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1. THE CARPATHIAN MOUNTAINS - REGIONAL ORGANISATION,
PALAEOGEOGRAPHIC EVOLUTION, GEOLOGY AND RELIEF

The Carpathian Mountains constitute one of the major orogenic systems of Central and
South-Eastern Europe, extending in a broad arc for approximately 1,500 km from the Vienna
Basin to the Lower Danube sector. From a physiographic perspective, the Carpathian system s
divided into the Western Carpathians, Eastern Carpathians and Southern Carpathians,
complemented by the Western Romanian Carpathians and the Serbian Carpathian sector.
Recent regional classifications place the Western Carpathians mainly within the Czech
Republic, Slovakia, Poland and Hungary, the Eastern Carpathians within Poland, Ukraine and
Romania, and the Southern Carpathians predominantly within Romania, with extensions

towards Serbia (ESPON, 2025).

1.1. Regional organization and major mountain groups

In the Czech Republic, the Carpathians are represented primarily by units belonging to
the Outer Western Carpathians, including the Moravian-Silesian Beskids, Javorniky Mountains
and White Carpathians. Elevations are moderate, with the highest point of the Czech
Carpathian sector occurring at Lysa Hora — 1,323 m, in the Moravian-Silesian Beskids. These
mountains are predominantly composed of Cretaceous—Palaeogene flysch formations, which
account for the development of relatively uniform ridges and slopes frequently affected by
landslide processes.

In Slovakia, the Carpathian system reaches both its greatest morphostructural
complexity and the highest elevations of the entire mountain chain. Major units include the
Little Carpathians, Little Fatra and Greater Fatra, Low Tatras, Slovak Ore Mountains and, most
notably, the High Tatras. This is where Gerlachovsky §tit, 2,655 m, the highest summit in the
entire Carpathian system, is located (Lukni$, 1973; Klimaszewski, 1988; Engel et al., 2015).
Recent geomorphological research confirms both the elevation of 2,655 m and the pronounced
glacial character of the Tatra relief (Zasadni et al., 2021). The High Tatras are dominated by
granitoid and metamorphic cores that were extensively reshaped by Pleistocene glaciation.

In Poland, the principal mountain units include the Beskids, Gorce, Pieniny, Tatras and,
farther east, the Bieszczady Mountains. Rysy, whose Polish summit reaches 2,499 m,

represents the highest point in Poland, while Babia Géra reaches approximately 1,725 m and



Tarnica, in the Bieszczady Mountains, 1,346 m. The Tatras form the principal alpine-type
mountain sector, whereas the Beskids and Bieszczady display the characteristic morphology
of the Carpathian flysch belt, with elongated ridges, depressions and longitudinal valleys
(Klimaszewski, 1988; Kondracki, 1989).

In Hungary, the Carpathian relief is represented by the relatively low mountain ranges of
the northern part of the country — Borzsony, Matra, Blkk and Zemplén — which are largely
associated with the internal Carpathian structures and Neogene volcanism. The maximum
elevation is reached at Kékes, 1,014 m, in the Matra Mountains. Studies of this sector confirm
both this elevation and the predominantly andesitic and pyroclastic geological substrate of the
Matra Mountains. Although considerably lower than the Tatra or Fagaras sectors, this mountain
region is important in terms of the structural continuity between the Western Carpathians and
the Pannonian domain.

In Ukraine, the Eastern Carpathians are represented by the Eastern Beskids, Gorgany,
Borzhava, Svydovets, Chornohora and the Maramures Mountains. The most significant high-
altitude unit is Chornohora, which includes Hoverla (2,061 m), the highest summit in Ukraine,
together with Brebeneskul -2,035 m, Pip Ilvan - over 2,020 m, and Petros — approximately 2,020
m (Kravchuk, 2005; Novikov, 2021). Recent geomorphological data confirm both the
maximum elevation of 2,061 m and the glacial character of the Chornohora and Svydovets
massifs (Ktapyta et al., 2022). The Ukrainian sector preserves particularly well the morphology
of the polonyna-type high mountain ridges, together with evidence of Pleistocene glaciation in
the highest massifs.

In Romania, the Carpathians reach their greatest spatial extent and display remarkable
morphological and geological diversity. The Eastern Carpathians include the Maramures and
Bukovina groups, the Moldo-Transylvanian Carpathians and the Curvature Carpathians;
representative massifs include the Rodna, Calimani, Ceahlau, Hasmas, Ciucas and Vrancea
Mountains. The highest elevation in the Eastern Carpathians is reached at Pietrosul Rodnei -
2,303 m, a value also confirmed by geomorphological studies of Pleistocene glaciation in the
Rodna Mountains (Ktapyta, Zasadni & Mindrescu, 2023). The Southern Carpathians comprise
the Bucegi-Leaota, Fagaras, Pardng and Retezat-Godeanu groups and contain the highest
elevations in Romania: Moldoveanu - 2,544 m, Negoiu - 2,535 m, Parangul Mare - 2,519 m and
Peleaga-2,509 m. Regional geomorphological studies identify Moldoveanu, at 2,544 m, as the

highest point of the Romanian Carpathians. The Western Romanian Carpathians comprise the



Apuseni Mountains, Poiana Rusca and the Banat Mountains, reaching their maximum elevation
at Cucurbata Mare - 1,849 m, in the Bihor Mountains.

In Serbia, the southernmost part of the system is represented by the mountain groups of
eastern Serbia, including Miro¢, Homolje, Beljanica, Kucaj and Rtanj, within a transitional
region towards the Balkan Mountain system. Under this geographical interpretation, one of the
highest and most distinctive massifs of the Serbian Carpathian sector is Rtanj, culminating at

éiljak— 1,565 m, and also notable for its well-developed karst relief.

1.2. Palaeogeographic and geological evolution

The Carpathians (Figs. 1 and 2) form part of the Alpine—Himalayan orogenic system, and
their present-day structure is the result of a prolonged and highly complex geological evolution
involving fragments of Precambrian and Paleozoic continental crust together with Mesozoic
and Cenozoic formations. Some of the crystalline basement units of the Carpathians
originated from terranes detached from the margins of Gondwana and subsequently involved
in Palaeozoic orogenic events before being extensively reworked during the Alpine orogenic
cycle (Balintoni et al., 2014).

During the Mesozoic, fragmentation of the European continental margin and the evolution
of oceanic domains associated with the Tethys Ocean led to the development of marine basins,
carbonate platforms and domains underlain by oceanic crust. The progressive closure of these
basins, particularly from the Cretaceous to the Miocene, resulted in continental collision and
the tectonic emplacement of major rock packages as nappes, thereby contributing to the
differentiation of the internal Carpathian domains. The Pieniny Klippen Belt represents one of
the mostimportant tectonic boundaries between the Inner and Outer Carpathian units.

During the Paleogene and Early Miocene, deep marine basins developed along the
external side of the growing orogen, where thick flysch successions accumulated, consisting
predominantly of alternating sandstones, marls and clay-rich deposits. The progressive
closure of these basins and the advance of the nappes towards the European Platform
produced the extensive accretionary wedge of the Outer Carpathians. Paleogeographic
reconstructions indicate the progressive subduction of several oceanic domains, or domains
characterized by strongly attenuated continental crust, accompanied by outward migration of
the orogenic system. In the Romanian Eastern Carpathians, structural analyses indicate that

deformation propagated from the internal towards the external units, with the principal phases



of shortening and nappe emplacement occurring during the Miocene (Matenco and Bertotti,
2000).

During the Miocene, Carpathian evolution was closely associated with the rotation and
displacement of the ALCAPA and Tisza-Dacia blocks, slab retreat and extension within the
Pannonian domain. This geodynamic setting favored both the formation of intramontane
basins and the Pannonian Basin and the development of extensive Neogene volcanism along
the inner side of the Carpathian arc. The Vihorlat-Gutai-Tibles—Calimani-Gurghiu-Harghita
volcanic chain represents the most spectacular expression of this process. Modern
geophysical data continues to reveal distinctive deep-crustal characteristics beneath the
Eastern Carpathians and the Neogene volcanic belt. Regional marine evolution occurred
simultaneously with the progressive fragmentation of the Paratethys, whose basins underwent
successive transitions from marine environments to euxinic, brackish and ultimately lacustrine

conditions (Palcu et al., 2023).

1.3. General characteristics of the relief

The Carpathian relief closely reflects the geological and lithological diversity of the
mountain system. Crystalline and granitoid massifs such as the High Tatras, Fagaras, Retezat
and Rodna Mountains form high mountain landscapes characterized by sharp ridges, steep
rock faces and deeply incised valleys. During the Pleistocene, these sectors experienced
mountain glaciation, which produced cirques, glacial valleys, moraines and glacial lakes. The
glacial character of the Tatra relief is particularly pronounced, as demonstrated by the
widespread occurrence of cirques, U-shaped valleys and moraine deposits (Zasadni et al.,
2021). In the Romanian Carpathians, the most spectacular glacial landforms are concentrated
in the high massifs of the Southern Carpathians and in the Rodna Mountains (Ktapyta, Zasadni
& Mindrescu, 2023).

Within the flysch domain, the relief is dominated by elongated, relatively uniform ridges,
longitudinalvalleys and structurally controlled landforms, frequently associated with landslide
processes. Extensive karst landscapes have developed within carbonate formations, whereas
the volcanic sector is characterized by structural plateaus, volcanic necks, remnants of
volcanic edifices and large calderas. Intramontane depressions — of tectonic, volcano-tectonic
or differential-erosional origin — constitute another fundamental feature of the Carpathian

landscape.



Overall, the present-day Carpathian relief is the result of the interaction between Alpine
tectonics, Neogene—Quaternary uplift, lithological differentiation, fluvial erosion, Pleistocene
glaciation, periglacial processes and slope dynamics. The current morphological diversity
cannot be separated from the underlying geological structure: elevation, lithology and
tectonics exert a major control over both the large-scale morphological compartments and

their response to glacial, periglacial, fluvial and gravitational processes (Vasile et al., 2022).
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Fig. 1: The major divisions of the Carpathian Range




Fig. 2: Spatial extent of the Carpathian Range

2. The Romanian Eastern Carpathians and Their Neogene-Quaternary Volcanic
Chain

The Eastern Carpathians constitute the central-eastern sector of the Carpathian
Mountain system and form one of its major morphostructural divisions. They extend south-
eastwards from the transition with the Western Carpathians, across parts of Poland, Slovakia
and Ukraine, and continue extensively through Romania, where they terminate toward the
Prahova Valley and the Carpathian Bend, at the contact with the Southern Carpathians
(Sandulescu, 1984; Matenco and Bertotti, 2000; Schmid et al., 2008). Within Romania alone,
the Eastern Carpathians occupy approximately 33,500 km?, extending from the Ukrainian
border in the north to the Prahova Valley in the south.

The mountain system displays a predominantly NW-SE structural orientation in its
northern sector, gradually changing toward a more N-S direction farther south and finally
bending sharply toward the southwest in the Vrancea—Prahova sector. This arcuate geometry is
directly related to the complex Alpine tectonic evolution of the Carpathian orogen and to the

progressive interaction between the Tisza-Dacia lithospheric block and the European and



Moesian continental margins (Sandulescu, 1984; Csontos, 1995; Matenco and Bertotti,
2000; Seghedi et al., 2004). Structural studies demonstrate that the Romanian Eastern
Carpathians change from a NW-SE structural grain in northern Romania and adjacent Ukraine
to approximately N-S farther south, before turning toward the Southern Carpathians in the
Carpathian Bend area (Matenco and Bertotti, 2000).

Geologically, the Eastern Carpathians are characterized by a pronounced longitudinal
zonation, reflecting the successive stages of Alpine deformation, nappe emplacement,
sedimentation and Neogene-Quaternary magmatism (Sandulescu, 1984; Matenco and
Bertotti, 2000; Seghedi et al., 2004). In the Romanian sector, three major belts can be broadly
distinguished from east to west: the Flysch Zone, the crystalline-Mesozoic zone, and the
Neogene—-Quaternary volcanic zone (Sandulescu, 1984; Guerrera et al., 2012). This
arrangement represents one of the most characteristic geological features of the Eastern
Carpathians.

2.1. Flysch Zone

The outer eastern sectoris dominated by the extensive Carpathian Flysch Belt, composed
predominantly of Cretaceous and Paleogene sedimentary successions affected by intense
folding and thrusting during the Alpine orogenic phases (Sandulescu, 1984; Matenco and
Bertotti, 2000). Sandstones, marls, clays, conglomerates and locally limestones occur in
repeated tectonic units and nappes, producing a highly differentiated lithological and
geomorphological landscape (Sandulescu, 1984; Guerrera et al., 2012). The external nappe
system includes, among others, the Ceahlau, Audia, Tarcau and Marginal Fold units, which
were progressively thrust toward the foreland during the Paleogene and Miocene stages of

Carpathian convergence (Sandulescu, 1984; Matenco and Bertotti, 2000).

2.2. Crystalline-Mesozoic Zone
West of the flysch belt, the crystalline—-Mesozoic zone contains metamorphic basement
rocks together with Mesozoic sedimentary sequences incorporated into major Alpine tectonic
units (Sandulescu, 1984; Schmid et al., 2008). These resistant lithologies contribute to the
development of some of the highest and most rugged mountain massifs of the Eastern
Carpathians, particularly in the Rodna—Maramures sector (Schmid et al., 2008). The Rodna

Mountains form the highest massif of the Eastern Carpathians, culminating at Pietrosul Rodnei,



2,303 m, and preserve a particularly well-developed assemblage of Pleistocene glacial
landforms (Mindrescu et al., 2021).

Farther north, the Eastern Carpathian system continues through the Ukrainian
Carpathians, where important mountain groups include the Bieszczady, Gorgany and
Chornohora ranges. In Romania, the principal non-volcanic massifs include the Maramures,
Rodna, Suhard, Bistrita, Ceahlau, Hasmas, Ciuc and Vrancea Mountains, forming a complex
sequence of crystalline, Mesozoic and flysch units interrupted by transverse valleys and
intramontane depressions (Sandulescu, 1984; Schmid et al., 2008).

One of the most remarkable characteristics of the inner Eastern Carpathians is the
development of an extensive Neogene—Quaternary magmatic belt along the western, internal
margin of the orogen. This magmatism belongs to the broader Carpathian—-Pannonian volcanic
province and was generated during the complex geodynamic evolution that accompanied
subduction, collision, slab retreat and subsequent post-collisional processes in the

Carpathian region (Seghedi et al., 1998, 2004, 2005; Seghedi et al., 2011).

2.3. The Neogene-Quaternary Volcanic Chain

The Neogene-Quaternary volcanic chain of the Eastern Carpathians represents one of
the most important young volcanic systems of Central and Eastern Europe. In Romania,
volcanic and subvolcanic structures extend along the internal side of the mountain arc from
the Oas Mountains in the northwest to South Harghita and the Persani Mountains in the
southeast, recording magmatic activity over a time interval of approximately 15-0.03 Ma
(Pécskay et al., 1995; Seghedi et al., 2004; Szakacs et al., 2015; Szakacs and Kovacs,
2022).

The volcanic system s not, however, a single uniform chain. From northwest to southeast,
several distinct magmatic sectors can be recognized. These include the Oas-Gutéi volcanic
area, the intermediate Tibles-Toroiaga—Rodna-Bargau subvolcanic zone, and the much larger
and younger Calimani-Gurghiu—-Harghita volcanic range (Pécskay et al., 1995; Seghedi et al.,
1995; Kovacs et al., 1997; Szakacs and Kovacs, 2022). This segmentation reflects important
differences in age, volcanic style, tectonic setting and degree of erosion along the Eastern

Carpathian magmatic belt.



2.3.1. Oas-Gutai-Tibles sector

The Oas-Gutai Mountains constitute the northwestern volcanic sector of the Romanian
Eastern Carpathians. Volcanism in the broader Oas—Gutéai area developed during the Miocene,
approximately between 15.4 and 7 Ma, and involved successive rhyolitic, dacitic, andesitic and
locally basaltic phases (Pécskay et al., 1995; Kovacs et al., 1997; Szakacs and Kovacs,
2022).

In the Oas Mountains, volcanic activity was concentrated mainly between approximately
12.0 and 9.5 Ma. It generated rhyolitic lava domes, andesitic composite volcanoes and later
dacitic to high-silica andesitic domes and dome complexes (Kovacs et al., 1997; Szakacs &
Kovacs, 2022). The present-day morphology therefore represents the deeply modified
remnants of originally much larger volcanic structures affected by several million years of
denudation.

The Gutai Mountains record a similarly complex volcanic evolution involving both
extrusive and intrusive activity. Radiometric dating indicates that the principal volcanic and
intrusive phases developed mainly during the Sarmatian and Pannonian, while late mafic
activity continued until approximately 7 Ma (Pécskay et al., 1995; Kovacs et al., 1997).

The Tibles Mountains differ somewhat from the classical volcanic edifices of Oas and
Gutai. They form part of the traditionally defined subvolcanic zone, together with Toroiaga,
Rodna and Béargau, where shallow intrusive bodies penetrate older sedimentary and
metamorphic formations (Pécskay et al., 1995; Kovacs et al., 1997; Szakacs & Kovacs, 2022).
Radiometric ages from the Tibles magmatic complex broadly range between 11.3 and 8.3 Ma,
demonstrating that its magmatism was approximately contemporaneous with the dominant
volcanic phases of the Oas-Gutéi area (Kovacs et al., 1997).

This distinction is important geomorphologically: Oas and Gutéi preserve the erosional
remnants of surface volcanic edifices and associated volcaniclastic formations, whereas
Tibles exposes a more deeply eroded intrusive—subvolcanic system. The present topography
therefore reflects not only differences in original volcanic architecture but also differences in
the structural level exposed by subsequent denudation (Kovacs et al., 1997; Szakacs and

Kovacs, 2022).
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2.3.2. The Calimani-Gurghiu-Harghita volcanic range

The Calimani-Gurghiu-Harghita (CGH) volcanic range constitutes the largest, youngest
and morphologically best-preserved volcanic sector of the Eastern Carpathians. It forms an
approximately 160 km long volcanic alignment along the western margin of the central and
southern Eastern Carpathians and represents the southeastern termination of the major
Neogene—-Quaternary calc-alkaline volcanic province of the Carpathian—-Pannonian region
(Szakacs and Seghedi, 1995; Seghedi et al., 2004; Szakacs et al., 2015; Seghedi et al.,
2019).

Volcanic activity along the CGH range developed approximately between 10.2 Ma and
0.03 Ma, but was strongly diachronous. Rather than occurring simultaneously along the entire
chain, volcanic activity migrated progressively from northwest toward southeast, from
Calimani through Gurghiu and Harghita to the youngest volcanic centres in South Harghita
(Pécskay et al., 1995; Seghedi et al., 2004; Szakacs et al., 2015; Seghedi et al., 2019). This
systematic age progression is one of the most characteristic features distinguishing the
Eastern Carpathian volcanic chain from more conventional long-lived volcanic arcs (Szakacs
et al., 2015).

The Calimani Mountains represent the oldest and highest major volcanic complex of the
CGH chain. Their main activity occurred approximately between 10.2 and 6.8 Ma, producing
compositionally diverse volcanic and subvolcanic rocks dominated by calc-alkaline
magmatism (Pécskay et al., 1995; Seghedi et al., 2005; Vlasceanu et al., 2021). The massif
culminates at Pietrosul Calimanilor (2,102 m) and represents the highest volcanic mountain
range in the Carpathians.

The present morphology of Calimani preserves the remnants of a large and complex
volcanic edifice substantially modified by gravitational deformation, erosion and Pleistocene
glacial processes (Seghedi et al., 2005; Szakacs and Kovacs, 2022). Its high central sector
contains deeply dissected remnants of the original volcanic architecture, while peripheral
sectors preserve extensive volcaniclastic formations and erosional surfaces developed on
volcanic substrates (Szakacs and Kovacs, 2022).

Southward, the Gurghiu Mountains consist of a succession of volcanic edifices
developed during the southeastward propagation of volcanic activity. Their architecture
includes composite volcanic structures, lava flows, domes and widespread volcaniclastic

deposits, subsequently affected by erosion and locally by gravitational collapse processes
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(Szakacs et al., 2015; Szakacs and Kovacs, 2022). Recent volcanological studies have also
identified large volcanic debris-avalanche deposits associated with sector collapses along the
Calimani-Gurghiu—Harghita range, demonstrating that gravitational instability played an
important role in the evolution of several volcanic edifices.

Farther south, the Harghita Mountains represent the youngest major sector of the chain.
The progressive southeastward migration of volcanism is particularly clear here, accompanied
by a general decrease in the volume of erupted magma and by increasingly complex magma
compositions toward South Harghita (Seghedi et al., 2004, 2011; Szakacs et al., 2015;
Seghedi et al., 2019). The youngest activity became concentrated near the southeastern
termination of the chain, in close spatial association with the Vrancea seismic zone, where the
lithospheric configuration remains anomalous and geodynamically active (Seghedi et al.,

2011).

2.3.3. Ciomatu - the youngest volcanic system in the Carpahians

The southeastward migration of volcanism culminated at the Ciomatu volcanic complex,
situated at the southern end of the Harghita range. Ciomatu is currently regarded as the
youngest volcanic system of the entire Carpathian—-Pannonian region (Harangi et al., 2015;
Karatson et al., 2016; Molnar et al., 2018, 2019). Its volcanic history extended over several
hundred thousand years and was characterized by long periods of dormancy alternating with
renewed eruptive activity.

The early evolution of Ciomatu involved intermittent lava-dome extrusion between
approximately 1 Ma and 300 ka, followed by the development of the main volcanic complex
between approximately 160 and 30 ka (Molnar et al., 2018, 2019; Harangi et al., 2020). During
its youngest evolutionary phase, between approximately 57 and 30 ka, explosive activity
became increasingly important (Harangi et al., 2015; Karatson et al., 2016; Molnar et al.,
2019).

The latest known eruption occurred at approximately 30 ka, although different
geochronological approaches have produced slightly different age estimates for individual
eruptive events (Harangi et al., 2015; Karatson et al., 2016; Molnar et al., 2019). The Ciomatu
complex therefore represents a geologically very young volcanic system rather than merely an

ancient, deeply eroded volcanic remnant.
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Two major explosion craters, Sfanta Ana and Mohos, truncate the Ciomatu volcanic
complex. The Sfanta Ana crater presently hosts Lake Sfanta Ana, while the neighbouring Mohos
crater is largely occupied by a peat bog. These landforms represent exceptionally well-
preserved expressions of the final stages of Quaternary volcanism in the Eastern Carpathians
(Karatson et al., 2016, 2019; Harangi et al., 2020).

The youthfulness of the southern volcanic sector is also reflected in widespread post-
volcanic manifestations, particularly CO,-rich mineral springs and diffuse gas emissions.
Thousands of carbonated mineral-water occurrences have been reported along the Eastern
Carpathian-Transylvanian Basin boundary, especially in areas associated with the Calimani-
Gurghiu-Harghita volcanic chain, indicating persistent deep degassing after the cessation of
surface volcanism (Pricajan and Airinei, 1979; Vaselli et al., 2002; Italiano et al., 2017).

From a broader geodynamic perspective, the Eastern Carpathian volcanic chain cannot
be interpreted simply as a conventional volcanic arc produced by steady-state subduction.
Current models relate its development to a complex sequence involving subduction retreat,
continental collision, slab break-off or tearing, asthenospheric upwelling and post-collisional
lithospheric processes (Seghedi et al., 1998, 2004, 2005, 2011; Harangi et al., 2020). The
progressive southeastward migration of volcanism, particularly along the Calimani-Gurghiu—
Harghita range, records the final stages of these processes and makes the Eastern Carpathians
one of the most important natural laboratories for understanding post-collisional volcanism in
Europe.

Thus, the Eastern Carpathians represent a highly complex mountain system in which
flysch fold-and-thrust structures, crystalline-Mesozoic massifs, Neogene sedimentary basins
and young volcanic edifices coexist within a relatively narrow mountain belt (Sandulescu,
1984; Matenco and Bertotti, 2000; Seghedi et al., 2004). Within this framework, the Oas-
Gutai-Tibles—Calimani-Gurghiu—-Harghita magmatic alignment represents one of the most
distinctive geological and geomorphological features of the entire Carpathian arc, recording
approximately 15 million years of magmatic activity and the progressive southeastward
evolution of the final stages of Carpathian orogenesis (Pécskay et al., 1995; Seghedi et al.,

2004; Szakacs and Kovacs, 2022).
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3. The Calimani Mountains

The Calimani Mountains form the northern and highest sector of the Calimani-Gurghiu—
Harghita volcanic chain, one of the most important Neogene—-Quaternary volcanic alignments
of the Eastern Carpathians. They represent the largest and most complex volcanic edifice of
this chain and, at the same time, the highest volcanic mountain range of the entire Carpathian
system, culminating at Pietrosul Calimanilor, 2,700 m (Naum and Butnaru, 1989; Seghedi et
al., 2005; Kern et al., 2006; Ktapyta et al., 2022). Their present landscape is the result of the
superposition of several stages of volcanic construction, major gravitational collapse,
prolonged fluvial dissection, Pleistocene glacial and periglacial modelling and, locally,
exceptionally intense anthropogenic transformation associated with open-cast sulfur mining

(Seghedi et al., 2005; Pop et al., 2017; Szakacs and Kovacs, 2022).

3.1. Geographic extent and limits

The Calimani Mountains occupy the north-western sector of the Romanian Eastern
Carpathians, at the transition between the northern crystalline-Mesozoic ranges and the
extensive Neogene volcanic belt developed along the inner margin of the Carpathian arc.
Morphologically, the massif has an approximately elongated outline, with a length of about 60
km, an average width exceeding 30 km, and an area close to 2,000 km?Z. Its central high sector
is organized around a large volcanic structure whose morphology dominates the entire massif
(Naum and Butnaru, 1989; Seghedi et al., 2005; Szakacs and Kovacs, 2022).

To the north and northeast, the Calimani massif approaches the Bistrita Mountains and
the Dornelor Depression, while toward the east and southeast it descends toward the upper
valleys of the Bistrita and its tributaries. To the west and southwest, the long volcanic slopes
descend toward the Transylvanian Basin and the Mures valley system, whereas southward the
volcanic relief continues toward the Gurghiu Mountains, without a fundamental geological
discontinuity because both ranges belong to the same Neogene volcanic system (Naum and
Butnaru, 1989; Szakacs and Seghedi, 1995; Seghedi et al., 2005). The boundary with the
Gurghiu Mountains is therefore primarily geomorphological and hydrographic rather than
tectonically abrupt, reflecting the progressive southward development of volcanic centres
within the Calimani-Gurghiu—-Harghita range (Seghedi et al., 2005; Seghedi et al., 2019).

The massif displays a pronounced morphological asymmetry. The central and northern

sectors are high and strongly dissected, whereas the external volcanic slopes, especially
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toward the west and southwest, gradually descend through broad interfluves and extensive
volcaniclastic surfaces. Such asymmetry partly reflects the original architecture of the volcanic
edifices but was subsequently amplified by differential erosion, drainage development and

structural control (Seghedi et al., 2005; Karatson et al., 2020; Szakacs and Kovacs, 2022).

3.2. Geological setting and palaeogeographic evolution

The paleogeographic evolution of the Calimani Massif is closely related to that of the
Carpathian and Alpine units (Fig. 3).

The Carpatho-Pannonian orogenic system developed along the western margin of the
Eurasian Plate. The lithospheric blocks forming this system (Tisia-Dacia and ALPACA)
underwent displacement in the form of subduction and divergent rotations during the Middle
Cretaceous and Miocene. The calc-alkaline magmatism associated with subduction, from the
Miocene to the Upper Pliocene and possibly the Pleistocene in the southern part of the
Romanian Carpathian volcanic chain (Calimani-Gurghiu-Harghita), led to the accumulation of

volcanic edifices on the pre-existing relief in the inner part of the Carpathian arc (Pécskay et
al., 1995).
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Carpathian foredeep units; 4 — Eastern Alpine units; 5-Klippen Belt; 6 — intra-Carpathian basins;
Neogene/Quaternary arc-type volcanism; 7 — Carpathian volcanic chain. The black rectangle
indicates the location of the Calimani-Gurghiu-Harghita (CGH) volcanic chain (after Pécskay
et al., 1995; Szakacs and Krézsek, 2006).

The origin of the Calimani Mountains must be understood within the broader geodynamic
evolution of the Carpathian-Pannonian region during the Neogene. The volcanic chain
developed after the major phases of continental collision between the internal Carpathian
blocks and the European plate. Consequently, the Calimani-Gurghiu-Harghita volcanism is
now interpreted predominantly as post-collisional magmatism, rather than as the expression
of a simple, steady-state subduction-related volcanic arc (Seghedi et al., 1998, 2004, 2005,
2019). The emplacement of magma was closely related to regional transtensional fault
systems, lithospheric deformation and mantle processes that followed the collision and
progressive retreat or fragmentation of the subducted lithosphere (Seghedi et al., 2004;
Seghedi et al., 2019).

The Calimani volcanic structure represents the oldest major volcanic complex of the
Calimani-Gurghiu—Harghita chain. Detailed K-Ar geochronology indicates magmatic activity
between approximately 11.3 and 6.7 Ma, extending from the Late Miocene into the earliest
Pliocene according to chronostratigraphic interpretations used in the original studies (Seghedi
et al., 2005). The earliest dated products are shallow intrusive bodies emplaced between
approximately 11.3 and 9.4 Ma, showing that magma initially ascended into and intruded the
pre-volcanic basement before large surface volcanic edifices were constructed (Seghedi et
al., 2005).

At the scale of the entire Eastern Carpathian volcanic belt, the Calimani massif marks the
beginning of a remarkable north-to-south and northwest-to-southeast migration of volcanism.
Younger volcanic centres progressively occur through Gurghiu and Harghita, eventually
reaching the Late Pleistocene Ciomatu volcanic system. The Calimani massif is therefore
fundamental for reconstructing the palaeogeographic evolution of the entire chain because it

records its earliest major constructive phase (Seghedi et al., 2005; Seghedi et al., 2019).
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3.3. Pre-volcanic Structural Contexts

The basement of the massifis largely unknown. In the upper course of the Zebrac stream
on the southern slope of the massif, Miocene sediments are exposed; drilling in this area
encountered the contact between sedimentary deposits and crystalline rocks at a depth of
1,535 m (Radulescu, 1962). Toward the southeastern and eastern margins of the massif, the
volcanic rocks are in direct contact with Quaternary sedimentary deposits in the Dragoiasa,
Bilbor and Borsec basins, which in turn rest on Mesozoic crystalline rocks. The crystalline
basement is exposed near Toplita. In the northern part of the massif, toward the Dornelor
Depression, the volcanic rocks overlie Cretaceous-Paleogene sedimentary deposits, whereas
to the west the basement consists of Pliocene sediments belonging to the molasse of the

Transylvanian Basin (Radulescu, 1962; Seghedi et al., 2005).

3.4. Eruptive History

Absolute-age dating (Pécskay et al., 1995; Seghedi et al., 2005) confirms earlier
interpretations (Radulescu, 1970, 1972; Cotet, 1970) concerning the spatial and temporal
migration, from north to south, of Neogene-Quaternary volcanic activity in the Eastern
Carpathians. Inthe Calimani-Gurghiu-Harghita volcanic chain, approximately 160 km long, this
activity took place between 11.3 Ma in the Calimani Massif and 0.2 Ma in the southern part of
the Harghita Mountains. The explosive, effusive, extrusive and intrusive character of the
volcanic activity led mainly to the formation of stratovolcanoes, calderas and craters, lava
domes, lava and pyroclastic plateaus, as well as intrusions (Savul, 1938; Gotz, 1952; Naum,
1984; Posea, 2001; Schreiber, 1983, 1994).

In the Calimani Massif, the geochronological data (Table 1 and Fig. 4) indicate volcanic
activity lasting approximately 5 Ma, between 11.3 = 0.4 Ma at Valea 12 Apostoli and 6.7 = 0.5

Ma at the Negoiul Romanesc summit.

Table 1. Ages of the Volcanic Rocks of the Calimani Massif

No. Location Dated structure K-Ar age (Ma)
1 Valea 12 Apostoli dome 11.3+0.4
2 Valea Galaoaia Mica lava 10.17 +0.58
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Valea Pietroasa

Valea Voivodeasa

Valea Galaoaia Mica

Valea Colibita
Valea Pietroasa
Valea Bolovanul
Valea Rastolita
Creasta Pietroasa
Valea Pietroasa
Valea Neagra
Valea Tihu
Valea Prizlop
Valea Dragoiasa
Valea Seaca

Vf. Cica Mica

Valea Filpea

Creasta Buza Serbii-Pintii

Valea Neagra

Valea Budacul

Valea Soimusul de Jos

Vf. Ascutit

Valea Ciscu

Valea Haitii

VA. Piatra lui Orban
Valea Calului

Vf. Scaunului
Valea Hurdugas

Valea Patului

block, volcaniclastic deposit 9.99 + 0.57

lava

lava

sill

dike

9.99£0.88

9.76 £0.79

9.65+1.0

9.47+0.4

block, volcaniclastic deposit 9.35 +0.38

lava

9.32+0.44

block, volcaniclastic deposit 9.17 + 0.44

block, volcaniclastic deposit 8.97 + 0.39

dike

dike

lava

lava

lava

lava

lava

lava

lava

8.92+0.36

8.80+0.37

8.77 £0.46

8.75+£0.34

8.72 £0.51

8.7+x0.6

8.52+0.36

8.52+0.59

8.5£0.4

block, volcaniclastic deposit 8.5+ 0.5

intrusion

lava

lava

lava

lava

lava

lava

8.48 £0.32

8.39 £ 0.41

8.28 +0.33

8.27£0.37

8.24+0.32

8.2+x0.4

8.2+0.3

block, volcaniclastic deposit 8.14 + 0.39

block, volcaniclastic deposit 8.1 £ 0.3
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Valea Toplicioara
Valea Negrisoara

Vf. Zancani
Calimani Quarry
Valea llisoara
Dealul Podigorenilor
Vf. Negoiul Roménesc
Gura Haitii

Vf. 12 Apostoli

Valea Repedea

Vf. Pietricelul

Vf. Negoiul Roménesc
Calimani Quarry

Vf. Pietricelul

Vf. Pietricelul

Vf. Retitis

Vf. Baiesul

Valea Tomnatec
Creasta Tarnita

Vf. Piatra Dornei
Paraul Puturos
Creasta llva

Vf. Retitis

Vf. Negoiul Roméanesc

lava

8.1+0.3

block, volcaniclastic deposit 8.10 = 1.00

lava

intrusion

lava

lava

intrusion

lava

8.06 £0.34

8.02£0.37

8.0+x1.2

7.98 +0.34

7.9+x0.4

7.9%£0.4

block, volcaniclastic deposit 7.75 + 0.30

lava

intrusion

intrusion

intrusion

intrusion

dome

lava

dome

lava

dome

lava

lava

lava

lava

lava
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7.68 +£0.37

7.5%£0.5

7.4+0.4

7.26+0.29

7.2%x0.3

7.2%£0.4

7.1£0.3

7.1£0.3

7.10+£0.28

7.0£0.4

6.98 +0.32

6.9£0.4

6.9+0.3
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Fig. 4: Location of the sampling sites for absolute age dating using the K-Ar method in the

Calimani Massif (ages determined by Pécskay et al., 1995; Seghedi et al., 2005).

Analysis of the morphological characteristics and facies, and especially the absolute-
age K/Ar datings obtained to date, enabled Pécskay et al. (1995), Szakacs and Seghedi (1995,
2000), Fielitz and Seghedi (2005), Seghedi et al. (2005), and Szakacs and Krézsek (2006) to
propose a modern interpretation of the paleogeographic evolution of the massif. According to
these authors, the volcanic activity responsible for the complex volcanic structures now
grouped under the name Calimani Massif developed through the following stages:

a. Between 11.3 and 9.5 Ma, subvolcanic intrusions penetrated the metamorphic and
sedimentary basement around the northwestern, southern and southwestern margins of the
present massif.

b. Explosive, effusive and extrusive eruptions led to the formation of volcanic units such
as Rusca-Tihu, which spans the entire period of activity, Dragoiasa (9.3-8.4 Ma), Budacu (9-8.5

Ma), Lomasul (8 Ma), peripheral domes (8.7-7.1 Ma), and the Sarmasu basalts. The
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petrographic, volcanological and geochronological differences among these volcanic
formations are mainly related to different magma evolution within several magma chambers.
Rusca-Tihu and Pietrele Rosii represent remnants of the largest stratovolcanoes in the massif.
These edifices may have reached approximately 3,000 m in elevation and had a volume of
about 300 km®. Because of instability caused by the enormous load produced by the
accumulation of such a volume of volcanic material on a sedimentary basement, this edifice
was affected around 8.0 + 0.5 Ma by one or more flank collapses of the debris-avalanche type.
Evidence of basement uplift caused by the emplacement of ante- and syn-volcanic intrusions
may also be considered a destabilizing factor. Debris-avalanche deposits, with a volume of
approximately 26 km®, have been identified at distances exceeding 55 km southward and 40
km westward from the Rusca-Tihu stratovolcano's eruptive center (Fig. 5).

c. Between 8 and 7.5 Ma, following evolution of the magmatic system, volcanic activity

appears to have become concentrated at a smaller number of vents, such as Rusca-Tihu,
Tamaul, Pietrele Rosii and Lucaciul. Eruptions continued and partly erased the traces of the
caldera and debris avalanche produced during the earlier flank-collapse event(s) that marked
the evolution of the Rusca-Tihu stratovolcano.
Erosion mobilized part of the debris-avalanche material, contributing to the formation of
debris-flow, hyperconcentrated-flow and lacustrine deposits that constitute the Rusca-Tihu
volcaniclastic formations, together with pyroclastic deposits and lava flows. Around the Rusca-
Tihu stratovolcano, effusive and explosive eruptions brought new volcanic material to the
surface, represented by the Sarmasu basalt, Budacu dacitic andesite, Lomagul dacitic
andesite, and Dragoiasa dacite-rhyolite. The emission centers located on the periphery also
recorded reduced volcanic activity.

d. The period between 7.5 and 6.7 Ma was marked by a major event in the history of the
volcanic massif that subsequently influenced its morphogenesis: the formation of a collapse
caldera in the central-northern sector of the massif.

The major collapse was preceded by the effusion of more than 10 km® of andesitic lava.
The lava flows of this period emerged from at least four emission centres, covering the
topography of older edifices and valleys to the east, south and west of the present caldera.

At the same time as the Calimani caldera was forming, a Plinian eruption in the Gurghiu Massif

produced the Fancel-Lapusna caldera, followed by the emplacement of the corresponding
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volcaniclastic formation in the southeastern part of the Calimani Massif, near the present

location of Toplita.

10.5-8.5 Ma o 2 B 8.5-8.0 Ma

Fig. 5: Sketches showing the evolution of volcanism in the Calimani Massif and the northern
part of the Gurghiu Massif (after Seghedi et al., 2005). The grey areas indicate zones of volcanic
activity during different periods: A. El — Initial intrusions; DF — Dragoiasa Formation; LF -
Lomasul Formation; BF — Budacu Formation; RTV — Rusca-Tihu Volcano; SB — Sarmas Basalts;
PD - Peripheral domes; J - Jirca Volcano. B. Generation of the Rusca-Tihu debris avalanche and
volcanic activity in SB, PD and J; the black cross indicates tectonic uplift; the arrows indicate
the directions of movement of the debris avalanches. C. RTF — Rusca-Tihu Volcaniclastic
Formation; FL - Fancel-Lapusna Volcano; the arrows indicate the direction of dispersion of the

volcaniclastic materials. D. CC — Calimani Caldera.

Post-caldera intrusive and extrusive activity produced a monzodioritic-dioritic intrusion
and the andesitic stratocone Negoiul Romanesc inside the caldera, as well as domes along its
rim (Pietricelul, Dragusul and Puturosul) and domes located around the massif near the Leul,

Baiesul, Tarnita and Mogosul valleys. These formations mark the end of volcanic activity in the
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massif. Fumarolic, solfataric and hydrothermal alteration processes were concentrated mainly

in the central part during the post-volcanic period.

4. Volcanic, Volcaniclastic, Volcano-Tectonic and Inherited Epiclastic Deposits and

Associated Landforms

4.1. Major relief characteristics

The present relief of the Calimani Mountains is fundamentally volcanic in origin but
polygenetic in its subsequent evolution. The primary volcanic morphology has been
progressively transformed by tectonic deformation, structural collapse, fluvial incision, mass
movements, frost weathering, Pleistocene glaciation and Holocene slope processes (Naum
and Butnaru, 1989; Kern et al., 2006; Pop et al., 2017; Szakacs & Kovacs, 2022). As a result,
the modern massif preserves both remnants of original volcanic architecture and strongly
reshaped erosional landscapes.

The highest summits occur around the central volcanic structure, particularly along
remnants of the caldera rim. The massif culminates at Pietrosul Calimanilor (2,100 m), while
several neighboring peaks approach or exceed 2,000 m. This arrangement is typical of strongly
dissected old volcanic calderas, where resistant remnants of lava-rich sectors form high ridges
while deeply altered or fractured internal sectors are preferentially lowered by erosion (Kern et
al., 2006; Szakacs and Kovacs, 2022).

A particularly characteristic contrast exists between the inner caldera slopes and the outer
volcanic flanks. The inner slopes are frequently steep, with high local relief and deeply incised
valleys, whereas the outer slopes preserve more extensive and gentler surfaces descending
away from the central massif. Quantitative geomorphological analyses indicate vertical
fragmentation values of approximately 150-450 m on parts of the southern and eastern
external slopes, while the northern inner slopes of the caldera locally exceed 400-650 m of
relief energy (Szakacs and Chirita, cited in Szakacs and Kovacs, 2022).

The lower and intermediate parts of the massif are dominated by fluvial dissection. A dense
drainage network has incised the volcanic and volcaniclastic formations, producing narrow
valleys, steep valley sides, local gorges, waterfalls, erosional basins and extensive colluvial-

alluvial accumulations. Erosion is particularly effective where poorly consolidated
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volcaniclastic deposits alternate with more resistant lava bodies, generating marked
lithological control of slope form and valley geometry (Szakacs and Kovacs, 2022).

Long-term quantitative reconstruction of volcano morphology shows that the present
topography is substantially smaller than the original volcanic edifices. Numerical
palaeotopographic modelling along the Calimani-Gurghiu—Harghita chain demonstrates that
millions of years of erosion have removed significant volcanic volumes and that differences in
present-day morphology partly reflect the age of individual volcanoes: the older Calimani
edifices have experienced much longer denudational histories than the younger Harghita
volcanoes (Karatson et al., 2020).

Differential erosion has also produced spectacular residual volcanic landforms. In coarse
volcaniclastic deposits, frost action, mechanical weathering and wind abrasion have
generated towers, pinnacles and ruiniform features, among which the “12 Apostles” are
particularly well known. Some of these residual forms reach approximately 10-35 m in height
and reflect the variable resistance of welded or cemented volcanic materials rather than

preserved original volcanic vents (Szakacs and Kovacs, 2022).

4.2. The Calimani Caldera and the Surrounding Volcanic Complex

The Calimani Caldera represents the dominant volcano-tectonic structure of the northern
sector of the Calimani-Gurghiu-Harghita volcanic chain and one of the largest and most
complex Neogene volcanic structures of the Eastern Carpathians. It occupies the central part
of the Calimani Mountains and developed within the largest volcanic edifice of the entire
Calimani-Gurghiu-Harghita range.

Volcanic activity in the Calimani area occurred mainly during the Late Miocene,
approximately between 11.3 and 6.7 Ma, and was dominated by calc-alkaline, predominantly
andesitic magmatism. The development of the volcanic complex was closely related to the
post-collisional geodynamic evolution of the Eastern Carpathians, while magma ascent and
emplacement were strongly influenced by regional fault systems and the evolving
transtensional tectonic regime (Szakacs & Seghedi, 1995; Seghedi et al., 2005; Seghedi et
al., 2019).

The caldera forms a large, approximately 10 km-wide volcano-tectonic depression,
surrounded by remnants of the pre-caldera volcanic edifice. Its formation was associated with

the evacuation of substantial volumes of magma and the subsequent gravitational collapse of
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the central part of the volcanic structure above a partially emptied magma reservoir.
Consequently, the present landform should be interpreted as a collapse caldera subsequently
modified by prolonged denudation, rather than simply as an oversized volcanic crater.

The caldera rim is preserved within the highest sector of the massif and includes some of
the most prominent summits of the Romanian volcanic Carpathians, particularly Pietrosul
Calimanilor (2,100 m), Negoiul Unguresc, Retitis and lezerul Calimanilor. The arcuate
distribution of these high ridges around the central depression still reflects the architecture of
the former volcanic edifice, although its original morphology has been extensively modified by
erosion.

The present morphology of the caldera is the product of the interaction between primary
volcanic landforms and several million years of subsequent denudation. Following the
cessation of volcanic activity, the drainage network progressively exploited lithological
contrasts, contacts between volcanic formations and major structural discontinuities.

Headward erosion and fluvial incision contributed to the progressive dissection of the
central volcanic structure, while radially organised valleys deeply fragmented the external
slopes of the former volcanic edifice. The estimated degree of denudation of the Calimani
volcanic landforms is considerably greater than that observed farther south in the Gurghiu and
northern Harghita Mountains, consistent with the greater geological age of the Calimani
volcanic system.

Outside the caldera, the landscape still preserves the general organisation of a large
composite stratovolcanic complex, characterised by a high central sector surrounded by
extensive lava-flow surfaces and volcaniclastic aprons. These peripheral formations have
subsequently been dissected by a predominantly radial drainage network, producing the
present pattern of elongated ridges and deeply incised valleys.

At the highest elevations, volcanic morphology was additionally modified by Pleistocene
periglacial and locally glacial processes. Frost weathering, nivation, mass movement and
periglacial slope processes further remodeled the volcanic relief, producing a complex
landscape in which primary volcanic structures coexist with erosional scarps, residual ridges,

deeply incised valleys and periglacial landforms.
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4.3. Lava Domes Shaped by Erosion

Volcanic domes are very widespread landforms on the flanks of terrestrial
stratovolcanoes. To better understand the morphological changes undergone by domes of
extinct volcanoes as a result of subaerial erosion, observations of the emplacement
mechanisms of currently active domes are often used. In this respect, the description by Fink
and Anderson (2000) provides a model for explaining the primary morphology, structure and
surface texture of the domes of the Calimani massif.

Highly viscous lavas, with higher silica contents, are particularly important because
they are extruded and accumulate near their vents in the form of domes. If dome lava is more
fluid, it covers the pre-existing topography and forms lava domes or dome-flows. Most domes
occur in subduction settings, where lavas range from andesite to dacite, whereas in intraplate
alkaline volcanism the most common domes consist of trachytic to phonolite lavas
(Schmincke, 2004).

Dacitic lava domes are particularly common, but basaltic, andesitic, trachytic and
rhyolitic lava domes also occur. Because dacitic eruptions are explosive, domes are often
surrounded by a low cone of pyroclastic material. Extrusions normally mark the final event in
an explosive eruptive cycle of a volcanic massif (Francis and Oppenheimer, 2004).

A distinction is generally made between endogenous domes (cryptodomes), in which
highly viscous lava is emplaced close to the surface, and exogenous domes, which result from
the accumulation of viscous lava flows and debris produced by flank collapse. This distinction
is difficult to apply to older, eroded domes. Their growth, usually reaching several million cubic
metres, occurs episodically over several years or decades, with variable extrusion rates.
Domes often fill large explosion craters or align along the ring faults of calderas. Explosive
eruptions may alternate with extrusions and frequently lead to flank collapse (Schmincke,
2004).

The diameter of domes varies from a few metres to several kilometres. In cross-section,
their shape may be circular, elliptical or irregular. Their sides are generally steep, whereas their
summit areas are relatively flat (Phie et al., 1993).

The morphological criterion is often used to classify exogenous domes (Ollier, 1969):
¢ Cumulo-domes: lava assumes a convex form above a vent, either independently or

coalescing with other cumulo-domes, each with its own vent.
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Tholoids: cumulo-domes formed inside the crater of a large volcano; they may reach
several hundred metres in diameter and height.

Piton: a cylindrical type of dome formed by highly viscous lava rapidly emerging from
the vent. During extrusion, the main piton may fragment through explosive activity into
several spines, pitons, extrusion ridges and accumulated debris, according to the
characteristic angle of deposition of the talus.

Spines: smaller-scale extrusions of highly viscous lava through fractures in pitons or
cumulo-domes. They normally have irregular shapes, and extrusion is not uniform; they

frequently exceed 300-500 m in height.

According to morphology, surface texture and eruptive style, several categories of domes

are distinguished (Fink and Anderson, 2000):

Pelean domes (or spine domes), characterized in plan view by a circular form, steep
slopes and spines at the summit;

Plinian domes, smaller and more irregular, less steep, consisting of distinct lobes
around the vent, with alternating block-covered and smoother surfaces;

Flat domes, covered by a carapace of blocks, striations and surface fractures; their
highly irregular form is influenced by topography and their undulating surfaces are
covered with blocks;

Cryptodomes, consisting of lava that never reaches the surface but whose

emplacement deforms the pre-existing topography.

From a geomorphological perspective, domes are regarded as convex monogenic volcanic

landforms of variable dimensions, with basal diameters ranging from tens of metres to

kilometres, and without craters (Reffay, 1980). The following classifications based on

topographic, structural and geomorphological criteria are adopted from this author.

a) Topographic criterion

Elongated domes, with a narrow summit and steep slopes, H/@ = 1;
Dome-shaped domes, resembling a spherical cap, with a broad summit, H/@ < 1;

Bell-shaped domes, distinguished from the preceding category by a basal concavity.

b) Structural criterion

Cryptodomes, in which underground-consolidated lava uplifts the overlying geological
structures;
Protrusion cylinders or plug domes, characterized by the emergence of highly viscous

lava behaving similarly to solidified lava;
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¢ Fan-shaped domes;
e Bulbous domes, in which the first lava emitted spreads without moving far from the
outlet, while later lava emissions consolidate inside the earlier lava and uplift it;
e Exogenous domes.
c) Geomorphological criterion
Two major families are distinguished.
c.1. Domes with a well-defined geomorphological identity, including:
e pitons, or smooth cylindrical protrusions;
« roof mountains, low domes corresponding to cryptodomes formed by the inflation of
flattened lava;
e truncated-cone cryptodomes, in which lava inflation deforms a plastically behaving
cover;
¢ bulbous, spiny domes, with a spiny summit and slopes covered by debris aprons
produced by fragmentation of the carapace and collapse of spines;
e stair-step domes.
c.2. Domes with a hypothetical geomorphological identity, including:
¢ mamelons, with a bell-shaped form and sheet-like lava structure;
¢ closed/open fan-shaped domes or domes consisting of parallel sheets.

A whole series of more complex domes results from combinations of one or several
simple dome types (Reffay, 1982). Their morphology and structure demonstrate the role of
various factors and emplacement conditions, including the topography of the initial surface
and variations in the viscosity of extruded lava, which depend on changes in its geochemical
composition within the magma chamber. The author distinguishes elongated domes—
symmetrical coalescing domes formed along a fissure or asymmetrical domes formed by a
short flow of relatively fluid lava on slopes—from inflated domes, where an initial edifice is
partly covered by lava emerging through weak points in the carapace, and from cratered domes,
including breached craters, phreatic-explosion craters and collapse craters.

The external part of a dome cools more rapidly than its interior, forming a solid crust.
This crust is frequently destroyed during flank collapses and explosive eruptions of varying
intensity associated with increasing internal pressure. Such eruptions may partially or
completely destroy the dome, generating pyroclastic flows and surges that transport material

varying distances from the source, in some cases several kilometres. The more rapidly a dome
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grows, the more numerous its collapses tend to be. Several cycles of dome construction and
destruction may therefore occur throughout the period of volcanic activity.

The primary surface of domes is generally highly irregular, consisting of ridges of angular
blocks separated by fractures and deep depressions. Smoother surfaces occur on either side
of a central fissure (crease structures). Blocks are the most common structural elements at the
surface of domes. Their dimensions vary greatly, from small fragments to blocks more than 5
m in diameter. Their distribution reflects eruptive dynamics and variations in extrusion rates:
high extrusion rates promote rapid fracturing of the lava surface and the production of small
primary blocks, whereas lower extrusion rates produce less intense fracturing and larger blocks
near the vent.

Later, fractures may develop along compressional ridges and central fissures formed
during lava emplacement. This fracturing is cyclic, with periods of fissure growth alternating
with short periods of cooling. Striations form on fracture surfaces, similar to those observed in
columnar lava. The longitudinal axes of central fissures range from less than 3 m to more than
250 m, with emplacement rates ranging from 1 m®/s to more than 100 m%/s. In many cases, the
entire surface of a lava dome may consist of a single lobe formed around a central fracture in
the lava at the outlet. Primary blocks are subsequently fragmented by external morphogenetic
processes, including mechanical and thermal processes.

Variations in block size at the surface of domes and in textures, from glassy to vesicular,
are also observed at different depths. Rhyolitic and dacitic extrusions have a surface layer of
finely vesiculated pumice followed by an obsidian zone. Beneath this upper obsidian layer, a
layer of coarser-vesicle pumice develops as volatiles accumulate in the interior.

Whereas the initial surface of active domes is the most readily studied, old domes
dissected by erosion provide better opportunities to observe their internal structure. Flow
bands are an internal structure characterized by subparallel, planar concentrations of small
crystals or bubbles developed in response to friction along conduit walls during magma
ascent. Dikes commonly cut the interiors of domes, fracturing them; their orientations may be
associated with preferential directions of magmatic and tectonic forces.

The interiors of domes are characterized by porphyritic and aphanitic structures and may be
massive or display flow-banded structures produced by laminar shearing (Phie et al., 1993).
Some domes show concentric, onion-skin foliation, with the extruded magma forming the

upper layer. Complex domes display flow banding and foliations that are difficult to recognize.
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The internal structure of old, eroded domes also displays prismatic and polygonal
fractures reflecting stresses associated with lava advance and cooling. The orientation of
cooling fractures often makes it possible to locate the margins of the primary flow. These
relationships are useful for identifying the extrusion location of dome lava in a volcano-glacial
setting. In such cases, the core of the dome is covered by hyaloclastite.

Dome extrusion normally represents only part of an eruptive sequence that mayinclude
several effusive and explosive phases. The transition from initial explosive activity to effusive
behaviour may be attributed to the stratification of volatiles in the magma chamber: the
volatile-rich upper part of the chamber initially produces an explosive eruption, followed by
eruption of deeper magma with a lower gas content in an effusive manner.

Dense pyroclastic currents result from the destruction of lava domes. These currents

may be generated by the collapse of part of a dome and lava flows (Merapi type), gravitational
collapse of a Vulcanian eruptive column (Soufriere type), or an explosion of a dome plugging
the conduit (Pelée type) (Francis and Oppenheimer, 2004).
The origin of these dense pyroclastic currents and their associated deposits can be determined
by analysing the material they contain. Deposits containing a high proportion of vesiculated
clasts are thought to originate from ash-and-pumice flows produced by collapse of the eruptive
column or by decompression explosions within a dome, whereas block -and-ash deposits are
more likely to result from the collapse of unstable dome flanks. Such deposits may
successively cover the flanks of a stratocone or occupy valleys, and their stratification
indicates the number of events that occurred.

Block-and-ash deposits consist of juvenile magma clasts surrounded by an ash matrix.
These deposits generally follow pre-existing valleys, although in some cases the flow spreads
across slopes or flat terrain. Their surfaces are characterized by block alignments and sharp
levees along the medial, frontal and lateral parts of the deposit. Several dense pyroclastic flows
may occur following a single eruptive event, but the resulting deposit generally covers no more
than 1 km?.

Running water can also dismantle certain domes, although only after a long period of
time, and can create new forms through superimposition. Antecedence does not occur
because newly emplaced lava, upon contact with water, produces phreatic or
phreatomagmatic eruptions. Weathering becomes more effective after a long period of time,
exploiting structural and geochemical characteristics such as original fractures, the

susceptibility of certain constituent minerals to alteration, prolonged fumarolic activity, etc.
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Later volcanic eruptions may also have a more or less destructive effect on dome structures
(Reffay, 1982).

This description summarizes several authors' interpretations concerning the great
diversity of landforms resulting from the extrusion of highly viscous lava. It is mainly useful for
recognizing these forms in the Calimani Massif, where they occur in various stages of
dismantling. Several categories of domes remain recognizable, as erosion has only partially
dismantled their original structures.

The dome categories described above are associated with other similar structures
represented at scale on the geomorphological map. Over areas of varying extent, they are all
surrounded by pyroclastic deposits—block-and-ash deposits, phreatomagmatic fallout
deposits that commonly accompany extrusive emplacement. Epiclastic deposits mainly
surround the bases of these domes, completing the morphology they display under the
influence of contemporary geomorphological processes.

In the Calimani Massif, some domes have recognizable morphologies despite their
ages, between 7.0 and 11.3 Ma (Pécskay et al., 1995a,b). They formed either in the central part
of the massif along the caldera margin (Cica Mica, 8.7 Ma; Pietricelul, 7.2 Ma), on the northern
periphery (the dome structure identified in the Valea 12 Apostoli area, 11.3 Ma), or on the
southeastern periphery (Baiesul, Leul, Tarnita, Varful Mare and Poiana Tarnitei). These domes
possess topographies indicating a more advanced stage of morphological evolution than the
domes of Sancy. Differences also occur in the primary morphology of the domes. Those
consisting of more acidic rocks, such as the dacite of Pietricelul (Fig.4), have morphologies
more reminiscent of cumulo-domes, whereas domes consisting of less acidic andesites

mainly form dome-flows, as in the case of the Baiesul dome-flows (Fig. 5) and Cica Mica.

Fig. 4: The Pietricelul dacitic dome (7.2 Ma), located in the central part of the Calimani, along

the southern edge of the caldera.
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Fig. 5: The Baiesul andesitic lava dome (7.1 Ma), located on the southeastern periphery of the

Calimani Massif.
The primary structures of these domes have been obscured by prolonged erosion, a cover of
periglacial deposits often exceeding 1-2 m in thickness, and colonization by conifers. The
steepest slopes still preserve recent talus deposits stabilized by forest, except for several flank
sectors that remain subject to modest rockfall activity and accumulation of detached blocks

downslope.

4.4. Planézes, Mesas and Inverted Lava Flows

During emplacement, the plastic behavior of lava is controlled mainly by its
geochemical composition, temperature and initial topography. Basic lavas, such as basalts,
generally have lower viscosity than more acidic lavas.

The transition from “pahoehoe” to “aa” lava is commonly observed in basaltic lava
flows, whereas the reverse transition never occurs. More acidic lavas, which form much of
stratovolcanoes, such as andesitic and dacitic lavas, have higher viscosity and consequently
different rheology from basalts. These acidic lavas therefore spread over smaller areas and
volumes and have greater thicknesses than basic lavas.

In acidic lavas, flows are always of “aa” or block-lava type; “pahoehoe” flows are not
possible in this case (Schmincke, 2004). Their advancing fronts may frequently exceed 100 m
in height. Their surfaces consist of variably vesiculated blocks produced by fracturing. Auto-
brecciation occurs as the flow front advances, with detached blocks incorporated into the flow

and forming its basal zone.
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Within the body of the flow, deformation retains its plastic character, and lava moves

slowly without fracturing. During cooling, the interior of an andesitic lava flow may acquire a
massive, columnar structure similar to that of basalts. More acidic dacitic and rhyolitic lavas
can also flow, but in most cases, they form domes (Cas and Wright, 1987; Francis and
Oppenheimer, 2004).
Lava flows generally become emplaced in pre-existing valleys or other topographically low
areas, which they fossilize. When the effusive phase of an eruption ends, the lava gradually
cools. After a long period, erosion removes the softer landforms surrounding the lava flow,
leaving the flow standing as inverted relief.

A planéze is essentially a triangular lava plateau detached by linear erosion from the
flank of a stratocone. Itis bordered by two valleys that diverge downstream. The term, first used
by Emmanuel de Martonne, was borrowed from the name of the Planéze Saint-Flour, a basaltic
plateau on the eastern flank of the Cantal in the Massif Central, covered by glacial deposits. A
planéze is therefore considered a derived volcanic landform produced by erosion over a long
period in the absence of volcanic activity.

A mesa represents another form of inverted relief and implies the presence of a lava
flow surrounded by lowered relief.

These types of inverted lava flows can be identified in the morphology of volcanic
massif. Their spatial distribution is shown at scale on the geomorphological maps of the two
massifs. In both cases, these inverted lava flows have steep scarps ranging from several tens
of metres to 200-300 m in height.

The pyroclastic deposits beneath these lavas were easily eroded, leaving the lava flows
as inverted relief. A cover of stabilized talus surrounds them, demonstrating that present-day

disintegration processes are only weakly developed.

4.5. Eroded Pyroclastic Deposits
The main pyroclastic deposits (tephras) resulted from Plinian eruptions,
phreatomagmatic or Strombolian activity, or activity accompanying dome extrusion. Most
pyroclastic deposits in the Calimani Massif originated from Plinian eruptions.
As described above, the emplacement of extrusive forms such as domes and
protrusions is accompanied by flank-collapse processes and by the formation of block-and-

ash or pumice-and-ash deposits.
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The rate at which pyroclastic deposits are eroded depends on several factors. The
morphogenetic system is particularly important in determining whether erosion is rapid or
slow. Unwelded pyroclastics are friable, and torrential processes begin to develop within them
during the first years after deposition.

Under cold or temperate climatic conditions, valleys are rapidly incised by glaciers or
rivers, while incision and removal of material occur with little obstruction. Interfluve dissection
by headward erosion and stream capture also contribute to morphogenetic evolution across
pyroclastic deposits.

Pyroclastic plateaus are never preserved for as long as lava plateaus. Their relief
becomes strongly fragmented, with narrow interfluves, deep valleys and steep slopes. This is
the case for the ancient pyroclastic plateaus of Calimani, which have been shaped by different

morphogenetic systems since their formation and display all these characteristics.

4.5.1. Landforms Derived from Tectono-Volcanic Relief

The most prominent volcano-tectonic landform in the geomorphological landscape of
Calimaniisits caldera, which occupies the central part of the massif. The present configuration
of the caldera results from collapse of the roof of the magma chamber, followed by fluvial
erosion that breached its northern sector (Seghedi, 1980).

A massive effusion of lava, exceeding 10 km?®, preceded caldera formation (Seghedi,
1987), while the actual collapse is dated to approximately 7.1 = 0.5 Ma (Seghedi et al., 2005).
Absolute-age datings by these authors indicate that post-caldera activity was much more
limited than the activity preceding collapse.

Along a semicircular outline that can easily be recognized on topographic maps and in
the field, steep slopes cut across the initial andesitic lava flows, demonstrating the formation
of the caldera.

Since its formation, the caldera has controlled the development of a drainage network
with clear centripetal characteristics. The Neagra River collects all tributaries draining the
interior of the caldera. Erosion has exhumed subvolcanic bodies inside the caldera, where they

now form a secondary ridge.

4.5.2. Landforms Resulting from Erosion of Ancient Epiclastic Deposits
Epiclastic deposits occupy large areas in both massifs studied. They formed during

periods of volcanic repose and long after volcanic activity had completely ceased. Erosion,
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transport and redeposition of volcanic material by different geomorphological agents and
processes constitute an important part of the evolution of volcanic massifs (Cas and Wright,
1987).

In the Calimani Massif, epiclastic deposits have various origins. Tuffites indicate
sedimentation of airborne fallout in ancient lakes; debris-avalanche and lahar deposits mark
major phases of volcanic-edifice destruction; Pleistocene and Holocene glacial, glaciofluvial
and periglacial deposits indicate morphoclimatic conditions very different from those of the
present; and contemporary deposits—slope deposits, fluvial deposits, anthropogenic deposits
result from processes characteristic of middle and high mountain regions.

Tuffites filled ancient lakes formed either inside caldera depressions or in basins
created by volcanic dams. In Calimani, tuffites occur interbedded with other ancient epiclastic
deposits of various origins forming the southern and southwestern parts of the massif. They are
mainly airborne-fallout deposits that accumulated on the bottom of the former Pliocene
Transylvanian Lake or in smaller, locally important lakes.

Debris-avalanche and lahar deposits make up an important part of the structure of
stratovolcanic massifs. The debris-avalanche phenomenon was observed directly for the first
time during the 18 May 1980 eruption of Mount St. Helens. Before that event, debris-avalanche
deposits (DADs) were commonly interpreted as lahar deposits, pyroclastic-flow deposits,
moraines, etc., because of similarities in their structures, textures and morphologies.

Studies conducted after 1980 showed that these major destructive phenomena accompany
the evolution of almost every stratovolcanic edifice (Van Wyk de Vries and Francis, 1997; Ui
et al., 2000). Destabilization of stratovolcano flanks may have various causes, either
volcanic—formation of cryptodomes, emplacement of intrusions, earthquakes associated
with volcanic activity or non-volcanic, such as alteration of basal layers or accumulation of
volcanic materialwhose weightis no longer adequately supported by older underlying material.

Studies of volcanoes that have recently produced debris avalanches show that these
events create a hummocky topography, consisting of irregular hills of variable shape without
regular arrangement or preferred alignment. Their volume and height decrease toward the
distal part of the DAD.

At a smaller scale, a similar undulating topography is also known from pyroclastic-flow
deposits. However, the regularly undulating morphology of pyroclastic-flow deposits differs
from DAD morphology. Because DADs resemble deposits of other origins, such as moraines,

their identification based solely on topographic criteria is difficult.
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Horseshoe-shaped amphitheatres mark the source area and are generally semicircular
or somewhat elongated.

Analysis of the internal structure of DADs shows blocks surrounded by avalanche
matrix. These blocks are fragments originating from the source zone. They display jigsaw cracks
and multiple deformations but preserve many traces of their primary geological structures and
textures.

Some blocks are fragments torn from the moving surface during avalanche transport.
Their dimensions vary greatly; the maximum observed diameter is 280 m at Mount Shasta (Ui
and Glicken, 1986). This is the largest DAD identified to date, estimated to be 300,000-350,000
years old. The flank collapse height of the volcano was approximately 3,500 m; the deposit was
43 km long, 13 km wide and up to 30 m thick, covered approximately 450 km?* and had a volume
of at least 45 km® (Crandell et al., 1984).

The matrix consists of a mixture of small rock fragments derived from different parts of
the source area; it does not contain jigsaw cracks. The paleomagnetic orientation of clasts
within the matrix is random, indicating that the matrix formed mainly through collision and
fragmentation of blocks.

During transport, materials of various origins (fluvial material, soil, basement rocks,
etc.) may be incorporated into the primary matrix. The abundance of this xenolithic material
increases logarithmically with distance from the source.

The lithology within the few metres immediately above the contact between the DAD
and basement differs from that of other parts of the deposit: fine material is more abundant
and large blocks are absent. Small-scale deformation of sediments is common at the basal
contact because of powerful frictional forces generated during movement.

The terms block facies and matrix facies are used to map DAD zones. In the first, blocks
accumulate to form hummocky terrain, whereas in the second the matrix predominates, and
the topography is relatively flat (Siebert, 1984; Ui et al., 2000).

During transport, some debris avalanches transform into clay-rich lahars, as occurred
at St. Helens in 1980. Lahars affect both active volcanoes (primary lahars) and extinct
volcanoes (secondary lahars). They involve mechanisms, transport modes and depositional
processes similar to debris flows, with water mobilizing volcanic or other materials.

The DAD identified in Calimani by Szakacs and Seghedi (2000) appears to be the largest

in the entire Carpathian chain. According to these authors, its source was in the central-
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western part of the massif, where the Rusca and Tihu summits are now located. These summits
represent the remnants of a stratovolcano destroyed before formation of the caldera.

The estimated dimensions of this DAD indicate a travel distance of at least 55 km, an
area of approximately 870 km? and a volume of about 26 km®. The initial stratovolcano probably
experienced several such flank destabilizations, as indicated by the lobate configuration of the
entire deposit (see Fig. 3in the chapter on eruptive dynamics). This major event in the evolution
of the Calimani Massif occurred approximately 8.5-8 Ma, according to the cited authors, before
caldera formation. One possible cause of destabilization was uplift of the basement produced
in the northern and eastern parts of the massif. The same authors consider that before flank
destabilization the Rusca-Tihu stratovolcano may have reached heights of up to 3,000 m.

Volcanic materials from later eruptions accumulated in the avalanche source area, and
the long period of erosion since the event has erased the topographic traces of the horseshoe-
shaped scar normally produced by stratovolcano flank destabilization.

Major geomorphological consequences must have followed these flank
destabilizations and DAD formation. Local sedimentation basins were probably formed,
providing local base levels for the drainage network established on the southern flank of the
massif.

This may explain the presence of epiclastic deposits (tuffites, fluvial deposits, etc.)
interbedded with debris-avalanche and lahar deposits exposed along the Mures River, which
separates the Calimani Massif to the north from the Gurghiu Massif to the south.

The hypothesis of a volcanically dammed lake temporarily occupying the Giurgeu
intramontane depression can therefore be reconsidered in light of these new interpretations of
Calimani's morphological evolution. The Calimani flank destabilizations may consequently
have had major regional-scale effects.

In the Calimani Massif, epiclastic deposits resulting from lahar transport occur mainly
to the south, southwest and west (Radulescu et al., 1967). South of the massif, these deposits
are interbedded with other types of epiclastic deposits. These deposits are now deeply
dissected by the drainage network and form the volcano-sedimentary complex represented on
the 1:200,000 geological map.

Lahar and torrential deposits also formed along the entire western margin of the massif,
in palaeovalleys followed by lahars. A broad Pliocene piedmont developed at the contact
between the massif and the Transylvanian Depression. Erosion has now destroyed a large part

of this piedmont (Garbacea, 1956).
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Piedmont remnants have been better preserved on interfluves. Good examples of
epiclastic deposits preserved as inverted relief occur there because the andesitic

conglomerates are more resistant than the friable sediments of the Transylvanian Depression.

5. Pleistocene glacial and periglacial modelling

Glacial and periglacial landforms and formations occur in the present-day morphology
as modifications produced by Pleistocene and Holocene processes and agents acting upon
the primary volcanic landforms and formations.

Although Calimani is a volcanic massif, its highest sector also preserves clear evidence
of Pleistocene glaciation. Glacial features were recognized as early as the late nineteenth
century by Athanasiu and were subsequently discussed by Sawicki and later Romanian
geomorphologists. Recent detailed mapping has confirmed that small cirque glaciers
developed in the highest northern and northeastern sectors of the massif during cold
Pleistocene phases (Kern et al., 2006; Ktapyta et al., 2022).

Glacial landforms in the Calimani Massif have been the subject of several publications.
Some authors have recognized clear evidence of Quaternary glaciers in the massif (Bojoi,
1986; Mandrescu, 2006), whereas others have interpreted the forms merely as nivation
features (Sircu, 1964; Naum, 1970).

According to a synthesis concerning the distribution of glaciers in the Romanian
Carpathians (Urdea et al., 2004), Calimani glaciers reached maximum lengths of 3.3 km.
These authors attach considerably greater importance to the presence of glaciers in the massif
than earlier researchers did. They identified evidence for at least 79 glacial entities out of a total
of 570 identified throughout the Romanian Carpathians: 50 cirque glaciers, 14 ice aprons, 14
glaciers and one ice-cap glacier. Together they covered approximately 44.35 km? of the massif.
These glaciers descended to 1,674 m elevation on north-facing slopes and valleys and reached
somewhat lower elevations—1,714 m—on south-facing slopes and valleys. Most were oriented
toward the north (22.75%) and northeast (16.4%), followed by west (16.4%), east (10.1%),
southeast (10.1%), south (8.8%), southwest (7.6%) and northwest (6.3%).

Pre-existing relief factors—elevation, slope, aspect and interfluve orientation—and
climate, particularly the greater continentality of the Pleistocene climate compared with the
present climate, are regarded by these authors as the mostimportant factors controlling glacier

formation in Calimani and the Romanian Carpathians generally.
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The existence of glacial landforms and deposits in Calimani Massif is considered
indisputable. Glaciers appear to have exploited the pre-existing topography and structural
characteristics of the volcanic edifices. The full extent of glacial activity remains to be
determined in future studies. This task will not be easy because classical glacial landforms and
formations that can be readily identified in other mountain massifs, such as the Carpathians
and Alps, are difficult to recognize in Calimani because of the thick cover of periglacial slope
deposits and dense spruce forests occupying valleys and slopes up to approximately 1,700 m
elevation.

The position of the main cirques identified through topographic analysis indicates
different orientations, a fact also noted by Urdea et al. (2004). Glaciers confined to north- and
northeast-facing cirques probably exploited ancient volcanic and volcano-tectonic
depressions formed between stratovolcanic edifices and enlarged by fluvial erosion. GPS
measurements of the dimensions of the two cirques and moraines north of the Pietrosul and
Retitis summits confirmed the existence of at least two generations of moraines at each site
(Kern et al., 2006).

At Retitis, the two moraine ridges are located at approximately 1,925 and 1,915 m
elevation, whereas at Pietrosul they occur at approximately 1,850 and 1,840 m. The glaciers
that formed the two generations of moraine ridges in the Retitis cirque were calculated to have
lengths of approximately 235 and 364 m. The Pietrosul cirque glaciers were approximately 154
and 583 m long. At both sites, the authors estimate that the Quaternary glaciers were small and
had relatively limited down-valley extent. The 10 m distance between the two moraine
generations at each site is relatively small for the ridges to represent two clearly distinct glacial
stages, despite the approximately 75 m difference in elevation between their palaeo-
equilibrium lines.

More recent geomorphological work by Ktapyta, et al. (2022) has significantly expanded
this interpretation. They identified traces of cirque or niche glaciation at ten sites in the
Calimani Mountains, concentrated on the northern slopes of the Bistriciorul, Pietrosul and
Retitis groups. Their reconstruction places the regional Last Glacial Maximum equilibrium-line
altitude broadly between 1,740 and 1,870 m in the northern Romanian Carpathians, while
emphasizing that snow redistribution from the broad outer volcanic slopes played an important
role in sustaining these relatively small glaciers (Ktapyta et al., 2022).

This relationship between volcanic architecture and glaciation is particularly important.

The broad, gently inclined outer slopes provided substantial snow-contributing areas, from
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which wind redistribution and avalanching transferred snow toward favourable cirques. Thus,
glaciation was controlled not only by regional temperature and precipitation but also by the
inherited geometry of the volcanic massif (Ktapyta et al., 2022).

The beginning of the Holocene corresponds to the establishment of periglacial
morphogenetic conditions responsible for retreat of rock cliffs, formation of talus slopes and
other slope deposits, and development of complex landforms such as cryoplanation terraces
and nivation niches (Ichim, 1972).

Above the former glacial limits and on exposed ridges, periglacial processes
subsequently contributed to slope modification. Freeze-thaw weathering, nivation, frost
shattering and gravitational redistribution of debris have progressively altered the volcanic
bedrock and glacial forms, producing talus accumulations and widespread coarse debris on

high slopes (Naum & Butnaru, 1989; Kern et al., 2006).

6. Contemporary geomorphological processes

The Calimani Mountains remain geomorphologically active. Their steep slopes deeply
weathered volcanic rocks, unconsolidated volcaniclastic materials and high-intensity rainfall
favour debris flows, shallow landslides, gullying and rapid channel sediment transfer. Pop et
al. (2017) identified debris flows as an important contemporary morphodynamic process in the
massif, capable of transferring large quantities of sediment from steep slopes into the drainage
network.

Debris-flow activity is particularly significant because it integrates both natural and
anthropogenic controls. Extreme summer precipitation can trigger rapid slope-to-channel
sediment transfer, while areas disturbed by mining, roads or spoil deposits contain greatly
increased volumes of readily mobilized material.

Dendrogeomorphological investigations have shown a higher frequency of debris-flow
events in anthropogenically modified sectors than in comparable natural sectors, strongly
suggesting that human disturbance increases sediment availability and therefore modifies the

natural geomorphic regime (Pop, 2022).

7. Anthropogenic Activities
7.1. Mining Activities in the Calimani Massif
In the past, traditional human activities in the Calimani Massif consisted of pastoralism

and forest exploitation (Somesan, 1933). Shepherds altered the distribution of trees within

41



forests and expanded the areas occupied by shrubs, especially on the eastern, southern,
southwestern and western slopes. The northern slope, with steeper slopes, experienced less
anthropogenic influence.

The southern slopes of the caldera, however, were particularly affected after the
discovery of a sulfur deposit, a resource frequently exploited in volcanic massifs. Some details
concerning the history of sulfur exploitation are presented briefly here in order to better
understand the morphological changes associated with mining activity in the Calimani Massif.

Volcanic activity—explosive, extrusive, effusive, intrusive and volcano-tectonic—
between 11.9 and 6.7 Ma (Pécskay et al., 1995a,b; Seghedi et al., 2005) was followed by
intense post-volcanic fumarolic and solfataric activity characterized by emissions of gases
such as SO, and H,S through fractures. Interaction of these emissions with atmospheric air and
infiltrating water led to sulfur deposition by sublimation.

Around 1854, the geologist P. J. Kremnitzki was the first to describe the native sulfur of
volcanic origin discovered in the Calimani Massif. At that time, the discovery was considered
particularly valuable by local match manufacturers, who were seeking a less expensive source
of raw material than sulfur imported from Sicily.

Small-scale geological prospecting was conducted in 1905 and between 1950 and
1953, according to testimonies from inhabitants of Gura Haitii, located north of the depositand
approximately 15 km from the sulfur-mining area. Later, following prospecting work conducted
between 1962 and 1972, geological studies delineated the exploitable sulfur-deposit
perimeter. The decision to exploit the deposit was taken in 1973. The 66 boreholes drilled, with
a combined length of 19,218 m confirmed the presence of a significant sulfur deposit on the
flanks of the Negoiul Romanesc cone. Geological prospecting identified altered pyroclastic
deposits containing impregnated native sulfur mainly on the flanks of the andesitic Negoiul
Romanesc cone (6.7 Ma) and the dacitic Pietricelul cone (7.2 Ma) (Pécskay et al., 1995).

The andesitic lavas covering these pyroclastic deposits and forming the summits of the
cones contain fractures in which native sulfur accumulated in significant quantities, giving the
impression of a large deposit. Sulfur was concentrated mainly near the surface, within these
fractures, and more rarely impregnated in altered pyroclastics and andesitic lavas.

The ore consists of native sulfur, pyrite, alunite and clay minerals. The sulfur was
deposited during solfataric activity through two types of reactions (Brana, 1967):

a) Areaction between H,S and SO, within the altered pyroclastic levels:

2H,S + S0, » 2H,0 + 3S

42



b) A reaction between H,S and atmospheric oxygen:
2H,S+0,»>2H,0+2S

Initially, attempts were made to find ways of exploiting the iron oxides accompanying
sulfur in the deposit. After several unsuccessful attempts to extract the iron oxides, research
continued to develop a technology for recovering sulfur alone.

Under pressure from communist authorities, geologists' reports were expected to
confirm, at all costs, the existence of a large exploitable sulfur deposit. Discovery of such a
deposit within the country would have reduced imports of the raw material needed by the
chemical industry subsidized by the Communist regime.

Following prospecting conducted between 1963 and 1972, geological studies
delineated the future sulfur-mining area. Several experiments aimed at determining methods
for extracting sulfur from the rock were carried out by researchers at the Romanian Geological
Institute (Huber-Panu et al., 1967).

The deposits were estimated at approximately 30 million tonnes with a sulfur
concentration of 19.79% in the rock, and 31.3 million tonnes with a sulfur concentration of
19.65%. Under these conditions, extraction of approximately 2.5 million tonnes of ore per year
was planned, which at that time would have covered the sulfur requirements of the national
chemical industry.

The decision to exploit the deposit was taken in 1973. Construction work soon began on
buildings—including a sulfur-processing plant, workers' housing and settling ponds—and
infrastructure such as a concrete road and electricity network. These activities profoundly
modified the morphology of the slopes and the ecosystems within the mining area.

The sulfur deposits exploited during 1971-1997 were rapidly exhausted, making the
activity economically unprofitable. Several attempts were made to improve sulfur-extraction
technology, but without satisfactory results.

The infrastructure and modifications undertaken for sulfur exploitation never
adequately considered environmental impacts. Serious errors were therefore made in
selecting spoil-heap locations. On steep slopes near the quarries, spoil material was deposited
chaotically without following the geologists' recommendations, namely the construction of
several stepped platforms.

The fall of the Communist regime in December 1989 led to profound changes in the

continuation of mining operations at the Negoiul Romanesc quarry. Mining was temporarily
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suspended between 1985 and 1992. In 1992, smaller-scale operations resumed and continued
until 1997, when the quarry was permanently closed.

The quarry and spoil heaps are morphologically very unstable, constituting a permanent
threat to forest and aquatic ecosystems and to infrastructure, including the access road to the
central part of the massif and settling and retention dams for waste material and sediments
from the spoil heaps. Land use in this central part of the Calimani Massif, which has been
profoundly modified by mining activities.

At present, more than three decades after final closure of the mine, the abandoned
mining areas have received no rehabilitation. The consequences of decisions made by the
former Communist authorities are costly for the state, which must finance rehabilitation work.
Costs were estimated at approximately 50 million lei, equivalent to about 11 million euros, with
loans obtained from the World Bank.

However, given the scale of the morphodynamic impact and pollution affecting other
environmental components, even rehabilitation work will probably not completely erase the
traces of mining activity in the region. In the future, a form of "natural rehabilitation" is expected
for much of the spoil heaps and for the quarry. Future development of the area could encourage
tourism, including hiking and geotourism, and indirectly contribute to regional economic

development.

7.2. Impact of mining activities and related morphological changes

The natural evolution of the Calimani Caldera was profoundly altered during the second
half of the twentieth century by one of the most extensive high-altitude mining operations
undertaken in Romania: the open-cast exploitation of native sulfur at Negoiul Romanesc.

The deposit was exploited mainly by large-scale open-cast mining, which profoundly
transformed the Negoiul Roméanesc sector. The summit was progressively excavated and
converted into a system of large mining benches, while enormous quantities of waste material
were deposited around the extraction area. Four major spoil heaps, nhamely Dumitrelu, llva,
Pinu and Puturosu developed around the mining perimeter, while processing residues were
deposited in the Dumitrelu tailing pond.

Mining resulted in the effective destruction and artificial reshaping of Negoiul Roméanesc
Peak, the removal of substantial volumes of volcanic rock and the creation of an artificial
stepped morphology. More than 300 ha of terrain were directly or indirectly affected by

excavation, waste disposal, industrial facilities, roads and associated infrastructure.
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The ecological consequences extended well beyond the quarry itself. Removal of
vegetation and soils produced extensive areas of bare and highly unstable substrate, while
sulfur-bearing waste material underwent oxidation and generated strongly acidic conditions.
Surface runoff and drainage from the quarry and spoil heaps affected soils and the
hydrographic network, particularly the upper Neagra Sarului catchment. Aquatic ecosystems,
mountain grasslands and forest ecosystems were consequently subjected to substantial and,
in some sectors, persistent degradation. Habitat fragmentation and the destruction of
vegetation also affected the ecological continuity of the high-altitude spruce and Swiss-pine
environments characteristic of the Calimani massif.

Mining also substantially modified slope stability and local hydrogeological conditions.
Large-scale excavation, blasting, water accumulation within hydrothermally altered volcanic
rocks and progressive destabilization of quarry benches favored landslides and other
gravitational processes, which were already recorded during the 1970s. Thus, the mining
operation generated not only chemical pollution but also a new, essentially anthropogenic
geomorphological system superimposed upon the natural volcanic relief.

Economically, the project illustrates one of the contradictions of centrally planned
industrial development. Sulfur was regarded as a strategically important raw material,
particularly for the chemical industry and the production of sulfuric acid, and the mine
generated substantial employment and major infrastructure investment in an otherwise
remote mountain area. A large mining settlement, access roads, electricity and water-supply
systems, administrative buildings and processing facilities were constructed, and the
operation became an important source of employment for the surrounding region.

However, the deposit proved increasingly difficult and expensive to exploit. The
combination of high altitude, severe climatic conditions, hydrogeological problems, relatively
low ore quality, technological limitations and high extraction and processing costs
progressively undermined its economic viability. Contemporary technical assessments
concluded that the energy and operating costs were disproportionate to the economic value of
the sulfur produced. The operation was therefore ultimately unsustainable economically as
well as environmentally.

The closure of the mine consequently produced a second form of human impact: the
abrupt disappearance of an economic system upon which thousands of workers and their

families had depended. The industrial infrastructure and mining settlement rapidly lost their
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function, while the Romanian state inherited the substantial costs associated with mine
closure, contaminated land and ecological rehabilitation.

Today, the former Negoiul Romanesc sulfur mine constitutes an exceptional example of
the superposition of anthropogenic relief upon a major natural volcanic structure. The quarry
benches, spoil heaps, abandoned industrial surfaces and modified drainage network contrast
sharply with the surrounding volcanic landscape.

Although natural revegetation and rehabilitation measures have progressively modified
parts of the former industrial area, the environmental legacy of mining remains clearly visible
several decades after extraction ceased.

In geomorphological terms, this is particularly significant: within a volcanic landscape
produced over millions of years, approximately three decades of intensive human activity were
sufficient to remove a mountain summit, reorganize slope morphology and drainage, destroy

natural habitats and create entirely new anthropogenic landforms.

7.3. Geomorphic Processes Related to Mining Activity in the Calimani Massif

7.3.1. Geomorphological Processes Present in the Sulfur-Mining Quarry

On the Negoiul Romanesc cone, areas affected by mining activity are located near the
upper timberline and within the lower part of the subalpine belt. At these elevations,
contemporary morphodynamics are dominated by debris flows.

The sulfur quarry is located on the eastern and northeastern slope of the Negoiul
Romaéanesc stratocone. At least 18 benches created during mechanized exploitation of the
sulfur deposit can still be recognized. The horizontal surfaces forming these benches vary in
width from 2 to 14 m, indicating varying degrees of erosion of their edges. These relatively flat
surfaces are connected by slopes 10-20 m high.

Rockfall, landsliding, surface runoff and deflation processes act intensely on these
surfaces, modifying the morphology artificially created before 1997, when mining operations
were completely closed.

Extreme rainfall (>25 mm/day), slopes steeper than 20°, and spoil heaps composed of
unconsolidated materials with heterogeneous grain sizes and petrographic compositions are

factors favouring these processes.

46



Large landslides have also contributed to mobilization of a large part of the spoil heaps.
Other processes include surface runoff, mechanical disintegration caused by freeze-thaw

cycles, and fluvial processes within river channels.

7.3.2. Geomorphological Processes Causing Spoil-Heap Instability

Several spoil heaps were deposited around the quarry and former processing plant.
Their grain size and composition largely reflect the stages and conditions of their
emplacement. Their placement did not always comply with stability standards.

The Pinul spoil heap, the largest, was constructed in the valley drained by the Pinul
stream on slopes containing areas of peat bogs and therefore characterized by high moisture
levels.

The explosions used in quarrying, the methods of spoil deposition, and the high degree
of moisture at the contact between the spoil heaps and the pre-existing surface contributed
greatly to destabilization and triggered several landslides. This occurred in 1979 and again in
subsequent years, when landslides mobilized a large part of the material composing the Pinul
spoil heaps. Subsequently, debris flows developed between the landslide bodies and
transported large quantities of material downstream, depositing it on slopes, in river channels
or behind dams constructed during the 1980s.

Other spoil heaps became morphologically unstable because of intense debris-flow
and hyperconcentrated-flow activity. This is the case of the Dumitrelul spoil heap, deposited
on the western slope of the Negoiul Romanesc stratocone.

Material transported by these flows erodes the pre-existing morphology downstream of
the deposit. The destructive effects on spruce forests result, as in the previous case, from a
combination of mechanical and geochemical impacts produced by material mobilized from

the spoil heaps.

7.3.3. Anthropogenic Aggradation of River Channels
Landslides affecting the Pinul spoil heaps on the northern slope of Negoiul Romanesc
occurred successively in 1979, 1982 and 1983. Over several square kilometres, the forest was
completely destroyed by these landslides.
A more liquefied portion of the landslide mass followed the Pinul valley and deposited
considerable volumes of sediment in the river floodplain. During the major destabilization

events mentioned above, the flow continued several kilometres downstream of the confluence
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with the Neagra River (Bojoi and Brandus, 1984). Most of the sediment volumes deposited at
that time caused accelerated aggradation of the river floodplains.

For approximately two decades, the landslide bodies have appeared more stable than
the surfaces affected by the debris flows that developed later. Materials transported by debris
flows were deposited either on slopes where gradients were lower, or in the Pinul river channel
and behind the sediment-retention dam constructed downstream in the Pinul valley. The
surfaces created after the landslides have been partially colonized by spruce, birch, poplarand
goat willow.

Contemporary morphologies resulting from successive destabilizations of the spoil
heaps on the northern slope of Negoiul Romanesc were mapped in 2008 to establish
relationships between their stability and the rate of tree colonization (Surdeanu et al., 2011),
illustrating this phenomenon. The map of tree-age classes show that the oldest trees were
already 27 years old in 2008. These observations confirm the initial hypothesis concerning the
presence of both stable and unstable surfaces downstream of the Pinul spoil heap.
Geomorphological instability is indicated by sectors colonized by younger trees than those in
areas considered stabilized. Gullies created by debris flows appear to be the most unstable
surfaces by far, which corresponds to the absence of tree colonization.

Mobilization of material from spoil heaps by various geomorphological processes
creates a risk of downstream damage. For example, overflow of sediments from the Dumitrelul
retention basin could have caused catastrophic damage to the stability of the settling lake
constructed approximately 3 km downstream. In 2010, this situation was avoided through
mechanical removal of sediments from the retention basin. Nevertheless, the risk of overflow
remains because of the rapid accumulation of new sediment volumes behind the retention
dam.

Debris flows originating from spoil heaps follow some tributaries of the Neagra River and
cause damage to the access road leading to the quarry. Their deposits are found mixed with the
alluvial deposits of the Neagra River, which drains all runoff water from the mining area,
including water from the Pinul River. The sediment-retention basin constructed on the Neagra
River at the entrance to Gura Haitii village is currently filled with sediment, as is its upstream

floodplain.
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