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Abstract 

Research on the influence of relief on precipitation has been 
identified in many studies conducted locally, regionally or globally. 
However, the research on the area analyzed in the present paper 
is comparatively lacking. The surrounding mountain area we refer 
to is represented by the Someș and the Tisa watersheds. The 
present study focuses on analyzing the influence of the relief, i.e. 
of the altitude, slope orientation relative to the position of the Sun 
and the movement of air mass as a factor on precipitation and 
rainfall gradient. For that, datasets of daily precipitation recorded 
at 62 rainfall stations were used, as follows: 36 rainfall stations in 
Maramureş County, 19 rainfall stations in Satu Mare County, and 
7 rainfall stations in Bistrița-Năsăud County. Precipitation data 
from rainfall stations located in the neighborhood of the study 
area were used in order to determine the influence of relief on 
frontal precipitation. The second purpose of the research was to 
determine if there is a correlation between precipitation and 
altitude. To this end, ArcGIS and Microsoft Office software were 
used. The results seem to confirm the major influence of the relief 
over the dynamic convection imposed to the air masses on 
ascending slopes, various average vertical precipitation gradients 
and differentiated distribution of rainfall. The present analysis and 
its results will highly contribute as an input element in a Spatial 
Decision Support System for Prevention and Management of 
Floods in Firiza Basin (North-Western Carpathians). 

Keywords: relief, rainfall, depression, climate, altitude, SDS 
System 

Rezumat. Corelația dintre precipitații și 
orografie - element cheie al Sistemului Spațial 
de Suport Decizional pentru Prevenirea și 
Managementul Inundațiilor în Bazinul Firiza 
(Carpații de Nord-Vest ai României) 

Cercetările privind influența reliefului asupra precipitațiilor sunt 
prezente în multe studii realizate la nivel local, regional sau global. Prin 
comparație, cercetările privind zona abordată în prezenta lucrare 
lipsesc. Arealul montan în studiu este reprezentat de bazinele 
hidrografice Someș și Tisa. Studiul este axat pe analiza influenței 
reliefului în funcție de altitudine, orientarea pantei în raport cu poziția 
Soarelui și mișcarea maselor de aer ca factor de influență al 
precipitațiilor. În analiză au fost utilizate seturi de date referitoare la 
precipitațiile zilnice înregistrate la 62 de posturi pluviometrice, astfel: 
36 posturi din județul Maramureș, 19 posturi din județul Satu Mare și 
7 posturi din județul Bistrița-Năsăud. Pentru a determina influența 
reliefului asupra precipitațiilor frontale au fost utilizate datele de la 
posturile situate în vecinătatea zonei de studiu. Al doilea obiectiv a fost 
de a determina dacă există o corelație între precipitații și altitudine. 
Pentru aceasta s-au folosit software ca ArcGIS și Microsoft Office. 
Rezultatele par să confirme influența majoră a reliefului asupra 
convecției dinamice impuse maselor de aer în mișcare ascendentă pe 
versanți, respectiv diverșii gradienți medii verticali ai precipitațiilor și 
distribuția diferențiată a precipitațiilor. Întreaga analiză va contribui 
semnificativ la Sistemul Spațial de Suport Decizional pentru Prevenirea 
și Managementul Inundațiilor în Bazinul Firiza (Carpații de NV). 

Cuvinte-cheie: relief, precipitații, depresiune, climă, 
altitudine, Sistem SDS 

 

Introduction 

Flood risk management in watersheds, with tools 
such as spatial decision support systems, among 

others, requires spatial and temporal analysis of 
rainfall to properly represent hydrological processes. 

For the mountain areas, topography and elevation 

affect rainfall and have to be considered for prediction 
and mapping (Sanchez-Moreno et al., 2014). The 

influence of elevation on the precipitation, particularly 
on rainfall, has been studied for decades, for different 

regions and with various results (Alter, 1919; Bleasdale 

and Chan, 1972; Lee, 1911; Sindosi et al., 2015). Most 
of the studies revealed that rainfall amount increases 

with elevation in a usually linear relationship as it is 

connected to orographic updraft (Bleasdale and Chan, 
1972; Henry, 1919; Hibbert, 1977; Llasat and 

Puigcerver, 1992; Weisse and Bois, 2001). 
The linear relation is easy and represents an 

acceptable approximation between rainfall and 

elevation (Phillipset al., 1992), but for the North-
Western Carpathians of Romania the relation is better 

described by nonlinear functions or it is not clear. 
However, additional factors influence the rainfall 

patterns, such as moisture sources or large circulation 

patterns over a region, which weakens the 
relationship between rainfall and elevation (Konrad, 

1996). For certain areas, such as the Swiss Alps, it 
has been found that precipitation can decrease with 

elevation (Blumer, 1994), or elevation is of less 
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importance when compared to other variables such 

as exposure or relative distance between rainfall 

stations, as in Oahu Island (Cheng and Lau, 1970). 
In mountain regions, where the nature of rainfall 

is influenced by orographic lifting, rainfall patterns are 
complex and not well understood (Prudhomme and 

Reed 1998). The influence of topography may 

express itself by changes in precipitation intensity, in 
the number of precipitation days or in a combination 

of both factors (Duckstein et al., 1973). For a better 
understanding and characterization, additional 

parameters should be considered in the predictions. 
For Western Colorado, Spreen (1947) found that 

elevation alone explains 30% of the seasonal variance 

of rainfall, while the combination of altitude, slope, 
exposure and orientation explained 88% (Sanchez-

Moreno et al., 2014). Basist et al. (1994) found slope 
gradient, orientation, elevation and exposure as the 

best mean annual precipitation predictors for ten 

mountain regions all over the world (Sanchez-Moreno 
et al., 2014). 

An important variable that influences the spatial 
distribution of rain in mountain regions is the 

prevailing wind direction (Sanchez-Moreno et al., 
2014). Strong winds may redistribute the 

precipitation, facilitating larger amounts in the valleys 

and smaller ones on windward slopes (Sanchez-
Moreno et al., 2014). The erratic and turbulent nature 

of wind makes its characterization difficult (Sanchez-

Moreno et al., 2014). The influence of wind can be 

indirectly described by the orientation and width of 
the valleys, parameters that can be considered in the 

analysis in form of additional topographic variables, 
such as aspect (Daly et al., 1994; Sevruk et al., 1998). 

Mountain slopes facilitate the uplift of moisture 

that results in high rainfall intensities on the windward 
side of the mountains (Singhet al., 1995), where the 

rainfall stations tend to be placed. For practical 
reasons, in mountain areas rain gauges are usually 

located in valleys, thus biasing the information 
towards low areas (Prudhomme and Reed, 1998). 

The position of the rain gauges can be used to 

describe wind direction and allows a better 
understanding of the motion path of clouds. For 

Western Oregon and Washington, Schermerhorn 
(1967) found that an index for the latitude of the 

station, combined with terrain elevation and barrier 

elevation explains most of the variations of annual 
precipitation during the winter season. Buytaert et al. 

(2006) explained the monthly variability of rainfall in 
the Ecuadorian Andes in terms of slope, aspect, 

elevation and position of the stations. 
The present research takes place in the Someș-

Tisa Watersheds, NW Romania (the Firiza watershed), 

as part of the Spatial Decision Support System (SDSS) 
project (Fig. 1). 

 

Fig. 1: Location of the Firiza river basin (altitude source: Topo Map RO & PPPDI-DTM, 2014) 
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The relief and elevation variations in the Firiza 

watershed and surrounding mountain areas suggest 

a strong influence of topography on rainfall variability 
(Sabău et al., 2020); however, this effect has hardly 

been studied (Bazac, 1983) and without taking into 
account additional topographic parameters or the 

position of the rain gauges. Long-term records of 

rainfall are available for the Firiza watershed and the 
surrounding mountain area. In this study, the rainfall 

has been analyzed from low to high temporal periods, 
to show how the aggregation of rainfall may have an 

effect in its correlation with topographic parameters.  
Within the area, there are few weather stations 

with disposition that is not appropriate for a spatial 

analysis, so rainfall data recorded at weather stations 
and rainfall gauging stations in the complex and 

surrounding area were used. The reason for choosing 
this alternative was determined by the numerous 

rainfall stations within the monitoring system of the 

Water Administration of the Someș-Tisa Basin. 
The book published in 1951 by St. M. Stoenescu - 

The Climate of Bucegi - represents the first Romanian 
study on mountain climatology and it was very 

important for the area under study. Its theoretical 
foundations are still relevant today, as per 1983, Gh. 

C. Bazac - Influence of relief on the main features of 
Romanian climate.  

Between 1960 and 1980, specialists of the Institute 

of Meteorology and Hydrology have written a number of 
papers regarding the influence of relief on precipitation, 

some published and some in the form of manuscripts. 

The following years registered the publication of several 
doctoral dissertations on the problems of climatology, 

such as F. Moldovan – The role of the Apuseni Mountains 
in differentiating climate in the north-western Romania. 
Study of dynamic climatology, 1986. More recently, in 

2008, the National Meteorological Administration 
published the work - The climate of Romania, for the 

1961-2000 reference period.  
The relief is the main factor influencing the 

distribution of climatic parameters in the studied area 
(Bâzâc, 1983), and high intensity precipitation events 

are frequent throughout the year (Bâzâc, 1983; 

Climate of Romania, 2008; Vlăduț and Onțel, 2014; 
Șerban, 2018). 

Average annual amounts of precipitation are 
determined by the evolution of the atmospheric 

pressure systems, the dynamics of air masses and 

fronts. The highest amounts of precipitation are 
generated by cyclonic activity associated with the 

polar front in the Iceland area, mobile cyclones 
activity in the thalweg of the Icelandic depression 

reaching the Maramureş area as well. 
The main objectives of this research are: (1) to 

determine the influence of daily events on the 

monthly and seasonal rainfall variability, (2) to 
investigate whether for the Firiza watershed spatial 

patterns of rainfall can be parameterized, supported 

by terrain and location data, and (3) to determine the 

best strategy to map long-term mean seasonal rainfall 

in the Firiza using the limited data available.  

Data and Methods 

Study area 

The Firiza river basin holds a special position 
within Romania (Fig. 1). This assertion no longer 

needs to be argued if we look at the median area in 
which it is located: in the northwest part of the 

country, the short distances from the northwestern 

border and the favorable exposure to the circulation 
of the ocean air masses originating in the Atlantic 

Ocean area, from which it receives a good part of the 
humidity. Against the background of these climatic-

geographical interferences, the spatial development 
of the Carpathian chain appears as a polarizing 

element that gives an unmistakable individuality to 

the neighboring region, up to distances that exceed 
the limits of the Romanian territory. 

Within the Someș-Tisa hydrographic area, the 
Firiza basin has a northern position and it extends 

between the latitudes of 47° 52′ 00′′ and 47° 40′ 00′′; 

longitudinally, it is located in the north-western part 
of the Someș-Tisa hydrographic area, between 23° 

33′ 00′′ and 23° 43′ 00′′ east longitude. 
The features imprinted by the major relief of the 

Firiza basin over the climate are detached or partially 
deduced from various studies, but the dynamics of 

qualitative and quantitative variations in time and 

space of its various elements, the laws and 
mechanism that govern and generate as well as 

maintain them have not yet been deciphered and 
argued at the scale of current needs. 

Given the development of a future SDSS for flood 

prevention and management, the morphology and 
position of the Firiza river basin have increasingly 

required the knowledge of the influence of relief on 
the variation of precipitation and the distribution of 

average rainfall. 
The subject of the present paper was determined 

by the desire to know in detail the characteristics of 

the most important input parameter in the 
hydrological forecast model, because the quality of 

the forecast depends equally on the accuracy of input 
data and the hydrologist’s skills (Sabău et al., 2020). 

A useful hydrological forecast model for all seasons 

needs a lot of input data, but the precipitation 
monitoring network in northwestern Romania does not 

provide the necessary data for all parameters (Fig. 2). 
Therefore, we were compelled to investigate the 

influence of relief on precipitation, in order to determine 

the laws governing the variation and distribution of 
precipitation and all associated parameters. 

A series of parameters of some climatic elements 
are treated for the entire Someș-Tisa hydrographic 
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space. However, due to the distribution of the 

weather stations necessary for a spatial analysis, 

most of the parameters were analyzed only for the 
northern part of the area. 

The aim of the paper is to explain the mechanisms 
of atmospheric phenomena, to highlight and explain 

the laws according to which they take place when 

exposed to the influence of major relief. Another goal 
is to determine the proportion of this influence on the 

precipitation in the surrounding area. 
This approach requires long and homogeneous 

data sets of observations only within the same 
sequence. The method allows relative values to be 

reached on the basis of different strings and intervals, 

valid for highlighting the legalities underlying the 
atmospheric processes. By similarity, these laws can be 

extended, generalized, for similar natural conditions. 
The small number of stations located on mountain 

slopes with different orientations limits the possibilities 

of investigation based on comparative profiles. 
In order to highlight or explain some specific 

characteristics of the precipitation in the studied area, 
data from the stations located in the areas with the 

most obvious manifestations of them were used. For 
example, the catabatic phenomena were studied on 

transversal profiles (over the Vlădeasa Massif), while 

in order to highlight their climatic weight, data from 
weather stations located in the representative areas 

were used (Vlădeasa 1400, Vlădeasa 1800, and Stâna 
de Vale for optimal rainfall). 

 

Fig. 2: General schema and components of a 

SDSS (after Sabău et al., 2020) 

Data 

Spatial distribution of weather stations within the 

studied area is not suitable for a spatial analysis (Fig. 3).  

 

 

Fig. 3: Hydrometeorological monitoring network in the area under study
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Therefore, we also used the precipitation data 

recorded at the rainfall stations and at the 

hydrometric stations within and the surrounding area. 
The authors chose this solution due to the higher 

density of the stations that measure precipitation and 
are included in the monitoring system of the Someș - 

Tisa Water Basin Administration. 

Datasets of daily rainfall recorded at 62 rainfall 
stations were used, as follows: 36 rainfall stations in 

the Maramureş County, 19 rainfall stations in Satu 
Mare County, and 7 rainfall stations in Bistrița-Năsăud 

County. Rainfall stations are part of monitoring 
network of hydro-meteorological parameters within 

the Someș-Tisza basin. For the 1961 - 2000 reference 

period, statistical data from the Climate of Romania 
(2008) were also used. 

To perform the analysis, data of numerical and 
cartographic type were used. The cartographic 

database contains synoptic maps at European scale, 

namely the Sea Level Pressure maps, as well as 
geopotential maps at different pressure altitudes in 

the troposphere.  
For the case study, daily weather data from the 

European Climate Assessment & Dataset and rp5.ru 
websites were collected. For the relief analysis and 

creation of maps derived from the digital model of 

terrain, we applied the digital terrain model with a 
spatial resolution of 3 m × 3 m, generated with 

LiDAR technology within the PPPDI project (Plan for 
the Prevention, Protection and Mitigation of Flood 
Effects) a national project funded by AXA 5 POS 

Environment (POS - Sectorial operational program). 

Methods 

For the present paper, elements related to the 
rainfall characteristics were calculated based on 

statistical software (Microsoft Office, Statistical 
Package for the Social Sciences, HEC-SSP) and 

completed with data retrieved from synthesis and 

studies of the Someș-Tisa Regional Water Branch. 
Support for GIS modeling was made up of 1:5000 

plans, 1:25.000 topographic maps, orthophotos and 
other satellite images; coordinates and GPS files from 

different sources (field trips and references); digital 
mapping and files conversion were achieved with 

specific software (GPS Utility, Global Mapper, ArcGIS 

10. x). 
To establish the atmospheric circulation for the 

case study, HYSPLIT model was used (Draxler et al., 
2012). A simple air parcel 48-hour backward 

trajectory option was used in order to identify the 

direction of the influx and the origin of the air masses 
in the studied area. Based on weather maps provided 

by wetter.3de archive (Wetter3.de, 2017), 
temperature and geopotential at 500, 700, 850 hPa 

levels, moisture at 700 hPa level and Sea Level 
Pressure were analyzed.  

Results and Discussion 

The influence of the Carpathian mountain 
system on the air masses continentalization 

The main features of the relief, such as altitude, 

extension and spatial arrangement in relation to the 
main directions of the air masses advection generate 

a decisive influence on the amount and type of 

precipitation. Thus, if the mountain ranges are 
oriented perpendicularly to the direction of the 

atmospheric fronts movement, they force the air 
masses to escalate, determining the intensification of 

the atmospheric processes. During these processes, 
a large part of the moisture load falls in the form of 

precipitation on exposed slopes. 

In order to determine the rate of the relief 
influence on the continentalization processes and, 

therefore, on the rainfall potential of the air masses 
that transport moisture from the Atlantic Ocean over 

the northwest of Romania to the east, the 

precipitation data from a series of stations located 
along three profiles were used. The three profiles that 

cross the Someș-Tisa hydrographic area are: from 
west to east; from northwest to southeast, and from 

north to southwest. The first two profiles start from 

the western border of Romania, cross the mountain 
ranges of the Carpathians and reach the edge of the 

area. The third profile has a north-south orientation, 
which was extended in the Criș rivers basin to capture 

the exceptional mountain profile offered by the two 
stations located on the Vlădeasa Massif (Fig. 4). 

The variation curve analysis of the three profiles 

shows, on one hand, the increases in precipitation on 
the western slopes of the Carpathians, exposed to the 

ocean air masses circulation, and on the other hand, 
the gradual decrease of their rainfall potential as they 

move eastward. 

As a consequence of their westerly position, the 
Oaș-Igniș-Gutâi mountain range and the western 

branch of the Apuseni Mountains take priority of the 
moisture load of the ocean air masses, thus achieving 

important amount of precipitation. The mountains, 
located in the background (sheltered), reactivate 

atmospheric processes, but the rainfall potential of 

the ocean air is reduced by the mountain range over 
which they have already passed. 

In order to analyze the relief influence on the 
precipitation, three profiles of the average annual 

amount of precipitation are presented in Fig. 5, 6 and 7. 

Average annual amounts of precipitation are 
determined by the evolution of the atmospheric 

pressure systems, the dynamics of air masses and 
fronts. The highest amounts of precipitation are 

generated by cyclonic activity associated with the 

polar front in the Iceland area, mobile cyclones 
activity in the thalweg of the Icelandic depression 

reaching the Maramureş area as well. 
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Fig. 4: The position of the three profiles that cross the Someș-Tisa hydrographic space 

The climate, specificities, influences  

The climate of the Firiza basin is of temperate 
continental-moderate type and it is subdivided into 

two areas: 1) mountain and 2) hills and plateau, with 

a subtype of depression in the Baia-Mare Depression. 

The analyzed basin is characterized by the type of 

moderate continental temperate climate, with the 
specificity created by the mountainous floor of the 

middle and low mountains (800-1300 m altitude). 

 

Fig. 5: The variation of the average annual amount of precipitation, along a V-E route 

Raw data sources: “Someș-Tisa” Water Branch, Cluj 
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Fig. 6: The variation of the average annual amount of precipitation, along an NV-SE route 

Raw data sources: “Someș-Tisa” Water Branch, Cluj 

 

Fig. 7: The variation of the average annual amount of precipitation, along an N-S-SW route 

Raw data sources: “Someș-Tisa” Water Branch, Cluj 
 

The area is affected mostly by the western air 
circulation, with the predominance of maritime-polar 

or maritime-arctic air advections from the northwest 

in winter and the advection of the warm air from the 
southwest of Europe in summer. The values of the 

climatic parameters depend on the altitude (Fig. 8), 
the orientation of the slopes towards the general 

circulation of the atmosphere, and their exposure 
(Fig. 9). 

The Igniş Mountains represent an orographic 

barrier of the air masses movement from the west. 
This causes an uneven distribution of moisture, 

cloudiness and precipitation, the western slopes 
recording a higher humidity (of 2 to 4%) and rainfall 

(by 50 to 100 mm) at the same altitude. 
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Fig. 8: Hypsometric map with characteristic curves 

(altitude source: Topo Map RO & PPPDI-DTM, 2014) 

 

Fig. 9: Aspect (slope direction) map 
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Precipitation regime 

The average annual precipitation is characterized 
by significant variations, caused especially by the 

relief configuration, by the exposure to the dominant 

atmospheric circulation (in the west) and by 
elevation. While the average annual value of 

precipitation in the Baia-Mare Depression is situated 

at about 892 mm, in the high mountain areas, on the 

slopes exposed to the oceanic air masses; it reaches 
at about 1400 mm, (due to favorable exposure to 

dominant circulation, Fig. 10). For Baia Mare weather 
station, the monthly and annual average amount of 

precipitation have the following values (Table 1). 

Table 1. Average monthly and annual rainfall (mm) at Baia Mare weather station  

Station J F M A M J J A S O N D Year 

Baia Mare 65.7 52.4 50.3 63.1 84.2 103.5 92 77.8 63.5 58.1 72.3 90.1 872.9 

Source: N.M.A – National Meteorological Administration 
 
The average annual number of days with 

precipitation ≥ 0.1 mm is high, correlating with the 

annual quantities of rainfall. Yearly, the number of 
days with precipitation ≥ 0.1 mm is of 110-160 days 

in the lower hilly areas exposed to dominant western 
circulation, 120-140 days in the higher hilly areas, 

150-200 days in the lower mountain regions and 150 
≥ 170 days at the highest altitudes. On average, at 

Baia Mare weather station, 156.5 days with rain per 

year are recorded (Climate of Romania, 2008). 

Spatial distribution of average rainfall  

The altitude correlated with the average amount 
of precipitation highlights the laws of spatial rainfall 

distribution (Cocuț, 2008; Șerban et al., 2020). Air 

masses circulation is predominantly from NW to SE, 

which determines the peculiar spatial distribution of 
rainfall. The correlation between average multi-

annual rainfall and altitude is shown in the Fig. 10. 
Regarding the atmospheric precipitation, an 

increase with altitude to a certain height, known as 
the rainfall optimum is observed, followed by 

decrease. In the Someș-Tisa hydrographic area, the 

rainfall optimum is around 1100 m, so that within the 
Firiza basin, the amount of precipitation increases 

with altitude, up to the rainfall optimum. 
For the study area five distinct exponential links 

are highlighted - each one corresponding to a 

different rainfall gradient (Fig. 10). 

 

Fig. 10: Average annual rainfall distribution map in the study area and adjacent major basins 

Raw data sources: “Someș-Tisa” Water Branch, Cluj 
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The western flank shows the precipitation 

gradients with highest values as it is exposed to air 
masses advections. The central part of the basin is 

characterized by lower rainfall gradients while the 
sheltered south-east part of the basin presents the 

lowest values of precipitation gradients. 

The increase of precipitation amount with altitude 
takes place until a certain height, from which they begin 

to decrease due to the reduction of the water vapor 
content of the progressively cooled air in the altitude. 

Significant amounts of precipitation are also 
discharged / also fall over some interfluves in the 

central and central-western part of the basin. In the 

lower sector of the basin, the values are slightly 
reduced, due to the descent of the air masses 

towards the depression area of Baia Mare, reaching 
values below 900 mm. 

The spatial distribution of the average multiannual 

precipitation and of seasonal amounts shows that 
important concentrations are characteristic on the ridges 

and plateaus in the eastern and northern part of the 
basin, where the values can easily exceed 1300 mm. 

As compared to the annual average values of 
precipitation recorded in the Baia-Mare Depression 

(about 892 mm), the precipitation amounts rise on the 

slopes exposed to the ocean air masses in the high 
mountain areas, at about 1400 mm. High intensity 

rainfall events are frequent throughout the year 
(Posea, 1980; Bâzâc, 1983; Clima României, 2008; 

Zaharia, 2012; Sabău et al., 2018; Șerban, 2018). 

The slight reduction of precipitation amounts at a 
certain altitude is confirmed by the correlation 

between the two parameters (Fig. 11). 

Case Study: Distribution of rainfall in the 
study area and neighboring mountain frame 

To emphasize the relief influence over the amount 

of precipitation of frontal origins, the thermal 
convection was excluded by choosing a case study 

from the beginning of the cold season. For this, a 

north-western air circulation type was analyzed as 

well as the rainfall distribution in the studied area.  
On the 06.11.2016, 00 GMT the geopotential 

structure at 500 hPa shows that the eastern half of 
Europe is under the influence of an upper ridge, 

generating a south-west air circulation. At ground 

level, the western part of the continent was under the 
influence of an Atlantic cyclone, moving eastward, 

associated to an upper trough (Fig. 12, A). This 
atmospheric structure generates a south-western 

flow both at ground level as well as in the middle 
troposphere. In the lower troposphere, the air 

advection over the south-east of Europe and the 

study area has its origin over the Mediterranean Sea, 
generating a warm and humid air influx (Fig. 13, left). 

Fig. 11: Relationship between multiannual 

average precipitation and altitude 

The fast movement of the Atlantic cyclone generates 

precipitation due to its warm and cold fronts over the 
study area as well as the movement of the upper 

trough. On the 9th of November, the air circulation 
becomes western, and on the10th, north-western (Fig. 

13, right), generating a cold air advection from the 

upper troposphere to the ground level (Fig. 12, B). 
 

  
Fig. 12: Sea level pressure (white lines, hPa), 500 hPa geopotential height (black lines, gpdam), 

and relative topography 500-1000 hPa (colored, gpdam), recorded on 06.11.2016, 00 
GMT (A) and 09.11.2016, 00 GMT (B)  

Source: http://www1.wetter3.de/Archiv/ 

http://www1.wetter3.de/Archiv/
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The spatial distribution of rainfall in the study area, 

for the 06.11.2016, 04 GMT - 7.11.2016, 04 GMT 

period and for the 62 rainfall stations shows the 
highest amount of precipitation on the mountain 

slopes exposed to air circulation, and the lowest - in 
the low parts of Maramureş Depression (Fig. 14). For 

example, the Firiza rainfall station, situated at an 

altitude of 423 m, recorded 63.4 mm, Cavnic rainfall 

station, located at an altitude of 680 m, recorded 42.3 

mm, while rainfall stations situated at lower altitude 
did not exceed 20 mm. This situation emphasizes the 

role of the relief in generating high amounts of 
precipitation in the case of humid air masses that 

cross the area. 

  

Fig. 13: The backward trajectories computed for air mass movement on 07.11.2016, 00 GMT 

(left) and 10.11.2016, 00 GMT (right) 

Source: https://www.ready.noaa.gov/HYSPLIT.php  

In the Firiza watershed area, the amount of 

precipitation is high due to the exposure to oceanic 

air masses, the SW-NE alignment and the lower 

orographic barrier enforced by Oaș Mountains. 

 

Fig. 14: The precipitation amounts recorded at rainfall stations within the study area for the 

06.11.2016, 04 GMT - 7.11.2016, 04 GMT period  

Raw data sources: “Someș-Tisa” Water Branch, Cluj  
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The results confirm the major influence of the 

relief over the recorded amount of precipitation due 

to orographic convection generated by the humid air 
masses ascending exposed slopes of the mountains 

and different distribution of the rainfall. 

Conclusions 

In the Firiza watershed area, the amount of 

precipitation is high due to the exposure to oceanic 

air masses, the SW-NE alignment and the lower 
orographic barrier enforced by Oaș Mountains. 

Orographic precipitation is generated by the 
ascent of air masses over the slopes exposed to air 

masses advection. This process leads to saturation of 
the air in water vapor and condensation, causing 

precipitation showers. The characteristics of the 

orographic precipitation are dependent, therefore, 
both on the altitude and on the slope, as well as on 

the orientation of the slopes. 
The results confirm the major influence of the 

relief over the recorded amount of precipitation due 

to orographic convection generated by the humid air 
masses ascending exposed slopes of the mountains 

and different distribution of the rainfall. 
Accurate meteorological information is critical to 

simulating runoff processes within a hydrologic 
model. All this analysis will highly contribute as an 

input element in a Spatial Decision Support System 

for Prevention and Management of Floods in the Firiza 
Basin (North-Western Carpathians). 
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Abstract 

Geodiversity is considered as a complex indicator of the abiotic 
environment. On the example of information about Golo Bardo 
Mountain (Western Bulgaria), the article emphasizes the need to 
develop methods for quantitative assessment of the geodiversity 
of an area to minimize the subjective nature of the assessment by 
defining clear criteria that can be quantified. The complex 
geodiversity assessment of the investigated area was made based 
on the analysis of lithology, soils, topographic features and 
drainage network. The analysis is done in a GIS environment. 
Topographic settings are analysed on the base of digital elevation 
model with a cell size of 30 m using Spatial Analyst Tools. The 
elevation model is used for calculating the terrain roughness, 
slope gradients and aspects of the slopes. Geological component 
is evaluated considering the petrographic composition of the area. 
The variety of the abiotic components is calculated by application 
of grid method (cell size 1000 x 1000 m), using Focal statistics 
tool, neighborhood type “Variety”. Fuzzy logic is suggested to be 
used for comparison of areas located in different regions and with 
different landscape conditions. 
The results of the geodiversity assessment show that most of the 
area of the Golo Bardo mountain has moderate geodiversity index. 
The method used in the article gives reliable results with minimal 
subjectivity, that can be used for assessment of the distribution of 
the geodiversity on a particular area and allow to compare 
different territorial units. The results obtained in the current study 
show good correlation between areas with high and moderate 
geodiversity index, and areas with high biodiversity values. The 
applied methodology and the visualization of the geodiversity 
index allow for easy understanding of geodiversity by a wide 
range of stakeholders, even non-geoscientists, and can be 
successfully applied in the planning of geotourism activities. 

Keywords: geodiversity, terrain roughness, GIS, focal 
statistics, grid method 

Rezumat. Evaluarea geodiversităţii prin 
aplicarea unei abordări geoinformatice (asupra 
exemplului Muntelui Golo Bardo, Bulgaria de 
Vest) 

Geodiversitatea este considerată un indicator complex al mediului 
abiotic. Pornind de la exemplul informațiilor despre Muntele Golo 
Bardo (Bulgaria de Vest), articolul subliniază necesitatea 
dezvoltării unor metode de evaluare cantitativă a geodiversității 
unei zone pentru a minimiza caracterul subiectiv al evaluării prin 
definirea unor criterii clare care pot fi cuantificate. Evaluarea 
complexă a geodiversităţii zonei investigate a fost realizată pe 
baza analizei litologiei, solurilor, caracteristicilor topografice şi 
reţelei de drenaj. Analiza se face într-un mediu SIG. 
Caracteristicile topografice sunt analizate pe baza modelului digital 
de elevație cu o dimensiune a celulei de 30 m folosind Spatial 
Analyst Tools. Modelul elevației este utilizat pentru calcularea 
rugozității terenului, a pantelor și a caracteristicilor acestora. 
Componenta geologică este evaluată având în vedere compoziţia 
petrografică a zonei. Varietatea componentelor abiotice este 
calculată prin aplicarea metodei caroiajului (dimensiunea celulei 
1000 x 1000 m), folosind instrumentul de statistică focală (Focal 
statistics tool), tipul neighborhood „Varietate”. Se sugerează 
utilizarea logicii fuzzy pentru compararea zonelor situate în diferite 
regiuni și cu diferite condiții de peisaj. 
Rezultatele evaluării geodiversităţii arată că cea mai mare parte a 
zonei muntelui Golo Bardo are un indice de geodiversitate mediu. 
Metoda folosită în articol oferă rezultate fiabile cu subiectivitate 
minimă, care pot fi utilizate pentru evaluarea distribuției 
geodiversității pe o anumită zonă și permit compararea diferitelor 
unități teritoriale. Rezultatele obținute în studiul de față arată o 
bună corelație între zonele cu indice de geodiversitate ridicat și 
moderat și zonele cu valori mari de biodiversitate. Metodologia 
aplicată și vizualizarea indicelui de geodiversitate permit 
înțelegerea ușoară a geodiversității de către o gamă largă de părți 
interesate, nu numai cercetători în domeniul științelor naturii, și 
pot fi aplicate cu succes în planificarea activităților de geoturism. 

Cuvinte-cheie: geodiversitate, rugozitatea terenului, SIG, 
statistici focale, metoda caroiajului 

Introduction 

Generally, geodiversity is defined as a set of abiotic 

components of the environment. This term has been 
used by geologists and geomorphologists since 1990s 

as an indicator about the variety of the abiotic 
environment. It was introduced mainly as an opposite 

to the term biodiversity and used to emphasize the 
importance of abiotic components. The definition of  

geodiversity is considered in many publications and is 

presented in different approaches – descriptive, 
analytical, holistic, etc. (Sharples, 1993; Kiernan, 

1996; Eberhard, 1997; Gray, 2004; Kozlowski, 2004, 
Serrano & Ruiz-Flano, 2007, etc.). The development 

of the concept shows expanding the scope from a 
synonym of geological and geomorphological 

diversity to a wider scope of a generalizing concept, 

including also hydro-morphometric indicators, soils 
and partly land use. Despite the differences in  
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interpretation, geodiversity is considered as a 

complex indicator of the abiotic environment or a 

corresponding abiotic equivalent of biodiversity 
(Soms, 2017).  

Different approaches and indicators are used for 
evaluation of geodiversity: qualitative, quantitative, 

combined qualitative and quantitative. In many cases 

the qualitative parameters are quantitatively rated 
taking into account the authors’ view and experience 

as well as the practice presented in the literature 
(Coratza & Giusti, 2005; Reynard et al., 2007; Brilha, 

2015). The quantitative approach is characterized by 
less expressed subjectivity of the assessment, but 

requires the processing of a significant amount of 

digital information (graphic and attributive), the 
application of mathematical and statistical methods. In 

this relation geographic information systems (GIS) 
provide gereat opportunity (Santos et al., 2017; Soms, 

2017; Ferrando et al., 2021; Chrobak et al., 2021). On 

the other hand, the results of this approach depend on 
the choice of the components of the evaluation and the 

method of classification, which are determined by the 
researcher/expert performing the evaluation.  

This outlines the need for elaborating methods for 
quantitative assessment of geodiversity of a given 

area so that to minimize the subjective character of 

the assessment by setting clear criteria which can be 
quantitatively expressed. Though the term is used 

since 1990, standardized methods for geodiversity 
assessment have not yet been established. The 

review of the publication about assessment of 

geodiversity shows that mainly four components have 
been taken into evaluation: geological, 

geomorphological, hydrological and pedological (Ilić 
et al., 2016, Zwoliński et al., 2016, Ferrando et al., 

2021). Some of the authors also consider land use / 

land cover (Pătroescu & Niculae, 2010; Chrobak et al., 
2021; Ferrando et al., 2021). There are differences in 

the approach of determining the particular units for 
calculating the geodiversity index but the most often 

used is the grid method. The size of the grid is 
different and depends on the scale of the map and 

the size of the area of interest. In order to minimize 

the subjectivity of assessment, analytic hierarchy 
process (AHP) is applied (Chrobak et al. 2021; 

Ferrando et al., 2021). Despite the fact that 
determining the weights of the different components 

of geodiversity is arguable and depends on the 

experience and the view of the researcher, application 
of AHP gives reliable results, taking into account the 

interrelations between abiotic components. 
Regarding to the above, the aim of the current 

study is to contribute to  minimizing the subjectivity 
of geodiversity assessment by application of 

geoinformation approach with emphasize on the 

relations between the geological, geomorphological, 
hydrological and pedological components as well as 

application of fuzzy logic for determining the classes 

of geodiversity assessment, which can be used in 

comparisons between areas with different location 

and different landscape conditions. 

Area of interest 

The current study is carried out for the area of the 

Golo Bardo mountain, located in the western part of 
Bulgaria (Fig. 1). This is a low mountainous area, with 

the highest peak Vetrushka, 1158 m (northwestern 

part of the mountain). Golo Bardo extends from 
northwest to the southeast direction and has a length 

of 25 km and 5-6 km width. The ridge surface is 
narrow and the mountain slopes are predominantly 

slightly sloping and are cut by streams. Slope 
gradients between 5 and 15 degrees take nearly 49% 

of the studied area, 18.8% are areas sloping between 

15 and 30 degrees, while flat (0-3°) and nearly flat 
(3-5°) surfaces take respectively 17% and 14.6%. 

The mountain is drained mainly by the left tributaries 
of the river Struma which flows through the west – 

northwest foothills of the mountain. 

Regarding the tectonic features of Golo Bardo 
mountain and its position in the tectonic zonation of 

Bulgaria, the mountain is located on the border of 
three structural zones: Kraishte, Srednogorie and 

Rhodopes. Bonchev (1971) refers the area of Golo 
Bardo to the Kraishtidi structural zone. Dabovski et al. 

(2009) determines the region as a part of the 

Lyubash-Golo Bardo unit of the Srednogorie zone. 
According to Ivanov (2017) it is a natural continuation 

of the Luzhnitsa tectonic unit of the Kraishte zone. 
Stratigraphically, the area of Golo Bardo is quite 

diverse. Quaternary, Neogene, Paleogene, Upper 

Cretaceous, Jurassic-Lower Cretaceous, Jurassic, 
Triassic, Permian, Devonian, Paleozoic and 

Neoproterozoic-Lower Paleozoic rocks are revealed. 
Mesozoic sediments, which are not metamorphosed 

within the study area, predominate. It is assumed 

that they are affected by several alpine folding 
phases, but the exact number of phases, their 

regional scope and timing are debatable. Considering 
petrographic aspects, the sedimentary rocks in the 

study area are represented by argillites, siltstones, 
sandstones, gravelites, calcareous sandstones, sandy 

limestones, clayey limestones, marls, limestones, 

breccias, conglomerates, flysch sediments. The 
magmatic and metamorphic rocks in the area are 

represented by gabbro, gabbro diorites, diorites, 
metagabbros to metadiorites, metabasites, 

amphibolites, amphibole and green shales, double 

mica gneisses and migmatites, biotite gneisses, 
muscovite gneisses, garnet-muscovite shales. 

Sediments like clay, sands and boulders are also 
spread in many parts of the study area. Generally, the 

considered rocks and sediments can be grouped into 
the following groups: consolidated carbonate rocks; 

consolidated carbonate and non-carbonate rocks; 
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consolidated non-carbonate rocks, tuffs, flish, 

intrusive, metamorphic rocks, proluvial and deluvial, 

and alluvial deposits (Fig. 2). Wide areas of carbonate 

rocks are a prerequisite for development of karst 

relief. 

 

 

Fig. 1: Study area (terrain data is obtained by United States Geological Survey, Earth Resources 

Observation and Science Center. (2014). Shuttle Radar Topography Mission (SRTM) 1 Arc-

Second Global data [Data set]. https://doi.org/10.5066/F7PR7TFT)  

 

Fig. 2: Petrographic map of the study area (after Milanov et al., 2006; Antonov et al., 2011a, 

2011b, 2011c, with amendments) 
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Soils are presented by, Chromic Cambisols, 

Chromic Luvisols, Cambisols, Vertisols, Fluvisols and 

Rendzinas (FAO, 1990). More than 50% (57.5%) of 
the mountain area are covered by Rendzinas and 

nearly half of this areas are loamy. The wide 
distribution of Rendzinas is closely related to the 

distribution of carbonate rocks. Relatively wide are 

covered by Chromic Luvisols (around 24% of the 
study area). They are distributed on the low slopes of 

Golo Bardo mountain and mainly on the southern and 
southwestern slopes this soil type has well expressed 

clayey composition. Nearly 6% of the mountain area 
are covered by Eroded Chromic Luvisols. Fluvisols 

take around 7% of the study area and are formed in 

the valley bottom of the river Struma. 
Natural vegetation in Golo Bardo mountain area is 

presented by forest, pasture and grasslands and 
bushes. Forests cover 24,5% of the area of interest 

where 46% of forests are broad-leaed and 42% are 

coniferous. Natura 2000 area (Council Directive 
92/43/EEC), named Ostritsa, is determined in the 

central high part of the mountain. There is one 
natural rezerve Ostritsa, established for protection of 

valuable plant specimens. Other protected area - 
Kashkavalya, located in the south-eastern part of the 

mountain and outside of  Natura 2000 is also 

established for protection of conservation-significant 
plant species. 

Data and methodology 

In the current study, the geodiversity of the area 
of interest is evaluated by analysis of lithology, soils, 

topographic features and drainage network. The 

complex geodiversity (Gd) assessment is calculated 
taking into consideration the formula proposed by 

Serrano and Ruiz-Flano (2007): 

 
where Eg is the number of abiotic elements in the 

area of interest/spatial unit, R is coefficient of 
roughness, S is area of the unit (sqkm); Ln = natural 

logarithm.  
The analysis of the lithological settings is done on 

the base of geological map at a scale of 1:50 000 

(Milanov et al., 2006; Antonov et al., 2011a, 2011b, 
2011c) and field research. Regarding the origin of the 

rocks and their physical and mechanical properties, 
the following groups are determined: consolidated 

carbonate; consolidated carbonate and non-

carbonate; consolidated non-carbonate, tuffs, flish, 
intrusive, metamorphic, proluvial and deluvial, and 

alluvial deposits (Fig. 2). 
For evaluating the variety of soils, a soil map at a 

scale 1:400 000 is used (ISSAPP “N. Poushkarov”). 
Regarding the small area of Golo Bardo mauntain and 

the generalization of the content of the geological 

map performed to determine the groups of rocks 

taken into account in the analysis of lithological 

features, the used soil map provides sufficiently 
detailed information about soil diversity analysis, 

which is comparable to the information about the rock 
composition of the area of interest.  

Topographic settings are analysed on the base of 

digital elevation model (DEM) with a cell size of 30 m 
(SRTM). The elevation model is used for calculating 

the terrain roughness index (TRI), for calculating the 
slope gradients and aspects of the slopes. Terrain 

roughness is considered as relative metric based on 
local neighbourhood of a given pixel and, in this 

regard, it is used to identify landscape patterns 

corresponding to environmental factors (Otto et al., 
2018). The following formula is applied: 

 
where: DEMsmooth is a smoothed elevation raster; 

DEMmin is minimum elevation raster; DEMmax is 
maximum elevation raster. 

The above parameters of DEM are calculated in 

ArcGIS Pro (ESRI Inc, 2021) environment using Focal 
Statistics analysis. In the current study we accepted 

rectangle method for determining the area of 
neighbourhood and set a size of 1000x1000 m. 

Slope and aspect rasters are generated on the 
base of DEM (ArcGIS Pro Spatial Analyst Tools). The 

slope gradients are calculated in degrees and 

classified in the following classes: 0-2; 2-5; 5-15; 15-
30; 30-4 and >45. Aspect raster is created using eight 

directions model and also flat surfaces are 
determined. 

The number of abiotic elements in the area of 

interest is determined by Focal Statistic tool (ArcGIS 
Pro), Neighborhood – Rectangle, size 1000 x 1000 m, 

Statistics type – Variety. The variety layers, generated 
for lithology, soils, slope, aspect and drainage 

network are summed to obtain the complex 

coefficient of variety (Eg) and then multiplied by 
roughness index (TRI) which we used for roughness 

coefficient (R). 
Geodiversity index raster is classified in 3 classes: 

low, moderate and high, using equal interval method. 
This method presents the geodiversity like a relative 

indicator for the different parts of the study area and 

the extend of the intervals depends on the minimal 
and maximal values of the geodiversity index, 

calculated for the considered area of interest. The 
determined classes of low, moderate and high 

geodiversity are valid only for the particular area and 

cannot be referred to the other area with different 
landscape conditions. In order to be comparable with 

different areas we suggest using fuzzy logic (Fuzzy 
Membership tool of ArcGIS Pro Overlay analysis) by 

which values of geodiversity index raster are scaled 
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from 0 to 1. Membership type “Large” is applied, by 

which large values of the input raster have high 

membership in the fuzzy set. After fuzzification the 
output raster is classified in 3 classes: low (0 – 0.33); 

moderate (0.331 – 0.67) and high (0.671 – 1). In this 
way, the values of geodiversity index will vary 

between 0 and 1 in each one of the considered 

areas/regions, and the classes of geodiversity will 
have one and the same intervals, regardless the 

peculiarities of the areas. 

Results and disscusions 

The geodiversity index is calculated  based of the 

maps of the variety of abiotic components, shown on 
Fig. 3. This approach is considered in many 

publications, despite the fact that there are differences 

in the spatial variables – abiotic components 
(geological, geomorphological, hydrological and soils) 

used for calculating the number of abiotic elements 
(Pereira et al., 2013; Stoms, 2017, Chrobak et al., 

2021; Manosso et al., 2021).  

In the current study, the variety is calculated per 
area of 1 sqkm. The highest variability is observed on 

the raster of aspects – from 4 to 9 spatial units per 1 
sqkm and in nearly 90% of the study area the 

calculated number of units is 9. This is an indicator for 
higher values of horizontal dissection of the relief and 

dense drainage network. The aspect of slopes together 

with slope gradients and elevation influence on local 
climate conditions and mainly on the distribution of 

solar radiations, air temperature and precipitation. In 
this relation, it is an important conditioning factor for 

geomorphological processes and variety ot the relief. 

Relatively equal is the variety of slopes and lithology. 
Maximal value of spatial units per 1 sqkm for both 

factors is 6 but the values are unevenly distributed on 
the mountain area and the pattern of the rasters shows 

a bit higher variety of the lithology (Fig. 3). The variety 

of the soil cover is between 1 and 5. Generally, 
southern and western parts of the mountain have 

higher values of soil variety. This partly corresponds to 
the variety of lithological component and the 

differences are determined by the influence of 
vegetation and local climate.  

The variety of hydrologic component is 

determined on the base of availability or absence of 
streams and in this relation, it is presented in two 

classes. The pattern of the distribution of both classes 
shows that two elements per 1 sqkm are observed on 

71% of the area of the mountain and on the other 

part the number of spatial units is 1 per 1 sqkm. 
The roughness coefficient for the area of Golo 

Bardo mountain varies between 0.03 to 0.79. The 
values are the smallest in the larger bottoms of the 

river valleys and increase with the increasing of the 
elevation, and also in the areas with denser stream 

network. Regarding the calculation of the roughness 

coefficient in different publication it can be concluded 

that there is no uniform methodology for calculating 

the terrain roughness. For example, Grohmann et al. 
(2011) consider standard deviation of residual 

topography (Melelli, 2014) takes into account surface 
area and planimetric area, Stepišnik et al. (2017) use 

elevation differences, Chelariu & Hapciuc (2017) 

accept slope gradient for determining the terrain 
roughness. In the current study, we calculated the 

terrain roughness on the base of elevation 
differences, which can be considered as an indicator 

for the energy of the relief, and in this relation for the 
variety of the landscapes. We consider that when 

slope gradients are used for calculating the variety of 

the abiotic components (Eg), taking into account 
slope in calculating the roughness can enhance the 

importance of slope gradient in the complex 
geodiversity assessment.  

Complex geodiversity index is calculated by 

multiplying the sum of components varieties and 
roughness coefficient. The surface distribution of the 

values is presented on Fig. 4. Most of the area of Golo 
Bardo mountain (80.7%) has moderate geodiversity 

index. Areas with low and high geodiversity take 
around 9.7%, each one. High geodiversity is observed 

in the south-eastern part of the mountain, where they 

can be related to the high variety of lithology and high 
values of roughness. High geodiversity values in high 

central and northwestern part of the mountain are 
mainly related to the high variety of slopes, as well as 

of roughness coefficient. Fuzzification of geodiversity 

raster, in the current case, causes small changes in 
the spatial pattern and the redistribution of the values 

of the geodiversity but as a whole the location of the 
classes of low, moderate and high geodiversity index 

is preserved. After fuzzification areas with moderate 

geodiversity index are decreased to 69.3% of the 
mountain, while areas with low and high geodiversity 

are increased, respectively to 17.2% and 13.5%. 
Despite the observed differences fuzzification can 

give reliable results when two or more regions with 
different landscape conditions are compared, 

providing equal intervals of the geodiversity classes.  

Comparing the spatial distribution of the 
geodiversity index with the land cover/land use data 

(CORINE) shows that the largest part of the areas 
with high geodiversity is covered by forests, followed 

by areas with shrubs and rare vegetation, and 

pastures. Areas with low geodiversity are taken 
mainly by agricultural and urban areas (Table 1). 

Nature protected areas are located mainly in 
spatial units with moderate and high geodiversity 

index. Most of the part of Natura 2000 protected area 
Ostritsa (77%) has moderate geodiversity, 21% 

present a high geodiversity index and 2% possess low 

geodiversity. 
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Fig. 3: Variety of abiotic components at Golo Bardo mountain area 
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Fig. 4: Spatial distribution of the geodiversity index a) values of geodiversity, classified by 

equal intervals method; b) fuzzyfication of geodiversity raster, membership type “Large” 

 
Table 1: Distribution of land use/land cover types in percent of the classes of geodiversity index 

 Geodiversity index 

Land use / land cover Low Moderate High 

Urban areas 37.62 9.04 0.42 

Mineral extraction sites 4.93 3.40 2.14 

Agricultural lands 44.66 29.30 12.69 

Pastures and natural grassland 7.08 19.14 20.61 

Forests 2.15 25.00 42.38 

Rare vegetation and shrubs 0.81 12.97 20.85 

Bare rocks  0.35 0.14 

Water bodies 2.76 0.80 0.77 

 

Conclusions 

The geodiversity index is calculated for the area of 

Golo Bardo mountain by applying the  grid method 
and determined size of grid 1000 x 1000 sqm. Four 

abiotic components are considered: geological 
(petrographic composition), geomorphological (slope, 

aspect and elevation differences), hydrological 

(presence and absence of streams) and pedological 
(soil types). The obtained values for the raster of 

geodiversity are classified into three classes: low, 
moderate and high. Equal intervals classification 

method is used. According to this method, most of 
the area of the mountain has moderate geodiversity 

index. The method gives reliable results with minimal 

subjectivity, that can be used for assessment of the 
distribution of the geodiversity on a particular area 

and allow to compare different parts of this area. This 
can contribute to better territorial planning. On the 

other side, application of equal intervals classification 

is not appropriate for comparison of areas, located in 

different regions with different landscape conditions. 

In this case, using fuzzy logic gives better results by 
assigning values between 0 and 1 of the input 

geodiversity raster, indicating the strength of a 
membership in a given set.  

The values of the geodiversity index, calculated for 

this particular study area show that most of the Golo 
Bardo area has moderate geodiversity. There is a 

good correlation between areas with high and 
moderate geodiversity and nature protected areas.  

Using of geoinformation tools for calculating 
geodiversity index and application of quantitative 

approach minimize subjectivity of the assessment but 

it has to be taken into account that the results closely 
depend on the resolution of the initial DEM used for 

evaluation of the topographic features as well as on 
the degree of detail of the data about other abiotic 

components. The choice of the abiotic components 

and indicators used for the calculation of geodiversity 
index is debatable and depends on the expert’s 

experience. Despite this imperfection of the process 
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of the assessment of geodiversity, the applied 

methodology provides an opportunity for fast 

assessment of geocomponents and can significantly 
contribute to better spatial planning and identification 

of areas with potential for geotourism development. 
Future research should focus on assessing the impact 

of data resolution and standardization geodiversity 

assessment. 
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Abstract 

The presence of manganese oxides and hydroxides forming thin 
crusts up to 4-5 mm thick, deposits and impregnations with black 
color was found in the pink-reddish clinoptilolite zeolites from the 
field works in the area of the Most deposit, Bulgaria. The aim of 
the present research is to study the zeolite raw material in the 
area of the deposit in order to determine the manganese 
mineralization. The presence of certain microporous minerals, 
referred to as octahedral molecular sieves (OMS) and octahedral 
layered materials (OL) will increase the value of the zeolite raw 
material from the deposit in order to use them as a sorbent of 
heavy metals and radionuclides to solve some ecological 
problems. 

Keywords: Zeolite, Cryptomelane, OMS, OL, Waste 

Rezumat. Utlizarea materiei brute de zeolit ca 
barieră naturală pentru consevarea deșeurilor 
nucleare. Prezența oxizilor și hidroxilor de mangan ce formează 

cruste cu grosimi de până la 4-5 mm, depozite și impregații de 
culoare neagră au fost semnalate în cadrul depozitelor de zeolit 
clinoptilolit de culoare roz-roșiatică în timpul lucrărilor de teren din 
apropierea depozitului Most din Bulgaria. Lucrarea de față 
studiază zeolitul ca materie primă din zona de origine a depozitului 
pentru a determina mineralizația de mangan. Prezența anumitor 
minerale miroporoase, denumite site moleculare octaedrice (OMS) 
și materiale în straturi octaedrice (OL), va crește valorea materiei 
prime de zeolit, permițând folosirea acestuia ca absorbant pentru 
metalele grele și nuclid radioactiv, rezolvând astfel unele probleme 

de natură ecologică. 

Cuvinte-cheie: zeolit, criptomelan, OMS, OL, deșeu  

 

Introduction  

Nuclear power plants produce highly radioactive 
waste through the nuclear fission of uranium and 

plutonium or the fusion of hydrogen with helium. The 

decomposition of this waste poses a great danger to 
humans, animals and plants for millennia, so it must 

be well stored and isolated. Nuclear power plants 
have been in operation for more than 50 years, but 

up to date there is no reliable method for storing high-
level radioactive waste (Nikolova & Nikishanliev, 

2015). The big deposits of zeolite and bentonite near 

the town of Kardzhali (Bulgaria), their low self-value 
and their unique ion exchange and adsorption 

properties, make them attractive for purification of 
wastewater from ions of heavy metals (Kovacheva-

Ninova et al., 2002). Zeolite exchangeable ions are 

relatively harmless and makes them attractive native 
materials for removing undesirable heavy metal ions 

from industrial and processing effluent water. In 
addition, zeolite loaded with heavy metal ions can be 

easily regenerated (Nikolova et al., 2002). 

Deposits and occurrences of zeolites are 
established in the vicinity of the villages Most, 

Perperek (Southern Bulgaria), and Lyaskovets 
(Central-northern Bulgaria). They have Oligocene age 

and were formed in marine environment. On the basis 

of accomplished exploration works the proved 
reserves in these deposits (contoured by common ion 

exchange and sorption capacity) are more than 

500Mt (Brunkin & Boyadzhiev., 1980, Brunkin et.al. 
1983). Natural zeolite added to soil improves its 

agrochemical and ecological characteristics. As a 
result of a study conducted with zeolites from the city 

of Kardzhali (Katsarova et al., 2021), it was 
established that natural zeolite, as an environmentally 

pure material, can be used to increase yield, reduce 

agricultural costs and protect natural soil resources . 
Natural zeolites applied together with mineral 

fertilizers on contaminated soils with Cd>Zn>Cu>Pb 
significantly improve the quality of agricultural crops 

compared to the sanitary standards for safety in the 

Republic of Bulgaria (Dinev et al., 2021). 
For the purposes of the present study, the Most 

deposit was tested. It is located in the Northeastern 
Rhodopes (Figure 1). Manganese oxide 

mineralization, a natural raw material combining 

different types of microporous minerals, has been 
determined, in view of their potential application for 

solving various ecological problems. Manganese 
mineralization has so far not been studied by other 

authors. 
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Materials and methods  

To determine manganese mineralization, diffracto-

metric X-ray analyses and microscopic scan were per-

formed. This research was made for determine the 
composition, structural and optical characteristics of 

the minerals and the microstructural features of the 
rocks from tested manifestations. Special samples of 

zeolite rocks containing manganese oxide mineraliza-

tion were studied (Figure 2). Polarization microscopes 

POLAM - R-311 and NU – 2 in Department of GPPI, 

University of Mining and Geology “St. Ivan Rilski”, So-

fia are used. 
With the help of scanning electron microscope 

SEM - JEOL JSM-6301F (110) at Chalmers University 
of Technology, Department of Radio and Space Sci-

ence, Gothenburg, Sweden the morphology of zeolite 

minerals were studied. 
 

 

 

Fig. 1: Shaded relief map of the Northeastern Rhodopes. Political boundaries are shown by 
black lines. Inset map shows the location of the larger map with reference to Bulgaria. 

The blue box indicates the boundary of the studied area 

 

Geological framework 

SUBDIVISION OF THE METAMORPHIC TERRAINS 

THRACE LITHOTECTONIC UNIT 
Biotite gneisses (Tr/bg) 

Thrace Unit is represented only by rocks of the pre-
Triassic-Jurassic basement, which is strongly 

fragmented by the block movements in the Zvinitsa ring 

structure. In the exposed in the structure blocks are 
distinguished porphyritic, equigranular and aplitoid 

metagranites plus their frame consisting of biotite 
gneisses irregularly alternating with amphibolites and 

the incorporated in them lenses of metagabbro 

(Yordanov et al., 2008). 
STRATIGRAPHY OF THE CENOZOIC 

PALEOGENE 
Terrigenous group 

Conglomerate-sandstone formation (cgsE3) 

The formation is built of multiple alternations of rusty 
yellow equigranular sandstones and subordinate 

siltstones. In places the sandstones grade into pebbly 
conglomerates.  

The sandstones are the major rock type. In most 

places they are indistictly bedded. Their structure is 
massive and their texture is aleuritic to coarse-

psammitic. By composition they are polymict, the clastic 
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grains corresponding to the composition of the 

metamorphic basement. The sandstones commonly 

grade into grey-yellow, fine-grained to silty, strongly 
calcareous varieties. 

Svobodinovo Volcano-Sedimentary Group 
Padartsi Formation (PdE3) 

The formation is built of predominant thinly rhythmic 

alternation of sandstones, siltstones, marlstones, 
calcareous tuffs, and intermediate tuffs. It is 

distinguished for the presence of distinct horizontal 

bedding. The sandstones are grey, beige or creamy, 

commonly with massive structure and medium to thick 

stratification. The siltstones display similar 
characteristics. They differ from the sandstones by their 

grain size and by forming mainly thin- to medium-
bedded packages. The marls occur in the form of thin 

continuous layers. They are grey, light beige to beige, 

laminated, micro-grained or dense. The tuffs are grey-
yellowish or green-greyish psammitic rocks which occur 

in the form of layers and lenses of variable thickness.
 

 

Fig. 2: Geological map of the studied area (on Yordanov, B. et al. Map sheet К-35-76-V 

(Knizhovnik). Geology and Geophysics JSCo, Sofia, 2008.) 
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Kardzhali Volcano-Sedimentary Group 

Zimovina Volcanic Complex 

Tuffaceous package (1ZmЕ3) 
The package is built of relatively thin beds or len-

ticular discontinuous bodies of acid tuffs interlayered 
in the upper levels of the section of the Padartsi For-

mation. The tuffs are white to pale reseda, massive 

fine ash to ash, with crystalloclasts of biotite and pla-
gioclase, totally altered virtroclasts, and sporadic 

lithoclasts 
Package of acid vitrocrystalloclastic tuffs (3ZmOl1) 

The pyroclastics overlie with sharp lithologic 
boundary sediments of the Padartsi Formation. They 

are respectively covered in concordant manner by 

rocks of the other packages of the tuffite-tuffaceous 
formation.  

The unit is built of a shortly changing in vertical 
and lateral direction sequence composed of various 

by colour (grey, ochre, reseda and whitish), size, and 

clast type acid tuffs. 
Package of acid vitrocrystalloclastic tuffs (3ZmOl1) 

The tuffs overlie concordantly, with sharp litho-
logic contact sediments of the Padartsi Formation.  

The package comprises ash to coarse ash, mainly 
reseda to whitish pyroclastics with ashfall origin. 

Package of acid coarse vitroclastic tuffs (4ZmOl1) 

These specific rocks are products of thick pyroclas-
tic flows. The unit overlies concordantly, with sharp 

lithologic contact, or intertongues with rocks of the 
package of acid vitrocrystalloclastic tuffs, or normally, 

with sharp lithologic contact sediments of the Padartsi 

Formation. It is covered concordantly by rocks of the 
limestone-pyroclastic formation of the Chiflik Volcanic 

Subcomplex, or by the tuffite package of the pyro-
clastic-limestone formation. 

Acid volcanics (5ZmρOl1) 

The unit is composed mainly of fluidal rhyolites, 
trachyrhyolites, lavabreccias (vent facies), and per-

lites. 
Pyroclastic-limestone formation (tlOl1) 

In the complete volume of this unit are distin-
guished two packages – lower, predominantly lime-

stone, and upper, predominantly tuffaceous, but only 

the second one is represented in the area of the map 
sheet. 

Tuffite package (tl/tfOl1) 
The package is built of yellow ochre, greyish or 

creamy, calcareous tuffites and fine ash to ash tuffs, 

commonly with high carbonate content. 
Nanovitsa Volcanic Complex 

Chiflik Volcanic Subcomplex 
Limestone-pyroclastic formation (1CfOl1) 

In the range of the map sheet the formation is 
composed mainly of varied acid pyroclastics and reef-

like limestones. Massive to thick-bedded tuffs and 

subordinately thin- to medium-bedded ashfall tuffs 

predominate. Continuous layers and lenses of acid py-
roclastics, which are enriched in intermediate acces-

sory lapilli, are observed between them (Yordanov et 
al., 2008). 

PALEOGENE-NEOGENE 

Valche pole Formation 
Conglomerate package (Vp/cgOl2–N1) 

The lithology of the package comprises mainly al-
ternating varied sandstones, conglomerates, calcare-

ous and clayey siltstones, as well as sporadic interlay-
ers of acid tuffs.  

Predominant are polymict sandstones with white 

to yellow-grey color, which are thick-bedded in the 
lower levels, showing horizontal and cross bedding 

(Yordanov et al., 2008). 
NEOGENE-QUATERNARY 

Alluvial deposits (aN2-Q1) 

The deposits cover with erosional, uneven contact 
Neogene and Paleogene sediments plus metagran-

ites. Their upper boundary with the alluvial deposits 
of Pleistocene age has the same pattern.  

At the base the Pliocene-Pleistocene deposits are 
built of unsorted to poorly sorted, well-rounded 

polymict gravels (with various clast size) and ineq-

uigranular rusty brown sands (Yordanov et al., 2008). 

Results 

Pale green zeolites are composed mainly of glass 

volcanic debris, fewer crystalloclasts and least litho-
clasts. The glass fragments are prismatic in shape, 

small oysterite to siltstone in size. Between them are 

isometric corner fragments, some of which are pum-
ice. The glass is acidic, isotropic. Thin edges of aniso-

tropic clay products from the montmorillonite group 
are observed around the glass fragments. They are 

also increased on the walls of pumice stones. 

Clinoptilolite has formed in the internal cavities of 
the glass pieces or in the gaps between several glass 

fragments at the expense of the glass. It is microcrys-
talline, almost isotropic. Its crystals are most often 

oriented from the glass walls to the inside of the gaps 
(Figure 3a, b, c, d). Debris was found, which was 

completely changed into clinoptilolite. In them the pe-

riphery to the interior has an orientation of the crys-
tals, while in the central parts they are in disarray. 

Crystal clasts are plagioclase, potassium feldspar, 
biotite, amphibole, muscovite and others. They are 

small to microscopic. 

Lithoclasts are rhyolite and other rocks fragments 
and are in limited quantities.
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Fig. 3: SEM of (sample №2008 / 1) - “Most” deposit a) glass volcanic fragments SEM x 200; b) 
SEM x 550 glass volcanic debris; c) clinoptilolite crystals oriented inwards in glass debris 

cavities, SEM x 1 900; d) clinoptilolite crystals, SEM x 4,500 

 
In reddish-pink clinoptilolite rocks, the clinoptilo-

lite is formed at the expense of volcanic glass, being 
evolved in the debris and in the gaps between them. 

It is represented by fine, elongated prisms or tiles, 
oriented perpendicular to the contact with the glass 

table. Cord-like formations of anisotropic clay miner-

als from the montmorillonite group, which have a 
creamy-yellowish color, are observed almost every-

where in the boundary between the fragments. Crys-
tal clasts are represented by plagioclase, potassium 

feldspar, pyroxene, quartz, biotite, etc., and lithoclasts 

by volcanic rocks. 
In some places, in the pink-reddish clinoptilolite 

zeolites West of the village of Most, the presence of 
manganese oxides and hydroxides, forming thin 

crusts up to 4-5 mm thick, deposits and impregna-

tions with black color was carried out. Data from dif-
fractometric X-ray analyse shown that they are mainly 

cryptomelane (KMn8O6 + H2O). 
Cryptomelane is yellowish-white with a fine-fiber 

structure, anisotropic, under a microscope, in re-

flected light. In the central part of completely 
changed, zeolitized pieces of volcanic glass its also 

found as well as in the gaps between them (Figure 
4a, b). Cryptomelane is often deposited in the central 

part of cavities lined with transversely grown, elon-

gated prismatic or plate clinoptilolite individuals. In 
places, cryptomelane fills oval or elliptical cavities in 

clinoptilolite zeolites (Figure 4c, d).

a) b)) 

c) d) 
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Fig. 4: Sample №2008/4. Cryptomelane in clinoptilolite zeolites from the Most deposit; (a) 
cryptomelane (yellowish white) deposited in gaps between zeolitised glass particles (dark 

gray); b, c) cryptomelane (yellowish-white) deposited in the central part of cavities lined 

with transversely growing elongated prismatic clinoptilolite individuals (dark gray); d) 
cryptomelane (yellowish white) filling elliptical voids in clinoptilolite zeolites. Reflected 

light without analyzer. Visible field length 0.53 mm 

Discussion 

In the current research for the Most deposit, the 
presence of manganese oxide mineralization was es-

tablished for the first time. 

Manganese mineralization is represented mainly 
by cryptomelane and todorokite, which are mi-

croporous minerals, referred to octahedral molecular 
sieves (OMS) and octahedral layered materials (OL). 

They are considered as modern, extremely promising 

materials with possible applications such as molecular 
and ionic sieves, sorbents of heavy metals (Pb, Cd, 

As, etc.) and radionuclides. Unlike of the zeolites, 
which are aluminosilicate tetrahedral molecular sieves 

with a pore size of about 3.5 Ǻ, manganese hydrox-
ides are octahedral molecular sieves, which are char-

acterized by a larger pore size, respectively for OMS -

2 (cryptomelane) - 4.6Ǻ and for OMS -1 (todorokite) 
- 6.9Ǻ.  

A case study of a potential repository for highly 
active radioactive waste is that in the Yucca Moun-

tains, Nevada, due to the cation-exchange capacity of 

natural zeolites, clinoptilolite and mordenite. In fact, 
the presence of zeolites in the Yucca Mountains and 

the cationic exchange of minerals first drew attention 
to volcanic tuffs as possible repositories for radioac-

tive waste (Bish, 1999). Studies of natural zeolites in 

the Yucca Mountains of the United States over the 
past thirty years illustrate that many different aspects 

of zeolite mineralogy are fundamentally important in 
the isolation of radioactive waste (Bish et al., 2003). 

It is interesting from this point of view to study the 
sorption of heavy metals and radionuclides from nat-

ural zeolites, such as those available in Bulgaria 

Conclusion 

The natural zeolite raw material containing cryp-
tomelane and/or todorokite combines different types 
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of microporous minerals and is of great interest in or-

der to clarify its application possibilities to solve a 

number of problems - purification of heavy metals 
contaminated mine and industrial waters, soil recla-

mation, insulation materials and coverage in radioac-
tive waste repositories. 

Unlike of the zeolites, which are sorbents for short-

lived radionuclides, manganese hydroxides are selec-
tive sorbents for long-lived radionuclides and are im-

portant as a component of the geological environ-
ment that may potentially store high-level radioactive 

waste. 
The importance of zeolites in our research of the 

region in ecological aspect extends far beyond the 

simple cation-exchange interactions to the applica-
tions for solving the problems of storage and isolation 

of radioactive waste. The present work provides a ba-
sis for further research on volcanic tuffs in the area 

as a possible repository for radioactive waste. 
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