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Abstract

Geopark planning often begins with geosite inventories, yet translating these inventories into spatial planning interpretations remains
limited. This study develops a GIS-based zoning interpretation of Meratus Geopark, South Kalimantag, Tndonesia, by examining how official
geosite distribution, development-potential density, accessibility, formal spatial planning categoties, and field-survey evidence jointly
shape geopark management implications. Its principal contribution is the development of a reproducible GIS framework that transforms
official geosite inventories into analytical zoning to support spatial planning decisions. The analysis used 54 official geosites and combined
weighted kernel density estimation, accessibility analysis, spatial plan overlay, and Semsitivity-suitability assessment within a GIS
framework, with field observations used to validate representative zoning conditions{Theyresults.show that Meratus Geopark is spatially
differentiated across four routes. The weighted KDE, based on 54 official geosites‘and 3,647 selected toponymy points, produced a
statistically clustered pattern, with a nearest-neighbor index of 0.184, z-score @f -11.478,.and p-value < 0.001. Accessibility also varies
strongly, from the highly accessible Western Route at 8.2 km from Tugu Nol Banjarmasin to,the peripheral Northern Route at 121.1 km.
The integrated analysis produced five proposed zoning categories: core zone, buffer zone, geopark corridor, limited development zone,
and special management zone. The proposed workflow provides planning-relevant evidence for geopark managers and spatial planners
to differentiate conservation priorities, visitor-service provision, mobility“eorridors, and site-specific management needs, while
maintaining that the resulting zoning interpretation is analytical rathex than legally binding.
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1. Introduction inseparable from the social, ecological, economic, and
political relations that shape how space is used and
regulated (Mo et al,, 2023; Sulistyadi et al., 2024). Geoparks
may also function as regional branding instruments that
support tourism, investment, and local economic growth,
but these opportunities require governance mechanisms
capable of addressing spatial complexity, land-use conflicts,
and cross-sectoral coordination (El Hamidy and Errami,
2025; Lee and Jayakumar, 2021; Ristiawan et al.,, 2023).
Consequently, geopark planning requires more than simply
recognizing geosites. It requires an area-based approach
that  integrates conservation, education,  visitor
management, local livelihoods, settlement functions,
infrastructure, and spatial control (Briggs et al, 2022;
Ferdowsi and Németh, 2025; Martinez-Martin et al., 2023).
The successful integration of geoparks into spatial planning
heavily relies on the richness of their geological and
tectonic history. This is evidenced by geochemical,
petrographic, and microfossil analyses in areas such as
Ciletuh and Karangsambung, which serve as the primary
basis for geoheritage conservation (Hafidhah Nurul Haq et
al.,, 2024). Therefore, a systematic geodiversity inventory is
a crucial first step for an aspiring geopark. Qualitative
evaluations of the educational, scientific, and tourism
aspects of geological manifestations, such as active fault
zones, provide legitimacy for determining spatial functions

Geoparks are increasingly pesitioned, ass territorial
platforms that connect geoheritage, consegvation with
education, community participation, tourism, and
sustainable regional developmenty Rather than being
limited to a catalog of geological attractions, a geopark
represents a managed “landscapeé where geological,
ecological, cultural, economic,hand institutional elements
interact within a_defined territory (Dias et al, 2023;
Naydenov, 2022).This views consistent with the broader
evolution of gedpark thinkingywhich treats geoheritage not
only as an @bject of protection but also as a basis for local
welfare, territorialvidentity, and place-based development
(De ‘€astro ‘et all, 2022; Varriale et al, 2022). In this
perspective,igeoparks function as spatially differentiated
management systems that integrate geoheritage,
biodiversity, cultural identity, accessibility, and local
development within a common territorial framework (Frey,
2021; Popaetal, 2017).

This territorial character has important implications for
spatial planning. Geoparks span landforms, settlements,
ecological systems, mobility networks, cultural meanings,
and governance arrangements that do not always align with
simple administrative or tourism boundaries (Ferdowsi
and Németh, 2025; Shiri et al,, 2025; Zhuang et al., 2024).
From a geographical perspective, geological value is
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for sustainable tourism (Utama et al., 2025). Although GIS-
based techniques have increasingly been adopted in
geoheritage and geopark studies, most applications remain
descriptive and inventory-oriented. Existing studies
commonly employ GIS to map geosite distribution, evaluate
tourism potential, or assess individual environmental
characteristics, yet only limited attention has been given to
translating these spatial datasets into operational zoning
frameworks that directly support statutory spatial planning
and land-use regulation (Brilha, 2016; Ferreira and Valdati,
2022; Zhuang et al, 2024). Consequently, previous GIS-
based zoning studies often indicate where valuable
geoheritage resources occur but provide insufficient
guidance on how different parts of a geopark should be
managed across diverse conservation, development, and
regulatory contexts.

These methodological limitations are particularly
relevant in Indonesia, where geoparks have increasingly
been promoted as instruments for tourism development,
environmental conservation, destination branding, and
regional economic transformation (Cahyadi and Newsome,
2021; Lestari and Indrayati, 2022; Ristiawan et al., 2023).
However, integrating geoparks into formal spatial planning
remains challenging. Geopark governance cannot rely only
on the recognition of geoheritage and cultural value; it must
also engage with zoning rules, land-use categories,
institutional mandates, and legal instruments that regulate
space (Dias et al, 2023; Nikolova and Sinnyovsky, 2018;
Zhuang et al, 2024). In South Kalimantan, Regional
Regulation No. 6 of 2023 on the Provincial Spatial Plan
(RTRW) 2023-2042 provides the formal framework for
spatial structure, spatial patterns, and the utilization and
control of space use (Indonesia, 2023). The regulation
distinguishes between protected and cultivation areass]lt
operationalizes them through categories such as ‘water
bodies, conservation areas, production forests, agricultute,
tourism, settlements, and other designated landsuse
functions (Indonesia, 2023). Therefore, integrating a
geopark into spatial planning requires anyuhderstanding of
how geosites intersect with these formal spatial‘categories.

Meratus Geopark offers a strategic, case for examining
this relationship. The geopark comprises 54 official sites
organized into four travel routes, distributed across several
regencies and cities in South Kalimantan (Meratus, 2023).
Its territorial context_is cemplex; combining riverine
cultural landscapes, upland‘settlements, reservoir and lake
systems, conservation areas, customary cultural assets,
religious-historical, sites, “.caves, hot springs, mining
heritage, and tourismydestinations. At the same time, parts
of South Kalimantanphave experienced land-cover change,
extractive pressure, and spatial-use mismatch associated
with coalmining and infrastructure expansion (Adhi et al.,
2022; Afkarina et al., 2019; Wibisono et al., 2023). Broader
land conversion from natural vegetation and agricultural
areas into built-up and infrastructure land also creates
long-term ecological risks for ecosystems and local
livelihoods (Khan and Chen, 2025; Shen et al,, 2022; Syaban
and Appiah-Opoku, 2024). These pressures coexist with the
high geo-biodiversity, biodiversity, cultural resources, and
ecotourism potential of the Meratus Mountains (Cahyadi
and Aufa, 2022; Magriaty, 2025; Naydenov, 2022). The
RTRW also recognizes the Meratus Mountains as a
Provincial Strategic Area for environmental functions and
carrying capacity, while emphasizing ecological restoration,
nature-based tourism, and geosite preservation (Indonesia,
2023).

Although geopark research has made substantial
progress in geosite inventory, geotourism, community
participation, and destination governance, GIS-based
zoning studies remain fragmented and insufficient for
spatial planning applications (Brilha, 2016; Ferreira and
Valdati, 2022; Zhuang et al,, 2024). Most studies evaluate
individual dimensions, such as geosite density, tourism
suitability, accessibility, or environmental sensitivity, as
separate analytical outputs rather than integrating them
into a unified planning framework (Gupta et al, 2024;
Quesada-Valverde and Quesada-Roman, 2023; Strba et al,,
2023). Consequently, these approaches provide valuable
thematic maps but offer limited support for interpreting
zoning priorities within legally designated™ land-use
systems. In Indonesia, geopark studies similarly'emphasize
governance, stakeholder collaboration, “,and teurism
management, yet rarely connect official geosite inventories
with statutory spatial planning instrumeénts,such as the
RTRW (Dwipati et al, 2025 Rahmatin and” Nawangsari,
2025; Ristiawan et al,, 2023)3This diseonnect limits the
practical use of GIS analyses for supporting zoning
decisions and long-term térritorial management.

This gap is importantbecause spatial planning does not
treat territory as a unifermysurface. It differentiates area
functions, permissible activities, conditional uses, and
restrictions attached,to each spatial category (Iukhno et al.,
2025; Yanbe etWal,®2023). A geopark that overlaps
conservation areas, settlements, water bodies, production
forests,¥ agricultural landscapes, tourism spaces, and
mining-influenced areas cannot be managed as a single
tourism zon€ or as a purely protected area (Ferdowsi and
Németh,*2025; Mo et al., 2023; Shiri et al,, 2025). Zoning
interpretation must consider ecological sensitivity, land
suitability, accessibility, carrying capacity, and land-use
intensity to ensure that tourism and development do not
weaken geoecological integrity (Qi et al., 2023; Shi et al,
2024; Sobhani et al, 2022). Formulating such zoning
requires spatial approaches, such as grid-based indexing, to
rapidly delineate hotspots (Gathot Harbowo and
Siringoringo, 2025). Furthermore, assessing site feasibility
requires multi-parameter quantitative methods that cover
scientific and economic values (Ansori et al, 2021),
alongside functional and social media exposure metrics for
targeted tourism planning (Sahara and Setiawan, 2022).

Against this background, this study develops a GIS-
based zoning interpretation of Meratus Geopark by
positioning official geosite inventories as a spatial planning
interface rather than as stand-alone spatial datasets. The
framework sequentially combines weighted kernel density
estimation to identify concentrations of strategically
important geosites, accessibility analysis to evaluate spatial
connectivity, RTRW overlay to examine consistency with
statutory land-use designations, and sensitivity-suitability
assessment to interpret conservation and development
priorities. Rather than merely integrating existing GIS
techniques, the proposed workflow establishes explicit
analytical relationships between geoheritage distribution,
accessibility, environmental constraints, and formal
planning regulations. This integrated interpretation
provides planning-oriented evidence for zoning decisions
that cannot be generated by applying each GIS technique
independently.

Accordingly, this study aims to develop and
demonstrate an operational GIS-based framework for
interpreting geopark zoning within the context of statutory
spatial planning. Specifically, the study evaluates the spatial
concentration of geosites, their accessibility, compatibility
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with the Provincial RTRW, and environmental sensitivity to
produce planning-oriented zoning interpretations for the
Meratus Geopark. The proposed framework is intended to
strengthen the integration of geoheritage conservation with
regional spatial planning and sustainable territorial
management.

2. Research Methods

This study applied a spatial-analytical case study design
to transform the official Meratus Geopark site inventory
into a GIS-based zoning interpretation. The design was
descriptive and evaluative rather than causal; therefore, the
analysis did not aim to explain cause-effect relationships
between geosite location, accessibility, land-use
designation, and zoning outcome. Instead, it examined how
official geosites, route structure, access networks, spatial
planning categories, and field-based contextual evidence
jointly inform zoning interpretation. This approach follows
geopark and geoheritage studies that emphasize
integrating geosite inventory, conservation, territorial
management, community development, and spatial
planning within a single landscape framework (Brilha,
2016; Dias et al,, 2023; UNESCO, 2026; Zhuang et al., 2024).
The study was conducted in Meratus Geopark, South
Kalimantan, Indonesia. The main unit of analysis was the
official geosite point, while route-level aggregation was
used to interpret territorial differentiation across the
Western, Southern, Eastern, and Northern routes. The study
used all 54 official Meratus Geopark sites; therefore, no
statistical sampling of geosites was applied. Supporting
spatial data were selected purposively based on their
relevance to the research objective, namely the
interpretation of the relationship between geosite
inventory and spatial planning. These data includedsthe
delineation of the Meratus Geopark, route attributes,
administrative boundaries, BIG toponymy datay,road
networks, water-access segments, pedestrian‘acces$ links,
urban or service nodes, and the ¢South® Kalimantan
Provincial Spatial Plan (RTRW) 2023-2042. The \RTRW
layer was used because it providesyformal‘spatial pattern
categories for interpreting whethepgeosites are associated
with protected areas, cultivation areas, settlement spaces,
tourism functions, production landscapes, water bodies, or
other designated land-usefcategories (Indonesia, 2023).
Field-survey documentation eollected in 2025 was used as
representative visual and contextual evidence for proposed
zoning categories./The field photographs were not treated
as a statistically, représentative sample, but as contextual
verification of selected,sites and spatial functions.

All spatial layers were checked for geometry validity,
standardized into a common projected coordinate system,
and organized in a GIS environment. All spatial analyses
were performed using ArcGIS Pro version 3.x (Esri,
Redlands, CA, USA). Spatial datasets were projected into the
Universal Transverse Mercator (UTM) coordinate system,
WGS 1984, Zone 50 South, to ensure consistency in distance
and area calculations. The principal GIS tools included
Kernel Density, Average Nearest Neighbor, Network
Analyst (Closest Facility and Service Area), Spatial Join,
Intersect, and Raster Calculator, together with standard
vector editing and topology validation procedures. The
analysis was conducted through seven sequential
procedures. First, the official geosite inventory was mapped
and grouped by route to identify distribution patterns and
administrative context. Second, weighted ‘kernel density
estimation was applied to examine the concentration of
developmental potential. The kernel'density search radius
and raster cell size were detérmined\through preliminary
sensitivity testing to balance, spatial, detail with the
geopark's regional extent. Several parameter combinations
were evaluated to avoidy excessive smoothing while
maintaining interpretable hotspot patterns across the four
geopark routes, The final parameter values were selected
because they producedstable density surfaces that
accurately represented spatial variation without generating
fragmented ‘or overly generalized clusters, consistent with
recommendations from previous GIS-based spatial density
studiesX Official geosite points were treated as the main
analytical“anchors, while selected toponymy points were
incorporated only when they were thematically relevant to
geo=geomorphology, hydrology, culture, tourism, or access.
Each toponymy point was assigned a weighting score
according to its functional relevance to geopark
development. Weight values were assigned through a rule-
based analytical scheme based on the functional relevance
of each toponymy group to geopark interpretation,
development-potential density, and spatial planning
objectives. The scheme was applied consistently to all 3,647
selected toponymy records. The weighting procedure was
not intended to rank the intrinsic scientific value of each
toponymy feature, but to differentiate its relative
contextual contribution to the weighted development-
potential density surface.

To clarify the weighting procedure, the selected
toponymy records were grouped into five functional classes
before being incorporated into the KDE model. The
weighting scheme used in the analysis is summarized in
Table 1.

Table 1. Functional weighting scheme for selected toponymy points

Functional group Examples of features Weight Analytical role
Geoheritage and Caves, waterfalls, hot springs, cliffs, 5 Main contextual support for geoheritage and
geomorphological features geological formations geodiversity potential
Hydrological and landscape Rivers, reservoirs, lakes, springs, 4 Support for ecological, riverine, and
features valleys landscape interpretation
Cultural and historical features Traditional villages, religious sites, 3 Support for cultural meaning and place

old mines, cultural landmarks identity

Tourism and visitor-related Attractions, viewpoints, recreation 2 Support for visitor-service and
features sites, visitor facilities interpretation potential
Access and settlement-support Road nodes, settlements, landing 1 Support for accessibility and local

features points, service nodes

management context

Source: Authors’ rule-based weighting scheme for weighted KDE analysis

Table 2. Decision framework for GIS-based zoning interpretation
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Proposed zone

Main spatial evidence

Supporting criteria

Planning interpretation

Core zone High geosite concentration Protected-area context, high
and/or strong conservation geoheritage value, ecological
relevance sensitivity

Buffer zone Transitional space around key Settlement interface, livelihood

Geopark corridor

geosite clusters
Spatial linkage between geosite

context, ecological support function
Road, river, pedestrian, or route-based

Protection, interpretation, and

controlled visitation

Interface between geopark assets
and community landscapes
Mobility, interpretation, and route-

clusters and route systems connectivity based geopark experience
Limited Accessible sites with visitor- Settlement, tourism, cultural Controlled visitor services and
development service potential production, or cultivation context community-based tourism
zone
Special Mixed spatial functions or Extractive heritage, infrastructure Site-specific management,
management management constraints pressure, land-use conflict, cultural monitoring, and cross-sector
zone sensitivity coordination

Source: Authors’ GIS-based interpretation framework
Table 3. Spatial data, analytical procedures, and outputs
Spatial data/input Analytical procedure Main output

Official Meratus Geopark geosite
inventory
Meratus Geopark delineation

neighbor analysis

framing
BIG toponymy data
support
Road network, water-access segments,

and pedestrian links analysis

Route grouping, point mapping, nearest-
Boundary standardization and map
Thematic filtering and weighted KDE

Network-distance and access-corridor

Geosite distribution,routeprofile;
clustering statistics

Study areaboundaryand spatial analysis
extent

Contextual development-potential density

Accessibility‘'gradient and route-based
access,classes

Urban and service nodes

interpretation
RTRW spatial pattern polygons
Sensitivity-suitability criteria Rule-based synthesis

Field-survey photographs, 2025

Proximity and service-context

GIS overlay with geosite points

Representative contextual verification

Accessibility’context and visitor-service
potential

Site-RTRW relationship and planning-
category interpretation

Zoning interpretation and management
implications

Visual evidence for proposed zoning
categories

Source: Authors' GIS compilation and analysis based on official Meratus,Geepark'geosite data, BIG toponymy data, access-network data,
urban/service nodes, geopark delineation, South Kalimantan Proyincial RTRW/2023-2042, and field-survey documentation.

Average nearest-neighbor analysis was then used to
assess whether the official geosite pattern was clustered,
random, or dispersed. Third, accessibility ‘Was ‘evaluated
using a network-based approach, with) “Tugu_/Nol
Banjarmasin as the provincial origin node. The“analysis
considered road access, primary ‘access corridors, water-
based access, pedestrian links, and urban or service nodes,
because accessibility in Meratus Geopark includes riverine,
peri-urban, upland, and last-milesmobility contexts. Fourth,
geosite points were overlaid with RTRW spatial pattern
polygons to identify their‘relationship with formal spatial
planning  categories. WFifth,sy sensitivity-suitability
interpretation was develeped by combining geosite context,
accessibility condition, RTRW category, conservation
relevance, visitor-service potential, and management
constraintsgSixth, representative field-survey photographs
were, used to support the interpretation of core, buffer,
corridoty, limited ' development, and special management
zones. Seventh, all results were synthesized into a GIS-
based zoning interpretation and a conceptual model of
Meratus Geopark as a spatial planning interface. Zoning
interpretation followed an explicit decision framework
rather than subjective visual interpretation. Core zones
were assigned to geosites characterized by high
geoconservation significance, strong spatial concentration,
and dominant overlap with protected spatial functions.
Buffer zones included areas surrounding core geosites that
support ecological integrity and visitor management.
Corridor zones connected clusters of geosites through
existing transportation or river networks. Limited
development zones represented areas suitable for
controlled tourism development under existing land-use
regulations. Special management zones were identified

where multiple planning constraints, environmental
sensitivity, or land-use conflicts required site-specific
management strategies.

To make the zoning interpretation more transparent,
each proposed zone was derived from a combination of
spatial evidence rather than from a single criterion. The
decision framework is presented in Table 2. The categories
should be read as analytical planning interpretations, not as
legally binding zoning designations.

| Gieasite o 2 ais o A Spatid 4 Mcesiviley 5 RTRW
msatery Preprocenng Pattern Andywh Andy i et
A d A * . '
« M Ofae ¢ Corndants * Narowd Dvoscky * Setmnrt [ Nidapern * Osarlyy wieh
G Stahriliases x0e o P, Wiset KYNW Spets
* B Y Py — « Nearwe Nt Podwrian P
weribeses s L Aty Acce » Sae KT HW
o Adipiastive Incrasee « Urbas Scrvics Kebwtombey
Sacaluion Notes

L J
o Seraitiviy-Salaliling Awesaea
Cnmrreln g, Vine

= Dvrdeprws Poasid = Mungpens: Cantiasds

'
7. Field-Survey Docsmentation
Buprrrrunior Morna oy Lo
)
2 GIS Bened Zoming limerpretstaon
Core * D » Céarider « Limand Divehpennt » Speral Masgnen
'
V. Spesied Planaing lreplicoiios
Krnde Marmd Mutagrrnerd Sremgy aod Wiay wrbans

wary Covpiey

Fig 1. Research workflow for GIS-based zoning interpretation of
Meratus Geopark

The selected methods were appropriate because the
research question required spatial interpretation rather
than causal modeling. Kernel density analysis was used to
identify concentration surfaces; nearest-neighbor analysis
provided statistical support for spatial clustering; network-
distance analysis captured realistic access conditions;
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RTRW overlay linked geopark sites with formal planning
categories; and field-survey documentation strengthened
contextual interpretation. The resulting zoning
interpretation should therefore be read as an analytical
planning interface, not as a legally binding zoning map. The
complete methodological workflow, from data collection
through GIS-based spatial analysis to zoning interpretation,
is illustrated in Figure 1. The workflow links geosite

inventory, GIS preprocessing, clustering analysis,
accessibility analysis, RTRW overlay, sensitivity-suitability
assessment, field-survey documentation, zoning

interpretation, and spatial planning implications. The
spatial datasets, analytical procedures, and expected
outputs associated with each stage of the workflow are
summarized in Table 3.

3. Research Results

3.1. Route-Based Spatial Distribution of Meratus
Geopark Sites

The distribution of the 54 official Meratus Geopark sites
shows a clear route-based spatial structure. The sites are
not evenly distributed across the geopark territory, but are
organized into four routes with distinct territorial
characteristics. The Western Route contains 9 sites and is
closely associated with the wurban-river system of
Banjarmasin and Barito Kuala. The Southern Route contains

14 sites and forms a peri-urban transition corridor linking
Banjarbaru, Cempaka, Kiram, Mandiangin, and surrounding
conservation-oriented landscapes. The Eastern Route
contains the largest number of sites, with 17 sites
concentrated within one regency, one district, and six
villages or urban wards. The Northern Route also includes
14 sites, distributed across three regencies, eight districts,
and 14 villages or urban wards, indicating a wider, more
fragmented territorial pattern.

This route-based distribution shows that Meratus
Geopark is not a single homogeneous destination. Each
route has a different spatial role. These differences indicate
that the territorial organization of Meratus Geopark is
inherently heterogeneous rather than spatially uniform.
Consequently, each route requires differentesplanning
priorities, management strategies, and zoning.approaches,
depending on its dominant landscdpe jcharacteristics,
accessibility, and socio-ecological functiens. The Western
Route is shaped by river mobility, and cultural settlement
landscapes. The Southern Route islinked,to urban services,
cultural interpretation, and access to conservation. The
Eastern Route forms a g€ompact conservation and lake-
reservoir cluster, while the Northern Route represents a
peripheral upland landseapewith mixed cultural, historical,
geological, and ;management characteristics. A detailed
summary of the route-based distribution and territorial
characteristies of the geopark sites is presented in Table 4.

Table 4. Route-based distribution and territorial charagteristies of Meratus Geopark sites

Route Number of Dominant spatial setting Main territorial role
sites

Western 9 Urban-river, water-cultural, and settlement landscape Urban-river cultural corridor
Route
Southern 14 Peri-urban, cultural, service, and comservation transition Peri-urban interpretation and service
Route landscape corridor
Eastern 17 Reservoir, lake, conservation, and geoheritage landscape Conservation and lake-reservoir
Route geosite cluster
Northern 14 Upland, custemary-cultural, religious-historical, and Peripheral upland mixed-
Route extractiveheritage landseape management landscape
Total 54 Multi-route geopark territory Spatial planning interface

Source: Authors' compilation based on'the officialMeratus Geopark site inventory, route attributes, and administrative boundary data.
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Fig 2. Spatial distribution of Meratus Geopark sites by route and
administrative location. Source: Compiled by the authors based on
the Meratus GeoparKk site inventory, route attributes, and
administrative boundary data

Building on the route classification in Table 4, the
geosite distribution was mapped to examine its spatial
configuration within the Meratus Geopark. The resulting
map illustrates the relationship between geosite
distribution, route networks, and administrative
boundaries Figure 2.

Figure 2 demonstrates that the spatial organization of
Meratus Geopark is structured around four territorial
corridors rather than a single centralized destination. This
differentiated spatial configuration provides the basis for
subsequent analyses of clustering, accessibility, and zoning
interpretation.

3.2. Spatial Clustering and Development-Potential
Density

The weighted kernel density analysis indicates that the
spatial pattern of Meratus Geopark is strongly clustered.
The KDE surface was generated from 54 official geosite
points and 3,647 selected toponymy points, producing
3,701 weighted input points. Official geosites were used as
the main analytical anchors, while selected toponymy
points were included as contextual evidence of place-based
development potential. The KDE model used a 10,000 m
search radius and a 250 m raster cell size.

The average nearest-neighbor result confirms the
clustered pattern. The nearest-neighbor index was 0.184,
with a z-score of -11.478 and a p-value below 0.001. These
values indicate that the official geosite distribution is
statistically clustered rather than random. High- and very-
high-density areas are located where official geosites are
reinforced by surrounding toponymy related to hydrology,
culture, access, geomorphology, and tourism. The resulting
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surface therefore represents a weighted development-
potential density, not merely a map of point concentration.
From a spatial planning perspective, the identified hotspot
areas indicate locations where geoheritage resources,
supporting landscape features, and visitor accessibility
converge within the same territorial context. These areas
therefore represent strategic priorities for integrated
conservation and tourism management because they

concentrate both development opportunities and potential
visitor pressure. Conversely, lower-density areas should
not be interpreted as having lower geoheritage importance,
but rather as requiring different planning strategies that
emphasize territorial connectivity and landscape
conservation. The parameters used in the weighted kernel
density analysis and the statistical results of the nearest-
neighbor analysis are summarized in Table 5.

Table 5. Weighted KDE parameters and nearest-neighbor statistics

Component Result Analytical meaning
Official geosite points 54 Main geosite anchors
Selected toponymy points 3,647 Contextual support for development-potential
analysis
Total weighted input points 3,701 Final KDE input
KDE search radius 10,000 m Spatial bandwidth for density estimation
Raster cell size 250 m KDE output resolution
Nearest-neighbor index 0.184 Strong clustering
Z-score -11.478 Strong departure from random distribution
p-value <0.001 Statistically significantclustering

Main output

Weighted development-potential density

Analytical surface, mot a legalizoning boundary

Source: Authors' GIS analysis based on official Meratus Geopark geosite data, selected BIG toponymy.data, weighted KDE processing, and

nearest-neighbor analysis.

Table 6. Route-based accessibility gradient and planning interpretation

Route Average distance Dominant access structure Accessibility. Planning implication
from Tugu Nol interpretation
Banjarmasin
Western 8.2 km Urban roads, river corridors, and Very high  River-cultural interpretation,
Route water-based access accessibility water mobility, urban tourism, and
community-based services
Southern 45.6 km Primary and collector roads‘, High ‘to moderate Interpretation facilities, education,
Route connecting Banjarmasin-_ “accessibility visitor services, and conservation-
Banjarbaru-Kiram-Mandiangin based tourism
Eastern 60.1 km Banjarbaru-Aranio-Riamy, Kanhan«® Moderate Controlled  access, carrying-
Route corridor and lake-reservoir access®  accessibility capacity management, and
conservation-oriented tourism
Northern 121.1 km Long-distance £ arterial/collector ~Low to peripheral Selective  development, field
Route roads, local, roads, ‘and “last-mile  accessibility verification, safety control, and

access

special management

Source: Authors' GIS network-distance analysisibased omyofficial geosite locations, Tugu Nol Banjarmasin as the provincial origin node,
road network data, selected access cortidors, water-based access segments, pedestrian links, and urban/service nodes.

Based on the parameters in Table\5, weighted Kernel
Density Estimation (KDE) was applied to identify the spatial
intensity of geosite distribution in the Meratus Geopark.
The resulting density suffacef provides the basis for
interpreting development ‘potential and conservation
priorities Figure 3.

Fig 3. Spatial clustering and concentration pattern of Meratus
Geopark sites based on nearest-neighbor and kernel density
analysis.

Source: Authors' GIS analysis based on geosite point data
and selected toponymy data. Note: The figure reports the
nearest-neighbor index of 0.184, z-score of -11.478, p-value
< 0.001, and weighted kernel density output.

Figure 3 provides quantitative evidence that the
distribution of geosites is spatially organized rather than
random. The statistically significant clustering supports the
interpretation that zoning should be based on spatial
concentration systems instead of individual geosite
locations.

3.3. Accessibility Gradient Across the Geopark
Network

The accessibility analysis shows a strong gradient
among the four routes. Accessibility was interpreted using
a network-based approach that included road access,
water-based access, pedestrian access, primary access
corridors, and urban or service nodes. This approach was
used because several sites in Meratus Geopark are
connected through riverine, peri-urban, upland, and last-
mile mobility systems.

The Western Route is the most accessible route, with an
average distance of 8.2 km from Tugu Nol Banjarmasin.
Banjarmasin shapes its accessibility through the Barito
Kuala urban-river system, where road access and water
mobility are both relevant. The Southern Route has an
average distance of 45.6 km and is supported by the
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Banjarmasin-Banjarbaru-Kiram-Mandiangin corridor. The
Eastern Route has an average distance of 60.1 km and is
linked to the Banjarbaru-Aranio-Riam Kanan access
structure. The Northern Route is the least accessible, with
an average distance of 121.1 km. Its peripheral position,
upland setting, and reliance on longer arterial, collector,
local, and last-mile access corridors indicate higher
management complexity. These accessibility differences
have important planning implications. Highly accessible
routes are more likely to experience higher visitor intensity
and therefore require stronger visitor management,
interpretation facilities, and carrying capacity controls. In
contrast, relatively remote routes should prioritize
landscape conservation, selective infrastructure provision,
and emergency access planning to maintain ecological
integrity while ensuring visitor safety. A summary of the
route-based accessibility characteristics and their
implications for spatial planning is presented in Table 6.

its upland, customary-cultural, religious-historical,
production, and heritage-related contexts. A
comprehensive summary of the relationships between the
geopark sites and RTRW spatial pattern categories,
together with their planning implications, is presented in
Table 7.

Table 7. RTRW spatial pattern relationship and planning relevance

Spatial Main planning Management

relationship meaning implication
Protected or High ecological Conservation priority,
conservation- or heritage visitor control, and

related areas sensitivity carrying-capacity

management

Water bodies and Water-based River-cultural

riverine cultural and interpretation and
landscapes ecological water-mebility-
functions planning

Tourism and Higher visitor-_(*Controlled visitor

settlement- service services;

related areas potential interpretation
facilities, and
community-based
tourism

Production forest Mixedyland=use Selective development

or agricultural  and%,livelihood and land-use

landscapes context compatibility review
Extractive or WPotential Special management,
infrastfucture- pressure on monitoring, and
influencedispaces | geoheritage planning control
values
Mixed-space Multiple Integrated zoning
relationships overlapping interpretation and
spatial cross-sector
functions coordination

Fig 4. Accessibility gradient of Meratus Geopark sitesfrom
provincial urban nodes and transport cofridors.

Source: Authors' GIS network-distance analysis basedyon'geosite
locations, road network data, selected access“eorridors; water-
based access, pedestrian links, and urban/service nodes.

Based on the accessibility indicators inyTable 4, the
spatial accessibility of geosites was mapped to illustrate
their connectivity to the provineial transportation network.
Figure 4 shows the resulting,accessibility gradient and
variations in transport connectivity.

Figure 4 illustrate§ that “aceessibility is not only a
transportation attribute but also a determinant of
conservation priorities, infrastructure investment, and
visitor managefment@cross the geopark.

3.4. Relationship Between Geosites and RTRW Spatial
Pattern Categories

The, overlay between geosite locations and the South
Kalimantan Provincial Spatial Plan shows that Meratus
Geopark “intersects multiple RTRW spatial pattern
categories. The geopark sites are associated not only with
tourism or conservation spaces, but also with settlements,
water bodies, production landscapes, cultural landscapes,
and mixed-use areas. This finding indicates that geopark
planning cannot be reduced to a single spatial function.

The route-level pattern also differs. The Western Route
is more closely related to riverine, settlement, and cultural
landscape functions. The Southern Route intersects peri-
urban service spaces and conservation-linked areas. The
Eastern Route is more strongly associated with
conservation and reservoir-lake settings. The Northern
Route shows the most mixed spatial relationship, reflecting

Source: Authors' GIS overlay based on official Meratus Geopark
geosite data and South Kalimantan Provincial RTRW spatial
pattern polygons 2023-2042.

To evaluate the relationship between Meratus Geopark
sites and the regional spatial planning framework, geosite
locations were overlaid with the Provincial Spatial Plan
(RTRW) land-use categories. Figure 5 presents the
distribution of geosites across the different planning zones,
while Table 5 summarizes their planning implications. The
results indicate that geosites intersect a wide range of
spatial planning categories, with protected areas and water-
related landscapes having high conservation significance. In
contrast, tourism, settlement, and productive land-use
zones provide greater opportunities for sustainable
geotourism development under appropriate management.
Overall, the findings highlight the need to integrate
geoheritage conservation with statutory spatial planning to
support balanced environmental protection and
sustainable land use.
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Fig 5. Composition of RTRW spatial pattern categories associated
with Meratus Geopark sites, overall and by route. Source: Authors'
calculation based on unique site-RTRW spatial pattern
relationships.
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Fig 6. Spatial planning interface between Meratus Geopark sites
and RTRW spatial pattern categories.
Source: Authors' GIS overlay based on geosite point data
and RTRW spatial pattern polygons.

Figure 5 demonstrates that the distribution of geosites
among RTRW categories varies substantially across routes,
reinforcing the need for differentiated zoning strategies
that accommodate multiple statutory land-use functions.

The spatial relationship between Meratus Geopark sites
and the RTRW spatial pattern categories is illustrated in
Figure 6.

Rather than simply illustrating spatial overlap, Figure 6
demonstrates how official geosite inventories can be
translated into planning-relevant information by
integrating them with statutory spatial planning categories.

3.5. GIS-Based Zoning Interpretation and Field-Survey.
Evidence

The synthesis of geosite distribution, KDE clustering,
accessibility gradient, RTRW overlay, and, sensitivitys

suitability assessment produced five proposed zoning
categories: core zone, buffer zone, geopark corridor, limited
development zone, and special management zone. These
categories do not replace formal RTRW zoning. They serve
as analytical tools to support geopark planning and
management.

The core zone refers to sites with high geoheritage or
conservation significance where protection and controlled
use are the main priorities. The buffer zone represents
transitional areas that connect key geopark assets with
local settlements and everyday land-use contexts. The
geopark corridor refers to spaces where mobility,
connectivity, and route-based experience are central. The
limited development zone identifies areas stitable for
controlled visitor services, interpretation, and loealeultural
economy. The special management zone refers.to sites or
landscapes where heritage value overlapsiwith extractive
history, infrastructure pressure, or mixedépatial functions.
Field-survey documentation collected,in 2025 supports the
interpretation of these proposed categories. Representative
sites include the Kiram Bamboo Mosque Site as a core-area
representation, the Traditional Herbal Medicine Village Site
as a buffer-area representation, the Lok Baintan Floating
Market as a geopark corrider, the Traditional Sasirangan
Village Site as a limited development area, and the Nassau
Oranje Mine aand Tahura Meratus Geopark Information
Center Site @s special'management area representations.
These photegraphs provide contextual evidence of the
physical | and%funetional characteristics of each zoning
category, although they should be read as representative
documentation rather than statistical field samples. A
comprehensive summary of the GIS-based zoning
interpretation and the planning characteristics of each zone
is\presented in Table 8.

Table 8. GIS-based zoning'interpretation of Meratus Geopark

Proposed zone Main evidence

Planning meaning

Representative field-survey evidence

Core zone High geoheritage or

conservation significance
Transitional séttlement and local  Interface
liveliheod,context

Buffer zone

Protection and controlled use

between
assets and everyday local space

Ancient Submarine Volcano Site / Kulit
Ular Rock Site / Orchid Conservation Park
Site

Belangian Village Site / Riam Kanan Lake
Fisheries Site / Lakeside Stilt House Site

geopark

Geopark Mobility, connectivity, and route-  Corridor

corridor based'experience interpretation, and
linkage

Limited Accessibility, visitor services,

development and local'eultural economy

zone based services

Special Mixed  heritage, extractive Specific

management history, infrastructure, or

zone complex spatial context

Controlled development
interpretation and community-

arrangement and monitoring

for movement,
spatial

Lok Baintan Floating Market Site

for Traditional Sasirangan Village Site / Kiram
Bamboo Mosque Site / Traditional Herbal
Medicine Village Site

Oranje Nassau Mine Site / Cempaka
Traditional Diamond Mining Site / Sacred
Mosque Site

management

Source: ‘Atithors’ GIS-based zoning interpretation derived from geosite inventory, accessibility analysis, RTRW overlay, sensitivity—-

suitabilitylassessment, and field-survey documentation, 2025.

Building upon prior spatial suitability and accessibility
analyses, a GIS-based zoning framework was established to
delineate management priorities for the Meratus Geopark.
This framework integrates geosite inventories, accessibility
metrics, regional spatial planning (RTRW), environmental
sensitivity, and field verification data. Consequently,
distinct functional zones were defined to support
geoconservation, sustainable tourism, and long-term
territorial management, as illustrated in Figure 7.

Source: Authors' GIS-based zoning interpretation derived
from geosite inventory, accessibility analysis, RTRW
overlay, and sensitivity-suitability assessment.

Figure 7 shows that the proposed zoning framework
represents a planning-oriented interpretation rather than a
replacement for the statutory RTRW zoning system. The
resulting zones integrate geoheritage significance with
accessibility, environmental sensitivity, and spatial
planning considerations.

Figure 8 presents selected field-survey documentation
illustrating different management contexts within Meratus
Geopark.

Figure 8 provides contextual field support for the GIS-
derived zoning interpretation. The photographs illustrate
differences in landscape setting, accessibility, visitor
facilities, cultural functions, and surrounding land-use
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context among selected Meratus Geopark sites. The figure
presents six field-survey examples observed in 2025: (a)
Kiram Bamboo Mosque Site, (b) Traditional Herbal
Medicine Village Site, and (d) Traditional Sasirangan Village
Site as examples of limited development contexts; (c) Lok
Baintan Floating Market Site as a geopark corridor
associated with river-based mobility and cultural
interpretation; and (e-f) Oranje Nassau Mine Site and
Tahura Meratus Geopark Information Center Site as
examples of sites requiring specific management,
interpretation, or visitor-orientation considerations. These
photographs provide site-level contextual evidence and
should not be interpreted as a statistical sample of all 54
geosites. Source: Author’s field survey documentation,
2025.
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Fig 7. GIS-based zoning interpretation of Meratus Geopark sites.
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Fig 8. Field-survey documentation of selected Meratus Geopark
sites illustrating different management contexts.

3.6. Route-Based Zoning Composition and Spatial
Planning Interface

The route-based zoning composition shows that each
route contains a distinct combination of spatial functions.
The Western Route is mainly associated with corridor and
limited development functions, reflecting its river-cultural
and urban-service context. The Southern Route combines
core and limited development functions, indicating a
balance between conservation, interpretation, and visitor
services. The Eastern Route contains the strongest

concentration of core and buffer functions, consistent with
its conservation and reservoir-lake setting. The Northern
Route is dominated by special management and limited
development functions, reflecting its peripheral upland
context and higher management complexity. The route-
level and overall distribution of the proposed zoning
categories is summarized in Table 9.

Overall, the results show that Meratus Geopark
functions as a spatial planning interface. The differentiated
zoning composition across the four routes further
demonstrates that geopark management cannot rely on a
uniform planning strategy. Instead, route-specific priorities
are required to balance conservation objectives, visitor
management, infrastructure provision, and g€ommunity
development, based on local territorial characteristics. The
geosite inventory provides the starting ‘point, but the
planning interpretation emerges only after combining
clustering, accessibility, the RTRW._ @verlay, a, sensitivity—
suitability assessment, and field-based contextual evidence.
The final model indicates that geopark planning should
differentiate between protected, spaces, lived spaces,
connectivity spaces, visitor-service spaces, and spaces
requiring special management,arrangements. The spatial
distribution of these Zzening categories across the four
routes is illustrated in Figure 9. The figure should be read
together withmTable 9, because the table provides the
numerical ¢emposition, while the figure highlights the
proportienal dominance of each zoning category by route.
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Fig 9. Route-based zoning composition of Meratus Geopark.
Source: Authors' calculation based on GIS-based zoning
interpretation and route classification.
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Fig 10. Conceptual model of Meratus Geopark as a spatial planning
interface.

Figure 9 highlights substantial variation in zoning
composition among the four routes, confirming that
territorial ~differentiation constitutes a fundamental
characteristic of Meratus Geopark planning.
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The conceptual integration of these components into a
spatial planning framework is illustrated in Figure 10.
Source: Synthesized by the authors based on spatial
clustering, accessibility gradient, RTRW overlay, mixed-

space analysis, GIS-based zoning interpretation, and field-
survey evidence.

Table 9. Overall composition of proposed zoning categories for Meratus Geopark

Proposed WR SR ER NR Total Total ) o o
zoning n=9; n=14; n=17; n=14; sites %) Main planning implication
category (%) (%) (%) (%)
Core zone 0;(0) 7;(50) 8;(47.1) 0;(0) 15 27.8%  Protection, controlled use, and
conservation-oriented interpretation
Buffer zone 0;(0) 0;(0) 3;(17.6) 0;(0) 3 5.6% Transitional management between
geosites and community landscapes
Geopark 4;(44.4) 0;(0) 0;(0) 0;(0) 4 7.4% Route-based movement and spatial linkage
corridor
Limited 4;(44.4) 6;(42.9) 4;(23.5) 5;(35.7) 19 352%  Controlled visitor services{.and local
development economic support
zone
Special 1;(11.1) 1;(7.1) 2;(11.8) 9;(64.3) 13 24.1%  Site-specific managementiand cross-sector
management coordination
zone
Total 9;(100) 14;(100) 17;(100) 14;(100) 54 100%  Differentiated geopark zoning framework

Source: Authors’ calculation based on GIS-based zoning interpretation of the 54 official Meratus Geopark sites.
WR: Western Route; SR: Southern Route; ER: Eastern Route and NR: Northern Route

Figure 10 summarizes the principal scientific
contribution of this study by demonstrating how spatial
clustering, accessibility analysis, RTRW overlay, and
sensitivity-suitability assessment can be integrated into an
operational GIS-based framework for geopark zoning and
spatial planning.

Overall, these results indicate that the zoning structure
of the Meratus Geopark does not rest on a single spatial
category, but on a combination of protected spaces, lived
spaces, connectivity spaces, visitor-service spaces, and
spaces requiring specific management arrangements. This
finding reinforces the view that geopark zoning should be
read as a territorial synthesis rather than as a simple
extension of tourism or conservation categories aloneyTo
maintain the focus and concision of the maifytext, detailed
site-level zoning allocations for each route are mot
presented here; the complete distribution is provided in
Appendices A-D.

4. Discussion

The results show that theplanning value of a geosite
inventory emerges only when itisinterpreted together with
spatial concentration, a¢cessibility, statutory land-use
categories, field evidenge,'and‘management constraints. In
the Meratus case, the“official geosite list is not only a
catalogue of heritage locations, but also an entry point for
constructing a differéntiated spatial planning interface. This
finding supports the need to move beyond site-based
inventory ‘towardwterritorial interpretation in geopark
planning;

The,clustering analysis provides an important basis for
this argument. The significant nearest-neighbor result and
the weighted KDE surface indicate that the official geosites
are not randomly distributed. However, the meaning of
clustering in this study goes beyond the statistical
concentration of points. Because the KDE incorporated
selected toponymy, the density surface reflects the
interaction between formal geosite locations and
surrounding landscape names, hydrological features,
cultural places, access-related elements, and geo-
geomorphological contexts. This expands the conventional
role of geosite inventories, which have often focused on
identification, scientific value, and conservation assessment
(Brilha, 2016). In the Meratus case, the inventory becomes
more useful for planning when read alongside the

territorial setting ifdwhich the sites are embedded. Unlike
many previous inteérmational»geopark studies, which
generally applied, GIS “for “geosite inventory, tourism
suitability assesSment, or geoheritage mapping as separate
analytical tasks (Brithap2016; Ferreira and Valdati, 2022;
Zhuang etqal.,'2024), the workflow proposed in this study
integrates weighted kernel density estimation, accessibility
analysis, statutory spatial planning overlay, and sensitivity—
suitability “assessment into a sequential planning
frameweork. The scientific contribution therefore lies not in
the individual GIS techniques themselves, but in their
systématic integration to translate official geosite
inventories into operational spatial planning evidence that
can directly support zoning interpretation and territorial
management.

This finding is broadly consistent with the view that
geoparks integrate geoheritage protection, education,
tourism, local development, and territorial governance
(Dias et al, 2023; Zhuang et al, 2024). However, the
Meratus case also shows that such integration is not
spatially uniform. These route-specific differences
demonstrate that development potential should be
interpreted within its territorial context rather than being
inferred solely from the spatial concentration of geosites. Its
reservoir and conservation context require a more cautious
approach to access, visitor pressure, and ecological
sensitivity.

Accessibility further clarifies why route-based
interpretation is necessary. The Western and Southern
routes are closer to urban and peri-urban service systems.
At the same time, the Northern Route depends on longer
arterial and collector corridors, local roads, and last-mile
access. Nevertheless, accessibility should not be interpreted
as a simple justification for development. A highly
accessible site may still require restrictions if it is culturally
or ecologically sensitive.

In contrast, a less accessible site may require special
support for safety, community access, or heritage
protection. The inclusion of road, water, and pedestrian
access is therefore important because Meratus Geopark
contains riverine, upland, reservoir, and settlement-based
mobility systems that cannot be captured by road distance
alone. This supports more recent arguments that geopark
management must balance visitor access, conservation,
livelihood opportunities, and territorial governance (Dias et
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al, 2023; Henriques and Brilha, 2017). This finding also
suggests that accessibility should be interpreted as a
management variable rather than merely a transportation
indicator. In geopark planning, improved accessibility may
increase tourism opportunities while simultaneously
intensifying ecological disturbance and visitor pressure.
Consequently, accessibility analysis should be integrated
with conservation priorities and spatial regulations to
identify where infrastructure expansion is appropriate and
where visitor access should remain limited.

The RTRW overlay provides a further contribution by
connecting geopark interpretation with formal spatial
planning. The analysis shows that Meratus sites intersect
with conservation areas, water bodies, settlements,
cultivation landscapes, production spaces, tourism areas,
and mixed spatial contexts. This confirms that geopark
zoning cannot be separated from the existing spatial
planning regime (Ferdowsi and Németh, 2025; Zhuang et
al,, 2024). At the same time, RTRW categories alone are not
sufficient to explain how geosite value, cultural meaning,
access pressure, community function, and management risk
should be handled together. Formal spatial categories can
indicate regulatory context, but they do not automatically
provide site-level management interpretation. The GIS-
based zoning interpretation proposed in this study
therefore acts as an analytical bridge between official
planning categories and the practical needs of geopark
management. This planning-oriented interpretation
extends the role of conventional GIS overlay analyses,
which typically identify spatial coincidence between
geosites and land-use categories without explicitly
translating these relationships into management
recommendations. By integrating regulatory information
with accessibility, spatial concentration, and environmental
sensitivity, the proposed framework provides a “more
operational basis for planning decisions at bothfregional
and site levels.

Field-survey documentation adds coentextual suppert to
this interpretation. The selected photographs “do not
function as a statistical sampley, However, “they help
demonstrate that the proposedgzones cotrespond to
observable spatial functions: protected or high-value
spaces, transitional commuhityy, landscapes, mobility
corridors, controlled visitor-sérvice areas, and sites
requiring specific management. This evidence strengthens
the argument that zeningysheuld be understood as a
territorial synthesisprather than simply as an extension of
tourism or conservation zoning. In this sense, the study
contributes to(geopark scholarship by making the planning
role of geosite inventories more operational. It shows that
geosite data can be“organized into a spatial interface that
helpsiidentify'where conservation, interpretation, mobility,
community-based services, and special management
should be given different degrees of emphasis. Because the
framework relies on readily available spatial datasets, it can
also be transferred to other geoparks with different
geological settings, governance systems, and planning
contexts. However, the weighting scheme, accessibility
criteria, and zoning thresholds should be recalibrated
according to local geological characteristics, conservation
priorities, statutory planning regulations, and socio-
economic conditions before implementation.

The practical implication is that Meratus Geopark
should avoid a uniform management strategy across all
routes. The Western Route may prioritize river-cultural
interpretation and water-based mobility; the Southern
Route may support education, services, and controlled

visitor facilities; the Eastern Route may require stronger
conservation and carrying-capacity considerations; and the
Northern Route may require selective intervention, field
verification, safety management, and special arrangements
for culturally or spatially sensitive sites. These implications
should be read as planning guidance rather than legally
binding zoning decisions. In practice, provincial and district
governments may use the proposed zoning framework as
supporting spatial information during the preparation or
revision of regional spatial plans (RTRW), detailed spatial
plans (RDTR), geopark management plans, and tourism
development strategies. Geopark managers can also apply
the framework to prioritize conservation measures, visitor
management, infrastructure investment, and €6mmunity-
based tourism programs based on . thesmspatial
characteristics of each route, while remaining,consistent
with existing statutory planning regulations:

The workflow is transferable as @n analytical structure
because it relies on spatial ddtasets commonly available in
many geopark regions, including geositelinventories, access
networks, administrative boundaries, spatial planning
layers, and field-based fcontextuab evidence. However,
transferability requires local calibration. KDE parameters,
accessibility criteria, “weighting values, and zoning
thresholds should be adjusted to the geological setting,
governance centext)community conditions, and planning
regime of each geopark.

Severalllimitations define the scope of this study. First,
the design is%spatial-analytical and does not test causal
relationships among accessibility, land-use designation,
geosite value, and development outcomes. The results
thereforé” provide planning interpretation, not causal
explanation. Second, the analysis relies on secondary
spatial datasets that may differ in scale, positional accuracy,
update period, and attribute completeness. Such
differences may influence overlay results, network-distance
estimates, and route-level classification. Third, the
weighted KDE depends on selected parameters, including
search radius and raster resolution, toponymy
classification, and weighting rules. These choices were
applied transparently, but different parameter settings may
produce some variation in density patterns. In addition, the
spatial resolution and quality of the input datasets may
influence the analytical results. Differences in raster
resolution, positional accuracy, network precision, and
toponymy classification can introduce uncertainty into
hotspot delineation, accessibility analysis, and spatial
overlay, particularly when the framework is applied at finer
planning scales. Fourth, accessibility analysis represents
network structure rather than actual travel time, transport
availability, road surface quality, seasonal water conditions,
or visitor movement. Fifth, field photographs were used as
representative contextual evidence, not as a statistically
designed field sample of all 54 geosites.

Future research should therefore move in several
targeted directions. Field-based validation should be
expanded to verify site condition, access quality, safety
constraints, conservation sensitivity, and visitor-service
readiness. Participatory GIS involving local communities,
geopark managers, planners, and tourism actors would help
calibrate the proposed zoning interpretation and identify
local meanings that may not appear in formal spatial
datasets. Accessibility modeling should also incorporate
travel time, road quality, public transport, seasonal river
conditions, and visitor movement data. Finally, applying the
same workflow to other Indonesian and international
geoparks would test whether the proposed geosite-to-
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planning-interface approach is transferable across different
territorial and governance contexts. Future applications
across geoparks with different geological, environmental,
and governance contexts would help evaluate the
robustness and transferability of the proposed framework
while refining its weighting scheme, zoning criteria, and
planning indicators.

5. Conclusion

This study demonstrates that Meratus Geopark is more
appropriately understood as a spatial planning interface
than as a simple inventory of tourism sites. By integrating
official geosite inventories with multiple GIS-based
analytical components, the study demonstrates that
geoheritage information can be systematically translated
into planning-oriented spatial evidence that supports
zoning interpretation beyond conventional inventory-
based approaches. The four routes do not share a single
planning logic: the Western Route functions as an urban-
river cultural corridor, the Southern Route as a peri-urban
interpretation and service corridor, the Eastern Route as a
conservation and lake-reservoir cluster, and the Northern
Route as a peripheral upland mixed-management
landscape.

The main methodological contribution of this study is
the development of an integrated GIS workflow for
translating official geosite inventories into planning-
relevant spatial evidence. By combining weighted KDE,
accessibility analysis, RTRW overlay, sensitivity-suitability
interpretation, and field-based contextual verification, the
study shows how geosite data can support zoning
interpretation beyond point-based inventory. The
proposed zoning interpretation does not replace statutory
spatial planning, but provides an analytical bridge between
geoheritage data and practical planning decisions.

For Meratus Geopark, the findings gindi¢ate, that
planning priorities should be differentiated aerossfroute-
based territorial contexts. Core and buffer zones reqtiire
stronger conservation and visitor-contrel \\measures,
corridor zones require mobility, and Winterpretation
planning, limited development zomes,require controlled
visitor-service provision, and special management zones
require site-specific monitoring “and cross-sector
coordination. Future research should expand field
validation, include partieipatory assessment, and test the
workflow in other geoparks,with’ different geological and
governance contexts:
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Appendices

Appendix A. Site-level zoning interpretation for the Western Route of Meratus Geopark

No. GeoparKk site Adminis_trative RTRW spatial Suggested Planning rationale

setting pattern zoning class

1 Floating Sungai Jingah, North Water Limited A river-oriented cultural and
Sasirangan Banjarmasin, bodies/settlement development  creative-economy site where
Gallery Site Banjarmasin City area zone visitor use can be supported

through small-scale
interpretation and
community-based services.

2 Traditional Sungai Jingah, North  Settlement area Limited A living cultural-production
Sasirangan Banjarmasin, development  settlementthatis suitable for
Village Site Banjarmasin City zone controlled  intefpretation,

craft-based learning s, and
local economicuactivities.

3 Curiak Bekantan Marabahan Baru, Agricultural area / Special A faunal conservation
Conservation Anjir Muara, Barito industrial allocation management location sitdated, within a
Site Kuala Regency area zone mixed cultivation and

allocation centext, requiring
site-specific safeguards and
coordination.

4 Wasaka Museum  Sungai Jingah, North ~ Settlement area Limited An, urban heritage and
Site Banjarmasin, development, “educational node that can

Banjarmasin City zone accommodate interpretation
functions within an already
built-up environment.

5 Lok Baintan Lok Baintan, Sungai Water Geopark A river-based  cultural
Floating Market Tabuk, Banjar bodies/settlement corridoer landscape where mobility,
Site Regency area trade, tourism experience,

and everyday settlement life
form the main spatial logic.

6 Coal Barge Beringin, Alalak / Water bodies Geopark A waterway-viewing
Viewpoint Site Marabahan  Baru, corridor location that represents river

Anjir Muara connectivity and  visual
interpretation of the broader
fluvial landscape.

7 Sewangi Pulau Sewangi, \Water Limited A traditional riverbank
Traditional Alalak, BaritoyKuala), bodies/settlement development  production site = where
Boatbuilding Site  Regency, area zone cultural interpretation and

local livelihood activities can
be accommodated at limited
intensity.

8 Kembang Island )PulauAlalak, Alalak, Water bodies Geopark A river-island site that
Site Barito Kuala corridor functions as a movement,

Regency visitation, and interpretation
point within the western
water-based corridor.

9 Traditional Seberang Water Geopark A riverside cultural-heritage
Banjar House Mesjid, Central  bodies/settlement corridor site embedded in a historic
Site Banjarmasin, area urban-river network and

Banjarmasin City

connected to corridor-based
interpretation.

Source for, Appendices: Authors' synthesis from the Meratus Geopark site—-RTRW overlay dataset and South Kalimantan
Provincial Regulation No. 6/2023 concerning the Provincial Spatial Plan 2023-2042

Appendix B. Site-level zoning interpretation for the Southern Route of Meratus Geopark

No. Geopark site Adminis.trative RTRW spatial Suggested Planning rationale
setting pattern zoning class

1 Kulit Ular Rock East Mandiangin, Conservation Core zone A geologically important site
Site Karang Intan, area located within a protected
Banjar Regency spatial context, making
conservation and controlled

access the primary concern.
2 Endemic Wildlife East Mandiangin, Conservation Core zone An ecologically sensitive site
Habituation Site Karang Intan, area where habitat protection and

Banjar Regency

low-impact
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No. Geopark site Adminis.trative RTRW spatial Suggested Planning rationale
setting pattern zoning class
dominate management
decisions.

3 Traditional South Loktabat, Settlementarea Limited A community-based cultural and
Herbal Medicine South Banjarbaru, development productive site suitable for
Village Site Banjarbaru City zone interpretation, local knowledge

promotion, and controlled
visitor activities.

4 Kiram  Bamboo Kiram, Karang Agricultural Limited A religious-cultural landmark in
Mosque Site Intan, Banjar area development a cultivation landscape,

Regency zone appropriate for managed
visitation rather than strict core-
zone protection.

5 Prince Suryanata Kiram, Karang Conservation Core zone A culturally significanty, site
Legend Intan, Banjar area / located in a mixed ‘spatial setting
Monument Site Regency agricultural area where  heritage), protection

should guide visitor use.

6 Lambung Komet, North Settlementarea Limited An ¢ urban,, edu€ation and
Mangkurat Banjarbaru, development interpretation®, facility that
Museum Site Banjarbaru City zone supports,, geopark knowledge

dissemination within a service-
oriented area.

7 Sultan Adam East Mandiangin, Conservation Core zone A “protected scenic landscape
Tahura Peak Karang Intan, area where high landscape value and
Viewpoint Site Banjar Regency ecological sensitivity require

controlled use.

8 Purun Handicraft Palam, Cempaka, Settlementarea Limited A cultural-craft site within a
Site Banjarbaru City development settlement context, suitable for

Zone local economic support and low-
intensity visitor engagement.

9 Cempaka Sungai Tiung, Settlement aream, Special An extractive-heritage site in a
Traditional Cempaka, management built-up context that requires
Diamond Mining Banjarbaru City zone careful interpretation, safety
Site control, and management

oversight.

10  Mandiangin East Mandiangin, Gonservation Core zone A historical structure within a
Dutch Rest House Karang Intan, \, area protected landscape, requiring
Site Banjar Regency: conservation-oriented

interpretation and restricted
development intensity.

11  Tahura Meratus East ‘Mandiangin, Conservation Core zone A principal orientation and
Geopark Kdrang Intan, area interpretation node located
Information Banjar Regency inside a conservation setting,
Center Site requiring visitor management

aligned with protection goals.

12 Tropical Rain, Cempaka, Settlementarea  Limited An educational and recreational
Garden Site Banjarbaru City development facility = that can support

zone controlled  public  learning
activities within a settlement
environment.

13 % Orehid East Mandiangin, Conservation Core zone A conservation-focused site with
Conservation Karang Intan, area specific ecological value and
Park Site Banjar Regency sensitivity, making protection

and careful access regulation
necessary.

14  Sasirangan Shop Cempaka, Settlementarea  Limited A cultural-economic support site
Site Banjarbaru City development that contributes to visitor

zone services and local product
circulation at limited

development intensity.

Source for Appendices: Authors' synthesis from the Meratus Geopark site—-RTRW overlay dataset and South Kalimantan
Provincial Regulation No. 6/2023 concerning the Provincial Spatial Plan 2023-2042
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Appendix C. Site-level zoning interpretation for the Eastern Route of Meratus Geopark

No. GeoparKk site Administtrative RTRW spatial Suggested Planning rationale

setting pattern zoning class

1 Sirang Island Belangian, Aranio, Conservationarea Core zone An archaeological site within a
Archaeological Banjar Regency protected landscape where
Site heritage safeguarding should

take precedence over intensive
use.

2 Sei Kambang Aranio, Aranio, Conservation Core zone A geologically significant site
Schist Rock Site Banjar Regency area/settlement whose scientific value remains

area central despite its mixed
conservation-settlement
setting.

3 Diamond- Kalaan, Aranio, Conservationarea Core zone A geological site iia protected
Bearing Banjar Regency area that requires
Sandstone Site conservation-oriented

interpretation. and limited
disturbance:

4 Riam Kanan Dam Tiwingan Lama, Conservationarea Limited A watersinfrastructure site that
Site Aranio, Banjar development also fungtions as a visitation

Regency zone and, interpretation  point,
requiting controlled service
proyision.

5 Matang Kaladan Tiwingan Lama, Conservationarea Core zone Av high-value scenic and
Hill Site Aranio, Banjar geological landscape where

Regency sensitivity and visitor pressure
need careful management.

6 Belangian Village Belangian, Aranio, Conservation Bufferizone A local living space that
Site Banjar Regency area/settlement mediates between protected

area geosites, settlement activity,
and community-based geopark
functions.

7 Ancient Tiwingan Baru, Conservationarea Core zone A major geoheritage site with
Submarine Aranio, Banjar strong scientific significance,
Volcano Site Regency making protection and

controlled interpretation
essential.

8 Kahung Tropical Belangian, Atranie, ) Conservationarea Core zone A high-ecological-value
Rainforest Site Banjar Regency rainforest site located in a

protected  landscape  and
requiring strict conservation
attention.

9 Tiwingan Hill S/ Tiwingan/ Lama, Conservationarea Core zone A geomorphological feature
Landslide Tracem, Aranio, Banjar with strong interpretive value
Site Regency and a protected spatial setting.

10  Submerged Belangian, Aranio, Conservationarea Special A spiritual-memory site in an
Sacred TombdSite , Banjar Regency management inundated landscape, requiring

zone sensitive management beyond
ordinary tourism zoning.

11° %Submerged Belangian, Aranio, Conservationarea Special A memory landscape
Settlement Site Banjar Regency management associated with spatial

zone transformation and
displacement, requiring
culturally sensitive
interpretation.

12 Riam Kanan Lake Tiwingan Lama, Conservationarea Buffer zone Alocal livelihood activity within
Fisheries Site Aranio, Banjar the reservoir landscape that

Regency supports transition between
conservation and community
use.

13 Ba'ah Silent Belangian / Pa'au, Conservationarea Core zone A symbolic and ecological site

Witness Tree Site

Aranio,
Regency

Banjar
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No. Geopark site Adminis.trative RTRW spatial Suggested Planning rationale
setting pattern zoning class
14  Bekantan Island Tiwingan Baru, Conservationarea Limited An interpretive island site
Site Aranio, Banjar development where visitation may be
Regency zone allowed under controlled
conditions within the lake
landscape.
15 Pinus Island Site  Tiwingan Baru, Conservationarea Limited A nature-based visitation point
Aranio, Banjar development that requires limited-use
Regency zone management due to its
protected setting.
16  Ulin Island Site Tiwingan Lama, Conservationarea Limited A controlled nature-visitation
Aranio, Banjar development site  within the reservoir
Regency zone landscape, appropriate for low-
intensity interpretation:
17 Lakeside Stilt  Tiwingan Lama, Conservationarea Buffer zone A lakeside settlement feature
House Site Aranio, Banjar that represerits socio-ecological
Regency transition ( between, local life

and protected landscapes.

Source for Appendices: Authors' synthesis from the Meratus Geopark site—-RTRW overlay dataset andySouth Kalimantan
Provincial Regulation No. 6/2023 concerning the Provincial Spatial Plan 2023-2042

Appendix D. Site-level zoning interpretation for the Northern Routetef Meratus Geopark

No. GeoparKk site Administtrative RTRW spatial Suggested Planning rationale

setting pattern zoning class

1 Kilat Api Hulu Banyu, Loksado, Production forest Special A sensitive natural
Waterfall Site Hulu Sungai Selatan area management attraction located in a

Regency Zone production landscape,
requiring site-specific
control and environmental
safeguards.

2 Bamboo Raft Loksado, Hulu Sungai Settlement area Limited A community-based tourism
Whitewater Selatan Regency development activity that can support
Rafting Site zone local services when visitor

intensity and safety are
managed.

3 Malaris Lok Lahung, Loksado, (Settlementarea Special A customary site with high
Customary Hall Hulu SungainSelatan management cultural sensitivity,
Site Regeney zone requiring respectful

interpretation and locally
grounded management.

4 Kalayangan Kupang,4North, Tapin, Settlement area Limited A cultural village that can
Dandang TapinRegency development function as an interpretation
Dengung Village zone node within a living
Site settlement context.

5 Kandangan Telaga Bidadari, Settlement area Limited A local-product and
Dodol Site Sungai Raya, Hulu development identity-based site that

Sungai Selatan zone supports cultural economy

Regency and  controlled  visitor
engagement.

6 BatujyHapu Cave Batu Hapu, Hatungun, Settlement area Limited A visitor-oriented cave site
Site Tapin Regency development connected to local service

zone functions and requiring
managed access.

7 Sacred Mosque Banua Halat Kiri, Settlementarea Special A religious-historical site
Site North Tapin, Tapin management where cultural sensitivity

Regency zZone and visitor conduct require
specific management
arrangements.

8 Tanuhi Hot Hulu Banyu, Loksado, Settlement area Special A geothermal-related
Spring Site Hulu Sungai Selatan management resource and visitor site

Regency zone requiring attention to safety,
resource protection, and use
intensity.

9 Bukit Kantawan Lumpangi, Loksado, Conservationarea Special A scenic site in a protected
Viewpoint Site Hulu Sungai Selatan management landscape where visitor

Regency zone access and  ecological
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No. Geopark site Adminis.trative RTRW spatial Suggested Planning rationale
setting pattern zoning class
sensitivity must be closely
controlled.

10  Bukit Langgara Lumpangi, Loksado, Tourism area Special A nature-tourism location
Viewpoint Site Hulu Sungai Selatan management that requires management

Regency zone of visitor intensity,
landscape protection, and
site capacity.

11  Bubungan Tinggi Teluk Selong Ulu, Settlementarea Limited A traditional-house heritage
and Gajah Baliku West Martapura, development site embedded in a living
Traditional Banjar Regency zone cultural landscape and
House Site suitable  for  controlled

interpretation.

12 Tanjung Sungai Langsat / Agricultural area Special A geological featuremin a
Formation Coal Sungai Raya, Simpang management cultivation landscape,
Outcrop Site Empat, Banjar zone requiring interpretation

Regency that accounts for
surrounding land-use
pressures.

13  Oranje Nassau Pengaron, Banjar Production forest Special An “extractive-heritage site
Mine Site Regency area/settlement management in a mixed spatial context,

area zone requiring historical
interpretation, safety
consideration, and
monitoring,.

14 Batu Laki Batu Laki / Malutu, Water bodies / Special A geological landscape
Limestone Cliff Padang Batung, Hulu agricultural area management located in a mixed and
Site Sungai Selatan zone sensitive setting, requiring

Regency careful access and site-

specific management.

Source for Appendices: Authors' synthesis from the Meratus, Geepark site—-RTRW overlay dataset and South Kalimantan
Provincial Regulation No. 6/2023 concerning the Provincial Spatial Plan 2023-2042.
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