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Unlocking Trapped Data — Case Study for the SUTGMM Programme

Abstract

Large volumes of geoscientific data related to the
Makran Zone have been generated by governmental agencies,
academic institutions, and industry actors over several
decades. Despite their high potential scientific and economic
value, a significant portion of these datasets remains
fragmented, underutilized, or effectively inaccessible due to
institutional silos, heterogeneous data formats, incomplete
metadata, and the absence of coherent data governance
frameworks. This phenomenon, commonly referred to as
“trapped data,” limits integrated geological interpretation,
evidence-based decision-making, and value creation from
existing data assets.

This research proposes an end-to-end, server-based
framework for unlocking trapped geological data within the
SUTGMM  (Server-Based Unified Thematic Geological
Mapping) Programme. Using the Makran Zone as a case
study, the primary objective is to demonstrate how existing
and underexploited geoscience datasets can be systematically
identified, curated, integrated, and transformed into high-
value geological products within a one-year timeframe,
without relying on new data acquisition campaigns.

The proposed approach combines data governance,
technical infrastructure, and applied geospatial analytics. The
methodology includes (i) a comprehensive inventory of
Makran-related geoscience assets and the establishment of
data stewardship, access, and usage policies; (ii) the
development of a domain-specific metadata and discovery
layer to surface hidden or poorly documented datasets; (iii)
the implementation of modular data integration pipelines for
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harmonizing heterogeneous geospatial data while preserving
provenance and traceability; and (iv) the generation of value-
added analytical outputs through reusable geospatial analytics
and visualization tools. Two pilot use cases—integrated
tectonic and structural mapping, and mineral potential and
soil/geochemical screening—are used to validate the
framework and demonstrate tangible scientific and managerial
value.

Expected outcomes include curated and discoverable
geoscience datasets, reproducible analytical workflows,
interactive maps and dashboards for stakeholders, and a set of
best-practice guidelines addressing ethics, privacy, and
governance of sensitive geospatial data. By embedding these
outputs within the SUTGMM ICT and knowledge-based
infrastructure, the project ensures scalability and long-term
reuse.

Overall, this study demonstrates how unlocking
trapped data can accelerate scientific production, enhance
data-driven geological mapping, and create added value for
policy, research, and industry. The Makran case study
provides a transferable model for similar geoscience
initiatives facing data fragmentation and governance
challenges within the SUTGMM programme and beyond.

Keywords: Unlocking Trapped Data; Confined data,
geological data integration, geological mapping, SUTGMM
programme, Makran region
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Chapter 1: Introduction (Problem Statement,
Rationale and Digital Resources)



1.1 Introduction

1. 1. Historical and Geographical Context

The Makran region, extending across southeastern
Iran and southwestern Pakistan along the northern margin of
the Oman Sea, represents a geologically complex and
strategically significant domain situated between the Strait of
Hormuz and Karachi. Characterized by east—west—trending
mountain belts and rugged topography, it occupies a critical
position at the intersection of tectonic, maritime, and socio-
economic systems. Historically known as “Maka” during the
Achaemenid period, the region has held administrative and
strategic importance for over three millennia and continues to
gain relevance due to expanding coastal development and
infrastructure growth.

Geodynamically, Makran constitutes an active
subduction system where the Arabian Plate descends beneath
the Eurasian Plate, forming one of the few extensively
exposed accretionary wedges worldwide. This setting
provides a natural laboratory for investigating subduction
dynamics, sediment accretion, forearc basin evolution, crustal
deformation, and associated seismic and tsunami hazards. The
region encompasses a broad lithostratigraphic spectrum,
including Mesozoic ophiolitic complexes, deep-marine
sedimentary assemblages, thick Cenozoic turbidites, and
Quaternary coastal and alluvial deposits. These units directly
influence mineral potential, hydrocarbon prospectivity,
groundwater  systems, geohazard susceptibility, and
engineering geological conditions, necessitating integrated,
multi-disciplinary analysis.



Over several decades, extensive geological,
geophysical, geochemical, marine, and remote sensing
investigations have produced large and diverse datasets,
including geological maps, structural cross-sections,
stratigraphic logs, seismic profiles, gravity and magnetic
surveys, geochemical assays, satellite-derived deformation
measurements, and bathymetric data. However, these datasets
remain highly fragmented across institutions, stored in
heterogeneous formats, and frequently lack standardized
metadata, consistent coordinate systems, and harmonized
stratigraphic nomenclature. Legacy analog archives,
incomplete documentation, and weak governance mechanisms
further constrain interoperability and reproducibility.
Consequently, substantial informational value remains
effectively “trapped,” limiting cross-disciplinary synthesis,
integrated hazard assessment, and data-driven decision-
making while increasing redundancy in field investigations.

In response, the Server-Based Unified Thematic
Geological Mapping (SUTGMM) Programme is proposed as
a conceptual and operational framework designed to
transform dispersed geoscientific information into an
integrated, interoperable, and analytically accessible digital
infrastructure. The programme advances a transition from
static, isolated cartographic products toward dynamic, server-
based environments where thematic layers are harmonized,
metadata standards are enforced, provenance is preserved, and
analytical workflows are reproducible. By embedding data
governance principles within a centralized geospatial
architecture, SUTGMM seeks to unlock latent informational
value embedded in both historical and contemporary datasets.



The Makran Zone serves as an appropriate pilot case
study due to its tectonic complexity, abundance yet
heterogeneity of datasets, transboundary character, and
increasing socio-economic importance. Framed within this
broader epistemic shift toward data-centric geoscience, the
study positions Makran not only as a subject of geological
investigation but as a model for advancing unified thematic
mapping, structured data governance, and digital geoscience
infrastructure development.

1.1.2 Study Area and Area of Interest (A0I)

The delineation of the Area of Interest (AOI) based
on the four 1:100,000 geological sheets of Chabahar, Pir
Soharab, Konarak, and Kahir reflects a deliberate cartographic
and analytical strategy aimed at ensuring spatial coherence
and geological continuity across sheet boundaries. These
sheets collectively encompass a structurally complex segment
of the Makran Zone, -characterized by lithological
heterogeneity, active tectonics, coastal-marine interactions,
and significant geomorphological variability. The integration
of these adjacent quadrangles into a single analytical
framework enables the preparation of a harmonized
geological map that transcends administrative and
cartographic segmentation (Figure 1).

The selection of the 1:100,000 scale as the primary
cartographic reference is methodologically appropriate for
regional-scale synthesis combined with sufficient detail for
structural and lithological discrimination. At this scale, major
stratigraphic units, fault systems, fold axes, mélanges,
accretionary complexes, and sedimentary facies variations can
be consistently represented while preserving compatibility



with national geological mapping standards. Moreover, this
scale provides an optimal balance between resolution and
computational efficiency for remote sensing—based thematic
classification within the SUTGMM framework.

The inclusion of a buffer zone ranging from
approximately 13 to 28 km beyond the formal boundaries of
the four sheets constitutes a critical methodological
enhancement rather than a simple spatial extension.
Geological systems, particularly in tectonically active regions
such as the Makran accretionary prism, rarely conform to
artificial sheet boundaries. Structural trends, lithological
transitions, sediment dispersal systems, and
tectonostratigraphic domains commonly extend across
multiple map sheets. Without the incorporation of peripheral
data, interpretations risk edge effects, truncation of structural
features, and misrepresentation of regional continuity.

The buffer serves two primary scientific and
cartographic functions (Figure 2):

Enhanced Structural and Lithological Interpretation

The Makran Zone is dominated by large-scale
compressional structures, thrust systems, imbricate fan
geometries, and oblique fault networks associated with
subduction processes. These structural features often exhibit
wavelengths and orientations that extend well beyond
individual quadrangle limits. By incorporating the buffer
zone, it becomes possible to:

e Trace fault continuities and verify displacement patterns
across sheet margins;

e Evaluate fold geometry and vergence trends within a
broader tectonic context;



o Assess lateral facies changes and depositional environments
beyond the confined AOI;

e Reduce boundary-induced bias in automated lineament
extraction and machine-learning classification.

eFrom a remote sensing perspective, feature extraction
algorithms—particularly those relying on texture, slope, and
structural orientation—benefit significantly from extended
spatial windows. The buffer reduces edge artifacts in raster-
based processing and enhances the reliability of derived
indices such as lincament density, curvature, and terrain
ruggedness.

Integrated and Harmonized Geological Mapping

Each of the four geological sheets was originally
produced as an independent mapping product, potentially
incorporating variations in lithological nomenclature,
symbology, stratigraphic subdivision, and structural
interpretation. The preparation of a unified geological map
requires systematic harmonization of these elements. The
buffer zone supports this process by:

Allowing reconciliation of lithological unit
boundaries where inconsistencies occur across adjacent
sheets;

¢ Enabling normalization of stratigraphic hierarchies and unit
codes within a consistent schema;

¢ Providing spatial context to resolve discrepancies in fault
placement or contact interpretation;

e Facilitating seamless vector integration and topological
correction across sheet boundaries.



In the SUTGMM workflow, the buffer also enhances
machine-learning training and validation. Classification
models trained on lithological polygons benefit from
increased sample diversity when edge-adjacent units are
included. Additionally, cross-validation procedures become
more robust when classification performance can be assessed
beyond strict sheet limits.

From a geomorphological perspective, the extended
AOI captures coastal-marine interactions, alluvial systems,
and erosional surfaces that influence sedimentary processes
within the mapped sheets. In coastal Makran, for example,
marine terraces, tidal flats, and deltaic systems may straddle
sheet boundaries. Incorporating these transitional zones
supports more coherent environmental and stratigraphic
interpretation.

The buffer width (13-28 km) was determined to
ensure coverage of major structural corridors and lithological
transitions while maintaining manageable computational and
analytical scope. Variability in buffer extent reflects the
geometric configuration of the sheets and the orientation of
dominant tectonic trends. Where structural continuity was
particularly critical, the buffer was extended accordingly to
preserve interpretive integrity.

Within the server-based SUTGMM infrastructure, the
AOI and its buffer were implemented as hierarchical spatial
layers. This configuration allows analyses to be performed
either within the strict quadrangle boundaries or across the
extended regional domain. Such flexibility supports both
detailed quadrangle-level mapping and broader tectonic
synthesis.



Ultimately, the integration of the four 1:100,000
sheets and the surrounding buffer zone enables the production
of a unified geological map that is:

o Structurally coherent across sheet boundaries;

o Lithologically harmonized and terminologically
standardized;

o Compatible with remote sensing—derived thematic layers;

¢ Free from cartographic discontinuities and edge artifacts;

Suitable for downstream applications such as mineral
potential assessment, structural modeling, and hazard
evaluation.

By embedding the AOI within a broader spatial
context, the project ensures that geological interpretation is
driven by natural system continuity rather than artificial
cartographic constraints. This approach enhances analytical
reliability, supports reproducible workflows, and strengthens
the scientific validity of the resulting unified geological map
for the Makran coastal region.
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Figure 1. The Area of Interest (AOI) for the SUTGMM highlighted with a
green polygon. Dark shaded rectangles indicate the four 1:100,000
geological sheets of Kahir, Pir Sohrab, Konarak and Chabahar
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Figure 2. Study area encompassing the area of interest (AOI) and the
additional buffer zone.

1.1.3 Geological and Tectonic Setting

The tectonic framework of the Makran region plays
a pivotal role in elucidating the geodynamic development of
the Middle East and the progressive closure of the Neo-Tethys
Ocean. In this sector, the northward subduction of the Arabian
Plate beneath Eurasia stands in marked contrast to the
continent—continent collision observed in the Zagros
Mountains to the west, underscoring the spatial variability and
structural complexity of plate boundary processes (Burg,
2018). Evidence for sustained subduction is provided by both
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Cretaceous and Quaternary volcanic arcs, which record
prolonged magmatic activity associated with convergent
margin dynamics. Remnants of older, now eroded or
subducted arcs further constrain the tectonomagmatic
evolution of the upper plate and document episodes of
fragmentation and reorganization (Arthurton et al., 1982;
Burg, 2018).

The identification of Jurassic rift-related magmatism
followed by Cretaceous arc magmatism indicates that the
Central Iran block experienced substantial pre-collisional
extensional fragmentation. This early tectonic segmentation
has important implications for reconstructing the architecture
and evolution of the regional orogenic system (Burg, 2018).
Moreover, correlations between the tectonic evolution of
Makran and that of the Oman Mountains along the subducting
Arabian Plate provide an integrated perspective on the broader
geodynamic framework of the region (Burg, 2018).

Overall, the Makran domain represents a highly
intricate and dynamically evolving tectonic environment
(Figure 2-1), governed by the interaction of subduction,
accretionary processes, seismic activity, surface uplift, and
sedimentary accumulation. The relatively shallow geometry
of Arabian Plate subduction beneath Eurasia has generated
one of the largest accretionary prisms worldwide,
characterized by voluminous sediment input, intense
structural deformation, and heterogeneous seismic behavior.
A comprehensive understanding of the Makran tectonic
regime is therefore essential for evaluating seismic risk,
refining regional geodynamic models, and clarifying the
coupling between deep lithospheric processes and surface
evolution. Continued integration of geological, geophysical,
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and geomorphological datasets is progressively improving
constraints on the tectonic behavior of this active convergent
margin.

1.1.4 Tectonic Setting of Makran

The Makran domain occupies southeastern Iran and
southwestern Pakistan along the northern margin of the Gulf
of Oman and constitutes a structurally intricate segment of the
Arabia—FEurasia plate boundary. Its most prominent tectonic
feature is a large accretionary complex generated by the
ongoing northward subduction of the Arabian Plate beneath
Eurasia (Figure 2 and Figure 3). This structure, commonly
referred to as the Makran accretionary wedge, extends for
nearly 1,000 km parallel to the trench and is laterally confined
by major fault systems on both its eastern and western
margins (Arthurton et al., 1982; McCall, 1985; Dolati, 2010;
Haghipour and Burg, 2014; Gharibreza, 2016; Burg, 2018).
Geodetic constraints and plate kinematic reconstructions
demonstrate that active convergence between Arabia and
Eurasia is ongoing, although the rate of shortening varies
significantly along strike (Figure 3). Baseline measurements
between Muscat (Oman) and Chabahar (Iran) yield a
convergence velocity of approximately 19 mm/yr (Vernant et
al., 2004; Khorrami et al., 2019). This motion reflects the
broader northward displacement of the Arabian Plate, which
descends beneath Eurasia along the Makran Trench.

Additional GPS data indicate that the present-day
convergence rate between the Makran coastline (e.g., the
Chabahar station) and stable Eurasia is on the order of 8
mm/yr (Vernant et al., 2004). Nevertheless, several studies
report a pronounced eastward increase in convergence
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velocity, with estimates reaching 35.5-42 mm/yr in eastern
Makran. This spatial gradient has been attributed to the
anticlockwise rotation of the Arabian Plate relative to Eurasia
(DeMets et al., 2010; Hatzfeld and Molnar, 2010; Burg,
2018).

Such along-strike variability in convergence rates has
important implications for both the tectonic evolution and
seismic behavior of the Makran subduction system. The
progressive increase in shortening toward the east is
consistent with the rotational kinematics of the Arabian Plate
and is further supported by independent constraints derived
from seafloor spreading rates and the azimuthal orientation of
major plate-bounding faults (DeMets et al., 2010).

BRI v AT BT B T E
hY »
| 5 o
] wrplfed Norm Makran . Ly /‘q‘
1 \ Yy
£ '. \ 28!
: ! \ y
- Ao a »
N 7 Muriar Niis 4 I} J
T N - - v
e 105 pr A A
2 . -5 w Makran o~
B e P sopcliy s e
~ - L\
I\ X N o A IR - e . |7
\ o S Outer Makian S A
, A R SR I
/ Coadtal Marian ;
(" |
. - /
ol - et /
el PR e Y
AR i
- A A
- N .

Figure 3. Tectonic setting of the Makran region, showing
tectonostratigraphic zones and major structures, including the accretionary
wedges and pull-apart basins (Haghipour and Burg, 2014; Burg, 2018).
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The structural framework of the Makran accretionary
wedge is fundamentally controlled by two major strike-slip
fault systems that delineate its lateral boundaries (Figure 2
and Figure 3). Along the western margin, the dextral Minab—
Zendan Fault System forms a critical tectonic interface. In
particular, the Minab Fault demarcates the transition from
oceanic subduction within the Makran domain to continent—
continent collision in the Zagros orogenic belt (Stocklin,
1968; Bird et al., 1975; Dolati, 2010; Haghipour and Burg,
2014). This right-lateral fault network accommodates relative
plate motion between Arabia and Eurasia and serves as a
structural ~ boundary  separating  mechanically and
kinematically distinct tectonic regimes (Paul et al., 2001;
Molnar and Stock, 2009; Dolati, 2010; Haghipour and Burg,
2014; Burg, 2018).

The eastern limit of the Makran wedge is defined by
the sinistral Chaman—Ornach—Nal Fault System, which
extends offshore into the Owen Fracture Zone. These left-
lateral structures partition deformation between the Makran—
Arabian domain and the Indian subcontinent (Figure 4). The
Indian Plate migrates northward relative to Eurasia at rates of
approximately 40-50 mm/yr, substantially exceeding the
convergence rate along the Makran subduction interface (Paul
et al., 2001; Molnar and Stock, 2009; Dolati, 2010; Haghipour
and Burg, 2014; Burg, 2018). This pronounced kinematic
contrast emphasizes the importance of lateral faulting in
accommodating differential plate motions along the broader
Arabia—India—Eurasia plate boundary system.
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Figure 4. Seismotectonic configuration of Makran and surrounding areas.
The subduction front in the Oman Sea marks the convergence between the
Arabian and Eurasian plates. Fault traces are compiled and modified after
Fathian (2022). Red shaded polygon marks the AOI. Grey, red, and blue
beachballs represent fault plane solutions from the the Global Centroid
Moment Tensor (GCMT; https://www.globalemt.org), body waveform, and
the first motions catalogs (see Fathian, 2022 and the references therein).
Red arrows represent GPS velocity vectors relative to a stable Eurasian
plate (Khorrami et al., 2019). Background is the shaded relief from SRTM
90m (Farr et al, 2007) and GEBCO Global Bathymetry 15 arc-sec
(GEBCO Compilation Group, 2023) visualizing surface topography and

bathymetry.

The internal architecture of the Makran domain is
further diversified by the presence of multiple, subparallel
accretionary wedges and associated pull-apart basins (e.g.,
Haghipour and Burg, 2014; Gharibreza, 2016). The Coastal
Makran constitutes the emergent, onshore segment of the
accretionary prism and is composed predominantly of
intensely deformed Cenozoic terrigenous and fine-grained
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clastic sediments (Figure 4). Basinward, the Outer Makran
represents the actively accreting frontal portion of the wedge,
where ongoing sediment incorporation and structural
deformation reflect continued subduction-related shortening.

Landward of this frontal domain, the Inner Makran
and North Makran correspond to more internal and
structurally complex segments of the accretionary system
(Figure 3b). The Inner Makran is characterized by a thick
succession of upper Eocene to lower Miocene turbiditic
deposits that display an overall upward-thickening and
coarsening stratigraphic trend, indicative of progressive
sediment supply and basin infill during wedge evolution (e.g.,
Dolati, 2010; Haghipour and Burg, 2014). In contrast, the
North Makran exposes tectonically imbricated assemblages of
upper Cretaceous to FEocene igneous rocks, ophiolitic
complexes, and associated deep-marine sedimentary units,
recording earlier phases of oceanic crust formation and
subsequent accretion (McCall, 1983; Haghipour and Burg,
2014).

Superimposed on this structural framework are major
depressions such as Hamun-e-Jaz Murian and Hamun-e-
Mashkel (Figure 4), which are interpreted as pull-apart
structures functioning as forearc basins (Farhoudi and Karig,
1977; Dolati, 2010; Haghipour and Burg, 2014). The northern
margin of the Makran is defined by the Quaternary
sedimentary cover of the Jaz Murian depression in Iran and its
counterpart, the Mashkel depression in Pakistan (Burg, 2018).
Collectively, these tectonosedimentary elements contribute to
the highly heterogeneous structural configuration of the
Makran and exert significant control over sediment dispersal
patterns, seismic activity, and ongoing surface deformation.
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1.2 Problem Statement

The Multiple categories of geoscientific data—
geological maps, geochemical datasets, geophysical surveys,
remote sensing imagery, and exploration reports—exist for
the Makran region. Nevertheless, several structural challenges
limit their effective utilization:

o Institutional fragmentation of data repositories

¢ Heterogeneous data formats and coordinate systems
e Incomplete or absent metadata

e Lack of standardized access and governance policies

These limitations collectively result in the
phenomenon of “trapped data,” restricting integrated
geological interpretation and evidence-based planning.

1.3 Rationale, Background, and Alignment with Project
Scope

1.3.1 Rationale for the Project
Unlocking trapped data can:

¢ Reduce redundancy in new data acquisition
o Increase scientific efficiency and reproducibility
 Support strategic mineral exploration

¢ Enable data-driven policy and planning
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Given the existing volume of underexploited datasets,
a structured, governance-oriented solution is both timely and
cost-effective.

1.3.2 Background

The systematic production, stewardship, and reuse of
foundational geoscience data are central to sustainable
development, mineral resource governance, geohazard
mitigation, spatial planning, and long-term environmental
management. Among geoscientific datasets, geological maps
occupy a uniquely integrative role: they synthesize lithology,
stratigraphy, structural architecture, and tectonic evolution
into spatially explicit representations that function as both
scientific records and decision-support instruments.

Despite decades of geological mapping, a substantial
volume of high-value legacy data—particularly sheet-based
geological maps and their explanatory materials—remains
fragmented, inconsistently digitized, and poorly standardized.
Many datasets persist in analog or semi-digital formats, lack
structured metadata, employ heterogeneous attribute schemas
and coordinate reference systems, and exhibit evolving
stratigraphic  nomenclature. As a result, although
institutionally owned and scientifically valuable, these assets
remain operationally constrained within modern geospatial
ecosystems. This condition exemplifies “trapped data™:
information that is technically available yet functionally
inaccessible for automated querying, cross-scale synthesis,
reproducible analysis, and integration with complementary
datasets such as geophysical grids, geochemical databases,
remote sensing imagery, and digital elevation models.
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The epistemic limitation stems from a structural gap
between traditional cartographic production—designed for
static dissemination—and contemporary paradigms of digital,
server-based  geoscience. Raster-only  formats, non-
standardized legends, absent machine-readable attributes,
incomplete provenance documentation, and inconsistent
spatial referencing collectively reduce interoperability,
analytical transparency, and cost-efficiency. Consequently,
new investigations may inadvertently replicate previously
documented observations, diminishing cumulative knowledge
gains.

Recent advances in geospatial technologies—
including cloud-based infrastructures, interoperable web
services, high-resolution Earth observation data, and modular
data integration frameworks—provide a viable pathway for
activating these legacy assets without initiating new field
campaigns or constructing enterprise-scale platforms.
Lightweight, standards-oriented approaches emphasize
systematic data inventory, metadata enrichment, controlled
vocabularies, coordinate normalization, provenance tracking,
and reproducible processing pipelines. Rather than expanding
data volume, they focus on enhancing discoverability,
traceability, and semantic coherence.

Within this context, geological maps produced by
authoritative institutions such as the Geological Survey of Iran
represent strategically valuable core datasets. Available at
multiple cartographic scales (e.g., 1:250,000 and 1:100,000),
they support hierarchical analysis ranging from regional
tectonic synthesis to localized lithological and structural
assessment. When systematically digitized, vectorized,
georeferenced to unified coordinate systems, and harmonized
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through standardized legend schemas, these maps can serve as
foundational layers for integrated thematic mapping and
multi-source geospatial workflows.

1.3.3 Alignment with Project Scope

The proposed project is therefore grounded in value
activation rather than data expansion. Positioned at the
intersection of geoscience knowledge management and digital
transformation, it focuses on the structured inventory,
normalization, and integration of existing geological assets
within the Makran Zone under the SUTGMM (Server-Based
Unified Thematic Geological Mapping) ICT and knowledge-
based infrastructure. The initiative functions as a pilot-scale
implementation, not a comprehensive national platform
redesign, and does not pursue new data acquisition. Instead, it
emphasizes cost-effective, incremental enhancement aligned
with institutional capacity building and contemporary
scientific standards.

Operationally, the project advances practical
workflows for systematic data inventory; digitization and
vectorization of legacy cartography; lithostratigraphic and
structural standardization through controlled vocabularies;
coordinate harmonization; structured metadata enrichment
compliant with recognized geospatial standards; server-based
geovisualization; and lightweight spatial analytics suited to
exploratory research and regional planning. By embedding
these processes within a centralized, server-based
environment, the project transforms static archival products
into functional, queryable, and interoperable thematic
datasets.
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Implemented in the tectonically complex and socio-
economically significant Makran Zone, the initiative
demonstrates a pragmatic model of digital transformation in
the geosciences: incremental, standards-driven, and centered
on unlocking latent value in legacy datasets. As such, it
provides a replicable template for regions where extensive
geological mapping exists but remains only partially
integrated into contemporary digital geospatial infrastructures.
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Figure 5. Integrated and homogeneous geological map, example
implemented using artificial intelligence in the Makran area, scale 1:100000
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Figure 6. Pilot Project 1 involved the development of a server-based
integrated geospatial framework for the Lut Project, encompassing the
extent of eleven 1:100,000-scale map sheets (see above). In addition, a
detailed geological map of the Lut Desert was compiled at a scale of
1:100,000.

This phase focused on standardizing spatial datasets,
harmonizing stratigraphic and structural information across
adjacent sheets, and establishing a unified digital platform to
support regional geological analysis and future data
integration.
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Figure 7. Pilot Project 2 comprised the preparation of a server-based
integrated geospatial map for the Makran Project, covering an area
equivalent to approximately 2.5 sheets at a scale of 1:100,000 (upper
section). In addition, structural cross-sections were constructed and restored
using Move software (middle section). The project further included the
compilation of the Zirdan geological sheet at a scale of 1:50,000 (lower
section).

This phase emphasized structural interpretation,
kinematic analysis, and the integration of surface and
subsurface datasets within a unified digital framework to
enhance tectonic reconstruction and regional-scale geological
modeling.
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Figure 8. Pilot Project 3 involves the preparation of the Preliminary
Geomap (v4), a server-based integrated geological map at a scale of
1:50,000, currently under development. This dataset covers the broader
Nain Block megaproject area and integrates geological information from
five 1:100,000-scale map sheets as well as twenty 1:50,000-scale geological
sheets.

The objective of this phase is to establish a
harmonized, high-resolution geodatabase that consolidates
lithostratigraphic, structural, and geospatial datasets into a
unified digital platform, thereby supporting regional-scale
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tectonic analysis and advanced geological modeling within
the Nain Block.

1.4 Contribution to the Bibliography and Digital Resources

The digitized geological maps constitute a substantial
contribution to the project’s bibliographic and digital resource
base, providing a reliable foundation for subsequent analyses,
interpretations, and reporting. The systematic conversion of
analog cartographic materials into standardized digital formats
enables their effective use in modern geospatial analyses,
including GIS-based modeling and integration with remote
sensing datasets.

These digitized resources are cataloged and
documented to ensure transparency, traceability, and long-
term usability. Table 1 presents a comprehensive inventory of
the geological maps utilized in this project, illustrating both
the breadth and depth of the available cartographic resources.
Each catalog entry includes essential metadata such as map
type, publication year, cartographic scale, and the key
geological features represented (e.g., lithological units, folds,
and fault systems).

This level of detailed documentation ensures accurate
attribution of data sources and facilitates systematic review,
reuse, and validation by other researchers and stakeholders.
By establishing a well-curated and accessible digital
bibliography, the project adheres to principles of scientific
rigor, reproducibility, and data integrity. Consequently, the
geological assessments and value-added products generated
within the SUTGMM framework are grounded in a robust and
verifiable data foundation, enhancing both their credibility
and long-term relevance.
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Table 1: List of the maps used in the project.

Pubsaber Dute Map Type Ne Tithe Scalw Unlocking
Data

Ceclapca 1983 Geologicsl Quadrange M4 Pahin 1.750,000 Map

Survwy of tan Mag of lran

Geclogral a8 Geologal (uadrange M1y Satavan 1:290,000 Map

Survey of ran Noap of Iran

Geclopra’ 1983 Geologs! Quwadrange xia Fanmy 1:250,000 Map

Survey of lun Mg of lran

Geclogica e Geolog kil Quadrange L4 Nabahr 1.7%0.000 Map

Swurvey of itan Map of Iran

Geolopcal 1554 Geokgxal Quadrange 2041 Eahir 1°150,000 Foid, Fauk

Survey of iran Map of Iran Legend, et

Geclopca s Geolkgicsl Quadrange noay Nk Shahr 1:100,000 Map

survey of ltan Mg of iran

Geclogica 159 Guokogical Quadrange 3140 Crabatar 1:100.000 Foid, Faur

Survey of iran Mag of Iran Legend, etc

Geologcal 2004 Geological Quadrangie 142 Qasre. 1:100,000 Map

Survey of lran Map of iran Qand

Geclopcal 2004 Geokgical Quadrange a141 Prsodvad 1.100,000 Fod, Faur

Survoy of lan Mg of Iran Lupand, ete

1.5 Scope and Data Collection

The scope of this project encompasses the
identification, organization, and utilization of existing
geoscience data related to the Makran Zone within the
framework of the SUTGMM Programme. Specifically, the
project includes the systematic inventory of geoscientific data
assets held by governmental organizations, academic
institutions, and industry stakeholders. This inventory aims to
document data types, formats, ownership, accessibility, and
current levels of use.

The project further covers data discovery and
metadata enrichment activities designed to surface hidden,
poorly documented, or underutilized datasets, including
geological maps, borehole and drilling records, geophysical
datasets, and remote sensing products. To enable effective
reuse, standardized metadata will be developed and applied,
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capturing spatial references, data provenance, quality
indicators, and usage constraints.

Another core component of the scope is the design
and implementation of data integration workflows. These
workflows include data cleaning, normalization, geospatial
alignment, and schema harmonization, along with
mechanisms for provenance and trust tracking to ensure
transparency and reproducibility of analytical outputs.

In addition, the project includes the development and
application  of  lightweight analytical tools and
geovisualization products tailored to the needs of geologists,
policymakers, and other decision-makers. All workflows,
tools, and analytical pipelines will be documented and
accompanied by training materials to support reproducibility
and knowledge transfer. Deployment and testing of these
components will take place within the existing SUTGMM
information and knowledge-base (ICT/KB) infrastructure.

The scope of the present project is defined by a
structured, phased approach to activating existing geoscience
assets within the Makran Zone under the operational
framework of the SUTGMM Programme. The emphasis is
placed on systematic identification, controlled integration, and
analytically meaningful reuse of pre-existing datasets rather
than on primary data acquisition. Accordingly, the project
delineates clear boundaries with respect to thematic coverage,
spatial extent, institutional engagement, and technological
deployment.

At the core of the scope is a comprehensive data
inventory  process. This process encompasses the
identification of geoscientific datasets maintained by
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governmental agencies (e.g., geological surveys and mineral
resource authorities), academic research centers, and relevant
industry actors engaged in exploration or infrastructure
development. The inventory will not merely list available
datasets; it will document their structural attributes, including
data type (e.g., vector, raster, tabular, report-based), thematic
domain  (e.g., lithostratigraphy, structural geology,
geophysics), scale or resolution, temporal coverage,
coordinate reference system, custodial ownership, access
conditions, and current operational use.

This inventory phase serves multiple strategic
objectives. First, it establishes a transparent baseline of
available assets within the Makran Zone. Second, it enables
gap analysis by identifying thematic redundancies, spatial
inconsistencies, or underrepresented domains. Third, it
clarifies governance conditions, including data-sharing
restrictions, intellectual property considerations, and
institutional responsibilities. The resulting inventory will
function as a structured catalogue integrated into the
SUTGMM ICT/KB infrastructure, forming the foundation for
subsequent integration workflows.

Beyond formal datasets, the scope explicitly includes
the discovery and activation of hidden or poorly documented
data resources. These may include legacy geological maps
lacking digital vector formats, borehole and drilling records
archived in scanned reports, geophysical line data stored in
proprietary  formats, laboratory geochemical analyses
embedded in academic theses, and remote sensing derivatives
generated for project-specific applications. Particular attention
will be given to materials that possess high interpretive value
but remain operationally inaccessible due to insufficient
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metadata, unclear provenance, or limited digital
standardization.

Metadata  enrichment  constitutes a  central
methodological component of data collection. For each
dataset selected for integration, standardized metadata
schemas will be applied in alignment with recognized
geospatial and data governance standards. These schemas will
capture:

e Spatial reference information (projection, datum,
coordinate system, spatial accuracy);

e Temporal attributes (date of acquisition, revision
history, versioning);

e Data provenance (source institution, authoring entity,
methodological description);

e Quality indicators (resolution, uncertainty estimates,
validation status);

e Usage constraints (licensing terms, access restrictions,
citation requirements);

e Processing history (transformations, cleaning steps,
normalization procedures).

The development of such structured metadata not
only enhances discoverability but also ensures analytical
traceability, thereby strengthening reproducibility and
scientific credibility.

The scope further encompasses the design and
operationalization of data integration workflows tailored to
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the heterogeneous nature of Makran-related datasets. These
workflows will incorporate several sequential stages:

L.

Data Cleaning: Removal of redundancies, correction of
geometric inconsistencies, elimination of topological
errors, and verification of attribute completeness.

. Normalization: Standardization of classification systems,

stratigraphic nomenclature, lithological codes, and
structural descriptors to ensure semantic coherence across
datasets.

. Geospatial Alignment: Harmonization of coordinate

systems and spatial referencing, including reprojection to
unified frameworks and alignment with authoritative base
layers such as digital elevation models or administrative
boundaries.

Schema Harmonization: Design of relational data models
capable of integrating lithological, structural, geochemical,
and geophysical attributes within interoperable database
structures.

. Provenance and Trust Tracking: Implementation of

mechanisms to document data lineage, transformation
history, and confidence levels, thereby supporting
transparent interpretation and auditability.

These workflows will be implemented within the

SUTGMM server-based architecture, enabling controlled
ingestion, version management, and secure storage of
integrated datasets. The project does not aim to establish a
full-scale enterprise geodata platform; rather, it focuses on a
modular, lightweight implementation optimized for pilot-scale
demonstration and iterative enhancement.
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In addition to data integration, the project scope
includes the development of targeted analytical and
visualization outputs designed to meet the needs of multiple
stakeholder groups. For geoscientists, this may include
interactive  thematic  layers, stratigraphic  correlation
visualizations, and fault-network overlays. For policymakers
and planners, geovisualization products may highlight hazard-
prone zones, resource distribution patterns, or land-use
constraints derived from integrated geological information.
Analytical tools will emphasize exploratory and decision-
support functionalities rather than computationally intensive
modeling, thereby maintaining alignment with the lightweight
architecture of the SUTGMM infrastructure.

All developed workflows, data models, and analytical
pipelines will be systematically documented. Documentation
will include technical descriptions of processing steps,
metadata standards applied, database schema definitions, and
user-oriented guidance for data access and visualization.
Complementary training materials—such as workflow
diagrams, procedural manuals, and demonstration case
examples—will be prepared to facilitate institutional adoption
and knowledge transfer. This ensures that the project’s
outputs are not limited to a single implementation instance but
can be replicated or adapted in comparable geological
contexts.

Deployment and validation of all components will
occur within the existing SUTGMM ICT and knowledge-base
infrastructure. Pilot testing in selected sub-areas of the
Makran Zone will assess system performance in terms of data
ingestion efficiency, metadata completeness, interoperability,
visualization responsiveness, and user accessibility. Feedback
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mechanisms will be incorporated to iteratively refine
workflows and metadata schemas.

Through this clearly bounded yet comprehensive
scope, the project operationalizes a structured pathway for
transforming dispersed geoscience assets into coherent,
interoperable, and decision-supportive knowledge layers. By
prioritizing inventory, standardization, integration, and
usability within an established ICT framework, the initiative
advances both the technical robustness and practical relevance
of geological data management in the Makran Zone.

1.5.1 Out of Scope

The project explicitly excludes the development of a
full-scale, production-grade Earth data platform beyond the
proposed pilot implementations. It does not involve the
acquisition of new geoscience data through field surveys,
drilling, or geophysical campaigns, focusing instead on the
cataloging, integration, and reuse of existing datasets.

Furthermore, while the project will ensure compliance
with relevant geoscience data policies, ethical standards, and
access regulations, it does not encompass legal negotiations,
contractual arrangements, or policy reforms that fall outside
the defined scope of the research.

In addition, the project does not seek to replace or
supersede existing national or institutional geospatial
infrastructures. The SUTGMM implementation is conceived
as a complementary, pilot-scale framework designed to
demonstrate methodological feasibility and value activation
within a defined geographic and thematic boundary. As such,
it does not aim to centralize all institutional data holdings,
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enforce mandatory data-sharing policies, or restructure
established governance models. Institutional autonomy over
data custodianship and decision-making authority remains
fully preserved.

The scope also excludes the long-term operational
maintenance of enterprise-level information systems beyond
the project lifecycle. While workflows, schemas, and
documentation will be designed to support continuity and
scalability, sustained infrastructure hosting, enterprise
cybersecurity management, and national-scale system
deployment fall outside the current research mandate. The
project’s outputs are therefore positioned as demonstrative
and transferable components rather than permanent
production infrastructure.

From a methodological standpoint, the initiative does
not attempt to produce definitive or legally binding geological
maps intended for regulatory certification, mining licensing,
or formal land-use adjudication. The wunified thematic
products generated under the SUTGMM workflow are
research-grade outputs designed to support analytical
exploration, hypothesis generation, and decision-support
visualization. Any subsequent formal adoption for statutory or
regulatory purposes would require independent validation and
institutional endorsement beyond the research framework.

The project similarly excludes advanced, resource-
intensive modeling efforts such as basin-scale 3D seismic
inversion, probabilistic seismic hazard modeling at
engineering design resolution, or quantitative mineral reserve
estimation compliant with international reporting standards.
While the integrated datasets may provide foundational inputs
for such analyses in future initiatives, the present scope is
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limited to lightweight analytics, thematic harmonization, and
server-based geovisualization suitable for pilot demonstration.

Moreover, the project does not extend to the
digitization and integration of all possible ancillary datasets
related to the Makran Zone. Highly specialized datasets—
such as proprietary industrial seismic lines, confidential
exploration data, or restricted defense-related geospatial
information—will only be considered where lawful access
and explicit authorization are granted. The research does not
undertake negotiations to secure access to restricted datasets
nor does it assume responsibility for resolving institutional
access disputes.

In terms of geographic coverage, while the Makran
Zone constitutes the primary case study area, the project does
not aim to achieve exhaustive spatial completeness at all
cartographic scales. Data integration efforts will prioritize
available and accessible datasets within the defined pilot
boundaries. Areas with incomplete or low-quality data
coverage will be transparently documented rather than
artificially interpolated to create the appearance of continuity.

Finally, the project does not encompass policy reform
initiatives related to national open-data legislation, intellectual
property frameworks, or cross-border geoscience data-sharing
agreements. Although the workflow will adhere to applicable
standards for metadata documentation, citation, and
responsible data use, broader regulatory transformations
remain beyond the academic and technical objectives of this
research.

By articulating these exclusions explicitly, the project
delineates a focused and manageable operational boundary.
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This clarity ensures that objectives remain aligned with the
core mission of activating, harmonizing, and demonstrating
the analytical potential of existing geoscience datasets within
a structured SUTGMM pilot environment, without extending
into institutional, legal, or infrastructural domains that exceed
the defined research scope.

1.6 Workflow and Protocol for Server-Based Unified
Thematic Geological Mapping (SUTGMM)

The Server-Based Unified Thematic Geological
Mapping (SUTGMM) workflow for the Makran Zone is
designed as a reproducible, iterative, and data-integrative
protocol that leverages multi-source remote sensing datasets
and machine-learning techniques within a centralized server-
based environment. The approach emphasizes systematic data
integration, transparency, and scalability, consistent with the
objectives of unlocking and operationalizing existing
geoscience data assets.

The workflow begins with the ingestion and
preprocessing of heterogeneous Earth observation datasets,
including Sentinel-1 SAR, Sentinel-2 multispectral imagery,
Landsat-8 optical data, ASTER products, and Shuttle Radar
Topography Mission (SRTM) digital elevation models.
Feature extraction procedures are applied to derive spectral,
textural, topographic, and structural indicators relevant to
lithological discrimination and tectonic interpretation. These
features are harmonized spatially and thematically to ensure
consistency across sensors and resolutions.

Supervised  machine-learning  classification s
subsequently employed to generate preliminary thematic
geological units. Training datasets are derived from existing
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geological maps, expert interpretations, and verified field
observations. The classification results undergo systematic
field validation and expert review, enabling the identification
of misclassifications and uncertainty patterns. Feedback from
field checking is iteratively incorporated into model
refinement, feature selection, and rule adjustment, enhancing
both accuracy and geological plausibility.

The final stage of the workflow integrates the refined
thematic outputs into a unified geospatial framework.
Deliverables include a server-based unified geological map,
associated structural sections, and an integrated geodatabase
containing harmonized raster and vector layers with
documented metadata and provenance. This protocol supports
dynamic updating, reproducible analyses, and downstream
applications such as regional synthesis, hazard assessment,
and resource potential evaluation within the SUTGMM
infrastructure.

The Server-Based Unified Thematic Geological
Mapping (SUTGMM) workflow implemented for the Makran
Zone is structured as a modular, reproducible, and iterative
protocol designed to operate within a centralized server-based
geospatial environment. The workflow integrates multi-source
Earth observation data, legacy geological information, and
supervised machine-learning methodologies to produce
harmonized thematic geological outputs. Emphasis is placed
on methodological transparency, traceable data lineage,
scalability across spatial scales, and compatibility with the
broader SUTGMM ICT/KB infrastructure.

40



1.6.1 Data Ingestion and Preprocessing

The workflow is initiated through the controlled
ingestion of heterogeneous remote sensing and topographic
datasets into the server environment. Core data sources
include Sentinel-1 Synthetic Aperture Radar (SAR), Sentinel-
2 multispectral imagery, Landsat-8 Operational Land Imager
(OLI) data, ASTER multispectral and thermal products, and
Shuttle Radar Topography Mission (SRTM) digital elevation
models. These datasets collectively provide complementary
spectral, structural, and morphometric information suitable for
lithological discrimination and tectonic feature detection.

Preprocessing procedures are standardized to ensure
cross-sensor comparability and analytical integrity. For
optical imagery (Sentinel-2, Landsat-8, ASTER), steps
include radiometric calibration, atmospheric correction, cloud
masking, mosaicking, and resampling to a unified spatial
resolution where appropriate. For SAR datasets (Sentinel-1),
preprocessing  includes orbit  correction, radiometric
calibration, speckle filtering, terrain correction, and
conversion to backscatter coefficients. Digital elevation
models undergo void filling, hydrological conditioning, and
derivation of secondary terrain attributes.

All datasets are georeferenced to a unified coordinate
reference system defined for the Makran Zone and stored
within a version-controlled server-based geodatabase.
Metadata are generated concurrently, documenting acquisition
parameters, preprocessing algorithms, software versions, and
quality indicators to ensure reproducibility.
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1.6.2 Feature Extraction and Harmonization

Following preprocessing, a multi-tiered feature
extraction phase is conducted. This stage transforms raw
spectral and topographic data into analytically meaningful
indicators relevant to geological mapping. Extracted features
include:

e Spectral indices: band ratios and composite indices
sensitive to iron oxides, clay minerals, carbonates, and
silicate minerals;

e Textural metrics: grey-level co-occurrence matrix
(GLCM)-based measures derived from optical and SAR
data to capture surface roughness and structural patterns;

e Topographic derivatives: slope, aspect, curvature, relative
relief, topographic position index (TPI), and drainage
density derived from SRTM data;

¢ Structural indicators: lineament density maps, directional
filters, and radar backscatter anisotropy analyses
highlighting fault zones and fold axes.

These features are spatially harmonized through
resampling, normalization, and co-registration procedures to
ensure alignment across varying spatial resolutions and sensor
characteristics. Thematic harmonization is achieved by
organizing features within a structured data model that groups
variables according to geological relevance (e.g., lithological
indicators, structural proxies, geomorphological controls).

Feature scaling and dimensionality reduction
techniques—such as principal component analysis (PCA) or
feature importance ranking—may be applied to reduce
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redundancy and improve computational efficiency while
preserving geological interpretability.

1.6.3 Training Data Preparation and Supervised
Classification

Supervised machine-learning classification constitutes
the core analytical component of the SUTGMM workflow.
Training datasets are derived from multiple sources: digitized
legacy geological maps, verified field observations, expert-
delineated polygons, and, where available, borehole or
lithological point records. Training samples are subjected to
quality screening to ensure spatial accuracy, class consistency,
and adequate representation of lithological variability.

Selected machine-learning algorithms may include
Random Forest (RF), Support Vector Machines (SVM),
Gradient Boosting, or other ensemble classifiers suitable for
high-dimensional geospatial data. Model selection is guided
by performance metrics, interpretability, and computational
efficiency within the server environment.

The classification process produces preliminary
thematic units representing lithological classes or structurally
controlled domains. Model performance is evaluated using
cross-validation techniques and statistical metrics such as
overall accuracy, producer’s and user’s accuracy, Fl-score,
and confusion matrices. Uncertainty surfaces and probability
layers are generated to spatially represent classification
confidence and identify zones requiring further validation.
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1.6.4 Iterative Field Validation and Model Refinement

A defining characteristic of the SUTGMM protocol is
its iterative validation mechanism. Preliminary classification
outputs are subjected to systematic field verification and
expert review. Field campaigns focus on transitional
boundaries, structurally complex zones, and areas with high
model uncertainty.

Field observations—including lithological
descriptions, structural measurements, and geotagged
photographic records—are ingested into the server-based
system in near real-time or post-campaign synchronization.
Discrepancies between predicted and observed classes are
analyzed to identify systematic misclassification patterns,
feature insufficiencies, or training data imbalances.

Model refinement may involve:

e Adjustment of class definitions or merging/splitting of
thematic units;

e Enhancement of training datasets;
e Inclusion of additional spectral or structural features;
e Parameter tuning or algorithm substitution.

This feedback loop strengthens both statistical
robustness and geological plausibility, ensuring that
automated outputs remain grounded in expert knowledge and
empirical verification.

1.6.5 Integration within the Unified Geospatial Framework
Upon completion of iterative refinement, finalized
thematic outputs are integrated into a unified geospatial
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framework within the SUTGMM infrastructure. Deliverables
include:

e A server-hosted unified thematic geological map of the
Makran Zone;

e Associated structural overlays (fault traces, fold axes,
lineament networks);

¢ Derived geomorphological and morphotectonic layers;

¢ An integrated geodatabase containing harmonized raster and
vector datasets with fully documented metadata and
provenance records.

All layers are stored in interoperable formats and
made accessible through standardized geospatial services
(e.g., Web Map Services, Web Feature Services) where
permitted by data governance policies. Version control
mechanisms track updates, enabling dynamic revision as new
data or field validations become available.

1.6.6 Reproducibility, Transparency, and Scalability

A central objective of the SUTGMM workflow is
methodological reproducibility. Each processing stage—data
ingestion, preprocessing, feature extraction, classification,
validation, and integration—is documented through structured
workflow scripts, parameter logs, and metadata records. This
ensures that analytical outputs can be replicated, audited, or
extended by other researchers within the same infrastructure.

The server-based architecture supports scalability
across spatial extents and thematic domains. While initially
implemented for the Makran Zone, the protocol can be
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adapted to other tectonically complex regions by substituting
input datasets and retraining classification models within the
same framework.

Through this structured and iterative workflow, the
SUTGMM protocol operationalizes a transition from
fragmented data layers toward an integrated, analytically
robust, and dynamically updateable geological mapping
system. By combining remote sensing analytics, machine
learning, and expert-driven validation within a centralized
environment, the approach delivers a transparent and scalable
methodology for unified thematic geological mapping aligned
with the strategic objectives of data activation and sustainable
geoscience knowledge management.
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Figure 9. Workflow and protocol for Server-based Unified Thematic
Geological Mapping of Makran (SUTGMM) using multi-source remote
sensing data and machine learning. The process includes feature extraction
from Sentinel-1, Sentinel-2, Landsat 8, ASTER, and SRTM DEM data,
supervised classification, field-checking, and iterative refinement. The final
outputs include a unified geological map, structural section, and integrated
geodatabase
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1.7 Objectives

1.7.1 Primary Objective

The primary objective of this project is to design,
implement, and demonstrate an end-to-end framework for
identifying, curating, integrating, and analyzing trapped or
underutilized geoscientific data within the SUTGMM
ecosystem. The framework aims to transform existing data
assets into high-value geological insights and decision-support
products for the Makran Zone within a one-year timeframe,
without reliance on new data acquisition campaigns.

This objective is grounded in the premise that
significant scientific and strategic value resides in legacy
geological maps, archived reports, remote sensing products,
borehole records, and related datasets that remain only
partially integrated into contemporary analytical workflows.
By focusing on data activation rather than data expansion, the
project seeks to demonstrate that improved governance,
harmonization, and computational integration can yield
substantial enhancements in interpretive capacity, decision-
support functionality, and reproducibility.

Operationally, the primary objective encompasses four
interdependent dimensions:

1. Systematic Data Identification and Curation:
Establishing structured procedures for cataloging available
datasets, evaluating their relevance and quality, and
organizing them within a coherent metadata-driven inventory.
This includes formalizing selection criteria, documenting
provenance, and prioritizing datasets based on thematic
importance and integration feasibility.

48



2. Standardized Integration within the SUTGMM
Architecture:

Designing and deploying reproducible workflows for data
cleaning, normalization, geospatial alignment, and schema
harmonization. The objective is to ensure that previously
isolated datasets become interoperable components of a
unified geodatabase hosted within the SUTGMM server
environment.

3. Analytical Activation and Thematic Synthesis:

Applying lightweight analytical techniques—including feature
extraction, supervised classification, spatial overlay analysis,
and uncertainty mapping—to transform curated datasets into
coherent thematic outputs. These outputs are intended to
enhance lithological discrimination, structural interpretation,
and regional geological synthesis within the Makran Zone.

4. Delivery of Decision-Support and Visualization
Products:

Generating accessible geovisualization layers, integrated
geological maps, and supporting documentation tailored to
researchers, institutional stakeholders, and regional planners.
The objective is not only to produce maps, but to create
dynamic, queryable, and updateable knowledge products that
support evidence-based planning and scientific inquiry.

The one-year timeframe imposes a structured
implementation schedule emphasizing phased deployment,
iterative refinement, and demonstrable outputs. Rather than
pursuing large-scale infrastructural development, the project
prioritizes proof-of-concept validation within the Makran
Zone. Success is measured by the operational readiness of the
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SUTGMM framework, the completeness and interoperability
of integrated datasets, and the generation of analytically
meaningful geological products derived exclusively from pre-
existing data resources.

Importantly, the objective extends beyond technical
integration to encompass methodological transparency and
reproducibility. Each stage of the framework—from inventory
and metadata enrichment to thematic mapping and analytical
synthesis—will be documented through standardized
protocols, version-controlled workflows, and traceable data
lineage records. This ensures that outputs are auditable,
replicable, and transferable to other regions characterized by
similar data fragmentation challenges.

By achieving this primary objective, the project aims
to demonstrate that trapped geoscientific data, when
systematically curated and integrated within a structured
server-based ecosystem, can be transformed into actionable
geological intelligence. In doing so, it provides a scalable
model for cost-effective digital transformation in the
geosciences, aligned with sustainable development
imperatives and modern principles of data governance.

1.7.2 Secondary (Specific) Objectives

In support of the primary objective, the project
advances a set of secondary objectives that operationalize
methodological rigor, domain specificity, and practical
validation within the SUTGMM framework. These objectives
collectively strengthen the institutional, analytical, and
governance dimensions of geoscience data activation in the
Makran Zone.
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The secondary objectives of the project are as follows:

e To establish repeatable and domain-specific data curation
and governance practices tailored to geoscience datasets,
including seismic, magnetotelluric, geological mapping,
borehole, geochemical, and satellite-based remote sensing
data.

e To develop scalable and reproducible data integration
pipelines capable of transforming heterogeneous geoscience
datasets into actionable geological products, such as
thematic geological maps, three-dimensional subsurface
models, probabilistic resource assessments, and interactive
dashboards.

¢ To validate the scientific and practical value of the proposed
framework through two pilot use cases in the Makran Zone:
(i) integrated tectonic and structural mapping, and
(il) mineral potential assessment and soil/geochemical
screening.

eTo define and document ethical, privacy, and data
governance guidelines specific to geospatial and sensitive
geoscience data, addressing issues of data ownership, access
control, usage conditions, transparency, and responsible
reuse within the SUTGMM Programme.
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Chapter 2: Theoretical Foundations and
Literature Review
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2.1 The Concept of Trapped Data

Trapped data refers to datasets that exist and possess
high potential value but remain inaccessible or underutilized
due to governance, technical, or institutional constraints. In
geoscience, such data often accumulates across decades
without systematic integration.

2.1.1 Establishment of Domain-Specific Data Curation and
Governance Practices

A central secondary objective is the formulation of
repeatable and geoscience-tailored data curation protocols
applicable to diverse dataset categories, including seismic
reflection and refraction data, magnetotelluric (MT) surveys,
geological mapping products, borehole and drilling logs,
laboratory-based geochemical analyses, and satellite-derived
remote sensing datasets.

Given the heterogeneity of these data types—ranging
from raster grids and vector polygons to time-series
waveforms and tabular analytical results—the project will
define structured curation practices addressing:

e Data format standardization and conversion;

e Metadata schema harmonization aligned with geospatial and
scientific standards;

¢ Controlled vocabularies for lithology, stratigraphy, and
structural descriptors;

e Quality grading and uncertainty documentation;

¢ Version control and archival traceability mechanisms.
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These practices will be codified into operational
guidelines embedded within the SUTGMM ICT/KB
environment, enabling consistent data onboarding and
lifecycle management. The objective is not only to curate
datasets for the Makran pilot, but to establish a transferable
governance template adaptable to other geoscientific domains
and regions.

2.1.2 Development of Scalable and Reproducible Data
Integration Pipelines

Another key objective is the design and
implementation of modular, scalable, and reproducible data
integration pipelines capable of converting heterogeneous
geoscience datasets into actionable analytical products. These
pipelines will incorporate structured workflows for
preprocessing, normalization, spatial harmonization, attribute
alignment, and cross-thematic synthesis.

The integration architecture will support the
generation of multiple classes of geological outputs,
including:

¢ Unified thematic geological maps derived from multi-source
inputs;

e Three-dimensional conceptual subsurface models integrating
structural, borehole, and geophysical constraints;

e Probabilistic mineral prospectivity and resource potential
maps using spatial statistical approaches;

o Interactive dashboards and geovisualization platforms
enabling user-driven exploration of harmonized datasets.
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Scalability will be ensured through modular pipeline
design, allowing substitution of input datasets or expansion to
additional geographic extents without restructuring the entire
system. Reproducibility will be reinforced through
documented processing scripts, parameter logs, and
standardized metadata protocols.

This objective ensures that integration processes
remain transparent, auditable, and transferable beyond the
immediate pilot context.

2.1.3 Validation through Pilot Use Cases in the Makran

Zone

e To demonstrate scientific credibility and applied relevance,
the framework will be tested through two targeted pilot use
cases within the Makran Zone.

e (i) Integrated Tectonic and Structural Mapping:
This uses case will focus on synthesizing remote sensing
derivatives, legacy geological maps, digital elevation
models, and structural datasets to refine interpretations of
fault systems, fold geometries, and tectonic domains. The
integration process will evaluate improvements in spatial
coherence, boundary delineation accuracy, and uncertainty
characterization relative to existing mapping products.

e (i) Mineral Potential Assessment and Soil/Geochemical
Screening:

The second use case will combine lithological layers,
structural indicators, geochemical sampling results, and
terrain  derivatives to generate exploratory mineral
prospectivity maps. Statistical or machine-learning—based
spatial modeling techniques will be employed to identify
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favorable zones, while maintaining explicit uncertainty
documentation.

Together, these pilot implementations will serve as
empirical validation mechanisms, demonstrating how curated
and harmonized data assets can enhance interpretive
resolution, reduce analytical redundancy, and support
evidence-based exploration and planning.

2.2 Data Governance in Geosciences

Data governance encompasses policies, roles,
standards, and procedures that regulate data lifecycle
management. In geological organizations, governance must
address:

¢ Data ownership and stewardship

e Access control mechanisms

e Metadata standardization

e Long-term preservation and provenance tracking

Particular attention will be paid to the ethical
implications of integrating subsurface data, mineral potential
outputs, or geospatial layers that may influence land-use
decisions. Clear documentation of usage constraints and
disclaimers will accompany derived products to prevent
misinterpretation or misuse.

o Integrated Contribution of Secondary Objectives

e Collectively, these secondary objectives reinforce the
technical, scientific, and governance robustness of the
SUTGMM framework. They ensure that the project moves
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beyond  proof-of-concept integration toward the
establishment of structured best practices in geoscience data
stewardship, scalable analytical design, and responsible
knowledge dissemination.

e By embedding repeatable curation protocols, scalable
pipelines, empirically validated use cases, and clearly
articulated governance guidelines within the Makran pilot
implementation, the project strengthens the credibility,
adaptability, and long-term relevance of the SUTGMM
Programme as a model for data-driven geological
transformation.

2.2.1 Governmental Agencies

Governmental organizations constitute primary
custodians of geoscience data for the Makran region. Key
contributors include national geological surveys, mineral
exploration departments, and environmental monitoring
authorities. These agencies provide high-value datasets such
as:

Published and unpublished geological maps at various
scales (e.g., 1:250,000 and 1:100,000);

Borehole logs and stratigraphic profiles detailing
lithology, subsurface structure, and hydrogeology;

Seismic reflection and refraction records, as well as
magnetotelluric (MT) survey results;

Historical  survey reports and interpretive
documentation, often including georeferenced cross-sections
and structural interpretations.
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Data from governmental agencies frequently serve as
authoritative reference layers for validation, training, and
integration of other sources, forming the backbone of the
SUTGMM inventory.

2.2.2 Academic Institutions

Universities and  research  centers  provide
complementary datasets derived from research-driven studies.
These include:

Analyses of satellite imagery and remote sensing
products;

Geochemical and mineralogical datasets obtained
through laboratory investigations;

Structural and tectonic interpretations synthesized
from field campaigns and analytical models;

Prior modeling studies, including 3D conceptual
frameworks and regional-scale geodynamic simulations.

Academic data often provide additional resolution or
thematic depth, particularly in areas not comprehensively
covered by governmental surveys, and serve as critical inputs
for feature extraction and supervised classification within the
SUTGMM workflow.

2.2.3 Industry Stakeholders

Mining, hydrocarbon, and energy companies maintain
exploration datasets that can offer high-resolution, site-
specific geoscientific information, including:
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Proprietary geophysical surveys (e.g., 2D/3D seismic
lines, gravity, and magnetic data);

Detailed exploration reports, lithological logs, and
resource assessments;

Data on mineral deposits, hydrocarbon prospects, and
soil or geochemical sampling.

Access to industry data will be negotiated under
confidentiality agreements where necessary, and sensitive
information may be anonymized or aggregated to comply with
corporate and legal restrictions while allowing analytical use.

2.3 Server-Based GIS Architectures

Server-based geospatial systems enable centralized
storage, scalable processing, controlled access, and version
management. Such architectures support collaborative
workflows and reproducible analytics, making them suitable
for national geological infrastructures.

2.3.1 Remote Sensing and Publicly Available Data

Open-access and publicly released datasets
complement institutional and proprietary data sources. Key
examples include:

Satellite imagery from Sentinel-1 SAR, Sentinel-2
multispectral, and Landsat series;

Digital elevation models (DEMs), such as SRTM or
ASTER-derived terrain models;

Geospatial datasets relevant to environmental
monitoring, land cover classification, or structural mapping.
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These data provide spatially continuous and
temporally updatable coverage, essential for feature
extraction, thematic mapping, and validation of legacy data
layers.

2.3.2 Data Stewardship and Accessibility Protocols

To ensure responsible and reproducible use, all
datasets will undergo structured evaluation for ownership,
licensing, access permissions, and usage constraints. Data
stewardship within the SUTGMM framework will include:

Cataloging and Metadata Enrichment: Each dataset
will be inventoried and described using standardized, domain-
specific metadata schemas. Metadata will capture provenance,
data quality indicators, units of measurement, spatial
references, temporal coverage, and confidence levels. This
ensures discoverability, traceability, and transparency of
analytical outputs.

Access Control and Ethical Compliance: Access will
be managed according to institutional policies and applicable
legal and ethical standards. Sensitive or restricted datasets will
be de-identified, aggregated, or converted into synthetic
derivatives where appropriate to enable analytical use without
compromising confidentiality or security.

Integration within the SUTGMM  Infrastructure:
Authorized datasets will be ingested into the centralized
server-based SUTGMM  knowledge base and ICT
infrastructure. This ensures consistent availability for
workflow execution, reproducible analyses, and visualization
outputs, while maintaining version control and auditability of
all data transformations.
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By consolidating these diverse sources under a
standardized governance framework, the project achieves two
interrelated objectives: broad accessibility of data for
integrated geoscientific analysis, and strict adherence to
ethical, legal, and institutional requirements. This approach
establishes a reliable foundation for subsequent stages of data
integration, thematic mapping, and decision-support product
generation within the Makran Zone.

2.4 Metadata Standards and Interoperability

Metadata  frameworks ensure  discoverability,
interoperability, and reusability. International standards
emphasize structured documentation of spatial reference
systems, acquisition methods, data quality indicators, and
lineage information.

2.4.1 Definition of Ethical, Privacy, and Data Governance
Guidelines

A further secondary objective is the articulation of
ethical and governance principles tailored to geospatial and
potentially sensitive geoscience datasets. While the project
does not undertake policy reform, it aims to document
practical guidelines addressing:

e Data ownership clarification and attribution standards;

e Tiered access control models within the SUTGMM
infrastructure;

¢ Responsible data-sharing practices;

e Transparency in analytical transformations and derived
products;
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e Management of confidential or commercially sensitive
geoscience information.

2.4.2 Data Sources and Accessibility

The project will leverage existing geoscientific data
assets related to the Makran Zone, encompassing multiple
types, formats, and institutional origins. Key sources include:

e Governmental Agencies: National geological surveys,
mineral exploration departments, and environmental
monitoring authorities, providing geological maps, borehole
logs, seismic and magnetotelluric data, and historical survey
reports.

e Academic Institutions: Universities and research centers

contributing satellite imagery analyses, geochemical
datasets, structural interpretations, and prior modeling
studies.

e Industry Stakeholders: Mining and energy companies
offering exploration data, geophysical surveys, and resource
assessment records, subject to confidentiality agreements.

e Remote Sensing and Publicly Available Data: Satellite-
derived imagery, digital elevation models (DEMs), and
publicly released geospatial datasets relevant to structural,
lithological, and environmental analysis.
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Figure 10: Ravar Terrain Aspect Map: Aspect map generated from the 10 m
DEM of the Ravar study area. This morphometric layer captures slope
direction patterns and provides supporting terrain characterization for

geomorphological interpretation.

To ensure accessibility and compliance, all data will
undergo formal evaluation regarding ownership, licensing,
access permissions, and usage restrictions. Data stewardship
protocols will be applied, including:

e Cataloging and Metadata Enrichment: All datasets will be
inventoried and described using standardized, domain-
specific metadata, capturing provenance, data quality, units,
spatial references, and confidence levels.

e Access Control and Ethical Compliance: Data access will be
managed in accordance with institutional policies and
applicable legal and ethical standards. Where necessary, de-
identified or synthetic versions of sensitive datasets will be
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generated to enable analysis without compromising
confidentiality or security.

e Integration within SUTGMM Infrastructure: Authorized
datasets will be ingested into the SUTGMM knowledge base
and ICT infrastructure, ensuring traceability, reproducibility,
and consistent availability for pipeline development and
stakeholder use.

By consolidating diverse data sources under a
standardized governance and metadata framework, the project
ensures both broad accessibility for analysis and strict
adherence to ethical, legal, and institutional requirements.

The project will utilize a wide spectrum of pre-
existing geoscientific data assets relevant to the Makran Zone,
drawing upon multiple types, formats, and custodial origins to
support a comprehensive and integrated analytical framework.
The heterogeneity of these datasets—ranging from legacy
maps and field-based measurements to satellite-derived
imagery and geophysical surveys—necessitates structured
evaluation, curation, and governance to enable effective reuse.
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Chapter 3: Unlocking Trapped Data
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3.1 Introduction UTD

Within the Unlocking Trapped Data (UTD)
framework, geological maps of the Makran Zone function as
foundational yet historically underutilized assets. Produced by
the Geological Survey of Iran, these maps encapsulate critical
information on lithology, stratigraphy, structural architecture,
and geomorphology. However, their legacy analog and semi-
digital formats have limited their interoperability and
analytical integration, effectively rendering them “trapped”
within static cartographic archives.

This project activates these datasets by systematically
georeferencing and digitizing them, ensuring precise spatial
alignment within modern GIS environments. Through this
process, geological quadrangle maps—available at regional
(1:250,000) and detailed (1:100,000) scales—are transformed
into interoperable, multi-scale digital layers. The
georeferencing and harmonization enable reliable overlay
with geophysical surveys, remote sensing imagery, and
geochemical datasets, thereby enhancing analytical coherence
and interpretive accuracy.

By converting static cartographic products into
spatially aligned, queryable digital datasets, the project
demonstrates how legacy geological maps can be unlocked,
integrated, and repurposed as core components of a server-
based thematic mapping infrastructure under the SUTGMM
Programme.
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3.2 Georeferencing and Spatial Integration

The georeferencing process establishes a consistent
spatial framework across datasets, allowing legacy maps to be
accurately overlaid with complementary geoscience
information. This includes:

e Geophysical Surveys: Seismic, gravity, and magnetic
datasets can be directly correlated with mapped lithological
and structural units, enabling integrated interpretation of
subsurface architecture.

¢ Remote Sensing Products: Multi-spectral and radar imagery,
terrain derivatives, and lineament extractions can be
analyzed in conjunction with mapped geological boundaries
to refine lithological discrimination and identify tectonically
controlled geomorphology.

e Geochemical and Borehole Data: Point-based observations
and analytical measurements can be spatially contextualized
within mapped units, improving interpretive consistency and
facilitating probabilistic resource assessments.

The resulting spatial coherence increases the
reliability and reproducibility of analytical outputs and allows
for dynamic cross-validation between independent datasets,
effectively unlocking the latent scientific potential of
previously isolated map sheets.
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3.3 Thematic and Cartographic Classification

¢ Geological maps are systematically classified according to
their thematic content and cartographic resolution, with
particular emphasis on Geological Quadrangle Maps.
These maps provide detailed representations of:

e Lithological units, including rock type, age, and
compositional characteristics;

» Geological boundaries and contacts, defining stratigraphic
and structural limits;

e Fault systems, lineaments, and fold axes, highlighting
tectonic processes;

e Major structural and geomorphological features relevant to
regional geodynamics and resource distribution.

Thematic classification ensures that maps can be
selectively incorporated into workflows based on research
questions, spatial scale requirements, and analytical
objectives.

3.4 Multi-Scale Mapping for Regional and Local Analyses

The availability of geological maps at multiple
cartographic scales is essential for addressing analyses across
different spatial resolutions:

¢ Regional-Scale Mapping (1:250,000): Provides a synoptic

view of lithological and structural patterns across the
Makran Zone, supporting tectonic synthesis, regional
resource evaluation, and hazard assessment.

e Detailed Mapping (1:100,000): Offers enhanced resolution
suitable for localized studies, including site-specific
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structural analysis, mineral prospectivity assessments, and
integration with field-verified geochemical data.

Multi-scale availability allows seamless scaling of
analytical workflows, enabling researchers to transition from
broad regional overviews to focused, high-resolution
investigations without loss of spatial fidelity.

3.5 Unlocking Scientific Value through Integration

By georeferencing, classifying, and harmonizing
these geological maps, the project converts “trapped” data
into operationally accessible geoscientific assets. Key benefits
include:

e Enhanced Analytical Interoperability: Georeferenced maps
can be integrated with remote sensing derivatives,
geophysical grids, and borehole records, facilitating multi-
source synthesis.

e Improved Interpretive Accuracy: Spatial alignment reduces
inconsistencies and allows for more precise delineation of
lithological boundaries, faults, and structural domains.

e Support for Knowledge-Driven Applications: Maps form the
backbone of thematic mapping, 3D conceptual modeling,
mineral potential analysis, and hazard assessment within the
SUTGMM environment.

¢ Reproducibility and Transparency: Standardized
georeferencing, metadata enrichment, and cataloging enable
traceable analyses and support long-term usability of the
datasets by multiple stakeholders.
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Figure 11: Full-Model K Prediction Map generated through integrated
machine-learning analysis of harmonized terrain, radar, NDVI, and
anthropogenic features, demonstrating the operationalization of previously
trapped multi-source geospatial data within the SUTGMM

Through these processes, geological maps evolve
from static reference documents into dynamic, integrable, and
analytically actionable resources. This transformation
exemplifies the broader objective of the SUTGMM
Programme: to  systematically unlock underutilized
geoscientific data, maximize their interpretive potential, and
generate high-value outputs for research, planning, and
decision-making in the Makran Zone.
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3.6 Unlocking Trapped Data (continued: Integration with
Remote Sensing and Analytical Workflows)

Building upon the georeferenced geological maps, the
project integrates these foundational datasets with
complementary remote sensing and geophysical resources to
enhance thematic resolution and interpretive depth within the
Makran Zone. This integration transforms static maps into
dynamic, multi-source geoscientific assets that support
reproducible analysis, machine-learning classification, and
structural interpretation.

3.6.1 Integration with Remote Sensing Data

Georeferenced maps are combined with satellite
imagery and digital elevation models to generate additional
geological insights:

e Multispectral and Hyperspectral Imagery: Sentinel-2,
Landsat-8, and ASTER data provide spectral signatures
indicative of surface mineralogy, weathering profiles, and
lithological contrasts. By overlaying these data with mapped
lithologies, spectral indices can be calibrated against known
rock units, improving automated classification accuracy.

e Synthetic Aperture Radar (SAR): Sentinel-1 SAR imagery
captures surface roughness, lincament orientations, and
structural discontinuities that are often invisible in optical
datasets. Georeferenced maps guide the interpretation of
SAR-derived structural features, allowing identification of
previously undocumented faults or folds.

¢ Digital Elevation Models (DEMs): High-resolution SRTM
or ASTER DEMs support derivation of slope, aspect,
curvature, and topographic position indices. When combined
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with geological boundaries, these terrain metrics enhance
structural mapping, geomorphological interpretation, and
prediction of depositional environments.

The integration of these remote sensing derivatives
with georeferenced geological maps enables consistent,
spatially coherent multi-source analysis, improving the
robustness of lithological, structural, and morphotectonic
interpretations.

3.6.2 Machine-Learning Classification and Thematic
Synthesis

The harmonized datasets serve as inputs for
supervised machine-learning models designed to produce
refined thematic geological layers:

e Training Data: Georeferenced geological maps provide the
primary training polygons for lithological units, structural
domains, and fault zones. Expert-curated field observations
further validate training samples.

e Feature Extraction: Spectral, textural, topographic, and
structural indices derived from remote sensing datasets form
the feature space for classification. These features are
aligned with map-based training units to maximize
predictive accuracy.

o [terative Classification: Supervised algorithms such as
Random Forest or Support Vector Machines generate
preliminary thematic units. Misclassifications are identified
through cross-validation with geological maps and field
data, and iterative feedback is used to refine model
parameters, feature selection, and class definitions.
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This process results in high-resolution thematic
outputs that retain the interpretive validity of expert-compiled
maps while incorporating spatially continuous, sensor-derived
information.

3.6.3 Integration of Structural and Geophysical Data
Georeferenced maps also facilitate the incorporation
of structural and geophysical datasets:

e Faults and Lineaments: Mapped faults guide the
interpretation of lineament density and orientation derived
from SAR, DEM, or magnetotelluric datasets, producing
coherent structural overlays.

e Geophysical Surveys: Seismic reflection lines, gravity, and
magnetic datasets are spatially aligned to the geological
framework, allowing correlation of subsurface anomalies
with mapped lithologies and structural domains.

e Borehole and Drill Data: Point-based subsurface
observations are anchored to mapped units, supporting
validation of machine-learning outputs and refining 3D
conceptual models.

The integration of these diverse datasets generates a
unified geospatial framework, combining lithological,
structural, geophysical, and topographic information. This
framework enables advanced applications such as 3D
conceptual modeling, hazard assessment, and mineral
potential mapping.
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3.7 Metadata, Provenance, and Reproducibility
All integrated datasets are enriched with structured
metadata capturing:

e Spatial references and projection systems;

¢ Source documentation and acquisition dates;

¢ Data quality metrics and confidence levels;

¢ Processing history and transformations applied.

This ensures traceability and reproducibility of
analytical workflows, allowing users to understand the
derivation of each thematic layer and supporting future
updates as new data become available.

3.8 Outcome: Dynamic, Multi-Source Geological Knowledge

Through georeferencing, thematic classification,
remote sensing integration, and structural/geophysical
alignment, geological maps evolve from isolated, analog
resources into dynamic, interoperable knowledge assets.
These unified datasets form the core of the SUTGMM
infrastructure, enabling:

e Multi-scale lithological and structural analyses;

e Probabilistic modeling of mineral potential and resource
distribution;

e Evidence-based hazard assessment and environmental
planning;

e Interactive  geovisualization and stakeholder-oriented
decision-support tools.
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By systematically unlocking trapped data and
embedding it within a server-based, multi-source framework,
the project demonstrates how legacy geological maps can be
transformed into high-value, actionable intelligence for
scientific, institutional, and planning purposes in the Makran
Zone.

3.9 Data Processing and Integration Workflows

Following the unlocking and georeferencing of legacy
geological maps, the next phase of the project involves
structured data processing and integration workflows
designed to harmonize heterogeneous datasets within the
SUTGMM infrastructure. These workflows operationalize the
transition from raw or fragmented data to actionable
geological outputs while ensuring reproducibility, traceability,
and scalability.

3.9.1 Data Ingestion and Preprocessing

All datasets—including geological maps, remote
sensing products, geophysical surveys, and borehole logs—
are ingested into the centralized SUTGMM server
environment. Preprocessing steps are tailored to data type:

e Raster Data (Satellite Imagery, DEMSs): Radiometric
calibration, atmospheric correction, cloud and shadow
masking, resampling to uniform spatial resolution, and
reprojection to the defined Makran Zone coordinate system.

e Vector Data (Geological Boundaries, Faults, Borehole
Locations): Topological correction, simplification of
complex geometries, attribute normalization, and alignment
with georeferenced raster layers.
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e Geophysical and Analytical Data: Conversion from
proprietary formats, unit standardization, noise filtering, and
georeferencing relative to mapped units.

Preprocessing ensures spatial and thematic
consistency, reduces artifacts, and prepares datasets for
integrated analysis. Automated scripts and server-based batch
processing guarantee reproducibility and efficiency across
large datasets.

3.10 Metadata Enrichment and Data Cataloging

For each ingested dataset, structured metadata is
generated and stored in the SUTGMM knowledge base.
Metadata records capture:

¢ Provenance information (origin institution, acquisition date,
responsible personnel);

e Spatial and temporal coverage;

e Data type, format, and resolution;

e Quality indicators and confidence levels;

¢ Processing history and transformation logs.

This step facilitates discoverability, ensures proper
attribution, and provides users with transparent documentation
to support reproducible analyses and traceable decision-
making.
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3.11 Data Harmonization and Normalization
Heterogeneous datasets are standardized to enable
interoperability:

e Attribute Harmonization: Lithological, structural, and
geochemical classifications are unified using controlled
vocabularies and standard nomenclatures.

o Spatial Alignment: Raster and vector layers are co-registered
to a common projection, and discrepancies in boundary
locations are reconciled using reference features from high-
accuracy DEMs or field-validated points.

e Resolution  Normalization:  Multi-scale  datasets are
resampled or aggregated to maintain consistent spatial
granularity suitable for both regional and local analyses.

Harmonization ensures that all datasets can be
analyzed in combination, avoiding conflicts due to
inconsistent terminologies, coordinates, or units.
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Chapter 4: Integrated Analytical SUTGMM
Framework and Outputs for Unlocking
Trapped Data
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4.1 Feature Extraction and Analytical Preparation

Geospatial and analytical features are derived from
raw and harmonized data to serve as inputs for classification,
modeling, and mapping:

e Spectral Features: Band ratios, vegetation indices, and
mineral-sensitive indices derived from multispectral and
hyperspectral imagery.

e Textural Features: Grey-level co-occurrence metrics and
surface roughness measures extracted from SAR and optical

imagery.

e Structural Features: Lineament density, fault orientation,
curvature, slope, and topographic position metrics derived
from DEMs and fault maps.

e Geochemical and Subsurface Features: Point-based
analytical values interpolated or contextualized within
mapped lithologies for predictive modeling.

Feature extraction creates a structured dataset ready
for integration into supervised classification, spatial modeling,
and thematic synthesis.

4.2 Data Integration and Unified Framework Construction

All preprocessed, harmonized, and feature-enriched
datasets are integrated into a centralized SUTGMM
geospatial framework, resulting in a unified environment for
analysis:

¢ Raster and Vector Integration: Thematic raster layers, DEM
derivatives, and vector polygons (geological boundaries,
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faults, boreholes) are linked through spatial indexing and
relational database structures.

e Provenance Tracking: Each integrated dataset retains
metadata linking it to its source, processing history, and
quality assessments.

e Multi-Scale Compatibility: Both regional-scale and detailed
datasets are incorporated with mechanisms to query and
extract subsets for different analytical resolutions.

This unified framework enables cross-layer analysis,
supporting workflows such as overlay modeling, structural
interpretation, and resource potential mapping.

4.3 Iterative Validation and Quality Control
Data integration is accompanied by rigorous
validation and quality control:

¢ Consistency Checks: Alignment of geological boundaries,
fault traces, and lithological units across multiple sources.

¢ Cross-Validation: Verification of remote sensing—derived
classifications against georeferenced maps and field
observations.

¢ Uncertainty Mapping: Spatial identification of areas with
high disagreement or data sparsity, guiding subsequent
refinement or targeted validation efforts.

Iteration ensures that integrated datasets are both
scientifically robust and operationally reliable for downstream
applications.
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4.4 Preparation for Analytical Outputs

The final step in the workflow prepares datasets for
thematic mapping, machine-learning classification, and
geovisualization:

¢ Datasets are structured into server-accessible layers, with
standardized naming conventions, metadata, and
documentation.

o Feature matrices for supervised classification are exported in
consistent formats with linked training datasets derived from
georeferenced maps and field-verified observations.

e Analytical workflows, including raster overlay, spatial
modeling, and classification scripts, are version-controlled
and stored within the SUTGMM  infrastructure for
reproducibility.

4.4.1 Outcome: Integrated, Actionable Geoscience Data

The completion of these workflows produces a
cohesive, multi-source, and harmonized geospatial
framework for the Makran Zone, serving as the foundation
for:

e Unified thematic geological mapping;
o Structural and tectonic interpretation;
e Mineral potential modeling and geochemical screening;

o Interactive geovisualization  and decision-support
applications.

By systematically processing, harmonizing, and
integrating diverse geoscientific datasets, the project
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operationalizes trapped data, unlocking latent analytical
potential and enabling evidence-based planning and scientific
exploration.

4.4.2 Analytical Outputs and Geovisualization Products

Following the systematic processing and integration
of geoscientific datasets within the SUTGMM framework, the
project produces analytical outputs and geovisualization
products that transform raw and legacy data into actionable
geological knowledge. These outputs are designed to be
scientifically robust, reproducible, and operationally useful for
research, institutional decision-making, and regional planning
in the Makran Zone.

4.5 Unified Thematic Geological Maps

The primary deliverable consists of unified thematic
geological maps generated from the integration of
georeferenced legacy maps, remote sensing derivatives, and
field-validated observations. Key features include:

e Lithological Units: Harmonized representation of rock
types, age relationships, and compositional classes.

e Structural Elements: Consolidation of faults, lineaments,
fold axes, and tectonic boundaries from multiple data
sources.

o Stratigraphic Relationships: Spatially coherent depiction of
stratigraphic contacts and depositional sequences.

e Multi-Scale Compatibility: Maps produced at 1:250,000 and
1:100,000 scales to support both regional synthesis and
localized studies.
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These maps provide a comprehensive, multi-source
visualization of the Makran Zone’s geology, suitable for
integration into decision-support tools, academic research, and
resource planning.

4.6 Three-Dimensional Conceptual and Subsurface Models

The project produces 3D conceptual models by
integrating surface geological maps, structural interpretations,
borehole logs, and geophysical datasets:

e Subsurface Architecture: Visualization of stratigraphic
layers, lithological units, and structural geometries in three
dimensions.

e Fault and Fold Networks: 3D representation of tectonic
features to support structural analysis and hazard
assessment.

e Resource Modeling Inputs: Conceptual models provide a
framework for probabilistic mineral or hydrocarbon
prospectivity mapping.

These models enhance understanding of subsurface
conditions and support simulation, exploration planning, and
geohazard analysis.

4.7 Mineral Potential and Geochemical Screening Layers

Integrated datasets are used to generate mineral
potential maps and geochemical screening products,
combining lithological, structural, and geochemical
indicators:
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¢ Prospectivity Mapping: Statistical and machine-learning—
based models identify areas with high likelihood of
mineralization.

e Geochemical Anomalies: Interpolation and spatial analysis
of soil, rock, and stream sediment geochemistry reveal zones
of interest.

e Uncertainty  Visualization: Probability surfaces and
confidence layers document areas with higher uncertainty or
sparse data coverage.

These products support preliminary exploration,
targeted field campaigns, and risk-informed planning.

4.8 Interactive Geovisualization Dashboards

To facilitate accessibility and usability, analytical
outputs are coupled with interactive geovisualization
dashboards hosted within the SUTGMM server environment:

e Dynamic Map Layers: Users can toggle lithological,
structural, geophysical, and geochemical layers for
customized analysis.

e Query and Filtering Tools: Attribute-based queries allow
filtering by lithology, stratigraphy, or geophysical
properties.

¢ 3D Visualization Interfaces: Subsurface models and terrain
derivatives can be interactively explored, rotated, and cross-
sectioned.

¢ Exportable Outputs: Dashboards enable extraction of maps,
vector layers, and analytical reports for offline use or
publication.
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These tools promote evidence-based decision-making
and enhance engagement among researchers, institutional
stakeholders, and planners.

4.9 Metadata and Provenance Documentation

All analytical outputs are accompanied by
comprehensive metadata and provenance records,
detailing:

¢ Source datasets, acquisition dates, and processing steps;
¢ Analytical methods, algorithms, and parameters;

e Quality indicators, confidence levels, and limitations;

e Version history and update logs.

This ensures that all products are transparent,
reproducible, and auditable, supporting long-term usability
and enabling future extension of analyses.

4.10 Deliverable Summary
The final outputs of the project include:

e Unified thematic geological maps at multiple scales.
¢ 3D conceptual and subsurface geological models.

e Mineral potential and geochemical screening layers with
uncertainty documentation.

o Interactive geovisualization dashboards with query, filtering,
and 3D exploration capabilities.
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o Standardized metadata and provenance records for all layers
and products.

By delivering these integrated outputs, the project
translates previously trapped and fragmented geoscientific
data into high-value, actionable intelligence. The combination
of thematic mapping, 3D modeling, resource assessment, and
interactive visualization ensures that the Makran Zone is
supported by a modern, accessible, and reproducible
geoscientific knowledge base, aligned with the objectives of
the SUTGMM Programme.
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Chapter 5: Conclusions, Project Boundaries,
Risk Governance, and Strategic Impact
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5.1 Project Limitations, Exclusions, and Risk Management
While the project aims to unlock trapped geoscientific
data and generate actionable outputs for the Makran Zone,
several limitations and exclusions define the boundaries of
the research. Identifying these constraints ensures
methodological clarity, sets realistic expectations, and guides
the development of appropriate risk management strategies.

5.1.1 Project Limitations
a. Reliance on Existing Data

The project exclusively utilizes pre-existing datasets,
including geological maps, borehole logs, geophysical
surveys, and remote sensing products. No new field-based
data acquisition, drilling campaigns, or geophysical surveys
are conducted. As a result:

e Data coverage may be spatially incomplete, particularly in
remote or inaccessible regions of the Makran Zone.

e Certain lithological units, structural features, or mineral
occurrences may remain underrepresented, leading to gaps
in analytical outputs.

b. Pilot-Scale Implementation

The SUTGMM framework is deployed as a pilot-scale
demonstration, rather than a national or enterprise-level
platform. Therefore:

e Outputs are designed for research, decision-support, and
proof-of-concept purposes, not for statutory regulatory use.

e Long-term hosting, full-scale IT infrastructure management,
and national-scale integration are beyond the project scope.
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c. Scale and Resolution Constraints

While multi-scale geological maps (1:250,000 and 1:100,000)
are used, resolution limitations of legacy maps and coarse
remote sensing products may restrict the precision of local
analyses. Fine-scale structural or lithological heterogeneity
may not be fully captured.

d. Methodological Scope

The project emphasizes lightweight analytical workflows,
supervised classification, and conceptual modeling rather than
resource-intensive quantitative modeling:

¢ Probabilistic mineral assessments are indicative rather than
compliance-grade reserve estimates.

¢ Geohazard analyses are preliminary, supporting research and
planning rather than engineering design.

5.2 Exclusions
The project explicitly excludes:

e Acquisition of new geoscience data through field surveys,
drilling, or geophysical campaigns.

e Legal negotiations, contractual arrangements, or formal
policy reforms related to data access.

e Production of definitive, regulatory-grade geological maps
or reports for licensing or statutory purposes.

e Integration of proprietary, restricted, or confidential
industrial datasets without explicit authorization.
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e Full-scale  platform  development  beyond  pilot

implementations, including long-term IT operations,
cybersecurity management, or national infrastructure
deployment.

By defining these exclusions, the project maintains a
focused scope and ensures alignment with achievable
objectives.

5.3 Risk Management Strategies

Several risks are associated with the pilot
implementation of SUTGMM and the integration of
heterogeneous datasets. The project incorporates proactive
strategies to mitigate these risks:

a. Data Availability and Quality Risks

e Mitigation: Perform early-stage inventory and evaluation of
datasets, document gaps, and prioritize high-value sources
for integration. Include uncertainty layers to indicate low-
confidence areas.

¢ b. Data Integration and Harmonization Challenges

e Mitigation: Implement standardized metadata schemas,
controlled vocabularies, and automated preprocessing scripts
to ensure spatial, thematic, and attribute consistency. Use
iterative validation with field-verified points where
available.

¢. Computational and Infrastructure Risks
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e Mitigation: Deploy workflows on centralized SUTGMM
servers with scalable storage and processing capabilities.
Implement version-controlled pipelines to allow rollback
and reproducibility in case of errors.

d. Analytical and Interpretation Risks

e Mitigation: Employ iterative machine-learning workflows
with expert review and cross-validation against
georeferenced maps. Document assumptions, limitations,
and uncertainty measures in all analytical outputs.

e. Ethical, Legal, and Access Risks

e Mitigation: Apply access controls, anonymization, and
aggregation strategies for sensitive data. Comply with
institutional, national, and international data governance
standards.

5.4 Implications for Project Deliverables
By clearly articulating limitations, exclusions, and
risk management strategies:

e Users of the SUTGMM outputs are informed of potential
constraints in data coverage, resolution, and interpretive
certainty.

e The project maintains methodological transparency,
reproducibility, and ethical compliance.

¢ Pilot-scale implementation ensures that insights and
workflows can be scaled, adapted, or extended in future
research or institutional initiatives without compromising
scientific integrity.

91



This section provides a structured understanding of
the project boundaries, aligning stakeholder expectations
and ensuring that the SUTGMM pilot demonstrates both the
potential and the responsible use of unlocked geoscientific
data in the Makran Zone.

5.5 Expected Outcomes and Impact

The SUTGMM pilot project in the Makran Zone is
designed to deliver measurable outcomes that span scientific
advancement, institutional capacity building, and socio-
economic benefits. By systematically unlocking trapped
geoscientific data and integrating heterogeneous datasets, the
project transforms underutilized information into actionable
geological knowledge.

5.5.1 Scientific Outcomes
a. Enhanced Geological Understanding

¢ Production of unified, multi-scale thematic geological maps
provides a coherent representation of lithological units,
stratigraphy, and structural features.

e Integration of geophysical, remote sensing, and borehole
datasets enables refined 3D conceptual models, improving
understanding of subsurface architecture and tectonic
domains.

o Iteratively  validated machine-learning classifications
enhance interpretive accuracy and provide reproducible
workflows for future studies.

e b. Methodological Contributions
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¢ Development of standardized workflows for data curation,
harmonization, integration, and analysis establishes
transferable protocols applicable to other regions with
fragmented geoscientific data.

e Metadata enrichment and provenance tracking promote
reproducibility and transparency, supporting scientific rigor
and cross-institutional collaboration.

5.5.2 Institutional and Capacity-Building Outcomes
a. Knowledge Activation and Data Governance

e Consolidation of legacy datasets under a standardized
metadata and  governance  framework  improves
discoverability, accessibility, and usability of institutional
geoscience data.

¢ Training materials, documented workflows, and interactive
dashboards build institutional capacity for geoscientific
analysis, enabling staff and researchers to leverage datasets
effectively.

b. ICT and Analytical Infrastructure Enhancement

e Deployment of server-based SUTGMM  infrastructure
provides a scalable, reproducible environment for multi-
source data integration and geospatial analysis.

e Standardized pipelines for feature extraction, machine-
learning classification, and thematic mapping strengthen the
technical capacity of participating organizations.
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5.5.3 Socio-Economic and Practical Impacts
a. Evidence-Based Planning and Resource Assessment

e Unified geological and structural maps, 3D conceptual
models, and mineral potential layers support regional
planning, mineral exploration, and hazard assessment.

¢ Probabilistic resource assessments and geochemical
screening provide preliminary guidance for sustainable
resource development while minimizing environmental risk.

b. Decision-Support and Stakeholder Engagement

e Interactive geovisualization dashboards allow policymakers,
planners, and researchers to explore multi-source datasets,
query information, and generate reports for informed
decision-making.

e Transparent documentation of data provenance and
analytical assumptions facilitates responsible use of
geoscientific  information in  socio-economic  and
environmental planning.

5.5.4 Long-Term and Transferable Benefits
a. Scalability and Adaptability

e The SUTGMM framework, while implemented as a pilot,
establishes a methodology for scaling to other regions,
geoscientific domains, and institutional contexts.

e Reusable workflows and metadata standards create a
foundation for future integration of additional datasets or
expansion into larger-scale Earth data platforms.

b. Contribution to Open Science and Knowledge Sharing
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o Structured metadata, reproducible analytical pipelines, and
transparent documentation promote alignment with open
science principles, facilitating data sharing, peer review, and
collaborative research.

e Demonstrates a model for unlocking latent value in legacy
geoscience data, providing a template for similar initiatives
in other regions with fragmented data.

5.6 Summary
Collectively, the expected outcomes of the SUTGMM
pilot in the Makran Zone include:

o Scientifically robust geological products — unified thematic
maps, 3D models, and mineral potential layers.

e Institutional ~ capacity = enhancements —  workflows,
dashboards, and standardized metadata  enabling
reproducible analyses.

¢ Socio-economic utility — evidence-based planning, hazard
assessment, and resource exploration support.

e Transferable methodologies — scalable and adaptable
protocols for other regions and geoscientific domains.

By delivering these outcomes, the project
demonstrates that systematically unlocking trapped
geoscientific data can generate high-value knowledge,
support sustainable development, and strengthen institutional
and scientific capacity in the Makran Zone.
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5.7 Project Timeline and Implementation Plan

The SUTGMM pilot project for the Makran Zone is
designed as a one-year initiative, structured into sequential
and overlapping phases to ensure systematic data curation,
integration, analysis, and product delivery. The timeline
emphasizes iterative validation, reproducibility, and alignment
with the project’s primary and secondary objectives.

5.7.1 Phase 1: Project Initiation and Data Inventory (Month
1-2)
Objectives:

o Establish project governance, roles, and responsibilities.

¢ Conduct a comprehensive inventory of existing geoscientific
datasets from governmental agencies, academic institutions,
and publicly available sources.

o Key Activities:
o Identification of data custodians and stakeholders.

¢ Collection of metadata, access permissions, and licensing
information.

e Preliminary assessment of dataset quality, completeness, and
spatial coverage.

e Deliverables:
¢ Project governance plan.
e Comprehensive dataset inventory with metadata summary.

e Data access agreements or documentation of usage
restrictions.
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5.7.2 Phase 2: Data Preprocessing and Georeferencing
(Month 2—4)
Objectives:

e Prepare heterogeneous datasets for integration into the
SUTGMM infrastructure.

e Georeference legacy geological maps and align all spatial
datasets to a common coordinate system.

Key Activities:

e Preprocessing of raster datasets (DEM, satellite imagery)
including calibration, correction, and reprojection.

e Topological and attribute corrections for vector datasets
(maps, fault lines, boreholes).

¢ Georeferencing of geological maps and validation against
reference points.

e Deliverables:
¢ Georeferenced geological maps at multiple scales.
e Preprocessed remote sensing and geophysical datasets.

e Metadata-enriched, harmonized datasets ready for
integration.
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5.7.3 Phase 3: Data Harmonization and Feature Extraction
(Month 4-6)
Objectives:

o Standardize datasets for cross-source interoperability.

e Derive geospatial and analytical features for machine-
learning and thematic mapping.

Key Activities:
e Attribute harmonization using controlled vocabularies.

e Spatial alignment and resolution normalization of raster and
vector layers.

¢ Extraction of spectral, textural, topographic, structural, and
geochemical features.

e Deliverables:

e Harmonized and normalized datasets with standardized
metadata.

e Feature matrices prepared for supervised classification and
analysis.

5.7.4 Phase 4: Data Integration and Unified Framework
Construction (Month 6-8)
Objectives:

e Build a centralized geospatial framework integrating all
curated datasets.

e Ensure traceability, provenance, and reproducibility for all
analytical layers.
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o Key Activities:

o Integration of raster and vector datasets into the SUTGMM
knowledge base.

¢ Cross-validation of structural, lithological, and geophysical
layers.

e Documentation of processing workflows, version control,
and data lineage.

Deliverables:

e Centralized SUTGMM geospatial framework for the
Makran Zone.

¢ Provenance and metadata documentation for all integrated
layers.

5.7.5 Phase 5: Thematic Mapping, Machine-Learning
Classification, and Analytical Outputs (Month 8—10)
Objectives:

 Generate refined geological products and analytical outputs.
¢ Validate outputs against field observations and legacy data.
e Key Activities:

e Supervised = machine-learning classification  using
georeferenced maps and extracted features.

o [terative refinement of thematic layers based on validation
feedback.

e Integration of structural, geochemical, and geophysical data
into 3D conceptual models.
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Deliverables:
o Unified thematic geological maps at multiple scales.
¢ 3D conceptual and subsurface models.

e Mineral potential and geochemical screening layers with
uncertainty documentation.

5.7.6 Phase 6: Geovisualization and Decision-Support Tools
(Month 10-11)
Objectives:

e Develop interactive tools to explore and analyze the
integrated datasets.

o Key Activities:

e Construction of web-based dashboards and GIS interfaces
for multi-layer visualization.

e Implementation of query, filtering, and 3D navigation
capabilities.

e Integration of provenance and metadata for transparent,
reproducible use.

Deliverables:
o Interactive geovisualization dashboards.
¢ Exportable thematic maps, layers, and reports.

e Documentation and wuser guides for analytical and
visualization tools.
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5.7.7 Phase 7: Reporting, Training, and Knowledge
Transfer (Month 11-12)
Objectives:

e Consolidate project outputs and ensure knowledge transfer
to stakeholders.

o Key Activities:

e Preparation of final project report summarizing methods,
results, and recommendations.

e Training workshops for institutional staff and researchers on
SUTGMM workflows, dashboards, and analytical tools.

e Archiving of all datasets, workflows, and metadata in the
SUTGMM server environment for long-term accessibility.

Deliverables:
e Comprehensive project report.
e Training materials and workshop documentation.

¢ Finalized and archived SUTGMM datasets and tools.
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Table 2: Summary Timeline Table

Phase Duration Key Deliverables

1. Project Month 1-2 Dataset inventory,
Initiation & Data governance plan, access
Inventory documentation

2. Data Month 24 Georeferenced maps,
Preprocessing & preprocessed datasets
Georeferencing

3. Data Month 4-6 Harmonized datasets,
Harmonization & feature matrices
Feature Extraction

4. Data Month 6-8 Centralized SUTGMM
Integration & framework, provenance
Framework documentation
Construction

5. Month 8-10 Thematic maps, 3D
Thematic Mapping models, mineral potential layers
& Analytical
Outputs

6. Month 10-11 Interactive dashboards,
Geovisualization & query tools, exportable layers
Decision-Support

7. Month 11-12 Final report, training
Reporting, Training workshops, archived datasets
& Knowledge
Transfer

This phased implementation plan ensures that all
project objectives are systematically achieved, with clear
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milestones for data curation, integration, analysis, and
dissemination. The timeline also supports iterative validation,
risk mitigation, and reproducible workflows, aligning with the
SUTGMM principles and providing a structured roadmap for
the one-year pilot.

5.8 Conclusion

The SUTGMM pilot project for the Makran Zone
demonstrates a systematic approach to transforming trapped
and underutilized geoscientific data into high-value,
actionable knowledge. By leveraging legacy geological maps,
remote sensing products, geophysical surveys, and borehole
data, the project establishes a server-based, integrated
framework that supports reproducible workflows, multi-
source analysis, and dynamic geovisualization.

Key Achievements
1. Data Activation and Integration:

e Legacy geological maps have been georeferenced,
harmonized, and integrated with complementary datasets,
overcoming spatial, thematic, and format fragmentation.

e Standardized metadata, provenance tracking, and structured
data governance enhance discoverability, reproducibility,
and transparency.

2. Analytical Outputs:

e Unified thematic geological maps at multiple scales, 3D
conceptual models, mineral potential layers, and
geochemical screening products provide a comprehensive
understanding of the Makran Zone.
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e Interactive dashboards and GIS-based tools enable dynamic
exploration, query, and visualization of multi-source
datasets.

3. Capacity Building and Methodological Advancement:

e Documented workflows, training materials, and pilot-scale
infrastructure  strengthen  institutional capacity for
geoscientific analysis.

e Scalable and transferable methodologies provide a
framework for similar initiatives in other regions,
demonstrating the potential of unlocking latent value in
existing geoscience datasets.

Strategic Significance

The project aligns with broader objectives of
evidence-based resource management, hazard assessment,
and sustainable development by providing:

o Scientifically robust outputs for research and planning;
¢ Decision-support tools for policymakers and stakeholders;

¢ Protocols for ethical, reproducible, and transparent use of
geoscientific data.

By demonstrating the operationalization of
heterogeneous and underutilized data within a structured,
server-based environment, the SUTGMM pilot establishes a
model for digital transformation in geoscience knowledge
management. The insights, workflows, and tools developed
through this project not only enhance understanding of the
Makran Zone but also create a foundation for future
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expansion, regional scaling, and cross-institutional
collaboration.

Final Statement

In conclusion, the SUTGMM pilot illustrates that
systematically unlocking trapped geoscientific data can
generate significant scientific, institutional, and socio-
economic value. The project provides a replicable framework
for transforming fragmented legacy datasets into integrated,
actionable geoscience knowledge, enabling informed
decision-making, resource planning, and hazard assessment
while advancing the digital transformation of geoscience
research in the region.
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