market instruments, such as Insurance Linked Securities
(ILS) and captives, will complement traditional insurers. Liability in extreme
environments will not be ignored or wished away; it will be diversified, priced
transparently, and embedded directly into the balance sheet. I'd back the mutual

route hardest; it's how marine insurance itself began.

Question 7: The Role of "Smart Centres" in Driving Infrastructure
Z/Yen's Smart Centres Index tracks the ability of commercial hubs to create,
develop, and deploy technology by aligning STEM research with regulatory

ecosystems. What role can global smart centres play in accelerating the
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commercial deployment of sustainable travel technologies, such as

alternative propulsion systems or low-impact architectural engineering?

Z/Yen’'s Smart Centres Index exists because 'innovative' is a word almost every
city claims, yet very few systematically measure. What the index tracks is
whether a commercial hub actually connects STEM research talent with a
supportive regulatory and financial ecosystem that enables tech to reach
commercial scale, two elements people assume happen automatically, but which

in practice require deliberate design.

Smart centres accelerate deployment by aligning three core elements: Talent,
Technology, and Trust. For frontier sustainable travel technologies, such as
alternative hydrogen/electric propulsion, advanced closed-loop systems, or low-
impact architectural materials, the bottleneck is rarely research funding; the
bottleneck is the time required for regulatory certification and commercial

adoption.

Global smart centres accelerate deployment by co-locating research labs with
dynamic regulatory sandboxes. This prevents a breakthrough propulsion or
materials innovation from sitting idle in an academic lab for eight years while
regulatory bodies debate jurisdiction. The commercial hubs that will dominate
the next decade are those treating 'fast, safe regulatory iteration' with the same
priority as 'fast, safe engineering iteration' , because in frontier infrastructure,

they are two sides of the same coin.
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Question 8: Framing the Next "State of the Industry” Pivot In your book The
Price of Fish, you address 'wicked economics' and how we make better long-
term decisions for our world. If you were to look ahead at the next decade of
engineering-themed tourism and infrastructure, what do you consider the
single greatest economic or sustainability hurdle the industry must solve

to achieve true commercial scale?

The Price of Fish, was ultimately about one core failure mode: human financial
systems are extraordinarily bad at pricing decisions whose costs fall on
individuals or ecosystems not present in the room - future generations, distant
environments, or unrepresented biomes. One question core to Long Finance

has been “how do you fund a forest?”

Jeffrey Sachs points to the discount rate “tyranny of the present over the future”
- “If the value of the resource is likely to grow more slowly than the market rate
of interest, the blaring market signal is to deplete the resource now and pocket
the money! ... As expected from the theory, slower-growing animals and plants

are especially endangered today.”

Engineering-themed tourism is about to become the purest test case for this
'wicked economics' failure, because its ecosystems are literally distant: low Earth
orbit, the deep ocean, or polar ice caps where no local population exists to

advocate on their own behalf and the costs are unclear.
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The single greatest economic and sustainability hurdle the industry must solve
over the next decade is not propulsion, capital, or structural engineering , hard
engineering problems always get solved given enough talent and time. The true
hurdle is building a genuine, verifiable financial price for harm-at-a-distance

before the industry reaches scale, rather than after a catastrophic failure.

Every historic frontier industry , railways, commercial aviation, deep-sea
shipping , priced environmental and human harm retrospectively, usually after a
disaster forced regulatory intervention. Engineering-themed tourism possesses
the unique historical privilege of developing in an era where we already possess
the financial tools , performance bonds, parametric triggers, dynamic re-pricing,

and mutual risk pools , to price and internalise externalities upfront.

Whether the industry proactively embraces these mechanisms to build long-term
capital resilience, or waits for its own high-profile disaster to learn the lesson the

hard way, remains the central economic question of our time.
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ENGINEERING THE COEXISTENCE OF TOURISM AND OIL EXPLORATION INDUSTRIES

Figure 1. Engineering the co-existence of Tourism & Oil Exploration Industries
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Abstract

Island nations and coastal economies reliant on heavy extraction and hospitality face a complex socio-
technical challenge: balancing dominant, high-impact energy infrastructure with the pristine ecosystems
necessary for high-value tourism. This opinion piece evaluates the Republic of Trinidad and Tobago as a
dual-industry jurisdiction navigating structural decline in crude output alongside shifting tourism dynamics.
By examining peak-to-present production and arrival data, legacy infrastructure decommissioning, and
ecological integration, this paper demonstrates that technical engineering mitigations are insufficient
without institutional liability frameworks. Ultimately, dual-industry viability requires strict regulatory
enforcement, sovereign wealth reinvestment, and mandatory operational halts when environmental
containment cannot be guaranteed.

Keywords: Dual-Industry Coexistence, Energy Transition, Eco-Tourism, Trinidad and Tobago, Coastal
Engineering, Environmental Governance, Infrastructure Repurposing.

1. Introduction & Context

Island nations operating at the intersection of energy extraction and eco-tourism must contend with
fundamental spatial, ecological, and economic friction. Historically, energy extraction has provided rapid
capital accumulation at the expense of coastal integrity. Conversely, tourism relies on pristine ecosystems,
climate stability, and bio-diverse habitats.

In the Republic of Trinidad and Tobago, this balance presents a distinct geographic and economic divide:
Trinidad operates as the industrial and petrochemical engine, while Tobago serves as the primary ecological
and hospitality haven. Managing both sectors requires a shift from zero-sum resource allocation toward
integrated socio-technical planning.

This opinion piece examines a Caribbean jurisdiction operating at distinct stages of energy development:
Republic of Trinidad and Tobago.. Historical evidence from Trinidad and Tobago, where offshore oil spills
have reached vulnerable shorelines, demonstrates that engineering mitigations alone are insufficient without
strict institutional accountability. The study highlights how legacy asset adaptation (Trinidad and Tobago)
must be coupled with rigorous regulatory enforcement. Ultimately, dual-industry viability requires holding oil
exploration majors fully liable for environmental remediation, mandating operational shutdowns whenever
effective containment and clean up protocols cannot be guaranteed.
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Figure 2. Map of the Republic of Trinidad & Tobago
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Case Study: Republic of Trinidad and Tobago

2. Macro-Economic Data & Comparative Trajectory

While oil and gas historically dominated Trinidad and Tobago’s macro-economy, accounting
for roughly 40% of GDP and 80% of export revenues, both energy extraction and tourism have
experienced significant volume contraction from their respective historical peaks.

Table 1: Industry Performance Metrics (Peak vs. 2025) Trinidad and Tobago used to be the
largest oil producer in the Caribbean, however the sector is now primarily based upon
Liquefied Natural Gas LNG and Petrochemical Exports.

Key Industry Performance Data

Metric Oil Industry Tourism Industry
(Crude Production) (International Arrivals)
Peak Year 2005 2013
Peak Volume 150,000 472,585
Barrels Per Day (bpd) International Visitor Arrivals
2025 Volume 49,500 373,027
Barrels Per Day (bpd) International Visitor Arrivals
Net Contraction (%) -67.0% -21.1%

Table 1
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Data Insights & Sector Vulnerabilities

Oil Sector Decline: Between the 2005 peak and 2025, domestic crude output contracted by
67.0%. The upstream sector has increasingly transitioned toward offshore natural gas and
Liquefied Natural Gas (LNG) processing to sustain export earnings.

Tourism Distribution Gap: While total visitor arrivals reached 373,027 in 2025, over 95% of
stopover arrivals landed in Trinidad, tied largely to business and industrial travel. Tobago’s

leisure tourism economy faces acute vulnerability, evidenced by cruise ship calls declining
from 41 in the 2024/2025 season to 32 in the 2025/2026 season.

3. Infrastructure Adaptation & Repurposing

The decline in primary crude extraction leaves behind massive onshore and offshore assets,
including processing facilities, pipeline networks, marine terminals, and refineries.

Strategic Infrastructure Assessment

A. Asset Decommissioning

B. State Priority vs. Alternative Use

C. Financial Viability of Industrial Eco-Tourism
D. Targeted Environmental Integration

E. Heritage Infrastructure Precedents
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Strategic Infrastructure Assessment

A. Asset Decommissioning: Major industrial assets have gone offline due to structural
shifts in production, most notably the closure of the Pointe-a-Pierre (Guaracara)
Refinery in 2018.

B. State Priority vs. Alternative Use: Current state strategy prioritizes restarting or
leasing offline assets for energy and petrochemical processing rather than large-scale
adaptive reuse.
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. Financial Viability of Industrial Eco-Tourism: Comprehensive conversion of heavy
industrial sites like Pointe-a-Pierre into commercial tourism destinations is capital-
prohibitive when compared to traditional greenfield tourism investments.

. Targeted Environmental Integration: Despite financial constraints, selective
engineering intersections exist. The Pointe-a-Pierre Wild-Fowl Trust—a premier 30-
hectare wildlife reserve and wetland sanctuary situated within the active petrochemical
refinery complex—proves that industrial operations and ecological preservation can co-
exist when protected zones are strictly managed.

. Heritage Infrastructure Precedents: Industrial adaptation is not without domestic
precedent; the conversion of the former Sevillle estate into the Seville Sugar Museum
and Heritage Village in Couva illustrates how industrial heritage can be successfully
integrated into the national tourism asset base.
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4. Engineering Coexistence: Frameworks for Dual-Industry Viability

POINT A PIERRE WILDFOWL TRUST PARK

To move beyond zero-sum competition for coastal space, public policy must leverage capital
from finite extractive sectors to fund renewable tourism infrastructure. Long-term harmony
between oil exploration and tourism requires three core institutional mechanisms:

A. Integrated Coastal Zone Management (ICZM)

Spatial planning frameworks must establish rigid marine buffer zones. Legally enforced
maritime corridors prevent heavy shipping, drilling platforms, and refining effluent from
encroaching upon marine protected areas, reef systems, and key beach sites.
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B. Regulatory Liability & Operational Safeguards

Engineering safeguards are effective only when paired with strict corporate liability. Oil majors
operating in coastal waters must be bound by strict legal liability for containment and
remediation. Offshore operations must be subject to mandatory operational suspensions if
containment, clean-up equipment, or monitoring protocols fail to meet regulatory standards.

C. Cross-Sector Capital Allocation

Because fossil fuels are finite and exposed to global energy transition risks, sovereign revenues
derived from oil and gas must be systematically ring-fenced. Reinvesting a fixed percentage
of energy receipts into green transport grids, coastal defence engineering, and local hospitality
training ensures the long-term sustainability of the tourism sector.

5. Conclusion

Trinidad and Tobago demonstrates that energy extraction and eco-tourism cannot exist in
isolation on small island nations. As fossil fuel assets mature and experience volume declines,
the path forward requires active socio-technical integration. By enforcing strict environmental
accountability, protecting critical biodiversity hubs like the Pointe-a-Pierre Wild-Fowl Trust,
and deploying extractive capital into sustainable tourism infrastructure, island nations can
engineering a resilient, dual-industry economy.
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Figure 3: Pointe-a-Pierre Oil Refinery, San Fernando, Trinidad
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