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Abstract: Geodiversity underpins geoheritage, yet systematic and quantitative assessments of geosites remain unevenly distributed
globally, with Africa particularly underrepresented despite its exceptional geological diversity. This limits both effective
geoconservation and the development of geoparks seeking international recognition. Here we present a comprehensive quantitative
assessment of seven geosites within the Arusha National Geopark, Northern Tanzania, using a standardized evaluation framework.
We assess the scientific, educational, and touristic value, together with degradation risk, of seven representative geosites. The
selected geosites, which include Ngurdoto Crater, Momella Debris Avalanche Deposit (DAD), Momella Lakes, Mt. Meru Ash
Cone, Little Meru, Socialist Peak, and Tephra Fallout Deposits, were evaluated. Results show that all geosites possess moderate
to high scientific value, reflecting their geological significance in illustrating volcanic, geomorphological, and sedimentary
processes linked to the evolution of Mount Meru. Degradation risk varies, with Little Meru and Socialist Peak showing low
vulnerability, while Momella Lakes and Tephra Fallout Deposits exhibit moderate to high risk due to erosion, weathering, and
human activity. Ngurdoto Crater and Momella DAD demonstrate the highest educational and touristic potential, supporting their
prioritization for geotourism development and outreach initiatives. The findings highlight the importance of strategic
geoconservation planning to protect fragile geosites while enhancing their value for scientific research, education, and sustainable
tourism. This assessment contributes to ongoing efforts to strengthen the geopark’s geosite inventory and supports the
development of Arusha National Geopark toward meeting UNESCO Global Geopark designation standards. More broadly, our
results demonstrate the critical role of quantitative geosite assessment in advancing geoconservation, supporting sustainable
geotourism, and strengthening the scientific foundation for UNESCO Global Geopark designation in underrepresented regions.
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* * * * * *

INTRODUCTION

Geodiversity encompasses the variety of geological features like rocks, minerals, fossils, landforms, soils, hydrological
systems, and the processes that create them (Gray, 2008; 2018). These components form the basis of geoheritage, which
includes sites and features of geological importance that document Earth’s history, climate changes, and biological
evolution. They are also valuable for scientific investigation, education, and geotourism (Brilha, 2018; Prosser et al., 2013;
Singh et al., 2021). To protect these resources effectively, it is crucial to accurately identify and assess them, making a
systematic inventory of geological heritage a fundamental initial step.

Geoparks serve as structured frameworks for the conservation and promotion of geological heritage by employing a
comprehensive approach that integrates geodiversity, biodiversity, and cultural values (Ansori, 2018; Newsome &
Dowling, 2018; Hadian & Suganda, 2023). As noted by Brilha (2015, 2016), Henriques & Brilha (2017), geoparks are
defined territories of notable geological significance, managed through strategies designed to advance sustainable
development, geotourism, and public education. The primary aims include the protection of geoheritage, reinforcement
of regional identity, encouragement of sustainable economic growth, and the enhancement of public understanding and
appreciation of Earth sciences (Frey et al., 2006; Hose, 2006; Briggs et al., 2021; Mastika et al., 2023; Reinhart et al.,
2023; Simbafia-Tasiguano et al., 2024). Geological sites within geoparks serve as accessible spots where local
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communities can participate in scientific education, recreation, and sustainable resource use (Newsome & Dowling,
2018; Prosser et al., 2013). These areas often carry scientific, educational, aesthetic, and tourism value, so assessing
them properly is essential for effective geopark planning and management. While there are several methods available for
evaluating geosites and geomorphosites (e.g., Coratza & Giusti, 2005; Bruschi & Cendrero, 2005; Pereira & Pereira,
2012; Kubalikovd, 2013; Brilha, 2016; Tavares et al., 2020), choosing the right criteria depends on the objectives of
geopark management, which must balance scientific significance with educational and touristic appeal.

Despite increasing global research on geoheritage and geoparks, quantitative geosite assessment studies remain
limited in Africa, particularly in Tanzania. The Arusha National Geopark represents an area of significant geological
importance, yet systematic quantitative evaluation of its geosites remains insufficient.

Therefore, this study aims to: (1) identify and inventory geosites within the geopark, (2) evaluate their scientific,
educational, and touristic value, (3) assess their degradation risk, and (4) provide recommendations for conservation and
sustainable development. This study contributes to filling the existing research gap in Africa and supports the
sustainable management and international recognition of the Arusha National Geopark.

LITERATURE REVIEW

Geodiversity and Geoheritage: Concepts and Scientific Relevance

Geodiversity encompasses the natural diversity of geological, geomorphological, and soil features, such as rocks,
minerals, fossils, landforms, sediments, and hydrological systems, along with the processes that create and alter them
(Gray, 2008, 2018). These elements form the basis of geoheritage, which includes geological sites and features with
significant scientific, educational, cultural, and aesthetic importance, illustrating Earth's history, environmental change, and
biological development (Brilha, 2018; Prosser et al., 2013). Geoheritage plays a fundamental role in understanding
geological processes and contributes significantly to geoscience research, education, and geotourism (Singh et al., 2021).

In recent years, geoheritage has gained increasing recognition as a key component of sustainable development and
environmental conservation (Reynard & Brilha, 2018; Sengar & Shah, 2025). Systematic geoheritage inventories have been
identified as essential tools for geoconservation planning and management, particularly in regions with high geological
diversity but limited documentation (Carrién-Mero et al., 2022).

However, several limitations remain in current geoheritage research. Gray (2018) highlighted the lack of standardized
assessment frameworks, which leads to inconsistencies in geosite identification and evaluation. Similarly, Prosser et al.
(2013) emphasized that many geoheritage inventories focus primarily on scientific value while overlooking educational and
touristic potential. Furthermore, Sengar & Shah (2025) noted that geoheritage remains underrepresented in conservation
policies, particularly in developing countries, where geological resources are increasingly threatened by human activities.

These limitations highlight the need for systematic, quantitative, and comprehensive assessment methods to support
effective geoheritage conservation and sustainable management.

Role of Geoparks in Geoheritage Conservation and Sustainable Development

Geoparks represent an integrated territorial management approach that combines geoheritage conservation, geotourism,
education, and sustainable development (Newsome & Dowling, 2018). They are defined as areas with internationally
significant geological heritage that are managed using holistic strategies to promote conservation, education, and regional
economic development (Brilha, 2015; Henriques & Brilha, 2017).

Recent studies have demonstrated the significant contribution of geoparks to sustainable regional development. Mastika
et al. (2023) reported that geoparks enhance local economic growth through geotourism development, while Reinhart et al.
(2023) highlighted their role in improving public awareness and geoscience education. Similarly, Simbafia-Tasiguano et al.
(2024) emphasized that geoparks support biodiversity conservation and strengthen regional identity.

Despite these benefits, several challenges limit the effective implementation of these measures. Newsome & Dowling
(2018) identified insufficient scientific documentation and a lack of detailed geosite inventories as major obstacles.
Carrién-Mero et al. (2022) further noted that many geopark projects fail to meet international standards due to inadequate
quantitative geosite assessment. Moreover, Reynard et al. (2016) emphasized that limited research in developing countries,
particularly in Africa, represents a significant gap in global geopark development.

Quantitative Assessment of Geosites: Methods, Advances, and Limitations

The quantitative assessment of geosites is widely recognized as a fundamental step in geoheritage conservation and
geopark development (Brilha, 2016). Various assessment methods have been proposed to evaluate geosite value based
on scientific, educational, and touristic criteria. Early methods focused mainly on scientific importance (Coratza &
Giusti, 2005; Bruschi & Cendrero, 2005), but these approaches were criticized for neglecting educational and tourism
aspects. Later methods incorporated additional evaluation criteria, including accessibility, aesthetic value, and cultural
significance (Kubalikovd, 2013; Pereira & Pereira, 2012). However, these methods often lacked standardization and
were affected by subjectivity. The quantitative assessment method proposed by Brilha (2016) represents a significant
advancement, as it provides a comprehensive and standardized framework for evaluating Scientific Value (SV),
Potential Educational Value (PEV), Potential Touristic Value (PTV), and Degradation Risk (DR). This method has been
widely applied in geopark studies worldwide due to its reliability and reproducibility.

Recent studies using this approach include Carrién-Mero et al. (2022), Mastika et al. (2023), and Simbafia-Tasiguano et
al. (2024), who successfully identified priority geosites for conservation and geotourism development. However, several
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limitations have been identified. First, although quantitative, the method still involves expert judgment, which may
introduce subjectivity (Reynard et al., 2016). Second, many studies lack integration with Geographic Information Systems
(GIS), limiting spatial analysis and management applications (Carriéon-Mero et al., 2022). Third, most studies have been
conducted in Europe, Asia, and South America, while Africa remains significantly underrepresented.

These limitations highlight the need for further quantitative geosite assessment studies, particularly in developing
countries and geoparks undergoing UNESCO Global Geopark evaluation.

Recent Geosite Assessment Studies

Several recent studies have applied quantitative geosite assessment methods in geopark development. Carrién-Mero
et al. (2022) conducted a quantitative assessment of geosites in Ecuador and identified several sites of high scientific and
tourism value. However, the study lacked a detailed degradation risk analysis. Mastika et al. (2023) evaluated geosites in
Indonesian geoparks and demonstrated their importance for sustainable tourism development. However, the study did
not fully integrate educational value assessment. Reinhart et al. (2023) assessed geoheritage in European geoparks and
emphasized the importance of geosite evaluation for UNESCO Global Geopark designation. However, the findings were
less applicable to developing countries. Simbafia-Tasiguano et al. (2024) conducted a geosite assessment in Ecuador and
identified priority conservation areas, but the study lacked spatial analysis. Hadian & Suganda (2023) conducted a
geosite inventory and assessment in Indonesia and highlighted the importance of geoheritage conservation for
sustainable development, although their study did not fully evaluate degradation risk. These studies demonstrate the
importance of quantitative geosite assessment but also highlight significant geographical gaps, particularly in Africa.

MATERIALS AND METHODS

Study area. Geographical location

Arusha National Geopark (Figure 1) is located in Northern Tanzania, Northeast of Arusha city. It covers an area of 552
square kilometres. It is 25km east of Arusha, 58km from Moshi, and 35km from Kilimanjaro International Airport (KIA). It
takes about a 40-minute drive from Kilimanjaro International Airport to reach the park. The park has a scenic landscape with
distinct features such as Meru Crater in the west, Ngurdoto Crater in the southeast, and shallow alkaline Momella lakes with
varying algae colours in the northeast of the park. The name was derived from the Waarusha people, who used to live in the
area. The population around Mt. Meru is primarily concentrated in Arusha town on the southern flanks of the volcano. There
are also dispersed rural populations on all flanks, except within the National Park boundaries on the eastern flank. The arid
western flank, heavily impacted by tephra deposits from recent Holocene eruptions, has the lowest population density. The
geological sites within the Arusha National Park (Figure 2) are linked to the collapse of Mt. Meru and the subsequent
formation of the area's geomorphology. These sites vividly illustrate how geological processes have influenced the landscape,
ecology, and culture of the region and serve as a living laboratory for Earth science education, providing visitors with insight
into its evolution over time. Furthermore, they offer scenic views for visitors to appreciate, while also serving as a reminder to
the community of potential geohazards associated with volcanic eruptions, tectonic movements, and landslides.
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Figure 1. Map of Arusha National Geopark from Google Earth displaying some prominent features of the park
(Source: Modified from Scoon, 2021)

Geological description
Arusha National Geopark is dominated by Mount Meru, the fourth-highest summit in Africa, and a giant
stratovolcano located on older, faulted volcanic terranes in northern Tanzania. Mt. Meru is the main volcanic centre,
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with the smaller centres of Meru West and Little Meru on its flanks, and small parasitic cones and craters on the lower
slopes and surrounding plains (Dawson, 2008). The main cone (Figure 1) has a diameter of 25km and was built up from
numerous, explosive, Plinian-style eruptions that occurred between 0.20 Ma and 80,000 BP (Scoon, 2018).

Little Meru is on the northeastern flank of Mt Meru and is a steep-sided symmetrical volcano with a height of 3800m
(Roberts, 2002). As documented by Bennett et al. (2021), most rocks in the area are Pleistocene volcanic-sedimentary
sequences, with older sequences dating back to the Miocene-Pliocene. The region's lithology is dominated by volcanic
rocks, lava flows, pyroclastic deposits, and debris avalanche deposits (DADs) from Mount Meru.

Lava flows are primarily at higher elevations on the main cone and southern flank, while DADs, ash deposits,
alluvium, alluvial fan deposits, and lake deposits are found at lower elevations around the base. Pyroclastic deposits are
mainly on the western flank, and DADs are dominant on the eastern and northern flanks. Pumice and ash deposits cover
much of Mt. Meru's western slopes and parts of the northern and southern flanks. These deposits include sequences of
pumice fall, ash fall, and reworked materials, visible in drainage valleys. Roberts (2002) categorized them into near-vent
pumice, early/proximal pumice fall, and main pumice fall deposits. The Mt. Meru debris avalanche deposit, resulting from
a collapse about 8600 years ago, formed a 5 km wide and 8 km long horseshoe-shaped crater open to the east (Wilkinson et
al., 1986), covering ~390 km2. Initially thought to be a lahar, Delcamp et al. (2008) confirmed its hummocky nature, which
confirmed it as a debris avalanche deposit with an estimated volume of 28 kmg3, one of the largest recorded. The exact cause
of the collapse remains unclear, but the pumice and ash deposits likely preceded this event. Post-collapse volcanic activity
at Mt. Meru has been confined to the crater, including the formation of an ash cone, a nephelinite lava dome, and
subsequent lava flows (Roberts, 2002). The most recent eruption was in 1910, with ongoing fumarolic activity reported
until 1953 and intermittent steam emissions in recent years (Roberts, 2002). The geological interpretations are primarily
based on Wilkinson et al. (1986), with subsequent revisions by Delcamp et al. (2008), who reclassified deposits
previously identified as lahars as debris avalanche deposits (DADs). Additionally, features originally mapped as tholoids
by Wilkinson et al. (1986) have been reinterpreted as lava domes in the updated mapping of Bennett et al. (2021).
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Figure 2. Geological map of the study area (Source: Bennett et al., 2021), illustrating the various geological formations
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Quantitative Assessment of Geosites

A quantitative assessment of the potential geosites was conducted by employing the principles and procedures set out
by Brilha (2016). This approach enables the differentiation of criteria across four key aspects: scientific value (SV),
potential educational use (PEU), potential touristic use (PTU), and degradation risk (DR). For each of these dimensions,
dedicated indicators and corresponding tables are utilised in the evaluation process: Table 1 for scientific value, Table 2 for
degradation risk, and Table 3 for both educational and touristic potentials.

Each geosite is appraised using a four-point rating scale, ranging from 1 to 4, with the option to assign a score of zero
when applicable. Individual criteria, linked to each of the four aspects, are scored independently from 1 to 4 points. The
overall scores for scientific value, degradation risk, educational potential, and touristic potential are determined by
calculating the weighted sum of the scores attributed to each relevant criterion, as presented in Tables 1, 2, and 3.

Table 1. Weight percent of the various criteria for the final evaluation of the scientific value of geosites (Brilha 2016)

Scientific value

Criteria Weight
A. Representativeness 30%
B. Key locality 20%
C. Scientific knowledge 5%
D. Integrity 15%
E. Geological Diversity 5%
F. Rarity 15%
G. Use limitation 10%
Total 100%
Total weighted SV
<200 Low
201-300 Moderate
301-400 High

Table 2. Weight percent for the different criteria used for the assessment of degradation risk (DR) of geosites (Brilha, 2016)

Degradation risk
Criteria Weight
A. Deterioration of geological elements 35%
B. Proximity to areas/activities with potential to cause degradation 20%
C. Legal protection 20%
D. Accessibility 15%
E. Density of population 10%
Total 100%
Total weighted Degradation risk
<200 Low
201-300 Moderate
301-400 High

Table 3. Weight percent for the different criteria used for the assessment of the potential educational and touristic uses

Potential use
Educational Weight Touristic Weight
A. Vulnerability 10% A. Vulnerability 10%
B.Accessibility 10% B.Accessibility 10%
C.Use limitations 5% C.Use limitations 5%
D. Safety 10% D. Safety 10%
E.Logistics 5% E.Logistics 5%
F. Density of population 5% F. Density of population 5%
G. Association with other values 5% G. Association with other values 5%
H. Scenery 5% H. Scenery 15%
I. Uniqueness 5% I. Uniqueness 10%
J. Observation 10% J. Observation 5%
K. Didactic potential 20% K. Didactic potential 10%
L.Geological diversity 10% L.Economic level 5%
M. Proximity of recreational areas 5%
Total 100% Total 100%
Total weighted EPU/PTU
<200 Low
201-300 Moderate
301-400 High

The scientific value was assessed based on seven criteria: representativeness (30%), key locality (20%), scientific
knowledge (5%), integrity (15%), geological diversity (5%), rarity (15%), and use limitation (10%). Each criterion's weight
reflects its importance in the overall scientific evaluation, as shown in Table 1. The risk of degradation was evaluated using
these factors (Table 2) deterioration of geological elements (35%), proximity to areas or activities that could cause
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degradation (20%), legal protection status (20%), accessibility (15%), and population density (10%). A geosite faces the
highest degradation risk when geological elements are highly susceptible to deterioration from human or natural causes,
it is near potential sources of degradation, lacks legal protection or access restrictions, is easily accessible, and is
situated in a densely populated area. The potential for educational use was assessed using 12 criteria: Vulnerability
(10%), Accessibility (10%), Use limitations (5%), Safety (10%), Logistics (5%), Population density (5%), Connection
with other values (5%), Scenery (5%), Uniqueness (5%), Opportunity for observation (10%), Didactic potential (20%),
and Geological diversity (10%). Similarly, touristic potential was measured across 13 criteria: Vulnerability (10%),
Accessibility (10%), Use limitations (5%), Safety (10%), Logistics (5%), Population density (5%), Connection with
other values (5%), Scenery (15%), Uniqueness (10%), Opportunity for observation (5%), Interpretative potential (10%),
Economic level (5%), and Proximity to recreational areas (5%). Each criterion is assigned a specific weight based on its
significance within the evaluation of educational and touristic potential uses (Table 3). The graphical data of the weight
percent of the different criteria used in the evaluation of the geosites is presented in Figure 3.
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Figure 3. (a). Weight percent of the various criteria for the final evaluation of the scientific value of geosites (b). Weight percent for the
different criteria used for the assessment of degradation risk (DR) of geosites (c). Weight percent for the different criteria used for the
assessment of the potential touristic use (d). Weight percent for the different criteria used for the assessment of the potential educational use

Definition of Geological Framework

The definition of the geosite inventory method is fundamentally determined by the overarching purpose of the inventory.
According to Lima et al. (2010), this involves addressing four key components: object, value, scope, and utility. In the context
of this study, the approach focused on identifying and selecting geosites located in the Arusha National Geopark, Tanzania.
This was achieved through an integrated methodology that combined a comprehensive review of relevant literature with field
observations and an aerial view of each geosite. Additionally, the literature review served to enhance and contextualise the
field observations, offering insights into the geological processes linked with the observed geosites.

The methodology adopted for this study encompassed both the inventory and the quantitative assessment of the
geosites, ensuring a systematic and evaluative approach to geosite documentation and analysis.

Description and evaluation of geosites

The evaluation focused on seven selected geosites within Arusha National Park. They include Ngurdoto Crater,
Momella Debris Avalanche Deposits (DAD), Momella Lakes, Mt. Meru Ash Cone, Little Meru Mountain, Socialist
Peak, and Tephra Fallout Deposits. In line with UNESCO’s mandate of managing a unified geographical area by
holistically combining the protection of its geological resources with educational and sustainable development, these
seven geosites were prioritized based on criteria such as their scientific relevance, socio-economic and cultural
importance, aesthetic characteristics, and their educational potential.

Ngurdoto Crater

Ngurdoto Crater is a volcanic crater located at 3° 17° 30.76>> S and 36° 55’ 39.30’ to the east of Mount Meru, within
the Arusha National Park, approximately twenty-eight kilometers from the city of Arusha. It is protected by the Tanzania
National Parks Act 1973 (Cap. 282), the act is part of the Laws of Tanzania, which outlines the roles, responsibilities, and
powers of the Tanzania National Parks Authority (TANAPA). Its accessibility is very easy via a well-maintained network
of roads within the park. Visitors typically enter the park through the Momella gate, which is linked to the main roads
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leading to Arusha city. Within the park, there are designated viewpoints and trails that allow visitors to observe the crater
because direct access to the floor of the crater is restricted to minimize human impact.

Ngurdoto Crater (Figure 4a & 4b) is a volcanic caldera formed by a series of eruptions and subsequent collapse of a
volcanic cone. It measures around 3.6km in diameter and about one hundred meters deep, with steep-sided walls (Scoon,
2016). The current pear-shaped configuration of the crater suggests that during its waning stages of activity, two cones
existed in proximity. As the underlying molten rock receded to deeper layers, the cones lost support, leading to their
collapse and the formation of the present-day crater (Scoon, 2021). The crater floor is a flat, swampy area that supports a
variety of plant species and hosts permanent water sources. The volcanic origin and its well-preserved structure make it an
important site for geological study, highlighting the volcanic history of the region and caldera formation processes.

The crater’s geological features, including its steep walls and volcanic formations, are sensitive to natural weathering and
erosion, and unregulated human activities such as trampling, hiking, and other tourism-related activities can accelerate the
natural weathering and erosion. The crater is also home to many distinct flora and fauna, including unique species adapted to
its specific environment. The ecosystem within the crater is fragile and susceptible to disturbances from human activity.

Figure 4. (A) Ngurdoto Crater from the aerial view, (B) Ngurdoto Crater from the close view (Source: Arusha National Geopark)

The Momella Debris Avalanche Deposit (DAD)

The Momella Debris Avalanche Deposit (DAD) (Figure 5) is located at latitude 3° 16 25.83°* S and longitude 36° 53’
04.93”’E within the Arusha National Park and protected under the national law of the Tanzania National Parks Act 1973
(Cap. 282). Tanzania National Parks Authority (TANAPA) manages Arusha National Park. Once inside the park, the
geosite is easily accessible on foot via the established trails. However, due to the extent of the geosite in terms of area, one
can easily observe it from the viewpoint. The Momella Debris Avalanche Deposit (DAD) is an important geological feature
that formed because of a massive volcanic landslide that occurred on Mount Meru (Delcamp et al., 2008). This debris
avalanche is notable for its size and the insights it highlights into the volcanic processes, landslide dynamics, and
sedimentary deposition (Scoon, 2021). It ranks as the largest of its kind recorded for a continental volcano worldwide.

Figure 5. The debris avalanche deposits on the lower eastern slopes of Meru form characteristic hummock ground
(Source: Arusha National Geopark)

The sector collapse occurred approximately 8,600 years BP (Wilkinson et al., 1983, 1986), generating deposits that cover
an area of about 390 km2. These deposits were initially interpreted as laharic in origin (Wilkinson et al., 1983); however, their
hummocky morphology and the presence of a horseshoe-shaped collapse scar are diagnostic of a debris-avalanche deposit
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(Delcamp et al., 2008). Based on the volume of the missing volcanic sector, Roberts (2002) estimated the debris-avalanche
volume at approximately 28 km3, ranking it among the largest documented debris-avalanche deposits worldwide.

Although most Debris Avalanche Deposits are prone to weathering and erosion because they consist of fragmented
rock and loose material, Momella DAD remains in excellent condition. Its large size may have helped preserve it.

Momella lakes

The Momella Lakes are located at coordinates around 3° 13* 19.04” S and 36° 54’ 32.19”’E in the northeastern region
of the park, around 40km from the city of Arusha. The lakes are part of the protected area of Arusha National Park,
managed by the Tanzania National Parks Authority (TANAPA), under the national law of the Tanzania National Parks Act
1973 (Cap. 282). Accessibility is quite easy once you are in the park; visitors can access the lakes via the paved road on
foot or by safari vehicles. Guided canoeing tours are also available on some of the lakes. There are designated viewpoints
and pathways as well. As documented by Scoon (2021), the lakes are formed in depressions created by volcanic activity,
which formed a hummocky landscape associated with Momella debris avalanche deposits. Momella lakes comprise three
large lakes fed by subterranean streams, as well as smaller lakes, ponds, and marshes (Ghiglieri et al., 2012). They show
distinct variations in chemical composition and alkaline levels despite originating from the same deposit (Ghiglieri et al.,
2012; Bennett et al., 2021). Big Momella Lake (Figure 6B), reaching depths of 10 to 30 meters, has moderate alkalinity.
Conversely, Small Momella Lake (Figure 6C) is renowned for its scenic charm, features shallower waters ranging from 4 to
10 meters (Scoon, 2021), with central sections characterized by alkaline and saline properties. Rishateni Lake (Figure 6D),
though diminutive in size, stands out for its exceptionally high concentration of dissolved fluorine, stemming from the
erosion of alkaline-rich volcanic rocks, potentially marking one of the highest levels recorded in natural lakes (Bennett et
al., 2021). These distinct mineral compositions influence the growth of algae in each lake, contributing to their individual
colours. They serve as crucial rest stops for a diverse array of migratory birds traveling between Europe, East Africa, and
Southern Africa.The lakes and their surrounding wetlands are delicate ecosystems that support a variety of flora and fauna.
The water levels of the lakes fluctuate seasonally and are influenced by rainfall and evaporation rates. Changes in climate
or water usage upstream can significantly affect the lake’s ecosystems.

Figure 6. Parking space and viewpoint of Big Momella Lake (B), Big Momella Lake (C), Small Momella Lake (D), Rishateni Lake
(Source: Arusha National Geopark)

The Ash Cone

The Ash Cone of Mountain Meru (Figure 7) is located at 3° 14’ 17.67°* S and 36° 45’ 47.29"E on the eastern side of
Mountain Meru, within Arusha National Park. The ash cone, like the rest of Mountain Meru, is protected under the
authority of Arusha National Park, which is managed by Tanzania National Park Authority (TANAPA) under the national
law of the Tanzania National Parks Act 1973 (Cap. 282). Accessibility is difficult due to its location at the summit of
mountain Meru. However, there is a trail leading to the various parts of Mount Meru, including the Ash Cone, but due to
the difficulties of the trails, visitors typically need to be accompanied by park rangers or guides, ensuring safety and
compliance with the conservation rules. As documented by Scoon (2021), the Ash Cone is a pyramid-shaped formation that
extends to around 1.5 kilometres in width and rises approximately 200 metres above the crater floor. It features dark ash and
vesicular pumiceous blocks, some reaching diameters of up to thirty centimetres. Situated at the western base of the ash cone
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lies a nephelinite lava dome, measuring 350 meters in diameter and standing 70 meters tall. From this dome, numerous
subsequent lava flows emerged, cascading down the collapse scar and extending up to 7 kilometres. The exposed layers of
volcanic materials offer a clear view of the stratification, allowing geologists to study past eruptive events and understand the
volcano’s history. The Ash cone can be easily eroded by heavy rains because of its loose volcanic materials. In addition,
sparse vegetation on the cone provides little protection against erosion, making it particularly vulnerable. Mt. Meru may
still be active, but the last eruption recorded on the Ash Cone was in 1910 (Scoon, 2021), so there is always a potential risk
of volcanic activity, which could pose threats to the cone and its surroundings.

Vi s, & _ {3 TR (7, AL R et
Figure 7. Mt. Meru Ash Cone (Source: Arusha National Geopark)

The Little Meru

Little Meru (Figure 8) is located on the eastern slope of Mountain Meru within the Arusha National Park, with the
geographical coordinates of 3° 12° 44.63°* S and 36° 46’ 27.49”’E. It is part of Arusha National Park, protected under the
management of the Tanzania National Parks Authority (TANAPA). This statutory protection ensures the conservation of
unique geological, ecological, and cultural features, with regulations in place to manage and protect the natural
environment from human impacts. Once you are in the National Park, Little Meru is accessible via well-maintained hiking
trails beginning from the Momella Gate. Due to the difficulties in climbing it, the climb to Little Meru is typically included
as an acclimatization hike for those ascending Mount Meru. The trail is clearly marked and suitable for trekkers with
moderate fitness levels. Hikers are required to be accompanied by a licensed guide, which enhances safety.

As documented by Roberts (2002), Little Meru is part of the larger Mountain Meru volcanic complex, which has a
history of volcanic activity. It is composed of volcanic rocks, including basalt and trachyte. It is a monogenetic volcanic
cone, which ascends to 3800 meters in elevation northeast of the primary Meru cone. Its proximity to the main Meru cone
has resulted in its southern slopes being enveloped by erupted lava, rendering it the most accessible route to the summit of
Mt. Meru. The mountain’s slopes contribute to local hydrological systems, with streams and rivers originating from its
higher elevations. It is part of the Meru volcanic complex, which offers stunning views of the surrounding landscape,
including the city of Arusha and Kilimanjaro on clear days.

et WA LI
Figure 8. (A) Little Mt. Meru summit (B) Little Mt. Meru from the side view (Source: Arusha National Geopark)
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The ""Socialist Peak™ of Mt. Meru

The socialist peak (Figure 9) is located at 3° 14’ 35.37>> S and 36° 44’ 59.30E. It is the highest point on Mountain
Meru and stands 4566m above sea level. It is part of Mount Meru, which is protected under Arusha National Park and
managed by the Tanzania National Parks Authority (TANAPA) under the national law of the Tanzania National Parks
Act 1973 (Cap. 282). Once you are in the park, Socialist Peak is accessible from the starting point of the trails leading to
the summit of mountain Meru, at the Momella gate. However, to reach the summit of the mountain, one requires a multi -
day trek along well-established trails. The trek usually takes 3-4 days. The licensed guides and porters, for safety and
guidance, must accompany visitors. The Socialist Peak stands as the mountain's highest summit, representing the second
generation of the Meru stratovolcano. According to Scoon (2021), after the formation of Mt. Meru's main cone about
200,000BP- 80,000BP, there was a period of volcanic inactivity, which was followed by erosion, during which gullies
and ridges were carved out of the main cone. Around 60,000BP, a new burst of activity resulted in the formation of the
Summit Group, a capping of lavas that include phonolite and nephelinite. The Summit Group forms a prominent,
partially eroded 150m-high rock dome that includes the highest point on the mountain, Socialist Peak (Figure 9A & B).
Interlayered deposits of fine and coarse-grained ash are prominent on the summit ridge. The ash deposits are intercalated
with phonolite lava that has phenocrysts of alkali feldspar. From Socialist Peak, one can enjoy a clear and close view of
Mt. Kilimanjaro, often accompanied by a triangular shadow cast during sunrise.

?\V X [ i .
Figure 9. (A) The Socialist Peak from a close view. (B) The Socialist Peak from the aerial view (Source: Arusha National Geopark)

Tephra fall deposits geosite

This geosite is approximately located at 30 09 13.63”’S and 360 49’ 27.49”’E. It is part of Arusha National Park,
protected under the management of Tanzania National Parks Authority (TANAPA) under the national law of the
Tanzania National Parks Act 1973 (Cap. 282). This statutory protection ensures its conservation under the National
Park. Once you are in the National Park, this geosite is located on the north-western slope of Mountain Meru, on the
main road of Arusha-Nairobi, close to a Maasai village. According to Vye-Brown et al. (2014), the geosite consists of a
gorge approximately 10 m deep that exposes a thick (>2.7 m) tephra fallout sequence, overlain by multiple tephra and
ash-fall layers. These units are, in turn, capped by a pumice-rich deposit about 70 cm thick. The main fallout layer is
clast-supported and composed predominantly of light-grey pumice clasts, with a low lithic content.

Phenocrysts are clearly visible within the pumice fragments, which typically measure around 3 cm in diameter, with
frequent clasts reaching up to 5cm. Kisaka et al. (2021) did a well-documented study on composite stratigraphic
succession representing three distinct explosive events. This geosite will be a good place to study tephra stratigraphy of
the area because it has at least three tephra fall deposits, all of which are pumice-supported with abundant lithics. This
geosite is vulnerable to natural erosion and weathering, especially during the rainy season.

RESULTS AND DISCUSSION

Quantitative Assessment of Scientific Value (SV) and Degradation Risk (DR)

The results for scientific value (Table 4) and degradation risk (Table 5) are in accordance with Brilha’s methodology
(2016). The evaluation reveals that all seven geosites have substantial scientific value with scores ranging from 275 to 325
out of the possible 400 points (Table 4). However, the DR varies across the geosites with values ranging from 65 to 205 out
of 400 (Table 5). Geosites like Little Mt. Meru, The Ash cone and Socialist Peak have low degradation Risk, while Tephra
fallout deposits and Momella Lakes have moderate degradation risk.

Table 4. Evaluation of geosites based on their scientific values

Scientific Value Name of geosite
Criteria Weight [Ngurdoto| Momella | Momella | The Ash | Little Meru| The Socialist | Tephra fgllout
(Max %) | Crater DAD lakes cone Mt. Peak deposits
Representativeness 120 120 120 120 120 120 120 120
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Key locality 80 40 40 20 40 40 40 20
Scientific Knowledge 20 20 20 20 20 20 10 40
Integrity 60 60 60 60 60 60 60 60
Geological diversity 20 5 5 5 10 5 5 5
Rarity 60 45 60 60 60 30 30 30

Use limitation 40 10 20 20 10 10 10 20

Total 400 300 325 305 320 285 275 295

Table 5. Evaluation of geosites based on their degradation risk

Degradation risk Name of geosite
Criteria Weight Ngurdoto | Momella | Momella | The Ash | Little Meru | The Socialist | Tephra fgllout
(Max %) Crater DAD lakes cone Mt. Peak deposits
Deterioration of geological 140 35 0 0 35 35 35 140
elements
Proximity to areas/activities 80 20 20 0 20 20 0 20
with potential to cause damage

Legal protection 80 20 20 20 20 20 20 20
Accessibility 60 60 60 60 0 0 0 15
Density of population 40 10 10 10 10 10 10 10
Total 400 145 110 200 85 85 65 205

Quantitative Assessment of Educational and Touristic Potential Uses

The quantitative assessment on potential educational use (Table 6) and potential touristic use (Table 7) reveals that the
evaluated geosites have varying levels of potential for educational and touristic use. Ngurdoto Crater, Momella lakes, and
Momella DAD have the highest potential, making them prime sites for both learning and tourism. Conversely, Tephra
Fallout Deposits have the lowest potential in both categories.

Table 6. Quantitative evaluation of geosites based on their potential educational use

Potential Educational Use Name of geosite
Criteria Weight | Ngurdoto | Momella | Momella | The Ash Little | The Socialist | Tephra fallout
(Max %) Crater DAD lakes cone Meru Mt. Peak deposits
Vulnerability 40 20 40 20 40 40 40 20
Accessibility 40 40 40 40 0 0 0 20
Use limitation 20 15 10 15 5 5 5 10
Safety 40 40 40 40 30 30 30 20
Logistic 20 20 20 20 15 15 15 20
Density of population 20 5 5 5 5 5 5 5
Association with other values 20 20 20 20 10 10 10 10
Scenery 20 20 10 20 20 15 15 0
Unigueness 20 10 40 15 10 5 10 10
Observation condition 40 20 40 40 30 20 40 40
Didactic potential 80 40 20 20 40 60 20 20
Geological diversity 40 10 20 10 10 10 20 10
Total 400 260 305 265 215 215 210 185

Table 7. Quantitative evaluation of geosites based on potential touristic use

Potential Touristic Use Name of geosite
Criteria Weight | Ngurdoto | Momella | Momella | The Ash Little The Socialist | Tephra fqllout
(Max %) Crater DAD lakes cone Meru Mt. Peak deposits
Vulnerability 40 20 40 20 40 40 40 20
Accessibility 40 40 40 40 0 0 0 20
Use limitation 20 15 10 15 5 5 5 10
Safety 40 40 40 40 30 30 30 20
Logistic 20 20 20 20 15 15 15 20
Density of population 20 5 5 5 5 5 5 5
Association with other values 20 20 20 20 10 10 10 10
Scenery 60 60 15 60 60 45 45 0
Unigueness 40 20 40 30 20 10 20 20
Observation condition 20 20 20 20 15 10 20 20
Interpretative potential 40 30 20 20 30 30 20 20
Economic level 20 10 10 10 10 10 10 10
Proximity of recreational areas 20 20 20 20 5 5 5 15
Total 400 320 300 300 245 215 225 190

A geosite is defined as an outstanding geological location where unique elements of geodiversity hold scientific,
educational, cultural, or touristic value (Brilha, 2005). As a result, cataloguing geosites is essential for understanding
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geoconservation. In recent decades, geoconservation practices (Sharples et al., 2002) have gained widespread recognition
and now play a significant role in broader nature conservation efforts (Prosser et al., 2013). Growing environmental
degradation caused by increasing human activity has highlighted the necessity to document, protect, and promote both
biodiversity and geodiversity (Gray, 2013). The conservation of geological heritage has become an essential consideration
for future legislation and policy development, facilitating more effective management of the natural environment through
the protection of geosites (Gordon et al., 2018). To fulfil these objectives, implementing geosite conservation practices is
necessary to mitigate both anthropogenic and natural deterioration and destruction (Prosser et al., 2013).

However, before planning or undertaking specific geoconservation measures, particularly in areas where such efforts
can be enhanced, such as geoparks, it is critical to conduct thorough geosite assessments. These assessments identify their
significance, potential threats, and the necessity for protection (Prosser et al., 2013; Crofts et al., 2020). Beyond
geoconservation, geoparks also aim to foster sustainable development and generate economic benefits for local
communities through geotourism and educational initiatives. Central to their mission is connecting people with nature and
linking geodiversity with biodiversity, cultural heritage, and local communities (Gordon et al., 2018; Gordon, 2019; Farsani
et al., 2014). Geotouristic and educational activities organized by geoparks play a vital role in disseminating geoscientific
knowledge and geoconservation principles to the public (Farsani et al., 2014).
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Figure. 10. Total quantitative scores of all geosites evaluated in the Arusha National Geopark
(A), Scientific Value (B), Degradation Risk (C), Potential Educational Value (D), and Potential Touristic Value

Based on the quantitative assessment (Figure 10), Ngurdoto Crater, Momella DAD, Momella lakes, Ash Cong, and the
Tephra Fallout Deposits hold substantial scientific value (Table 4, Figure 10A) due to their unique geological formation
and ecosystem as expressed by their representatives (120 points), contributing approximately 40% of the total score in all
the geosites. The other contributing factors include integrity, scientific knowledge, and rarity (Table 4).

Momella lakes and Tephra Fallout Deposits have moderate degradation risks (Figure 10B) because of their high
accessibility (60 points), and deterioration of geological elements (140 points) resepetively (Table 5). The moderate
scientific value of the Tephra Fallout Deposits is threatened by its high degradation risk. Out of the 205 score for
degradation risk, 140 points (68% weight) came from the criterion ‘deterioration of geological elements’ (Table 5). This
geosite, therefore, needs urgent conservation efforts to prevent erosion and other forms of damage. Ngurdoto Crater has a
moderate degradation risk, which can be managed by controlling access to the geosite. On the other hand, the trio of Ash
Cone, Little Meru, and the Socialist Peak has a low degradation risk due to their poor accessibility, low density population,
and distance from activities that have the potential to cause damage of geological elements.

All the geosites except Tephra Fallout Deposits have moderate to high potential for educational use (Figure 10C)
because of their didactic potential, geological diversity, association with other values, uniqueness, accessibility, and safety
(Table 6). The poor scenery (0 points) of the Tephra Fallout Deposits contributes to its low potential educational use,
limiting the current use of the site. A strategic development to protect and promote this geosite is therefore required.

Ngurdoto Crater, Momella DAD, and Momella lakes all have a high potential touristic value because of their scenery,
interpretation potential, accessibility, safety, and uniqueness. The Socialist Peak geosite has moderate scientific value (275
points) and low degradation risk (65 points). It also has moderate educational and touristic potential. This can be attributed
to its poor accessibility, specifically the difficulties in ascending it and the lack of excellent infrastructure in place.

The high educational and touristic potentials of the Ngurdoto Crater suggest it is well suited for educational programs
and tourism, if conservation measures are enforced to mitigate the impact from increased human activity. Similarly, the
high scientific and educational values of the Momella DAD highlight its importance as one of the most remarkable geosites
in the geopark. Its low degradation risk also reflects the favourably maintained conservation status of the geosite. However,
the site needs interpretative materials and guided tours to improve its touristic appeal.

The Momella lakes geosite has substantial scientific (305 points) and touristic values (300 points), particularly for
studies on hydrogeology and biodiversity. However, the higher degradation risk calls for stringent conservation measures to
protect the water quality and surrounding habitat from human and natural impacts.

The Mt. Meru Ash Cone has high scientific value (320 points) due to its volcanic features and relatively low
degradation risk, indicating good stability. However, its moderate educational (215) and touristic (245) scores suggest a
need for improved accessibility and interpretative resources to enhance its use and appreciation by visitors and scholars.
Little Meru Mountain shows moderate scientific value (285) and low degradation risk (85), making it a stable geosite. Its
moderate educational and touristic potentials indicate underutilization, suggesting a need for development of infrastructure
and educational programs to maximize its geoconservation benefits.
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CONCLUSION

The seven geosites evaluated within the Arusha National Geopark highlight their considerable scientific, educational,
and touristic significance, reflecting the exceptional geodiversity associated with Mount Meru’s volcanic history. All
evaluated geosites exhibit moderate to high scientific value, confirming their relevance for geological research and
heritage interpretation. However, the degradation risks vary significantly, with sites such as Momella Lakes and Tephra
Fallout Deposits requiring urgent conservation measures to mitigate erosion, human impacts, and environmental threats.
Ngurdoto Crater, Momella lakes, and Momella DAD emerged as the most promising sites for educational and touristic
development, indicating their strong potential for geotourism and community engagement. Overall, there is a need for
tailored geoconservation strategies, improved interpretative infrastructure, and sustainable tourism planning to enhance
the visibility, protection, and utility of the geosites. Strengthening these efforts will support the geopark’s aspirations for
UNESCO Global Geopark status and reinforce long-term stewardship of Tanzania’s unique geoheritage.
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