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Aiming at an improved understanding of the Quaternary landscape evolution and paleoclimate of the 
Central Balkan Peninsula (CPB) the team of this project set up two working packages: 

(1) To provide a deglaciation chronology via exposure age determination of glacial landforms in several 
major mountain ranges situated along a ~500 km-long transect across a central diagonal of the Balkan 
Peninsula from the Jablanica Mts (SW Macedonia) to the Retezat Mts (Romania) (Fig. 1). This work package 
also aimed at the reconstruction of the paleo-glaciers in the studied areas, to calculate their equilibrium line 
altitudes (ELAs) in order to derive paleoclimate data (temperature and precipitation).  

(2) To decipher the evolution of the Crna Reka and Radika River basins via burial age determination of 
sediments trapped in caves to estimate the age of the caves and based on their relationship to the base level, 
to estimate river incision rate/surface uplift rate following the draining of the Pliocene Macedonian Lake 
system.  

Beside these main objectives, methodologically related studies, including uplift rate quantification within 
the Pannonian Basin and laboratory inter-comparison project are among the achievements of the project. 
 
1. Tracing signs of previous glaciations, exposure age determination of glacial 

landforms and reconstruction of paleo-glaciers 
 

 
Fig.1. Mountain ranges where paleo-glacial 

studies where carried out during the project 
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Although glacial landforms on the Balkan Peninsula have been studied since the 19th century, only scarce 

data are available about the extent of the former glaciations in the Central Balkan Peninsula, the transition 
zone between the Mediterranean and Central Europe. Three target areas were selected for the detailed study 
of paleo-glaciations of the CBP: The Jablanica, the Jakupica and the Šar Mts. Geomorphological mapping and 
glacier reconstruction were carried out to demarcate the extent of the former glaciations. Cosmic ray exposure 
(CRE) dating using in situ produced 10Be was applied to quantify the age of the glaciations. The spatial 
parameters and age of the reconstructed glaciers were used to assess the hydroclimate during the glacial 
phases. 

Four peer reviewed studies were published in this topic so far, three of these deal with the glaciations in 
North Macedonia, related to the work carried out in the Jablanica and Jakupica Mountains. The fourth one is 
a study form the Retezat Mts, Southern Carpathians, which is an analogous site to the Macedonian high 
mountains of similar elevation, but more inland and northerly setting (Fig. 1). It was the result of the evaluation 
of a formerly collected dataset during the COVID19 pandemic, when restrictions on fieldwork and laboratory 
work hindered the acquisition of new samples and age data. The preliminary morphometric analysis of the 
cirques in the Šar Mts. was published in a conference proceedings study. Furthermore, two Q1/D1papers are 
in preparation based on the geochronological datasets from the Šar Mts that arrived, or are still expected by 
the end of the timespan of the present project. In the following the published studies are summarised briefly, 
and the unpublished, ongoing work is presented in more detail. 

 
PUBLISHED RESULTS 
 
1.1. Glacial geomorphology glacier reconstruction and age determination of the subsequent glacial 

phases in the Jablanica Mt. (North Macedonia) 
 

Glacial features of the Jablanica Mt. were mapped, described and classified into morphostratigraphic units. 
According to the new glacio-geomorphological map the glacial landforms were assigned to six 
morphostratigraphic units. Ten primary and two secondary cirques were identified in the upper parts of the 
studied valleys, while downstream the valleys were steep and glacially shaped with several glacial steps and 
thresholds. Cirque and valley morphology indicate that subglacial deepening was limited within the cirques 
and was more intensive in the valley sections during more extensive glacial phases. The largest reconstructed 
glaciers were 4.6–7 km long, while the last cirque glaciers had only a few hundred meters length. Using 
morpho-stratigraphic data, a glacier reconstruction was carried out for the largest mapped glacial extent. On 
the basis of glacial geomorphology, a former ELA of ~1800 m and glacier cover of 22.6 km2 were estimated 
during this stage (Temovski et al, 2018). 

In the following study 10Be cosmic ray exposure (CRE) ages were provided for a succession of glacial 
landforms in the Jablanica Mt. aiming at a better understanding of the glacier development in the area. On the 
basis of the mapped glacial landforms six glacial stages were reconstructed and their mean ELAs were 
estimated using the AABR method (Osmaston, 2005). The CRE ages of five glacial stages - from the second 
largest to the smallest - were determined between 16.8+0.8/-0.5 ka and 13.0+0.4/-0.9 ka. Accordingly, the most 
extended glaciation in the Jablanica Mt. occurred before ~17 ka. The average ELA of the glaciers was 1792±18 
m asl during the largest ice extent, and 2096±18 m during the last phase of the deglaciation.  

The correspondence with independent reconstructions of key drivers of glaciological mass balance suggests 
that glacial re-advances during the deglaciation were associated to cool summer temperatures before 15 ka 
(Fig. 2). The last glacial still-stand was apparently a result of a modest drop in summer temperature coupled 
with an increased winter snow accumulation. In the study area no geomorphological evidence for glacier 
advance after ~13 ka could be found, most probably because low temperatures were combined with dry 
winters (Ruszkiczay-Rüdiger et al, 2020a). 
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Fig. 2. Age and elevation of moraines of the dated phases of deglaciation and 
key drivers of the glaciological mass balance in the Jablanica Mt after the LGM 
(Ruszkiczay-Rüdiger et al, 2020a) 

 
1.2. Glacier chronology and paleoclimate reconstruction in the Jakupica Mt 
 

In the Jakupica Mt. a plateau glacier was reconstructed (max. area ~45 km2, max thickness: ~260 m). 
Detailed mapping and geochronological study targeted six formerly glaciated valleys, five of which were fed 
by the plateau glacier and one had an independent cirque when local glaciation reached its maximum ice extent 
(MIE). The ELA of the most extended glacial phase was at 2075+37/-25 m asl. The 10Be CRE age of this phase 
was estimated at 19.3+1.7/-1.3 ka, conformable with the LGM. CRE ages from the next moraine generation 
placed the first phase of deglaciation to 18.2+1.0/-3.0 ka. The samples from the moraine of the penultimate 
deglaciation phase provided CRE ages with large scatter and biased towards old ages, which is probably the 
result of inherited cosmogenic nuclide concentrations within the rock (Fig. 3).  

 

 
A 

 
B 

Fig. 3. Results of geomorphological mapping and CRE dating (A) and glacier reconstruction (B) in the 
Jakupica Mts). The sample code (black) and ages (blue, ka) appear in boxes in inset A. The 
reconstructed glacier stages appear in blue, with darker hue towards younger ages on inset B 
(Ruszkiczay-Rüdiger et al, 2022). 
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Glacio-climatological modelling was performed for the MIE paleoglaciers, which has a well-established 
LGM age. The degree-day model was used to calculate the amount of accumulation required to sustain the 
glaciological equilibrium assuming a certain temperature drop at the ELA for the most extended stage. 

Pollen-based paleoclimate reconstructions used for the glaciological modelling suggest a mean annual 
temperature drop of 5°C and increased annual temperature range for the LGM. Using these parameters, the 
modelled annual total melt at the LGM ELA implies much wetter conditions than today. Alternatively, the 
model can be constrained with the current annual temperature range and the regional estimates of LGM 
temperature drop at 6-7 °C. This results in a simulated precipitation that is 1.3 to 1.8 times higher than today. 
These wetter LGM conditions inferred from the paleo-glaciological evidence in Jakupica Mt. suggest an 
enhanced moisture advection in the region (Ruszkiczay-Rüdiger et al, 2022). 
 
1.3. Glacier chronology and quantification of cosmogenic nuclide inheritance and the depth of glacial 

erosion in the Retezat Mts, Romania 
 

When studying glacial landforms, the presence of cosmogenic nuclide concentrations inherited from 
previous exposure(s) may hinder the determination of their age. Inheritance is indicative of limited glacial 
erosion or of a complex exposure history, and this might, in turn, be revealed by a bias towards older ages in 
apparent exposure durations. 

A dataset of 45 samples for 10Be CRE dating was used to set up the deglaciation chronology in the southern 
valleys of the Retezat Mts. The samples from the cirque area permitted the quantification of a considerable 
amount of inherited 10Be in the glacial boulders and bedrock samples. The samples from the glacial phases of 
the largest glacier extent display no signs of significant inheritance, thence enabled the establishment of a 
deglaciation chronology. The timing of the maximum glacier extent (20.6+0.8/-1.3 ka) coincided with the LGM, 
which was followed by five deglaciation phases during the Lateglacial (at 18.4+0.7/-1.1 ka; 16.9±0.9 ka, 15.8+0.9/-

0.6 ka, 15.6 +0.8/-0.8 ka and 14.4±0.5 ka). 
Given the lack of independent geochronological data, the amount of inherited cosmogenic nuclides is 

tentatively estimated by accepting the youngest cosmic ray exposure age(s) as the time of moraine deposition 
and abandonment by the glacier. The calculated amount of inherited 10Be enables the estimation of a glacial 
erosion depth of 1.1–1.4 m for the bedrock samples and 1.4–1.7 m for the glacial boulders (Fig. 4). The 
duration of the ice-covered and ice-free periods was adjusted in relation to independent paleoenvironmental 
and paleoclimatological data. The glacial denudation rate in the cirques was estimated at 20-24 mm/kyr and 
25-29 mm/kyr for bedrock and boulders, respectively. 

The limited glacial erosion in the cirques is attributed to frozen-bed conditions with no considerable glacial 
deepening during the more extended glacial phases. Only when warming led to the retreat of the glaciers to 
their cirques, they become steeper and shift to being warm-based and thus more erosive. However, the limited 
time spent under these conditions appears to be too short to remove material from the cirque floors in sufficient 
depth (>3 m) to reset the cosmogenic clock. 

Considering the well developed glacial landscape observed in the Retezat Mts, coupled with the limited 
glacial erosion during the LGM suggested by the CRN inventories of the landforms of the cirque area, implies 
that glacial landscape of the Retezat Mts must have been formed in the course of at least two, or possibly more 
glacial phases. In the absence of numerical ages for glacial landforms older than LGM, this is the first evidence 
of pre-LGM glaciation of the Southern Carpathians. 

The currently available geochronological data do not support the assumption of any major glacial re-
advance after Greenland Stadial 2a (GS-2.1a, end of Pleniglacial) in the Retezat Mts (Ruszkiczay-Rüdiget et 
al, 2021). 
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Fig. 4. Modelled evolution of 10Be concentrations over time in the Berbecilor Cirque. A: Considering 

the last glacial cycle and no inheritance from the penultimate glaciation. B: Considering the last 
two glacial cycles. The brown lines indicate the 300 cm denudation depth, which is deep enough 
to reduce the inherited 10Be inventory below detection limit. C: The benthic δ18O record and 
Marine Isotope Stages and kernel density estimate of speleothem U-Th age data from alpine caves 
in the Făgăraș Mts (Tîrlă et al., 2020; orange plot). The grey dashed line shows the δ18O value of 
4.25 ‰, which best fits both the U-Th speleothem data and the MIS stages and used as a threshold 
value to estimate the duration of unglaciated and glacier-covered periods in the study area (light 
blue shadows) (Ruszkiczay-Rüdiget et al, 2021). 

 
1.4. The Geomorphometry of the cirques in the Šar Mountains 
 

As a basis of the recognition of the significance of paleo-glaciations in the Šar Mts, cirque landforms were 
identified and mapped. The distribution of the cirques was completed with an analysis of their quantitative 
features. Aside from fieldwork, nowadays this can be accomplished through analysis of digital terrain models. 
Based on the very detailed 5-m DEM and 0.5-m ortophoto imagery, 55 glacial cirques were identified on the 
North Macedonian side of Šar Mountains, and their shape, size, height, slope, and dominant aspect were 
calculated. Most of the cirques are located between 2100 m and 2500 m a.s.l., and have E, N and NE aspects, 
steep headwalls and almost flat floors. There is a difference in the altitude and size of the cirques considering 
their general aspect and overall position (Milevski et al, 2020). 
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STUDIES IN PREPARATION 
 
1.5. Glacier reconstruction and chronology of the Šar Mts. and paleoclimate implications 
 

Fieldwork, sample processing and isotope measurements were hindered for the Šar Mts, the third study 
location of the glacial research of our project in North Macedonia. The last measurement results were 
completed only during the summer of 2023, and their interpretation is on its way.  

Two manuscripts are in preparation: 
The first one will provide geomorphological mapping and 10Be CRE geochronological results and will 

quantify the extent and timing of the most extensive glaciation. On this basis the glacier will be reconstructed 
and ELAs will be calculated, enabling to model the humidity conditions relevant for this phase.  

The second one is planned to deal with the subsequent shrinking of the glaciers and the age of the final 
deglaciation of the area. It will also be dedicated to explain the apparently controversial CRE ages and the 
possible role of inherited cosmogenic 10Be inventories, and the possibilities of the calculation of the depth of 
glacial erosion in the presence of an independent age constrain by adding 14C CRE ages data to certain 
samples. 

In the following the study objectives, methods, results and preliminary interpretations are described in brief. 
 
1.5.1. Introduction and objectives 

 
The Šar Mts are located in the NW boundary of North Macedonia. Considerable part of this range is above 

2000 m asl elevation with its highest peak above 2700 m asl (Titov Vrv, 2747 m). Its valleys have a well-
expressed glacial morphology with cirques in variable state of development (Milevski et al., 2020). However, 
there is limited data about the age of the glaciations and the climate conditions necessary for the glaciation of 
this mountain range (Kuhlemann et al., 2009; Menković and Milivojević, 2021). 

The objective of our study was to constrain the size and age of the glaciers starting from the most extended 
glaciation, then to reconstruct the subsequent shrinking of the glaciers through mapping the glacial landforms. 
Next step is the age determination of the landforms created during the still-stands or smaller pushes of the 
melting glaciers. 

The mapped landforms and new numerical ages will allow us to reconstruct the formerly existing glaciers, 
and to calculate their ELAs for several deglaciation phases. In the presence of an independent estimate of the 
paleo-temperatures at the former ELA, it is possible to calculate the amount of mean annual snowfall to sustain 
the glaciers in equilibrium.  

 
1.5.2. Methods 

 
Mapping of the glacial landforms followed the protocol described in Ruszkiczay-Rüdiger et al. (2022). The 

glacial chronology was set up by 10Be CRE dating. The sampling strategy, laboratory methods and age 
calculations occurred as described in Ruszkiczay-Rüdiger et al., 2021a and 2022).  

The Accelerator Mass Spectrometry (AMS) measurements of the 10Be/9Be ratios of the samples were 
completed at Vienna Environmental Research Accelerator, Department of Isotope Physics, University of 
Vienna (VERA) financed by independent proposals for the access of AMS beam-time hours (RADIATE 
Transnational Access project grants 20002322-ST and 22002978-ST). 

The first sample set was collected in the Bozino, Idrizova Dupka, Skakalo and Dobrošte valleys in 2019 
(n=36). A second set was collected in the Skakalo2, Karanikolica and Kazanište valleys in 2021 (n=33) (Figs. 
5, 6, 7, 8). In 2020 it was not possible to do fieldwork due to the COVID restrictions. 

The processing and AMS measurement of the 1st sample set was hindered by the close up due to the 
pandemic and the measurement results arrived by the end of 2021. The 2nd sample set was processed during 
2022 and due to a breakdown of the accelerator at VERA, the AMS measurements of the 10Be/9Be ratios were 
completed only in July in 2023, after the closing of the project.  

In the following the preliminary interpretation of this large dataset (n=69) is presented. The ages might be 
subject of minor changes yet, and for simplicity in the text their most probable values are used. The internal 
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uncertainties of the data are usually around 3-5%, and the external uncertainties are mostly ~9-10%. The 
calculated ages and their internal uncertainties appear in Figs. 6, 7, 8) 

 

 
Fig. 5. Digital elevation model of the Šar Mts. with the maximum ice extent reconstructed 

using the topographic maps, geological map, DEM and GoogleEarth imagery together with 
published glacier reconstructions (Kuhlemann et al, 2009 and Menković and Milivojević, 
2021). Red rectangles indicate the position of the studied areas shown in Figs 6, 7, 8. 
 

1.5.3. Results 
 
The novel CRE ages are quite consistent with the morpho-stratigraphic position of the samples at certain 

valleys, while providing confusing pattern in other settings.  
In the northern area, in the Dobrošte valley, the largest mapped glaciation extended down to ~1880 m asl 

and 10Be CRE data (n=14) suggest that it occurred in the LGM. However, the age of the samples taken from 
the moraine of the second smallest glacier (~2260 m asl) was inconsistent and apparently too old: ~17.8 ka 
and ~36.6 ka (Fig. 6A). The CRE data published by Kuhlemann et al. (2009) were recalculated in order to 
make consistent comparison with the current dataset. These show a large scatter for the most extended phase, 
with one out of three samples in agreement with the LGM age, supporting the interpretation of the original 
work. In the cirque areas the recalculated CRE ages were of 15-13 ka (Fig. 6). 
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Fig. 6. Digital elevation model of the study area in the northeastern part of the Šar Mts (Dobrošte 

valley) with the geomorphological map, sample locations and calculated 10Be CRE ages. The 
sample locations of Kuhlemann et al (2009) are included, with recalculated 10Be ages. 

 
In the central part of the range four valleys were studied (Fig. 7). The largest glaciers terminated around 

1560 m asl. The obtained CRE ages (n= 38) suggest that the most extended glaciation occurred during the 
LGM (Skakalo valley), and was subject of a considerable periglacial reworking until ~17-18 ka (Skakalo, 
Skakalo2). In the Karanikolica valley the CRE data are difficult to interpret. Here the samples taken from the 
moraine of the most extended glacier yielded 10Be ages between ~16.2 and ~4.1 ka, being too young compared 
to their morpho-stratigraphic position. In the Kazanište valley no sample could be taken form the largest phase. 

The moraines of the subsequent deglaciation phase were well expressed in the Skakalo2 valley, extending 
down to 1950-2050 m asl. Their 10Be age is ~14-16 ka.  

Moraine deposits belonging to the cirque glaciation were dated in the Karanikolica (~2200 m asl), Skakalo2 
(2230 m) and Kazanište valleys (~2180 m), yielding CRE ages of ~~17.1-18.3 ka, ~12.0-14.5 ka and ~13.3-
15.1 ka, respectively. The 10Be ages of the Karanikolica valley were in very good agreement with each other 
and also with the recalculated age of the sample of Kuhlemann et al. (2009), however, they point to a 
considerably older age, ~17-18 ka, respective to the position of the landform. 

In the Kazanište valley the moraine or moraine-protalus complex of a glacieret extending down to 2320-
2340 m asl. was dated to ~10.6-9.0 ka. This might be the age of the last ice patches in the range, where the 
high elevation and northerly facing cirque walls favoured the late disappearance of the glacier ice.  

In the Karanikolica valley two samples from a protalus at ~2310 m asl. yielded a late Holocene age of ~2.1 
ka suggesting the presence of a perennial snow patch most probably due to an accumulation-favoring climate 
spell. 
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Fig. 7. Digital elevation model of the study area in the central part of the Šar Mts (Karanikolica, Skakalo, 

Skakalo2 and Kazanište valleys) with the geomorphological map, sample locations and calculated 10Be 
surface exposure ages. The sample locations of Kuhlemann et al (2009) are included, with recalculated 
10Be ages. 
 
In the southern part of the Šar Mts two valleys were mapped and sampled (n=16) (Fig. 8). The most 

extended glaciers descended down to ~1750 m. The age determination of this phase provided quite 
controversial results with CRE ages of ~18.8, ~31.1 and ~49.4 ka on a lateral moraine in the Idrizova Dupka 
valley and ~83.7 ka and ~32.5 ka on the lateral moraine and ~19.4 ka on an erratic boulder in the Bozino 
valley. 

The age determination of the cirque glaciations provided similarly puzzling results. The moraine of the 
cirque glacier in the Idrizova Dupka valley at ~2120 m, yielded apparent CRE ages of ~17.4 ka and ~19.9 ka, 
and in the somewhat lower Bozino valley at ~1950 m, boulder CRE ages were ~29.2 ka, ~24.2 ka and ~14.4 
ka. Close to the cirque walls boulders from protalus ramparts were also sampled resulting in 12.0 ka in Idrizova 
Dupka (~2140 m asl) and 15.7 and ~21.7 ka in Božino (~2000 m asl). 

Large scatter of ages in a lateral moraine may suggest the recycling of boulders from a previous stage of 
similar glacial extent, so that boulders of variable exposure durations are present in the same landform. In 
valleys, where the estimated exposure durations are very scattered for a single landform and/or do not perform 
the morpho-stratigraphically predicted trend of younger ages of landforms in subsequently higher position up-
valley, the excess of 10Be concentration in the rocks needs explanation. 

The unrealistically old ages in the moraines of the cirque area of some valleys, mostly those with relatively 
poorly developed, shallow cirques (Božino, Idrizova Dupka) suggest that there was an excess of cosmogenic 
10Be in the rock at the time of deposition (inheritance), which makes the apparent exposure ages older than 
the real time of deposition. Similar phenomenon was described in our study area in the Southern Carpathians, 
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the Retezat Mts (Ruszkiczay-Rüdiger et al., 2021b) and in the Jakupica Mts, in North Macedonia (Ruszkiczay-
Rüdiger et al., 2022) 

 

 
Fig. 8. Digital elevation model of the study area in the southern part of the Šar Mts (Božino and 

Idrizova Dupka valleys) with the geomorphological map, sample locations and calculated 10Be 
surface exposure ages. 

 
In order to better constrain the age of the last glacial phases and the amount of inherited 10Be in the rocks 

an independent age determination is necessary. The measurement of the cosmogenic in situ produced 14C is a 
plausible solution for two main reasons: Firstly, 14C is produced and preserved in the crystal lattice of quartz, 
similarly to 10Be, therefore it can be measured from the purified quartz obtained from the samples collected 
for the 10Be measurements, if there is enough sample material. Secondly, its short half-life prevents it from 
preserving exposure prior to the LGM, thence even if there were inherited 14C nuclides after the previous 
glacial phases these inventories have already decayed, and the measured 14C concentrations should reflect the 
amount accumulated only after the last deglaciation. 

 Therefore, following the puzzling 10Be results of the first sampling campaign, a RADIATE Transnational 
Access proposal was submitted in early 2023 for the measurement if the in situ 14C content of 9 selected 
samples at the ETH, Laboratory of Ion Beam Physics, Zurich. The proposal gained support (23003128-ST) 
and the extraction of carbon from the quartz was successfully completed during the summer. The AMS 
measurement results are expected in the autumn of 2023. The new 14C data is expected to make the chronology 
of the latest glacial phases more robust. Besides, the independent age data will enable the quantification of the 
inherited 10Be in the sampled rocks which is a function of the depth of glacial erosion during the LGM. 

The glacier reconstruction work got started with the modelling of the glaciers of maximum ice extent. The 
first step was a rough estimation for the entire mountain range using the topographic maps, geological map, 
DEM and GoogleEarth imagery together with published glacier reconstructions of Kuhlemann et al. (2009) 
and Menković and Milivojević (2021) (Fig.5). The glacier geometry of the ice field and outlet glaciers are 
reconstructed by the GlaRe, a semi-automated GIS-based method (Pellitero et al., 2016) using the 9 m DEM 
of the study area (Milevski et al., 2013) for the studied valleys only. According to the preliminary results, 
most glaciers of the Šar Mts descended down to 1500-1700 m as. Their area was of a few km2, their maximum 
thickness was ~160 m.  
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The reconstructed glaciers and ice-field are used for the calculation of the former ELAs by means of the 
ELA Calculation toolbox (Pellitero et al., 2015) and applying the area-altitude balance ratio (AABR 1.6) 
method (Osmaston, 2005). The first ELA estimates are between ~1900 and ~2200 m asl, which values are 
higher than in other ranges. This work is in progress, thence improved values are expected for the maximum 
ice extent. The same scheme will be applied for the subsequent phases of deglaciation. 

 

 
Fig. 9. Maximum ice extent on a GoogleEarth image in the southern part of the Šar Mts with 

glacial landforms as on Fig. 8. The reconstructed most extended glaciers appear with 
greenish-blue colour as on Fig. 5. The glaciers appearing in blue with contour lines are the 
result of the detailed reconstruction in the studied valleys (Božino and Idrizova Dupka). 
The red lines are the estimated ELAs. 

 
2. Cave evolution, chronology and quantification of incision/uplift history 

 
During the project altogether 11 caves were visited and assessed for potential burial age dating using 

cosmogenic radionuclides (CRN) 10Be and 26Al (Fig. 10). In addition to clastic sediments suitable for CRN 
burial dating, whenever possible, speleothem samples were collected for U-Th dating. Samples were collected 
from 8 caves, the other caves had no cave deposits suitable for age determination. The relatively large number 
of sites that proved to be unsuitable and the restrictions due to the COVID19 pandemic resulted in a 
considerable delay in the laboratory procedures and isotope measurements. Therefore, one manuscript has 
been submitted and currently it has been re-submitted after moderate revision and two peer reviewed papers 
are in preparation, as it is described below.  

From the sampled caves, burial age was determined from 4 caves (Temna Peštera – Dragožel, Ristea 
Peštera, Melnička Peštera, Simka Peštera), with samples from two additional caves (Lekovita Voda, Dona 
Duka) discarded, due to possible presence of autochthonous quartz or not suitable enough material, 
respectively. For two of the sampled caves (Temna Peštera – Dragožel, Melnička Peštera), a resampling had 
to be done, due to complicated sample preparations. Additionally, U-Th ages were determined on speleothem 
samples from 3 caves (Temna Peštera – Dragožel, Liljarnikot, Čulejca).  

The obtained geochronological results allow to reconstruct cave and landscape evolution in two drainage 
systems: Crna Reka, a tributary to Vardar River (draining to the Aegean Sea), and Radika River, a tributary 
to Crn Drim (draining to the Adriatic Sea). The presentation of the results is organized in three topics. The 
first one is on the Pleistocene valley incision and tectonic uplift in the lower parts of Crna Reka valley. The 
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manuscript covering this topic is under the second submission phase being the revised version submitted after 
moderate revision. The second topic is on the Pliocene-Early Pleistocene landscape evolution in the middle 
and upper parts of Crna Reka. The third one is on the Pleistocene evolution of Simka Cave, located in the 
drainage area of the Crn Drim. These manuscripts are in preparation. 

For the cave descriptions previously existing maps were revised and completed by field observations and 
cave mapping. For the 26Al/10Be CRN burial dating allochtonous quartz containing sediments trapped in 
inactive cave galleries could be used. The sample processing occurred as described in Ruszkiczay-Rüdiger et 
al. (2021a). The Accelerator Mass Spectrometry (AMS) measurements of the 10Be/9Be and 27Al/26Al ratios of 
the samples were completed at Vienna Environmental Research Accelerator, Department of Isotope Physics, 
University of Vienna (VERA) in November 2022 financed by independent proposal for the access of AMS 
beam-time hours (RADIATE Transnational Access project grant 22002703-ST). 

 

 
Fig. 10. Location of the studied caves in N. Macedonia. 

 
SUBMITTED, UNDER REVISION 
 

2.1. Pleistocene valley incision, landscape evolution and inferred tectonic uplift in the central part of the 
Balkan Peninsula – insights from the geochronology of cave deposits in the lower part of Crna Reka 
basin (N. Macedonia) 
 
Although the general geomorphology is reasonably well understood, not much information is available on 

the incision rates of rivers and related tectonic uplift in the central part of the Balkan Peninsula. Caves in the 
lower part of Crna Reka drainage (N. Macedonia) provide the possibility to reconstruct the Neogene-
Quaternary evolution of this area. Previous research has identified two major cave development phases: one 
related to Pliocene-Early Pleistocene basin fill-up and establishing of lacustrine environments, and a 
subsequent cave development phase related to valley incision due to draining of the lacustrine systems and 
tectonic uplift. 
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Fig. 11 Cross-sections of the studied caves showing their altitudinal relationship to the current riverbed and 

calculated valley incision rates based on the obtained geochronological data from the cave deposits. A – 
Liljarnikot Cave above Raec River; B – Čulejca Cave above Crna Reka; C – Temna Peštera – Dragožel 
above Kamenica River; D – Podot 2 Cave above Crna Reka. Circles indicate sample location. Red: U-Th 
dating, purple: CRN burial age dating (Temovski et al, in revision). 
 
New geochronological data were obtained by U-Th dating on speleothems in four caves lying 57 to 170 m 

above the current riverbed (Liljarnikot, Culejca, Temna Peštera – Dragožel and Podot 2) and CRN burial age 
determination of allochtonous clastic cave sediments in one cave (Temna Peštera – Dragožel). These data 
provide time constraints on the Pleistocene valley evolution, and an insight into the related tectonic uplift (Fig. 
11). The CRN burial age of fine sand in a sump in Temna Peštera – Dragožel suggests that fluvial 
sedimentation in the cave lasted until 2.1±0.5 Ma. The cessation of fluvial deposition after this date supports 
previous results on placing the onset of the draining of the Pliocene lakes in Macedonia in Early Pleistocene. 
The U-Th age of subaerial speleothem formation (dripstones, flowstones; Liljarnikot, Culejca, Temna) and of 
mammillary calcites forming in phreatic cave passages (Podot 2) provided an estimate of the karstwater-table 
lowering related to valley incision (Figs. 11 and 12).  

 



   NKFIH FK 124807       14 
 

 
Fig. 12. River drainage in the lower part of Crna Reka basin. A – location where valley incision rate 

estimates are available (AL: Pavićević at al., 2016; BU: Temovski et al., 2016). Neotectonic faults are 
from Arsovski (1997). Weakly seismogenic faults are marked with numbers. B – Longitudinal profiles 
of the Crna Reka and its tributaries in the study area, with the estimated average incision rates. Coloring 
reflects corresponding valleys. kp: knickpoint (Temovski et al., in revision). 

 
The similar timing obtained along the studied section of the Crna Reka catchment suggests that the draining 

was more likely initiated by regional uplift, rather than headward erosion related to subsidence in the Aegean 
Sea. The Middle to Late Pleistocene age of the dated speleothems agrees well with the conceptual model for 
karst and landscape evolution in the area. The cumulative valley incision rates based on these radiometric data 
show an increase towards the present, with values of less than 0.1 m/ka in Early Pleistocene, increasing to 
~0.2-0.5 m/ka in Middle Pleistocene, and up to 1 m/ka in Late Pleistocene. 

Higher uplift rates are inferred for the downstream part of Crna Reka, an area in the Vardar zone bounded 
by seismogenic faults, than in the upstream part, at the easternmost edge of the Pelagonian massif. The 
estimated incision rates are lower than recent uplift rates in the area estimated by geodetic levelling (1.1-1.2 
m/ka, Lilienberg, 1968), and mostly overlap with the range of GPS-based vertical deformation rates in the 
Hellenides (0.5-1.0 m/ka; Serpelloni et al., 2022). 
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STUDIES IN PREPARATION 
 

2.2. Pliocene-Early Pleistocene landscape evolution in the middle and upper parts of Crna Reka drainage 
(N. Macedonia) unravelled by 26Al/10Be burial dating 
 
Two caves were studied for a better understanding of the Pliocene-Early Pleistocene landscape evolution 

in the middle and upper parts of Crna Reka catchment: the Melnička Peštera located in Buturica Valley, a 
tributary to Crna Reka in the middle part of its drainage, and the Ristea Peštera in the upstream part of Crna 
Reka drainage (Fig. 10).  

Ristea Peštera is located on the right side of Crna Reka valley, ~100 m downstream from the lowest of the 
karst springs which represent the actual source of Crna Reka (~734 m asl) The cave entrance is at ~748 m, 
approximately 20 m above the river bed. The cave has developed in Paleozoic calcite marble and has a general 
WSW-ENE direction, composed of slightly meandering, phreatic/paragenetic passages in two levels (Fig. 13). 
The upper level is clogged with sediments, mostly coarse grained, calcite cemented sand. This plug was 
subsequently eroded so that now there is a narrowing passage continuing downward. A small incision channel 
in the inner part has developed due to a late vadose stage, which also contributed to the outwashing of cave 
sediments. A sample of the clastic sediments in the inner part was collected for CRN burial age determination 
(Fig.13). 

 

 
Fig. 13. Detailed cave map of Ristea Peštera with a view of the sampling location. 

 
Considering the wider area, the general discrepancy between the direction of the current drainage (towards 

SE) and the direction of the valleys generally to the NE and N towards the Cersko karst polje (Fig. 14) it is 
likely that around this area a drainage capture occurred, diverting the drainage that previously fed the karst 
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systems to the north, towards the SE oriented drainage of Crna Reka. Subsequently, Crna Reka incised a valley 
that cut trough the previously formed cave systems. Remnants of caves cut by the current valley of Crna Reka 
are found also upstream from Ristea Peštera. The CRN burial age of 1.89±0.37 Ma, obtained from the clastic 
sediements in Ristea Peštera, indicates that the NE oriented karst drainge was active in Early Pleistocene and 
the drainage capture occured somewhat later. 

 

 
Fig. 14. Geomorphological interpretation of a paleo drainage in the spring area of Crna 

Reka. Dark shaded areas show the karst terrains. 
 
The Melnička Peštera is located in the Pešta Hill, on the right valley side of Buturica valley, a right-hand 

tributrary to Crna Reka (Figs. 10, 15). It is a fossil thermal cave, developed in carbonate breccia deposits 
composed dominantly of fragments of calcite and dolomite marble with a small percent of non-carbonate 
rocks such as gneiss, schist and quartz, deposited on top of dolomite marble (Temovski 2016). The material 
for this breccia was supplied from the north, from the Ramnobor valley (Fig. 15). 

This carbonate breccia formation is located at the edge of a basin filled with Upper Miocene to Early 
Pleistocene sediments, with a hiatus at the end of Miocene (Fig. 15; Dumurdzanov et al. 2004, 2005). The 
relationship of the breccia to the basin sediments is not clear, due to subsequent erosion or burial. Together 
with Pliocene fluvial to lacustrine deposits, they form a valley-like depression nested within the Upper 
Miocene sediments and filled with Pliocene sediments. 

This depression is deepening in downstream direction and shallowing in the upstream part, a clear 
indication of a regression erosion propagation (Fig. 16). A Late Miocene valley incision was identified also 
further downstream along Crna Reka valley, and has been associated to the base level lowering during the 
Messinian Salinity Crisis (Temovski 2016; Temovski et al., in revision). 
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Fig. 15. Geological setting of Melnička Peštera and relationship to Neogene-Quaternary 

sediments of Mariovo Basin 
 
 

 
Fig. 16. Composite N-S cross-sections of Melnica area, showing the relationship of the carbonate 

breccia deposits and other Neogene-Quaternary deposits of Mariovo Basin. Note the incision in 
the Upper Miocene deposits, filled with breccia deposits. 

 
The mostly horizontal passages of the Melnička cave developed in the carbonate breccia, with the 

innermost parts formed at the contact of the two formations (Figs 16 and 17). The cave has a hydrothermal 
origin (Temovski et al. 2022a), similarly to the nearby Provalata Cave, dated to 2.5-1.6 Ma (Temovski et al. 
2022b). 

The quartz fragments found in the carbonate breccia deposits in the inner part of Melnička Peštera provide 
a possibility to determine the CRN burial age of this breccia formation, hosting the cave, a peculiar application 
of the CRN burial dating method. Samples were collected at two locations, close to the contact with the 
underlying dolomite marble rock. At each location a sample was collected from larger fragments of similar 
size (M2010-01, M2010-09) and a sample of smaller size fragments (M2010-02; M2010-10). At each sample 
location the obtained burial ages were overlapping within uncertainty, but with large difference from site to 
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site (Fig. 17). The ages from the North Passage were 3.66±0.55 Ma and 3.27±0.48 Ma, and from the 
Chandelier Room were 2.17±0.40 Ma and 2.60±0.46 Ma. 

 

 
Fig. 17. Location and view of the collected bedrock samples from Melnička Peštera 1. A – location of the 

sampling sites on the cave map in plan view. B – Close up view of the quartz fragments in the carbonate 
breccia; C – view of the contact of the carbonate breccia and the underlying dolomite marble rock. 
 
The difference in the grain size of the carbonate breccia deposits in the cave (with presence of large 

boulders) and the bottom of the valley (generally small size), as well their geometry indicate a fan-like 
depositional setting. This might explain the difference in the obtained ages that are consistent at a site but 
showing significant difference between the two locations. This suggest that the fan deposition was active 
between ~3.5 Ma to ~2.4 Ma. A minimum age of ~2.4 Ma for the deposition of the carbonate rocks is 
consistent with the supposed timing of the subsequent hydrothermal phase dated between 2.5 and 1.6 Ma in 
the nearby Provalata Cave (Temovski et al. 2013, 2022b).  

Using the new geochronological data and field observations the landscape evolution can be outlined as 
follows: governed by the deep incision of the paleo-Crna Reka at the end of Miocene, its tributary, the paleo-
Buturica was cut also in the Upper Miocene deposits at Melnica. This regressive erosion was likely related to 
the base level lowering during the Messinian Salinity Crisis. After restoring of the base level, fluvial 
sedimentation and breccia deposition of variable grain size occurred in a fan-like setting at the junction paleo 
Buturica and paleo Ramnobor valleys. The breccia formation was topped by travertine deposited mostly in 
lacustrine environment. The travertines are of thermogene origin (high δ13C) indicating the onset of 
hydrothermal activity in the area in Early Pleistocene. The 1.6 Ma age of the sulfuric acid in Provalata Cave 
(Temovski et al. 2013) reflecting former base level, constrains the subsequent draining of the lake at Melnica 
and incision of the superimposed valley of Buturica. The incision has drained the hydrothermal Melnička 
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Peštera that developed within the breccia formation. The cave was eventually decoupled from the hydothermal 
system and the subsequent incision during the Pleistocene also led to the removal of large part of the breccia 
deposits in the middle of the valley. 

 
2.3. Burial age dating of clastic sediments from Simka Cave, Radika Valley (N. Macedonia)  

 
Simka Cave is located on the right valley side in the upstream part of Radika River, just before the 

confluence with its right-hand tributary Štirovica (Fig. 18). The area is along the junction of the Korab Mt to 
the SW and the Šar Mts to the NE. It was first described by Andonovski (1984), associating its development 
to an underground stream and attributing a Pleistocene age. New detailed mapping of the cave was done during 
the present project and samples were collected from a clastic sediment profile for CRN burial age dating (Figs 
18 and 19).  

 

 
Fig. 18. Location (A) and map of Simka Cave in plan (B) and profile (C) view, showing location of 

the studied sediment profile and topographic relationship to Radika Valley. Surface extension of 
carbonate rocks in A is shown in pink shade. 

 
Simka Cave has two main passages, an eastern and a northern branch, that diverge at about 50 meters from 

the entrance. Both branches are mainly strike- and dip-controlled separated by faults, and the northern, longer 
one appears as the main branch (Fig. 18). Clastic sediments, gravel and sand are found throughout the cave, 
except in the entrance part, where either they are completely eroded or covered by the ceiling rock breakdown 
material.  
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In the northern branch, upstream from the main fault line, a small side passage is completely chocked with 
siliciclastic sediments; mostly allochtonous fluvial sand and gravel intercalated and topped by silty and clayey 
layers. The total height of the profile is 1.85 m (Fig. 19).  

 

 
Fig. 19. View of the studied sedimentary profile (A) and the mapped stratigraphy with location of 

sampled layers and the obtained CRN burial ages 
 
The coarser layers, indicative of channel facies, are generally covered by sands deposited by the stream of 

decreased flow. The finer layers (silt to clay) are slack-water deposits representing the end of flooding. The 
sediment profile shows several flooding episodes, with likely erosion of the upper part of the previous 
sequences. It finishes with a red clay cap, which probably represents the last flooding before the onset of 
incision.  

The presence of high velocity flooding waters is indicated also by small size scallops found on cave walls. 
Furthermore, paragenetic ceiling morphology can be seen at the sampling profile and also along main passages 
in the Northern branch. These features indicate complete infilling of passages with sediments, that have been 
subsequently eroded. Based on the geometry of cave passages, it is very likely that the cave was fed by sinking 
water in the Štirovica valley, with possibly the Eastern branch being fed by water from an upstream location 
in Radika valley. 

The CRN burial ages from the studied profile are in stratigraphic order. The 1.23±0.20 Ma CRN burial age 
of the lower, ~85 cm thick gravel layer, places the earliest cave development into the Early Pleistocene. This 
was followed by a hiatus that might include several phases of sedimentation and erosion. From the upper, 
more stratified part of the profile two samples were taken, which provided much younger, Middle Pleistocene 
ages: a medium sand layer ~30 cm above the top of the bottom gravels was deposited at 0.45±0.06 Ma and 
the last coarse sediments were deposited by the underground river at 0.37±0.05 Ma. After this last flooding 
event the cave was apparently abandoned by the incising river. 

Considering this age and the current height of ~69 m of the cave above the riverbed, an incision rate of 186 
+30/-22 m/Ma is estimated. 
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3. Methodologically connected studies 
 
3.1. Terrace chronology and quantification of the uplift of the TR  
 

Aside of allochtonous sediments trapped in cave galleries at diverse height above the current riverbed, 
fluvial terraces are traditional geomorphological records for the quantification of river incision and surface 
uplift. Terrace ages deduced from diverse geochronological records yielded inconsistent data in the Danube 
valley in Hungary. To establish a more robust chronology, and hence to infer reliable incision/uplift rates, new 
CRN ages (10Be depth profiles, 26Al/10Be burial durations and burial depth profile) and luminescence-based 
(pIRIR290) terrace ages were acquired and compared to revised paleontological, published U/Th and 
magnetostratigraphic data. All the applied geo-chronometers led to concordant terrace ages, with the exception 
of the U/Th method applied on travertine deposits covering terraces. U/Th ages predating the last interglacial 
manifested a bias towards younger ages, and so they were ignored in relation to the quantification of terrace 
ages. As a result of the combination of diverse methodologies, terrace ages from the Late Pliocene to Late 
Pleistocene were settled. The modelling of cosmogenic 26Al and 10Be concentrations also enabled to derive 
surface denudation rates and helped to decide between diverse landscape evolution scenarios (Ruszkiczay-
Rüdiger et al., 2018). 
 

 
Fig. 20. Simplified lithospheric-scale cross-section over the western part of the Pannonian Basin. The 

section shows the main tectonic and surface processes that control the neotectonic phase of basin 
evolution. The model takes into account the increased intraplate stress governed by the northward push 
of the Adriatic microplate and associated induced gravitational stresses. It also considers the 
asthenosphere dynamics induced differential vertical movements facilitated by sediment re-distribution 
and associated lower crustal ductile deformation (Balázs et al., 2017). DrB – Dráva Basin, TR – 
Transdanubian Range, DB – Danube Basin. Large arrows in the asthenosphere indicate mantle flow 
oblique to the section. M1-M2: Lower- to Middle Miocene; M3-Q: Late Miocene to Quaternary. (1) This 
study, (2) Šujan et al. (2018); (3) Šujan et al. (2017); (4) Saftić et al. (2003) (Ruszkiczay-Rüdiger et al., 
2020b). 

 
By the synthesis of the previously acquired terrace chronological data, cumulative incision rates of ~50-70 

m/Ma integrating over the last ~3 Ma have been derived for the Danube river cutting through the 
Transdanubian Range in the Western Pannonian Basin. An apparent acceleration of uplift rates was observed 
for shorter timescales culminating at ~200 m/Ma over the last ~140 ka. An examination of the change of the 
incision rates through time revealed that the incision rate was fairly constant at ~50 m/Ma from ~3 Ma to ~140 
ka, and the faster rates are valid only for the last ~140 ka. These findings suggest that the long-term uplift rate 
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of the northwestern limb of the Transdanubian Range is ~50 m/Ma, and the apparent acceleration of river 
incision during the Late Pleistocene is considered as the result of faster, most probably climate-driven incision 
during the last glacial cycle, outpacing the long-term uplift rate.  

The study of seismic reflection profiles demonstrated that the observed upper crustal neotectonic faults are 
not sufficient to accommodate the deformation necessary for the reported Pliocene to Quaternary vertical 
motion. The geodynamic model for the explanation of the magnitude and pattern of surface uplift in the 
western Pannonian Basin involves a complex interplay between (1) deep lithosphere-asthenosphere dynamics, 
(2) structural inversion governed by the northward drift of Adria, (3) inherited geological structures and (4) 
climate driven surface processes (denudation and sediment loading) (Fig. 20) (Ruszkiczay-Rüdiger et al., 
2020b).  

These results help to understand the ongoing tectonic processes at the mountains surrounding the Pannonian 
Basin. The methodological achievements support a more robust approach in the study of the Plio-Quaternary 
uplift rates in the Central Balkan Peninsula as well. 
 
3.2. Laboratory intercomparison of sample processing procedures  
 

In the course of sample processing for CRN age determination throughout the project several technical 
issues raised that needed handling in order to produce robust exposure and burial ages. Most typical problems 
are the difficulties of the extraction of pure Al and Be targets or the loss of CRNs during the sample processing. 
These problems may lead to large age uncertainties and/or to biased apparent age data. Cosmogenic 
radionuclide 10Be and 26Al targets (BeO and Al2O3) for AMS analysis are produced by a growing number of 
geochemical laboratories, employing different sample processing methods for the extraction of Be and Al 
from environmental materials. The reliability of this geochronological tool depends on data reproducibility 
independent from the preparation steps and the AMS measurements. The results of the laboratory inter-
comparison of sample processing protocols demonstrated that 10Be and 26Al concentrations of targets 
processed following different, commonly used protocols and measured at two AMS facilities lead to consistent 
results. However, the study also demonstrated that insoluble fluoride precipitates may form during evaporation 
of certain samples, mostly those that appear to be difficult in obtaining pure quartz separates. The study 
revealed that the formation of insoluble fluoride precipitates leave 10Be concentrations unaffected, but can 
cause decreased 26Al concentrations, leading to considerably older apparent burial durations compared to the 
real burial time of the sample. As a result, thorough cleaning of the quartz and an improved sample processing 
protocol are suggested to avoid fluoride precipitate formation (Ruszkiczay-Rüdiger et al, 2021b). The analysed 
sample set originated from a terrace of the Danube River in the Vienna Basin, targeting the age determination 
of the terrace level and quantification of the incision/uplift rates at the Vienna Basin as well. This research 
was also supported by two small projects of the Austro-Hungarian Action Foundation (OMAA 90öu17 and 
OMAA 98öu17). 
 
SUBMITTED, UNDER REVISION 
 
3.3. CRN burial age determination with advanced outlier identification and comparison of different 

burial dating models 
 

The comparison and improvement of the laboratory procedures of CRN extraction chemistry is followed by the 
comparison of different burial age calculation models and elaboration of a routine for robust outlier selection. In this 
study two published CRN 26Al/10Be burial age calculation methods, developed to correct for post-depositional 
production of nuclides in settings with shallow sediment overburden are compared. The advantages and limitations of 
isochron burial dating (ISO) and inversion modelling burial dating (INV) are investigated on a dataset from two depth 
levels of a 14 m thick sandy gravel sediment of a terrace of the Danube River located in the Central Vienna Basin 
(Austria) with CRN concentrations published by Ruszkiczay-Rüdiger et al. (2012b). This research was also supported 
by two small projects of the Austro-Hungarian Action Foudation (OMAA 90öu17 and OMAA 98öu17). 

The robustness of the results was verified by several steps of outlier identification, starting from the traditional way 
of examining the sample position with respect to the isochron line. This was combined with novel methods of 
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bootstrapping and testing the ratio of post-burial and measured CRN inventories. Outlier identification and age 
determination were run iteratively until converging to the best estimate model solutions.  

The two methods provided ages in good agreement at 1.2±0.4 Ma for both quarry levels only if outliers were 
recognized and excluded, considered as the most probable burial age of the terrace. The sink denudation rate determined 
using INV for the upper level (16.1±11.7 m/Ma) was higher than that for the lower level (6.3±3.7 m/Ma), however in 
agreement within uncertainties. This might indicate a mean denudation rate of 11.6±9.0 m/Ma, or a recent change of the 
surface denudation rate. 

The INV model was run with the data from the two levels merged (n=11) to test outlier sensitivity of the method in 
case of a larger dataset. These results suggest that a larger dataset is less sensitive to the presence of outliers, however, 
identification of outliers is still recommended. 

 
4. Final remarks, work in progress and future plans 

 
4.1. Work in progress 

 
As it was described in the previous sections, large amount of data from the present project is still under 

evaluation, and at least four peer reviewed papers are expected to be submitted on their basis. 
The laboratory inter-comparison project made obvious that there was a need for an easy and objective way 

to control the purity of quartz separates for CRN dating. For this purpose a small project was launched in 
cooperation with the Luminescence and Cosmogenic Nuclide laboratories of the BOKU (Vienna) and with 
the Luminescence laboratory of the Eötvös Univeristy (Budapest). The first results were presented on 
conferences. 

Besides, a preliminary investigation of caves in Hungary (Pilis, Mecsek – also supported by the RHK) has 
also started by field visits searching for allochtonous quartz-rich sediments suitable for burial age 
determination and quantification of uplift rates. Some preliminary samples were already taken, these are in 
different stages of sample processing, AMS measurement and data evaluation. The first results were presented 
on conferences. 

In search of suitable sample locations the formerly glaciated and highly karstified Lovćen Mt, near the 
Adriatic coast in Montenegro was also visited with twofold aims. First was the search of deep caves with 
allochtonous, datable sediments to quantify uplift rates. Unfortunately, no suitable cave sediments could be 
found. At the higher, cirque area of the same range glacial sediments were also studied in search of suitable 
material for an attempt of the application of CRN 36Cl on the limestone lithologies. However, the dissolution 
features on the moraine boulders suggested high and variable surface denudation rates, rendering them most 
probably unsuitable for proper CRN dating. Further locations are in search for both the quantiifiation of uplift 
rates in the region and for the comparison and verification of the 36Cl and 10Be CRE dating methods. 

 
 

4.2. Continuation and extension of the started work 
 
Partly based on the achievements of the present project, and as a continuation and extension of the 

geomorphological and geochronological work on glaciations and quantification of uplift rates in the region, a 
project proposal entitled Climate- and tectonics-related surface processes in the Southern Carpathians and 
Northern Balkan Mountains. A geochronological approach at different timescales (ChronoCaRP) was 
submitted to the call of Romania’s National Recovery and Resilience Plan (PNRR) with the leadership of 
Zsófia Ruszkiczay-Rüdiger. The proposed research plan got support, and the 3 years grant has already 
launched in July 2023 (https://chronocarp.unibuc.ro/ - website under construction). The research aims at a 
better understanding of the relationship between climate oscillations and Quaternary landscape evolution in 
SE Europe. The targeted areas are the formerly glaciated mountains of the Southern Carpathians in Romania 
(Retezat, Fagaras, Bucegi Mts) and Rodope Massif in Bulgaria (Rila and Pirin Mts). Besides the terraces of 
the Danube River at the Iron Gates will be studied for a revised terrace stratigraphy and in order to provide 
new terrace chronological data (OSL and CRN) and novel incision/uplift rates.  
 

https://chronocarp.unibuc.ro/
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