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Abstract
Geodiversity encompasses the variety of geological, geomorphological, pedological, and mineral elements of a
territory, and its assessment is fundamental for developing geoconservation and geotourism strategies. Geographic
Information Systems (GIS) allow for the integration of these components and the identification of areas with
heritage relevance for geotourism planning. Despite the importance of the geological and mining heritage of
the Ruta del Oro Geopark Project (southwest Ecuador), its geodiversity has not yet been quantified or spatially
related to the inventory of Sites of Geological Interest (SGI). This study aimed to evaluate the spatial distribution
of the geopark project’s geodiversity by comparing it with the inventory and available assessments of Sites of
Geological Interest (SGI), to identify spatial overlaps, gaps in representation, and priority areas for management.
The methodology was developed in three phases: i) collection and processing of geoinformation for the study
area; ii) calculation of the geodiversity sub-indices (geological, geomorphological, pedological, and mineral); and
iii) integration of the geodiversity index and comparative analysis with the inventory of geological sites. The
high and very high categories cover 30.13% of the study area, the moderate category 30.39%, and the low and
very low categories 39.48%. The Piñas canton has approximately 50% of its surface area in the high and very high
categories. Of the 37 inventoried sites, 24.32% are in areas of high and very high geodiversity, while 75.68% are
distributed among the remaining categories. Integrating the geodiversity index with the inventory of geological
sites within a Geographic Information System environment allows for the identification of priority areas and
supports the management of geological heritage. It is recommended to expand the inventory in areas of high
and very high geodiversity that are underrepresented and to evaluate the heritage value of the geological sites
located in the very low to moderate categories.

Keywords
Spatial analysis, Geoconservation, Geoheritage, Geminins heritage, Rural communities

1. Introduction

According to Gray [1], geodiversity encompasses the variety of geological and geomorphological features
that make up terrestrial landscapes and form the basis upon which human activities and ecosystems
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develop. However, these components possess intrinsic value and are of scientific, educational, cultural,
and economic significance [2]. The identification and assessment of geodiversity have become essential
aspects of the design and implementation of strategies for the protection and utilisation of geological
resources, promoting scientific outreach and sustainable development [3, 4].

Methodologies for assessing geodiversity are classified into qualitative, quantitative, and mixed
approaches; recent literature favors quantitative methods based on Geographic Information Systems
(GIS) due to their greater reproducibility [5]. Specifically, quantitative methods calculate the geodiversity
index using parameters and indicators, typically through digital mapping in GIS environments. Among
these approaches, the methodology proposed by Pereira [6] is widely applied and has become popular
within grid-based GIS approaches [7]. This methodology quantifies the abiotic elements within each
cell of a grid, and these are then totalled to obtain the final Geodiversity Index [8].

In geopark projects, the grid-based GIS index is used because it enables areas with the greatest abiotic
richness within a large territory to be located, compared and prioritised [9]. In several geoparks, the
areas with the highest index scores coincide with Sites of Geological Interest (SGI), existing tourist
infrastructure or geopark initiatives [8, 10]. However, in some cases, Sites of Geological Interest are
located in areas with a low or medium geodiversity index [11].

In Ecuador, methods have been developed to map geodiversity on a national scale and analyze its
relationship with protected areas and geopark projects. These studies have highlighted the overlap
between areas of high geodiversity and territories with potential for conservation and geotourism [8].
However, whilst national analyses are suitable for identifying general trends, they have limitations
when it comes to guiding management decisions at the local level [12]. This situation is particularly
relevant for the Ruta del Oro Geopark project, whose area encompasses geological, geomorphological
and mining features with scientific, cultural, educational and tourist potential [12]. Despite the existence
of a preliminary inventory of Sites of Geological Interest, there is yet no integrated spatial assessment
to determine which sectors harbor the greatest abiotic diversity, to what extent the inventoried Sites
of Geological Interest represent this diversity, and where priority areas for geoconservation might be
located.

In this context, the following question arises: How does the geodiversity of the Ruta del Oro project
vary spatially at a local scale, and how does this relate to the distribution of Sites of Geological Interest,
mining heritage and geotourism potential? This research aims to assess the geodiversity of the Ruta
del Oro Geopark project and to compare it with the distribution and evaluation of Sites of Geological
Interest, with a view to identifying spatial overlaps, gaps in representation, and priority areas for
management.

2. Materials and methods

2.1. Geographic and geologic context

The Ruta del Oro Geopark Project is situated in the province of El Oro (southwest Ecuador); it covers
an area of approximately 2,000 km² and encompasses the cantons of Chilla, Atahualpa, Piñas, Zaruma
and Portovelo [12] (Figure 1 a-b). The territory is biogeographically influenced by the arid areas of the
coastal zone and humid areas of the western foothills of the Andes. [13]. The study area is part of a
complex geological setting dominated by metamorphic and igneous rocks, with Quaternary deposits
(Figure 1c). The main geological units include the El Oro Metamorphic Complex, the Tahu í n Group,
the volcanic sequences belonging to the Saraguro Group, and granitic and granodioritic intrusions
associated with various magmatic events; it also contains Quaternary alluvial, colluvial, and fluvial
deposits [14].

2.2. Methodology

The study applied the methodology proposed by Pereira et al. [6] for the quantitative assessment
of geodiversity, with adaptations to the scale and availability of information in the study area. This
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Figure 1: Study area of the Ruta del Oro Geopark Project: (a) location in Ecuador, (b) delimitation of the geopark,
and (c) geological setting.

approach allows the richness of abiotic elements present in each unit of a regular grid to be estimated
based on raster or vector data within a GIS environment. The methodological approach was organised
into three phases (Figure 2): i) collection and processing of geoinformation from the study area, ii)
calculation of geodiversity sub-indices, and iii) comparative analysis between the geodiversity index
and the inventory of Sites of Geological Interest.

Figure 2: Flowchart of the methodology applied to assess geodiversity in the Ruta del Oro Geopark Project.

2.2.1. Phase I: collection and processing of geoinformation

In Phase I, thematic maps covering geology, geomorphology, mineral occurrences, and soils were
compiled for the Ruta del Oro Geopark project, including their reference system, scale, and resolution
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(Table 1). Subsequently, the layers were projected onto the World Geodetic System (WGS) 1984, Zone 17s,
and processed using QGIS (version 4.2.0). In addition, the inventory of Sites of Geological Interest from
the research project ‘Proposal for the Ruta del Oro Geopark and its impact on territorial development’
(CIPAT-02-2018) was reviewed, as was the scientific literature relating to the geoheritage of the study
area. For each site, its name, location, type, primary and secondary geological interests, description
and documentary sources were systematised. A check was also carried out to determine whether the
site had undergone a prior quantitative assessment, analysing the methodology applied, the criteria
considered and the scores assigned to its scientific, educational and tourist values, as well as to its risk
of degradation, where this information was available. Once the inventory had been cleaned up and
standardised, the coordinates of the Sites of Geological Interest were imported into QGIS to generate a
vector point layer.

Table 1
Geospatial data used in the calculation of geodiversity.

Contents Data Scale Classification of
features in the GIS

Source

Geological index Hydrogeology (lithology,
formations)

1:250.000 Polygons
[15]

Geomorphological index Geomorphology (land-
forms)

1:25.000 Polygons

Rivers of South America 1:1’000.000 Lines [16]

Lakes and Lagoons of
Ecuador (National Scale).
Open-access maps from
the Military Geographic
Institute (IGM). Version 4.0

1:1’000.000 Polygons [17]

Mineral index
Non-metallic 1:1’000.000 Points [18]

Metallic minerals 1:1’000.000 Points [19]

Mining concessions 1:5.000 Polygons [20]

Pedological index Geopedological Unit. Edi-
tion published by the Min-
istry of Agriculture and Live-
stock (MAG)—General Co-
ordination Office for Na-
tional Agricultural Informa-
tion (CGINA)

1:25.000 Polygons [15]

2.2.2. Phase II: Calculation of geodiversity sub-indices

The quantitative assessment methodology proposed by Pereira et al. [6] was adapted in this phase
to align with the territorial scale and the availability of geoinformation within the boundaries of the
geopark project. Using the layers processed in Phase I, four sub-indices were calculated: lithological,
geomorphological, pedological, and mineral occurrence. Each sub-index was obtained by counting the
different units or elements present in each analysis cell (morphological unit (UMO) and order of the
hydrographic network for geomorphology; soil taxonomic order for pedology; geological age for the
geological index; and type of mineral material for the mineral occurrence index).

To standardise the spatial unit of analysis, a regular grid of square cells was generated using the
Create Grid tool in QGIS. The size of each cell was determined in accordance with the spatial resolution
criteria proposed by Hengl [21], based on the total surface area of the study area and the target number
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of spatial units. Consequently, a resolution of 2.5 × 2.5 km (equivalent to 6.25 km² per spatial unit)
was adopted. This resolution enabled the thematic layers to be integrated into a common unit, whilst
maintaining a sufficient level of detail to represent spatial variations within the study area.

2.2.3. Phase III: Spatial distribution of geodiversity

In this phase, the influence of the Sites of Geological Interest (SGI) inventory component on the spatial
distribution of geodiversity was assessed. Initially, the number of SGI occurrences in each cell of the
selected grid was calculated. The sites were assigned to spatial units using a spatial join in QGIS (version
4.2.0).

Subsequently, the geodiversity index was generated by integrating the lithological, geomorphological,
pedological, and mineral occurrence indices. Before integration, the partial indices were standardised
to a common scale (1) as defined by Carrión-Mero et al. [8], to ensure comparable contributions and
prevent differences between their numerical ranges from influencing the final result.

𝑁𝑜𝑟𝑚 𝑣𝑎𝑙𝑢𝑒 =
𝑉 𝑜𝑏𝑠 𝑥5

𝑉𝑀𝑎𝑥
, (1)

The results for each sub-index were reclassified independently using Jenks’ [22] natural break method.
The lithological, geomorphological, pedological, and mineral occurrence indices were classified into
five categories: very low, low, medium, high, and very high. Subsequently, the number of SGIs that
coincided with the geodiversity categories was quantified. Finally, the values assigned to the cells were
interpolated using the v.surf.rst tool to generate continuous surfaces and facilitate the visualisation of
geodiversity within the Ruta del Oro Geopark project.

3. Results and discussion

3.1. Spatial distribution of geodiversity components

Figure 3 shows the four indices calculated using the grid-based approach in GIS. The geological sub-
index shows a predominance of low and moderate categories, with higher concentrations of diversity in
the Piñas and Atahualpa sectors and on the boundary between Zaruma and Portovelo (Figure 3a). This
pattern is associated with contact between geological units of different ages and origins, notably in the
south: the El Oro metamorphic complex, the Tahuín Group, the Célica Formation, and the volcanic
sequences of the Saraguro Group, the coexistence of which increases geological diversity within each
cell [23]. Low to very low values indicate a lower variety of geological units per cell.

The geomorphological sub-index (landforms and hydrography) shows the highest categories con-
centrated in the canton of Piñas and in the centre of the Zaruma-Portovelo mining district (Figure 3b),
while moderate and low categories predominate further north. These variations reflect the coexistence
of different morphological units and hydrographic features within the grid cells, such as mountainous
terrain, hilly terrain (ranging from low to very high), river valleys, ancient colluvial-alluvial deposits,
and low terraces [24].

The soil sub-index shows a more heterogeneous pattern, with high and very high concentrations in
Piñas, as well as isolated patches to the north of Zaruma and to the west of Portovelo. The high and
very high categories are associated with areas where different soil orders coexist, mainly inceptisols,
andisols, and miscellaneous soils, thereby increasing soil diversity (Figure 3c). The low categories are
distributed in the central sectors towards the north, due to the presence of entisols and inceptisols.
This index is also related to the geomorphological index, as the latter is likewise influenced by slope,
drainage, moisture, and weathering in soil differentiation [25, 26].

The mineral occurrence sub-index showed a predominance of moderate to very high values across
the entire Ruta del Oro Geopark Project area, with maximum values distributed unevenly across the
five cantons (Figure 3d). This distribution is consistent with the regional nature of the district, whose
mineralisation is not confined to the towns of Zaruma and Portovelo but extends through tectonically
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controlled veins and structures. This mineralisation is part of the Au-Ag-Cu vein hydrothermal system
associated with volcanic sequences and intrusive bodies [27]. The distribution shows a partial corre-
spondence with the Machala metallogenic belt, which extends for approximately 75 km in a NW–SE
direction (source: IIGE [28]) and the Zaruma–Portovelo district [29].

Figure 3: Spatial distribution of geodiversity sub-indices: (a) geological index, (b) geomorphological index, (c)
pedological index and (d) mineral index.

3.2. Integrated geodiversity index and SGI

The integrated geodiversity index showed marked spatial variability across the entire project area of
the Ruta del Oro Geopark (Figure 4). The ‘high’ and ‘very high’ categories covered 30.13% of the study
area; the ‘moderate’ category accounted for 30.39%; and the ‘low’ and ‘very low’ categories comprised
39.48% (Figure 4). The largest area of geodiversity was identified in the western and south-western
sectors around Piñas (Figure 4c).

Comparison of geodiversity levels and the IELIG method for selected Sites of Geological Interest. The
distribution of geodiversity classes showed clear differences between the five cantons:

• Atahualpa and Chilla are dominated by the ‘low’ class, which accounts for approximately 44%
of each canton. In both, the moderate class accounts for approximately 25%, while the high and
very high classes have a limited presence. Chilla has the lowest proportion of geodiversity in the
‘Very high’ category.

• Piñas has the highest proportion of its territory in the high and very high classes. Taken to-
gether, these two categories account for approximately 50% of the canton, confirming that Piñas
constitutes the project’s main territorial hub of high geodiversity.

• Portovelo is dominated by the moderate class, at around 40%, followed by the high and very high
classes, which together account for around a third of its area.

• Zaruma also shows a predominance of the moderate class, at around 37%, followed by the low class,
at approximately 30%. Although Zaruma possesses a widely recognised mining geopatrimony
[30], the proportion of its territory classified as very high geodiversity is small.
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Figure 4: Spatial representation of the geodiversity index: (a) geodiversity index obtained from Fishnet, (b)
geodiversity surface interpolated using the v.surf.rst tool, and (c) final geodiversity map of the study area showing
the distribution of Sites of Geological Interest (SGI).

Figure 5: Percentage of geodiversity applied to the cantons in the Ruta del Oro Geopark Project, excluding the
GSIs.

Sites of Geological Interest were distributed across the five geodiversity classes (Figure 6). The highest
proportion of Sites of Geological Interest was found in areas of moderate geodiversity (37.84%), followed
by those of low (24.32 %), high (18.92%), very low (13.51%), and very high (5.41%) geodiversity. In total,
24.33% (9 SGI) of the 37 sites surveyed were in areas of high or very high geodiversity, while 37.83% (14
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SGI) were in areas of low or very low geodiversity.

Figure 6: Percentage distribution of Sites of Geological Interest (SGI) within the Ruta del Oro Geopark project.

These results indicate a partial spatial correlation between the geodiversity index and the inventory
of Sites of Geological Interest. Although the majority of sites were in areas of moderate to very high
geodiversity (62.16%), a substantial proportion were in areas of low diversity. This distribution is
supported by assessments of Sites of Geological Interest conducted under the Ruta del Oro Geopark
Project using the IELIG methodology [31], which show that several sites located in areas of low
geodiversity possess high heritage value. This suggests that the heritage value of a site of geological
interest depends not only on the quantity or variety of abiotic elements present in the grid cell but also
on individually assessed attributes, such as representativeness, integrity, and scientific, educational, and
tourism potential. These attributes complement the information provided by the geodiversity index in
identifying priority areas for geoconservation (Table 2).

The contrasting patterns of geodiversity distribution at the cantonal level reinforce the distinction
between geodiversity hotspots and established geological heritage concentrations. Piñas exhibited the
highest proportion of high and very high geodiversity, whereas the best-documented geological and
mining heritage is concentrated in Zaruma and Portovelo. This suggests that the existing SGI inventory
reflects both the intrinsic geological importance of the Zaruma-Portovelo mining district and the
historical concentration of research and inventory efforts in the area. Conversely, the high geodiversity
recorded in Piñas may indicate the presence of underrepresented geological, geomorphological, or
mineral features that require more extensive field research in the areas identified in this study.

Although the proposed geodiversity index offers a regional view of the spatial distribution of abiotic
diversity, several limitations should be considered. The existing SGI inventory may be spatially biased
toward the historically and scientifically well-documented Zaruma-Portovelo mining district. Therefore,
areas of high geodiversity with few inventoried sites, particularly west of Piñas, should be considered
potential gaps in the inventory. Future research should evaluate the sensitivity of the geodiversity
index to different grid sizes, classification procedures and interpolation parameters. Field studies should
prioritise areas of high and very high geodiversity with limited representation in the existing SGI
inventory, particularly in the west and southwest of Piñas and the central corridor between Piñas,
Atahualpa, and Zaruma. These studies should verify the presence, integrity, and potential value of the
area’s geological, geomorphological, and mining features.
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Table 2
Comparison of geodiversity levels and IELIG assessment for selected SGI.

Canton Sites of Geological
Interest (SGI)

Geodiversity
level

Assessment using
the IELIG method

Atahualpa
San Juan de cerro
azul waterfall

Low High

Daucay waterfall Moderate High

Chilla
Chillacocha lagoon Low High

Ashigsho hot springs Moderate High

Piñas La Florida waterfall High High

Portovelo
‘Magner-Turner’
mineralogical mu-
seum

Very high Very high

Arcoiris waterfall High High

Zaruma

"El sexmo" touristic
mine

High Very high

Zaruma-Urcu hill High High

"El calvario" hill High High

Arcos’ hill Low High

4. Conclusion

The study revealed a 24.32% spatial correlation between areas of high to very high geodiversity and part
of the inventory of Sites of Geological Interest. In comparison, the remaining 75.68% was distributed
across areas of moderate to very low geodiversity. Taken together, these results indicate that the
geodiversity index is a valuable tool for territorial planning within the Ruta del Oro Geopark Project,
as it allows for the identification of priority areas for geoconservation, guides future research, and
provides spatial criteria for managing geological heritage.

Based on the geodiversity map obtained, research and management actions for geological heritage
should focus on:

• Prioritise expanding the inventory in the Piñas canton, where areas of high and very high geodi-
versity are identified with a limited representation of SGI, suggesting an incomplete inventory in
these sectors.

• Strengthen the evaluation, conservation, and enhancement of the geological heritage of the
Zaruma-Portovelo district, where the coincidence between areas of high geodiversity and a
greater concentration of SGI constitutes a solid basis for generating geoconservation strategies
within the geopark project.

This study has the following limitations regarding its methodological approach:

• Mining concessions were used as an approximation for calculating the mineral sub-index, given
the limited availability of data on metallic and non-metallic resources in the region.

• The geodiversity index depends on the scale and resolution of the mapping used; therefore, some
smaller geological features may not be represented in this analysis.

Finally, this study demonstrates that integrating the geodiversity index with the geological features
inventory (SGI) provides a valuable tool for geoheritage management. The methodology employed
offers a foundation for guiding geoconservation and land-use planning efforts, and its reproducibility
facilitates its application in other territories to enhance and conserve geological heritage.
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