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Abstract (250 words) 

The timing of motion at the junction of the Dinarides and Hellenides is constrained by combining 

low-temperature thermochronology (ZFT, ZHe and AFT), RSCM estimates of peak temperature (Tp) 

and sedimentary ages near the Shkoder-Peja Normal Fault (SPNF). ZFT and ZHe ages constrain 

cooling of the West Vardar Ophiolite and its underlying mélange from Tp of 238-337°C in Early 

Cretaceous time (103-108 Ma), well after latest Jurassic to earliest Cretaceous obduction onto the 

Adriatic passive margin. Fragments of the margin beneath the mélange experienced upper 

greenschist-facies mylonitization. Subsequent accretion of the Adriatic margin involved SW-directed 

Dinaric nappe stacking and post-nappe folding (Tp of 183-221°C) between 46-49 Ma as constrained 

by ZHe cooling ages. Higher RSCM temperatures (300-460°C) are restricted to Middle Triassic 

granitoids yielding scattered Cretaceous ZFT and ZHe ages. These reflect the precipitation of 

carbonaceous matter during post-intrusive fluid activity. Orogen-parallel extension along the SPNF 

was accompanied in its footwall by doming and mylonitic overprinting of the Dinaric folds. ZHe and 

AFT ages bracket the SPNF’s age at 48 and 21 Ma. Within this range, a Late Oligocene-to-Miocene 

age is favored on stratigraphic grounds. Continued extension involved cataclastic overprinting along 

the SPNF and Mid-Miocene to Pliocene (16-5 Ma) sedimentation in the Metohia-Dukagjini Basin. 

Subsequent extension in Plio-Pleistocene time (5-3 Ma) migrated into the southern part of this 

basin. The SPNF is part of a system of Neogene normal faults that continues to accommodate 

clockwise arcuation and attenuation of the Dinaric-Hellenic chain in response to slab tearing and 

Hellenic roll-back subduction. 

Keywords: Dinarides, Hellenides, orogen-parallel extension and arcuation, low-T 
thermochronology 
 

1. Introduction 

The junction of the Dinarides and northwestern Hellenides in northern Albania and Kosovo 

presently coincides with the transition from oblique Adria-Europe collision in the Dinarides 

to continental rollback subduction in the Hellenides (Fig. 1A, Jouanne et al. 2012, D’Agostino 

et al. 2020, 2022). The orogen at this junction -we refer to the Dinarides and Hellenides as 

segments of one and the same mountain belt- comprises nappes that formed in Late 

Cretaceous-to-Paleogene time and that experienced clockwise arcuation combined with 

orogen-perpendicular extension and shortening, as well as orogen-parallel extension (e.g., 

Schmid et al. 2008, 2020, Handy et al. 2019, Randjelovic et al. 2025). The northernmost 



Hellenides in Albania are sometimes referred to as “Albanides”, even though their nappe 

structure and stratigraphy is identical with the rest of the Hellenides. 

An important structure accommodating part of this arcuation and extension in the 

crust is the Shkoder-Peja Normal Fault (SPNF) that transects the orogen between the towns 

of Shkoder in Albania and Peja in Kosovo (Fig. 1B). The SPNF downthrows and rotates the 

Hellenic segment clockwise with respect to the Dinaric segment. Note that the SPNF only 

coincides with an intracrustal rotation pole, not with the actual lithospheric rotation pole 

which is located north and west of the SPNF as indicated by a bend in the subducted Adriatic 

slab across the Dinaric-Hellenic Junction (yellow star in Fig. 1A, Handy et al. 2019, their figs. 

12, 15). At the surface, this bend coincides with arcuate paleomagnetic declinations in Late 

Cretaceous, Paleogene and Neogene sediments (Handy et al. 2019, their fig. 11 based on 

compiled data of Marton et al. 2003, 2004, de Leeuw et al. 2012, Speranza 1995, Kissel and 

Speranza 1995, van Hinsbergen et al. 2005). Recently, Feriozzi et al. (2025) and Lesić et al. 

(2026) expanded the paleomagnetic data set in northern Albania, indicating that 50-70° 

clockwise rotation of external Dinaric units (Fig. 1B; High Karst or “Albanian Alps”, Budva-

Krasta-Cukali) and ophiolite-bearing units with respect to Adria initiated in post-Cretaceous, 

probably Late Oligocene time. This rotation is interpreted to be primarily associated with 

thrusting in the most external units of the Dinarides (Kruja and Ionian units, Fig. 1B) and 

only to a minor extent with normal faulting along the SPNF. 

The discrepancy between poles for intracrustal rotation and slab bending is 

attributed to decoupling of the subducting lithospheric mantle of the Adriatic Plate from the 

orogenic crust (Handy et al. 2019). Most clockwise arcuation and orogen-parallel extension 

resulted from rollback subduction of the southern branch of the Neotethyan Ocean in the 

Hellenides since the Late Oligocene to Early Miocene. 

Neogene activity of the SPNF and extensional faults in its hanging wall is 

documented by Mio-Pliocene clastic sediments in the Metohia-Dukagjini Basin (Fig. 1B, 

Elezaj 2009; Elezaj and Kodra 2012). In the Hellenic Nappes southeast of the SPNF 

(Peshkopie Window, PW in Fig. 1B), extension was somewhat younger (mid-late Miocene) 

based on thermal modelling of apatite and zircon fission‐track ages and U-Th/He ages 

(Muçeku et al. 2006, 2008). Quantifying displacement on the SPNF is difficult because the 

nappes exposed on either side of the fault differ (Fig. 1B). There are no marker horizons to 

determine offset on the fault due to along-strike changes in Mesozoic facies (Aubouin and 



Dercourt 1975) and nappe structure (Schmid et al. 2008). So far, the age of displacement is 

only loosely constrained by K-Ar illite dating of fault-gouge that points to post-Eocene, 

probably Oligo-Miocene to recent activity (Schmitz et al. 2025). Given the uncertainties of 

existing paleomagnetic measurements and the paucity of thermochronometry along the 

SPNF, tighter temporal constraints on faulting and exhumation at the Dinarides-Hellenides 

Junction are crucial to understand the links between crustal and mantle structure during 

rollback subduction in the Hellenides. 

The SPNF overprints an older transcurrent fault of uncertain age, referred to as the 

Shkoder-Peja Transverse Zone (SPTZ) by Handy et al. (2019). The SPTZ is a former 

transcurrent fault that dextrally offsets the Dinaric and Hellenic nappes, most notably the 

front of the obducted West Vardar Ophiolite (WVO), by some 80 km (Fig. 1B). 

Unfortunately, not all previous workers have distinguished these structurally, kinematically 

and temporally different fault systems, sometimes even referring to both of them by the 

same name (“SPTZ” in the case of Feriozzi et al. 2025 and Rossetti et al. 2026). Obduction of 

the West Vardar Ophiolite occurred at the end of the Jurassic, prior to SW-directed nappe 

stacking in the Dinarides-Hellenides in Late Cretaceous to Early Oligocene time as dated by 

flysch along the nappe contacts (Schmid et al. 2008, Grund et al. 2023). In contrast, activity 

of the SPNF was younger, as demonstrated by this contribution. 

 



 

Figure 1: Tectonic maps of the Central Mediterranean area (A) and Dinarides-Hellenides Junction (B) 

adapted from Schmid et al. (2008, 2020) and Handy et al. (2019): Cities: D = Dubrovnik, P = Peja, S = 

Shkoder, Sa = Sarajevo, T = Tirana; Tectonic structures: Shkoder-Peja Normal Fault (SPNF, thick red line) 

and associated structures PVF = Prizren-Vranica Fault in (B): SK = Shkoder Klippe; CD = Cukali Dome; TB = 

Tropoja Basin; DD = Deçani Dome; DB = Metohia-Dukagjini Basin, DR = Drenas Basin, DK = Dardane-

Kamenica Basin. K-S = Kopaonik and Studenica core-complexes with Oligo-Miocene intrusions in the 

southern Dinarides, J = Jastrebac core-complex. Yellow star in (A) = clockwise rotation pole for bending of 

the Adriatic slab beneath the northwestern Hellenides, adapted from Handy et al. (2019). Red and blue 

dashed lines = Dinaric thrusts (blue) reactivated as Miocene normal faults (red). 

 

In this paper, we combine thermometry by Raman spectroscopy on carbonaceous 

matter (RSCM) with low-T thermochronology (apatite and zircon fission track, zircon (U-

Th)/He analyses) to gain insight into the thermal history of the SPNF and its adjacent units. 

RSCM allows us to constrain the maximum temperatures attained before and during Dinaric 

nappe stacking. It is found that metamorphic conditions in the footwall of the SPNF were 

significantly higher than previously believed, reaching greenschist-facies conditions. By 

applying the aforementioned thermochronometers with retention temperatures bracketing 

the temperature range of the brittle-viscous transition of deformed carbonate rocks along 



the SPNF, we constrain normal faulting along the SPNF to have initiated in late Paleogene to 

Early Neogene time. Extension at the Dinaric-Hellenic Junction continued into Mio-Pliocene 

time with the formation of the Metohia-Dukagjini extensional basin. Finally, we address the 

implications of the new thermochronological ages for the role of extension in 

accommodating arcuation of the Dinaric-Hellenic Orogen. 

 

2. Regional Geology 

2.1 Nappe structure 

The highest structural unit in the Dinaric-Hellenic orogen, the West Vardar Ophiolite (WVO, 

Fig. 1B), in Albania also called the Mirdita Ophiolite (Meço and Aliaj 2000) or Mirdita 

ophiolite complex (Tremblay et al. 2015), is the only marker for measuring displacements 

along the SPTZ. The West Vardar Ophiolite, including its sub-ophiolitic mélange, is a relic of 

the northern branch of the Early Mesozoic Neotethyan Ocean that was obducted onto the 

Adriatic margin in latest Jurassic to earliest Cretaceous time (Babić et al. 2002; Gawlick et al. 

2008; Bortolotti et al. 2013; Scherreiks et al. 2014, Tremblay et al., 2015). The West Vardar 

Ophiolite occupies an area in front of and in the footwall of the more internal Sava Suture 

that marks the onset of the collision of the Adriatic and European Plates (East Vardar 

Ophiolite and Carpatho-Balkan unit) in Late Cretaceous time (Schmid et al. 2008). The 

metamorphic sole of the West Vardar Ophiolite is underlain by a mélange containing both 

continental and oceanic detritus and olistoliths (Bortolotti et al. 2005, 2013; Richter et al. 

2025). Latest Jurassic to lowermost Cretaceous sediments stratigraphically overly the West 

Vardar Ophiolite (Xhomo et al. 2002, Schmid et al., 2008). The most external, i.e., SW-most 

occurrence of the West Vardar Ophiolite is a klippe near Shkoder (Fig. 1B) thrust directly 

onto the Krasta-Cukali Nappe, one of the external nappes of the Dinarides. The nappes of 

the external Dinarides contain no other ophiolitic relicts like this klippe (e.g., Bernoulli 2001; 

Schmid et al. 2008). Hence, the basal thrust of the Shkoder Klippe lies well SW of the original 

obduction front of the West Vardar Ophiolite in the internal Dinarides preserved in the 

klippen of ophiolite in the East-Bosnian-Durmitor composite nappe. Grund et al. (2023) 

argue that the Shkoder Klippe was emplaced during dextral offset along the SPTZ, before 

normal faulting on the SPNF began. These authors postulate that this offset occurred during 

the closure of the Cukali-Krasta-Pindos hemipelagic trough, but substantial parts of this 



offset must have occurred earlier (Handy et al. 2019), e.g., during Early Mesozoic rifting 

(Feriozzi et al. 2025, Aubouin and Dercourt 1975, their “Transversale de Scutari‐Pec”), latest 

Jurassic obduction and/or during Cretaceous nappe stacking. 

The Dinaric and Hellenic nappes beneath the West Vardar Ophiolite are divided into 

internal and external nappes (Fig. 1B) following the compilation and terminology of Schmid 

et al. (2020). The internal Dinaric-Hellenic nappes are composite nappes that comprise 

previously obducted West Vardar Ophiolite on top of continental Adriatic margin 

successions that are themselves imbricated. During imbrication, the West Vardar Ophiolite 

was passively carried on the imbricated successions. In contrast, the external Dinaridic-

Hellenic nappes lack remnants of the West Vardar Ophiolite. These Adria-derived nappes 

comprise Mesozoic carbonates often overlain by Late Cretaceous to Paleogene flysch that is 

preserved along the nappe contacts (Gawlick et al., 2008, 2016, Schmid et al. 2008, 2020). 

Nappe stacking progressed from NE to SW during the Late Cretaceous to Eocene in the case 

of the internal composite nappes, and during the Eocene to earliest Oligocene in the case of 

the external nappes, such as the Krasta-Cukali unit mentioned below. The latter phase of 

accretion, called “main Dinaric” phase, occurred during subduction of the external parts of 

former Greater Adria (e.g., van Hinsbergen et al. 2020) beneath the European Plate (Schmid 

et al. 2008, 2020; van Unen et al. 2019, Balling et al. 2021) and previously accreted internal 

Dinaric-Hellenic nappes. The internal composite nappes (Fig. 1B) are the Jadar-Kapaonik, 

Drina-Ivanjica, East-Bosnian-Durmitor Nappes in the case of the Dinarides, and the Korab-

Pelagonian Nappe (the southeastern equivalent of the Drina-Ivanjica Nappe of the 

Dinarides) in the case of the Hellenides. 

Parts of the external Dinaric Nappes (from top to bottom: Pre-Karst, High Karst, 

Krasta-Cukali, Dalmatian-Kruja and Ionian Nappes) underwent low-grade metamorphism, 

but few studies so far document the physical conditions of this metamorphism. 

Temperatures reached 200-270°C in the High Karst Nappe (Środoń et al. 2018) of the 

external Dinarides at a locality in Croatia some 400 km NNW of the Dinaric-Hellenic 

Junction. Similarly, the Drina-Ivanjica Nappe of the internal Dinarides experienced 

anchizonal to lower greenschist-facies conditions (260-300°C; Porkoláb et al. 2019). The 

authors attribute this metamorphism to tectonic burial in latest Jurassic to Early Cretaceous 

time (150-135 Ma K-Ar illite; Porkoláb et al. 2019), but its age is poorly constrained, 

especially in basement rocks. Variscan or Paleogene (Dinaric) ages are also possible. Only a 



few Raman spectroscopy measurements (RSCM) are available for the central part of the 

Cukali Dome so far (Fig. 1B, Schmitz et al. 2025) and indicate peak temperatures of 180-

270°C. Thermochronometric ages are also sparse at the Dinaric-Hellenic Junction, with the 

zircon and apatite fission track (ZFT, AFT), and apatite U-Th/He (AHe) systems yielding 

cooling ages that generally young from SW to NE across the orogen, going from the external 

to internal Dinarides (Muçeku et al. 2008, Rossetti et al. 2024). The relationship of peak 

temperature to the age of deformation and metamorphism at the Dinaric-Hellenic Junction 

remains poorly constrained. 



 

Figure 2: Geological map of the Dinaric–Hellenic Junction corrected from Grund et al. (2023, their fig. 3). 

Bold red letters indicate segments of the SPNF: CT Cukali–Tropoja Fault, PF Peja Fault, RF Rožaje Fault, IF 

Istog Fault. Bold black letters indicate other faults: DSZ Deçani Shear Zone, DF Dukagjini Fault, PV Prizren-

Vranica Fault. Inset map, TB Tropoja Basin, DB Metohia-Dukagjini Basin, DR Drenas Basin. Red and blue 

dashed lines = Dinaric thrusts (blue) reactivated as Miocene normal faults (red). Red star in the inset map 

marks intracrustal rotation pole of the SPNF system (Handy et al. 2019). Nappe structure after Schmid et 

al. (2008 and 2020). Lithological units adopted from the national geological maps of Albania (1:200,000 



and 1:50,000, Xhomo et al. 2002) and former Yugoslavia, maps: K 34–53 “Pec”, K34-65 “Kukes” (Osnovna 

Geološka Karta SFRJ, 1:100.000 1966–1977, Antonijević 1969). Note that the West Vardar Ophiolite is 

modified from the Yugoslavian map to include a basal mélange with fragments of the underlying Dinaric 

nappes. Depth to basement in the DB taken from the Tectonic Map of Kosovo 1:200.000 (Legler et al. 

2006). CRS of map: WGS 84, UTM zone 34N, DEM based on ASTER GDEM (Abrams et al. 2020) 

 

2.2 The Shkoder-Peja Normal Fault (SPNF) 

The SPNF comprises two main segments that from SW to NE cut progressively higher 

units of the NE-dipping Dinaric nappe stack in their footwall (labelled CT and PF in Fig. 2): (1) 

the Cukali-Tropoja Fault (CT), a SE-dipping normal fault and associated mylonitic shear zone 

in its footwall (Handy et al. 2019, Grund et al. 2023), that skirts and deforms the SE rim of 

the Cukali Dome (Fig. 1B, Schmitz et al. 2025). It then reaches to the NE along the NW rim of 

the West Vardar Ophiolite (as part of the Korab-Pelagonian Nappe) in its hanging wall, and is 

finally found further northeast adjacent to the northern rim of the small Plio-Pleistocene 

Tropoja Basin in its hanging wall, near the town of Bajram Curri (Fig. 2); (2) the Peja segment 

(P), an arcuate E- and SE-dipping normal fault that follows a subsurface offset of Miocene 

sediments in the Metohia-Dukagjini Basin, passing near the towns of Deçani, Peja, and 

further to the northeast, south of the town of Istog. We note that the Peja segment 

corresponds in part to the Dukagjini Fault of Grund et al. (2023), as explained below. Note 

also that the Peja segment of the SPNF is not connected to a minor fault in its footwall that 

Grund et al. (2023) referred to as the Istog Fault and envisaged as being an important 

normal fault offsetting the base of the West Vardar Ophiolite. In this contribution, this 

normal fault is not considered to be a main segment of the SPNF. 

The Cukali-Tropoja Fault is the main branch of the SPNF exposed at the surface. Its 

vertical throw increases from SW to NE (Handy et al. 2019), from zero near Shkoder to as 

much as 7000 m based on along-strike projections of Dinaric nappe contacts in profile 

constructions (Handy et al. 2019; Schmitz et al. 2025). From there, the SPNF cuts eastward 

(Fig. 2, Schmid et al. 2020), separating a slice of West Vardar Ophiolite with basal mélange in 

the composite East Bosnian-Durmitor Nappe in its footwall from another slice of West 

Vardar Ophiolite in its hanging wall with a different basal mélange that is part of the 

composite Korab-Pelagonian Nappe. The latter is the lateral equivalent of the composite 

Drina-Ivanjica nappe (Schmid et al. 2020). 



We emphasize that the trace of the SPNF described here and shown in Figure 2 cor-

rects the map of Grund et al. (2023, their Fig. 3) who erroneously depicted the SPNF at the 

Albanian-Kosovarian border as running along the base of the West Vardar Ophiolite west of 

the town of Deçani instead of eastwards to the Peja segment below the westernmost part 

of the Metohia-Dukagjini Basin. They incorrectly connected the SPNF with the Deçani Shear 

Zone (DSZ) that is clearly older, as shown below. 

The fabrics of the fault rocks of the SPNF along the Cukali-Tropoja segment grade 

from carbonate rocks mylonitized under greenschist-facies condition to cataclastic faults 

and gouges towards the hanging wall (Handy et al. 2019, their Fig. 4). This is consistent with 

measured stretching lineations and shear-sense criteria indicating that shearing 

accommodated top-E- to top-SE extensional exhumation (Handy et al. 2019, their Fig. 3) and 

juxtaposition of a warm footwall with the cooler hanging wall. Gouges with authigenic illite 

yield ~34.4 to 6.2 Ma model ages (Schmitz et al. 2025). 

The Peja segment of the SPNF follows what Legler et al. (2006) named the Western 

Dukagjini Fault. The exact location of this segment is hidden by the youngest Plio-

Pleistocene strata of the Metohia-Dukagjini Basin and can only be inferred from the depth 

contours of the Cenozoic basal unconformity (Fig. 2), as described below (Legler et al. 2006, 

Linder and Perkuhn 2013). Neotectonic activity along both the Cukali-Tropoja and Peja 

segments of the SPNF has been detected by geodetic and stratigraphic studies, as cited 

below and discussed in the context of our age data in the following chapters. 

 

2.3 Domes and shear zones 

Several domes in the footwall on the SPNF (Grund et al. 2023) expose shear zones in 

the Dinaric nappe stack that accommodated orogen-normal and -parallel motion (Figs. 1B, 

2, Randjelovic et al. 2025). The Cukali Dome in the tectonic half-window of the same name is 

a SW-NE oriented doubly-plunging anticline that exposes intensely folded, NW-SE striking 

strata of the Krasta-Cukali Nappe truncated at high angles by the Cukali-Tropoja segment of 

the SPNF (Schmitz et al. 2025). The central part of the Cukali Dome contains Late Triassic 

and Early Jurassic carbonates (Cvijić 1901; Louis 1927; Xhomo et al. 2002) capped by Late 

Cretaceous to Paleogene flysch (Xhomo et al. 2002). The NW limb of the Cukali Dome (Fig. 

2) is delimited by the NW-dipping Kiri Normal Fault that reworks the basal thrust of the 



overlying High Karst Nappe (KF in Fig. 2). This fault is conjugate to the Cukali-Tropoja 

segment of the SPNF (Handy et al. 2019). 

The Deçani Dome (Fig. 2) is located to the NE of the Cukali Dome and exposes the 

East Bosnian-Durmitor composite nappe. This curved eastern rim of the Deçani Dome is 

flanked by a ~1 km-wide, E- to SE-dipping greenschist-facies mylonite zone, termed the 

Deçani Shear Zone (DSZ in Fig. 2, Grund et al. 2023). These authors record predominantly 

top-SE to -SSE, hanging-wall-down motion in two outcrops of the Deçani Shear Zone (their 

Fig. 6). Its footwall includes Paleozoic metasediments and Mesozoic strata of the East 

Bosnian-Durmitor Nappe (Fig. 2), whereas its hanging wall carries ophiolites and basal 

mélange of the West Vardar Ophiolite forming the structurally higher part of the East 

Bosnian-Durmitor Nappe. The core of the Deçani Dome comprises lower Paleozoic 

metasediments and basement intruded by granitoids (Fig. 2) of early Early-Middle Triassic 

(242-247 Ma) age (Antonijević 1969, Haklaj and Tashko 2012, Tola and Muçeku 2018). 

The continuation of the Deçani Shear Zone to the northwest is unclear. Possibly, it 

connects with a post-Eocene, NE-dipping normal fault, the Northern Montenegro Fault 

(NMF in Fig. 2, Randjelovic et al. 2025). However, a late brittle fault offsets these faults 

(Antonijević 1969, Dimitrievic 1997, Randjelovic et al. 2025), rendering a direct connection 

between them questionable (question mark in Fig. 2). The Northern Montenegro Fault is 

characterized by lower greenschist-facies mylonite that accommodated top-NNE to -NE 

directed shearing (Randjelovic et al. 2025), in contrast to the aforementioned motion on the 

Decani Shear Zone (Grund et al. 2023). 

The southern end of the Deçani Shear Zone is equally ambiguous. Either it is cut by a 

NE-dipping normal fault reactivating the basal thrust of the East Bosnian-Durmitor Nappe 

onto the Pre-Karst Nappe (Fig. 2, Dimitrievic 1997, their Fig. 20), or it merges with the latter. 

This normal fault excised a thin slice of the Pre-Karst Nappe (Vermoshi Flysch) in its footwall 

in post-Eocene time (Randjelovic et al. 2025). 

Thus, the relations above allow two possibilities for the age of the Deçani Shear 

Zone: it is either coeval with or older than previously mapped post-Eocene extensional 

faults in the footwall of the SPNF. We note that none of the faults mentioned above offset 

the SPNF in existing maps and therefore must be older than the latter (Fig. 2). 

The Rožaje Fault (RF, Fig. 2) has been interpreted either as a fault branching off of 

the SPNF near the town of Peja (Schmid et al. 2020) or an equivalent to the Northern 



Montenegro Fault that was offset by late steep normal faults (Randjelovic et al. 2025, their 

Fig. 8B). The Rožaje Fault reactivated the former thrust of the Drina-Ivanjica Nappe onto the 

East Bosnian-Durmitor Nappe, exhuming the latter in its footwall (Randjelovic et al. 2025). 

The NNW-SSE strike of the Rožaje Fault is at a high angle to the curved Peja segment of the 

SPNF (Fig. 2). The complex geometry of these fault segments that run both parallel and 

oblique to former nappe contacts reflects the overall multi-directional (orogen-normal and 

orogen-parallel) extension of the internal Dinaric Nappes (Randjelovic et al. 2025), as 

discussed below. 

 

2.4 Neogene sedimentary basins 

The Metohia-Dukagjini and Tropoja Basins occupy the hanging wall of the SPNF and receive 

their sediments from the Dinaric Nappes in the footwall, where the high peaks of the 

Albanian Alps have a topographic relief of some 2500m (Fig. 1B, Elezaj and Kodra 2012; 

Meier 2012). The Metohia-Dukagjini Basin, also termed Metohija Basin (Elezaj 2009) or 

Western Kosovo Basin (Gemignani et al. 2022), is bounded by normal and oblique slip faults 

(Fig. 2). It has a half-graben geometry with outcrops of Miocene deposits occurring near the 

town of Peja. The deepest, northwestern part of the basin contains Middle-Late Miocene 

clastic, volcanic and lacustrine sedimentary rocks (16-5.3 Ma, ages from ICS stratigraphic 

table of Cohen et al. 2022) that unconformably overly the West Vardar Ophiolite and its 

Mesozoic cover, as well as the underlying Mesozoic cover of the composite Drina-Ivanjica 

Nappe. The Miocene basinal rocks are themselves unconformably overlain by thick Pliocene 

and Pleistocene sediments (Elezaj 2009, Linder and Perkuhn 2013, their Fig. 4.10, cross-

section BB’). The subsurface trace of the SPNF in Figure 2 is drawn adjacent to the circular 

contours of maximum basin depth where Miocene strata occur. The maximum thickness of 

basinal deposits there (Miocene and Plio-Pleistocene) is ~1000 m as estimated from drilling 

and geo-electric imaging (depth contours in Fig. 2, Legler et al. 2006, ). Add to this the 

2400m of topographic relief in the footwall of the SPNF, and the minimum offset along this 

part of the SPNF amounts to ~3400m. 

The southern part of the Metohia-Dukagjini Basin and the smaller Tropoja Basin (Fig. 

2) are shallower and contain only Pliocene and younger strata (Xhomo et al. 2002; 

Gemignani et al. 2022). The thickness of the Pliocene layers varies across the subsurface 



faults (Fig. 2), but the entire Pliocene sequence, including some of these faults, is sealed by 

unconformities, e.g., at the base of undeformed to slightly deformed Pleistocene and 

Holocene sediments (Handy et al. 2019, their Fig. 6). 

We use the term “Dukagjini Fault” only for the subsurface fault in the southwestern 

part of the Metohia-Dukagjini Basin, labelled DF in Figure 2. This fault coincides with an 

eastward increase in thickness of Pliocene sediments in its hanging wall. The Dukagjini Fault 

joins to the north with the subsurface Peja segment of the SPNF (Fig. 2) which also marks a 

jump in the thickness of Pliocene sediments (Linder and Perkuhn 2013). Note that this usage 

differs from Grund et al. (2023) who in their maps depict the Dukagjini Fault as unconnected 

with the SPNF. 

In the Tropoja Basin, alluvial fans with Pleistocene sediments overlying the SPNF are 

not displaced by the fault (Gemignani et al. 2022, their Fig. 3), although within the basin 

itself, sediments in river terraces locally show minor deformation. GPS-based studies 

indicate that orogen-parallel extension is still active in adjacent areas (Jouanne et al. 2012, 

D’Agostino et al. 2020, 2022, Gürbüz et al. 2024). 

To conclude this regional geologic overview, extensional faulting in the Metohia-

Dukagini Basin occurred intermittently over a broad time interval, beginning in Oligocene to 

Late Miocene time in the northern part of the basin along the SPNF. Normal faulting 

continued in Pliocene time, reaching into the southern part of the Metohia-Dukagjini Basin 

along the Dukagjini and Prizren-Vranica Faults (Fig. 2), where extension persists to the 

present day. 

 

3. Analytical Methods 

3.1 Sampling strategy 

RSCM thermometry (Fig. 3) and low-T thermochronology (Fig. 4) were used to determine to 

what degree and at what time the foot- and hanging walls of the SPNF experienced 

differential cooling due to normal faulting. In addition, we hoped to date cooling related to 

the obduction of the West Vardar Ophiolite. To this end, we sampled siliciclastic and felsic 

magmatic lithologies across and along the SPNF, both in exhumed Dinaric Nappes of the 

footwall and West Vardar Ophiolite in the hanging wall. 



A total of 52 samples were collected (sample size ~10-25 kg) and processed using 

standard mineral separation techniques at the FU Berlin and the University of Innsbruck to 

obtain datable apatite and zircon grains. From these samples, 15 were selected for apatite 

fission track (AFT) analysis, 13 for zircon fission track (ZFT) analysis, and 17 for zircon (U–

Th)/He or ZHe analysis. Included in the compilation are three more AFT data and one each 

of ZHe and ZFT data from Muçeku et al. (2006, 2008, their sample locations and ages are 

italicized in Fig. 4). The modest number of samples used for dating reflects the dearth of 

heavy minerals in the samples, as well as the highly weathered nature of the rocks. The 

Dinaric Nappes in the footwall of the SPNF comprise predominantly carbonate rocks of the 

Adriatic passive margin, whereas the hanging wall contains strongly weathered ophiolites 

intercalated with deep-sea sediments. 

From each of a total of 30 samples, we made a polished thin-section for the 

determination of peak temperatures with the Raman spectroscopy on carbonaceous 

material (RSCM) method. A brief description of the lithologies sampled, the sample numbers 

and their locations appear in Table 1, Figures 3 and 4, and are listed in Tables A1, A2, A3 

and A4 of the appendix. 

 

3.2 Peak-Temperature Thermometry 

Raman spectroscopy of carbonaceous material (RSCM) characterizes the irreversible 

transformation of immature organic matter to crystalline graphite. This transformation is 

primarily influenced by temperature (Beyssac et al. 2002) and records the peak-

metamorphic temperatures experienced by a rock that contains organic matter (Rahl et al. 

2005, Beyssac et al. 2007, Wiederkehr et al. 2011, Lünsdorf and Lünsdorf 2016, Lünsdorf et 

al. 2017). Detailed descriptions of this method and the software settings used are given in 

Appendices A1 and A6. The 30 samples yield peak temperatures in the range of ~183°C to 

458°C (Fig. 3, Table A1). This range falls within the calibration limits of the RSCM method 

(160-600°C; Lünsdorf et al. 2017).  

To visualize the spatial distribution of peak temperatures in Figures 3 and 4, we 

contoured the data with an Ordinary Kriging analysis (Krige 1951) using the Smart-Map 

Plugin 1.0.0 in QGIS 3.22.6 software. A grid-size of 2000 m yielded the best visualization of 

peak-temperature contours (Fig. 3). Kriging of the peak temperature estimates was not 

performed for samples of Triassic granite or for areas with few or no data. 



 

 
Figure 3: Map of RSCM peak temperatures in the foot- and hanging walls of the main part of the Shkoder-

Peja Normal Fault (SPNF). Map covers the area outlined (black) in Fig. 1B. Nappes in the legend listed 

from highest to lowest, and named according to Schmid et al. (2008, 2020). CT = Cukali-Tropoja segment 

of SPNF; PF = Peja segment of SPNF; KF = Kiri Normal Fault; DSZ = Deçani Shear Zone; RF = Rožaje Normal 

Fault; NMF = Northern Montenegro Fault; IF = Istog Normal Fault; DF = southern segment of the 

Dukagjini Normal Fault (dashed gray line, subsurface). Red and blue dashed lines = Dinaric thrusts (blue) 

reactivated as Miocene normal faults (red). White circles mark sample locations for RSCM analysis with 

maximum peak temperatures in °C and errors at the 95% confidence interval (Tab. A1 in the Appendix). 

Sample coordinates listed in Tab. A1 (Appendix). Note that samples outside of this area (Al-MG_58, Al-

MG_59, Al-MG_60 and Al-MG_61) are plotted on the inset map to Fig. 4. Crosses mark points of 

intersection of longitudinal and latitudinal lines marked along the map frame. DEM based on ASTER 

GDEM (Abrams et al. 2020). 

 

3.3 Thermochronology 

We used three thermochronological systems with temperature ranges for partial annealing 

(TPAZ, Laslett et al. 1987; PAZ = partial annealing zone) and partial retentivity (TPRZ, Reiners et 

al. 2005; PRZ = partial retention zone) zones between 60° and 280° (Reiners and Brandon 

2006) to track the history of peak temperatures experienced by exhumed rocks at the 

Dinaric-Hellenic Junction. This temperature range overlaps with the peak temperatures in 

the area obtained from RSCM (Fig. 3) as well as with the syntectonic temperatures 

estimated from retrograde deformational fabrics in calcite-rich rocks (chapter 5.4). 

Correlating these fabrics with thermochronology allows us to constrain the age of 

decreasing temperature associated with mylonitic shearing and exhumation in the footwall 

of the SPNF (see chapter 5.4 below). 



The ZHe system has a PRZ in the temperature range of TPRZ = 140-180°C (Reiners et 

al. 2005, Reiners and Brandon 2006). In the case of apatite- and zircon fission track 

thermochronology, the annealing of fission tracks can reset their ages in their PAZs, 

respectively, at TPAZ of 240-280°C (ZFT) and 60-110°C (AFT, Reiners and Brandon 2006, Fig. 

5). All ages obtained with these systems are thus apparent ages, as partial 

annealing/retention during cooling cannot be excluded. 

 



Figure 4: Sample locations (red dots) and thermochronological ages (numbers in boxes) at the Dinaric-

Hellenic Junction. Ages marked in black come from samples that experienced Tp ≥ TPAZ of the ZFT and AFT 

systems, and Tp ≥ TPRZ of the ZHe system, and have a 2 age error < 30% of the central age. Ages marked 

in red are from samples that experienced Tp ≤ TPAZ and ≤ TPRZ. Ages and/or errors marked in blue have a 

2 age error > 30% of the central age. Blue and red ages are not plotted in Fig. 5B and therefore not 

considered relevant for the age of faulting along the SPNF (see text). Ages from sample numbers in italics 

are from Muçeku et al. (2006, 2008) and given with 1σ errors. Abbreviations: CT = Cukali-Tropoja Normal 

Fault; KF = Kiri Normal Fault; DSZ = Deçani Shear Zone, RF = Rožaje Normal Fault; IF = Istog Normal Fault; 

DF = southern segment of the Dukagjini Normal Fault; DB = Metohia-Dukagjini Basin; TB = Tropoja Basin; 

PVF = Prizren-Vranica Fault. Red and blue dashed lines = Dinaric thrusts (blue) reactivated as Miocene 

normal faults (red). Peak temperature contours as in Fig. 3. DEM based on ASTER GDEM (Abrams et al. 

2020). The inset map (lower right) shows locations of samples and Tp values from RSCM near the 

Peshkopie Window (PW). 

 
3.3.1 Sample preparation 

AFT and ZFT analyses were performed with the external detector method introduced by 

Gleadow (1981) and the zeta-calibration approach (Hurford and Green 1983) at the FU 

Berlin (AFT) and the University of Innsbruck (AFT and ZFT). A detailed routine procedure and 

analytical data can be found in Appendix A2, Tab. A2 and Fig. A2 for ZFT as well as in 

Appendix A4, Tab. A4 and Fig. A4 for AFT. 

ZHe analyses were carried out at the University of Potsdam (alphachron for He) and 

Helmholtz Centre Potsdam–GFZ German Research Centre for Geosciences (ICP-MS for U, Th, 

Sm) were obtained using the procedure described in Galetto et al. (2021, see also 

Gemignani et al. 2025, their text S1). Five single grain aliquots were measured per sample. 

However, single grains with large analytical errors, low or very high uranium contents or 

alpha decay crystal damage were excluded from the data set. Ages were calculated using 

standard alpha-ejection corrections assuming a homogeneous U and Th distribution (e.g., 

Hourigan et al. 2005). A detailed description of the procedure is given in Appendix A3. Both 

uncorrected and alpha-ejection corrected cooling ages and additional analytical data are 

reported in Table A3.  

 

4. Results 

4.1 Peak temperatures  



All RSCM and thermochronometric data are listed in Table A1. The Cukali Dome experienced 

the lowest peak temperatures (Tp) of 183-281°C, especially in its SW part near the town of 

Shkoder (Fig. 3). Tp contours in the Cukali Dome trend at high angles to the dome axis as 

well as to the contact with the overlying High Karst Nappe. A sample from the Tropoja Dome 

in the immediate footwall of the Cukali-Tropoja segment of the SPNF yields 320°C (AL-

JGI_163). Samples in the Deçani Dome further to the east yield higher Tp, in the range of 

324-458°C (Fig. 3). Three of these samples yielding the highest Tp of 406-458°C (samples Al-

JGI_162, Al-MG_231, and Al-MG_234, Appendix, Table A1) are of granitic gneisses from the 

East Bosnian-Durmitor Nappe (red boxes in Fig. 3) that contain carbonaceous matter. These 

temperatures are far below solidus temperatures for hydrous granite and are therefore 

interpreted as related to late- to post-intrusive, possibly hydrothermal activity, as discussed 

below. 

The shape of the Tp contours in the vicinity of the Deçani Dome is poorly constrained 

due to the paucity of samples. Where sufficient data are available, i.e., between Shkoder 

and Peja, the contours run at high angles to the SPNF (Fig. 3) and are therefore interpreted 

to be cut by the latter. This in keeping with the observation that the SPNF cuts the Dinaric 

nappe contacts in its footwall and the basal obduction thrust of the West Vardar Ophiolite in 

its hanging wall. The SPNF thus separates two completely different T fields from distinct 

tectonometamorphic regimes. The mylonitic foliation in the footwall of the SPNF is dragged 

into concordance with the SPNF as deformational fabrics grade from mylonitic to cataclastic 

towards the hanging wall (Grund et al. 2023, Handy et al. 2019). 

The amount of carbonaceous material in samples of sub-ophiolitic mélange was 

insufficient to determine peak temperatures except at one locality near Deçani (TP = 

337±11°C) and in the footwall of the NE branch of the SPNF in the Istog region (238-278°C, 

Fig. 3). 

Samples from the SW border of the Peshkopia Window (inset map of Fig. 4) located 

well to the SE of the SPNF yield Tp between 193° and 204°C in the Krasta-Cukali Nappe (Fig. 

4, Appendix Tab. A1). The Peshkopie Window is the core of a NW-SE trending dome that 

exposes the entire NW-Hellenic nappe stack in the footwall of the Prizren-Vranica Fault (PV 

in Figs. 2 and inset to Fig. 4), a Pliocene normal fault that dips to the NW and is conjugate to 

the SPNF (Handy et al. 2019, their Figs. 5-6). 

 



4.2 Low-temperature thermochronology 

The AFT, ZHe and ZFT systems yield distinct age trends across and along strike of the 

footwall of the SPNF, as shown in Figures 4-6 based on the data listed in Table 1. The 

samples, their measuring parameters, ages and host rocks are listed in Tables A2-A4 of the 

Appendix. 

Figure 4 depicts all FT data, with symbols indicating the thermochronological 

systems and colors corresponding to the age type and error magnitude. The color-coding is 

based on the Tp vs. age discrimination diagram in Figure 5 that distinguishes samples which 

experienced Tp > TPAZ and Tp > TPRZ (reset ages; black labels) from samples at Tp < TPAZ and Tp 

< TPRZ (inherited and/or mixed ages; red labels). Blue labels indicate imprecise data with 2 

error > 30% of the central age. ZFT and ZHe data are only interpreted as reset ages if the 

peak temperatures recorded by RSCM were attained at or after the time of deposition (for 

metasediments) or crystallization (for magmatic rocks) of the host rock. In metasediments 

where the thermochronological age exceeds the stratigraphic age, the former is likely to be 

an inherited or mixed age, partly reflecting the age of tectonothermal events in the eroded 

hinterland. Mixed ages from the hinterland of the Dinarides are expected from samples 

where the peak temperature was insufficiently high or long-lived to open the system to He 

diffusion (in the case of the ZHe system) or to completely anneal fission tracks (in the case 

of the AFT and ZFT systems) and therefore insufficient to fully reset the crystals (Carlson et 

al. 1999; Ketcham et al. 2007; Guedes et al. 2013; Malusà and Fitzgerald 2019). 

We note that some AFT and ZFT samples in this study have data with P(χ2) values of 

<5 % , meaning that grains do not share a single age population and have a scatter 

exceeding the expected analytical uncertainty (Appendix tables A2, A4; Galbraith 2008; 

2010). Single grain age distributions shown in the radial plots (Appendix, Figs. A2 and A4) do 

not clearly indicate different age populations. Interpretation of the results must also 

consider the potential partial resetting of single-grain ages. For ZFT data, the small crystal 

sizes and intense zoning of the crystals limit both the number of countable grains and the 

extent of suitable counting areas. Therefore, ZFT samples with data having a 2 error > 30% 

of the central age are considered too imprecise for meaningful geological interpretation and 

are therefore disregarded in the tectonic analysis below. It was not possible to measure 

enough confined track lengths in apatite to perform cooling-path modeling, which would 

have provided additional constraints for the interpretation of the AFT data. 



Figure 6 shows only ZHe and AFT ages projected onto three swath profiles along (Fig. 

6A) and across (Figs. 6B, C) the SPNF. Topographic lines along these swaths are included to 

assess whether or not ages vary with elevation. 

 

4.2.1 ZFT ages 

Of the fourteen ZFT age determinations, five are from samples that experienced Tp well 

above the upper limit of the PAZ for zircon (~280 °C) in the footwall of the SPNF. One of 

these samples yields an age of 108±13 Ma (AL-JGI_158) and comes from sub-ophiolitic 

mélange near Deçani where a peak temperature >300°C was reached (Fig. 4). The rest of the 

samples have ages ranging from 68-103 Ma (samples AL-JGI_161, AL-JGI_162, AL-JGI_130, 

and sample AM15-00 from Muçeku et al. 2006) and come from Early Triassic granitoids of 

the East-Bosnian-Durmitor Nappe, where RSCM records peak temperatures of ~300-400°C 

(Fig. 4). These five ZFT ages at Tp > TPAZ are interpreted to record two distinct 

tectonothermal events in Early-Middle Mesozoic time: ophiolitic emplacement and post-

intrusive metasomatism of the granitoids, as discussed below. 

Of the nine ZFT ages from samples that experienced Tp ≤ TPAZ (Fig. 5), four of these 

come from Late Jurassic sub-ophiolitic mélange (Al-JGI_163, SZ13-34, SZ13-40, Al-MG_139) 

and five from Late Cretaceous-Paleogene flysch of the Krasta-Cukali Nappe. Irrespective of 

their proximity to the SPNF, the ZFT ages of these nine samples range from 99-319 Ma, 

overlapping with, and exceeding, the stratigraphic ages of their protoliths (Table 1). They all 

have large 2 errors, in one case (MH_301) exceeding 30% of that sample’s central age. 

We attribute the large scatter and errors of these ZFT ages to incomplete resetting of 

the ZFT system at low temperatures, which ranged from ~240-280°C (Fig. 5, Table 1). We 

speculate that these ages reflect a combination of thermal inheritance of Paleozoic detritus 

from the Dinaric hinterland, which comprised Variscan and post-Variscan (Permian) 

basement rocks (Dimitrijević 1997, Meço and Aliaj 2000) that were subjected to Early 

Cenozoic (Dinaric) metamorphism. 

 

4.2.2 ZHe ages 

Of the eighteen samples with ZHe ages, all but one (SZ13-34) come from the footwall of the 

SPNF and all experienced peak temperatures well above the 140-180°C temperature range 

for the partial retention zone of the ZHe system (Table 1, Fig. 5). Five samples, four from the 



footwall and the one from the hanging wall (respectively, Al-MG_130, _132, _135, _138 and 

SZ13-34), have overdispersed ages, with 1 values > 20% of the average age. Variations in 

individual grain kinetics (eU, Ft) of the first three of these samples (marked blue in Table 1; 

criteria following Flowers et al., 2022) cannot explain the overdispersion. However, as the 

crystals come from sandstones, it is possible that different crystals retain different amounts 

of inherited radiation damage, which could explain the dispersion. For the first two of these 

three samples, the overdispersion is minor and, therefore, the ages are roughly correct. 

Only sample AI-MG_135 (107±47 Ma) is too imprecise to be interpreted. Sandstone sample 

AI-MG_138 has one anomalously old crystal which cannot be explained by intra-sample 

kinetics. Therefore, this aliquot is excluded, yielding an age of 44.6±4.1 Ma. Finally, 

sandstone sample SZ13-34 has 3 aliquots: the first has notably higher eU then the other two 

aliquots (222 versus 83 and 70 ppm) and an older age (183 versus 103 and 107 Ma). This 

observation suggests that the older age is caused by a larger amount of radiation damage 

and hence a somewhat higher closure temperature and relatively slow cooling through the 

partial retention zone (e.g., Guenthner et al. 2013). For this sample, we use the 104.9±2.6 

Ma age of the two less-retentive grains. 

 Excluding data with one standard deviation of ages > 20% of average age and age > 

protolith age, the thirteen remaining samples from the footwall of the SPNF yield Late 

Cretaceous-Paleogene ages, with nine of these ages between 43-58 Ma and the remaining 

four in the range of 85.2-106.7 Ma (Table 1). The 43-58 Ma age range overlaps with the Late 

Cretaceous-Paleogene stratigraphic/depositional ages (42-72 Ma) of their host rocks, which 

comprise sandstone and shale of the Krasta-Cukali flysch (Meço and Aliaj 2000). These 

Paleogene ages are therefore interpreted as cooling ages. In contrast, the Late Cretaceous 

age in sample Al-MG_119 (94 ± 17.5 Ma) is older than its host rocks, though one young grain 

in this sample (74.9 Ma, Table A3) is only somewhat younger than the upper (older) limit of 

the rock’s depositional age. The large 2 value may therefore reflect a combination of a 

depositional age and of grains with an older (pre-Dinaric) metamorphic imprint inherited 

from the source area, as mentioned above. 

One sample with a Late Cretaceous ZHe age (AM15-00, 101 Ma, Muçeku et al. 2006) 

comes from the aforementioned Early-Middle Triassic granitic gneiss in the East Bosnian-

Durmitor Nappe (Table 1). Its temperature is poorly constrained by RSCM to have been 



320°C (Fig. 3), which is too low to be related to intrusion. This suggests that the age post-

dates the granitoid intrusion, as discussed below. 

Another sample with a precise Late Cretaceous ZHe age from the footwall of the 

SPNF (Al-JGI_163, 106.7 Ma) comes from sandstone that experienced a Tp of ~260°C in the 

sub-ophiolitic mélange of the West Vardar Ophiolite, part of the East-Bosnian-Durmitor 

composite nappe (Fig. 4). Two other precise ages from this mélange, also Late Cretaceous, 

come from the same nappe, but in the footwall of the SPNF (sample Al-JGI_171, 103.4 Ma) 

and from the Shkoder Klippe (SZ13-40, 85.2 Ma). This klippe lies on top of the Krasta-Cukali 

Nappe and is located immediately to the NW of the basal detachment of the SPNF (Fig. 4, 

Handy et al. 2019). 

 

4.2.3 AFT ages 

All eighteen AFT ages are significantly younger than the depositional/formational ages of 

their host rocks (Tab. 1, Fig. 5) and are therefore regarded as reset ages. In sample SZ13-34, 

only nine crystals of limited quality could be counted, resulting in a 2 error > 30% of the 

calculated central age. The age of sample Al-MG_59 also has a relatively large error. The low 

age dispersion (5%) and the χ² probability of 25% suggest that the grains belong to a single, 

thermally homogeneous population. Even when the 2 error is taken into account, the data 

obtained remain within the Early to Middle Miocene range. Sample Al-JGI_130 AFT data 

show a χ² probability below 5%, a high dispersion of single grain ages and 2 error > 30% of 

the calculated central age.  

Most precise AFT ages in the footwall of the SPNF cluster in the 21-29 Ma range, 

with only two exceptions: one from sub-ophiolitic mélange at > 11 km away from the SPNF 

(AI-JGI_171, 80 Ma, Fig. 6D) and the other from the aforementioned Early-Middle Triassic 

granitoid in the East Bosnian-Durmitor Nappe (39 Ma, AM15-00, Muçeku et al. 2006). In the 

hangingwall of the SPNF, precise AFT ages are all older than 35 Ma: Two of these older ages 

are from samples of West-Vardar Ophiolite and its sub-ophiolitic mélange (41 and 49 Ma, 

respectively, AM18-03 and AM16-00, Muçeku et al. 2006). These data are discussed below 

in the context of pre-Dinaric metamorphism. 

Near Deçani, five samples in the footwall reveal little, if any, dependence of AFT ages 

on altitude and distance from the SPNF (Figs. 4, 6): Four samples at 680-940m altitude and 

within 10 km of the SPNF yield ages of 21-29 Ma (Al-JGI_158, Al-JGI_161, _162, _163), 



whereas another sample some 8 km away from the SPNF and at higher altitude (1865m) 

yields an AFT age of 39 Ma (AM15-00, Muçeku et al. 2006). 

In the Peshkopie Window where peak temperatures also exceeded the TPAZ of the 

AFT system (193-204°C in inset to Fig. 4, Appendix Tab. A1), two samples yield Miocene AFT 

ages (Al-MG_58, Al-MG_59). This agrees with the three Miocene AFT ages of Muçeku et al. 

(2008, samples AM26-03, AM12-02, AM02-03 in their Fig. 2) from units in the Peshkopie 

Window. 

 

Table 1: Peak-temperature and thermochronological ages from samples in the vicinity of the SPNF. 

Samples in italics are from Muçeku et al. (2006). The Tp values without any error given are estimates 

based on kriging of RSCM data (Fig. 3). Values of Tp followed by a question mark for samples SZ13-34, 

AM16-00 and AM18-03 (Muçeko et al. 2006) in the SPNF hangingwall are interpolated from nearby 

values in the hangingwall of the SPNF (Fig. 3). Protolith ages from (1) Meço and Aliaj 2000; (2) Xhomo et 

al. 2002; (3) Haklaj and Tashko 2012; (4) Tola and Muçeku 2018; (5) Dimitrijević 1997; (6) Dimo-Lahitte et 

al. 2001. Ages marked in blue have 2 age errors greater than 30% of their age and are therefore not 

plotted in Fig. 5. Note that the age errors for samples AM15-00, AM16-00, and AM18-03 listed by 

Muçeku et al. (2008) are 1. Ages marked in red come from samples that experienced Tp ≤ TPAZ or TPRZ 

and are also therefore not plotted in Fig. 5. 



 

Figure 5. Peak temperatures vs. ages obtained from the AFT, ZHe and ZFT systems in the vicinity of the 

SPNF. Only ages with a 2σ error < 30% of the central age are shown: (A) Color of symbols indicates age 

system (symbols as in Fig. 4). Colored bars indicate temperature ranges of partial annealing (ZFT = red-

brown, AFT = yellow) and partial retentivity (ZHe = orange). Samples that experienced Tp > TPAZ and Tp > 

TPRZ are interpreted to yield reset/cooling ages, whereas those with Tp < TPAZ and Tp > TPRZ yield inherited 

and/or mixing ages (see text for explanation). 

 



 
 

Figure 6:  Reset AFT and ZHe cooling ages and topographic swaths along and across the SPNF for traces in 

inset map: (A) Parallel to strike of footwall of the SPNF; (B) Across the southwestern end of the SPNF 

including the Shkoder Klippe; (C) Across the northeastern part of the SPNF system near DeçanI; (D) ZHe 

and AFT ages of samples with Tp > TPAZ (60-110°C; see Fig. 5) vs. their shortest horizontal distance to the 

SPNF. Color - sample elevation, red dashed line - SPNF fault trace. Sample ages in italics are from Muçeku 

et al. (2006, 2008). Note that there is little, if any, correlation between age, sample elevation and 

distance to fault trace in either the foot- or the hanging wall. Vertical axis of all swath topographic 

profiles is exaggerated 10x. Swath profiles are based on ASTER GDEM (Abrams et al. 2020) and extracted 

with SAGA GIS 2.3.2 software. Hillshade and DEM based on ASTER GDEM (Abrams et al. 2020). CRS of 

map E: WGS 84, UTM zone 34N. Distances of samples from the SPNF used in this figure are tabulated in 

Tab. A5 of the appendix. Note that only ages with errors ≤ 30% of the central age are plotted. 

 

 

 

 



5. Tectonic implications of the thermochronology 

5.1 Obduction of West Vardar Ophiolite onto the Adriatic margin 

The West Vardar Ophiolite, including its sub-ophiolitic mélange, forms part of two 

composite nappes in this area: the composite East Bosnian-Durmitor and Drina-Ivanjica 

Nappes (Fig. 2). Peak temperatures of 238-278°C and 337±11°C in the sub-ophiolitic 

mélange of the latter nappe are recorded near Istog and Deçani, respectively (Fig. 2). At an 

assumed geothermal gradient of ~30°C/km, these temperatures correspond to a burial 

depth of ~8-11 km. This is consistent with the present thickness of the West Vardar 

Ophiolite in the northeastern part of our study area (Bortolotti et al. 2005). As noted above, 

peak temperatures from sub-ophiolitic mélange at the base of the East Bosnian-Durmitor 

composite nappe and in the Shkoder Klippe may be somewhat lower, though certainly 

>160°C (Table 1). 

We attribute these peak temperatures to high-temperature/low pressure 

metamorphism (e.g., Xhomo et al. 2002) along the base of obducted mafics and ultramafics 

of the ophiolite. The West Vardar Ophiolite derived from the Neotethyan Ocean and was 

emplaced onto the Adriatic margin in latest Jurassic to earliest Cretaceous time (Schmid et 

al. 2008) as constrained by ophiolite-bearing conglomerates (Kimmeridge-Tithon) and 

platform carbonates (Early Cretaceous) unconformably overlying the ophiolite body (e.g., 

map and legend in Xhomo et al. 2002). This age range for obduction-related metamorphism 

is in general agreement with Early Cretaceous cooling ages in the Korab-Pelagonian Nappe 

of the NW Hellenides (148-118 Ma K-Ar smectite; Most 2003), the lateral equivalent of the 

composite Drina-Ivanjica Nappe in this area (Fig. 1B, Schmid et al. 2020). Thus, the Middle to 

Late Cretaceous ZFT (Al-JGI_158, 108 Ma) and ZHe ages (Al-JGI_163, 106.7, Al-JGI_171, 

103.4 Ma and SZ13-40, 85.2 Ma), all from samples of sub-ophiolitic mélange (Fig. 3), are 

interpreted to date cooling after the attainment of peak temperatures during obduction. 

This obduction-related metamorphism pre-dates the regional metamorphism related to 

Dinaric nappe stacking (van Unen et al. 2019; Schmid et al. 2020) in the footwall of the 

obduction front, when slices of Adriatic continental margin were incorporated in the nappe 

stack of the Dinaric Orogen (Babić et al. 2002; Gawlick et al. 2008; Bortolotti et al. 2013; 

Scherreiks et al. 2014). 

 



 

Figure 7: Microfabric of mylonitized late-Middle Triassic granite in plane (upper left) and cross-polarized 

(lower right) light showing the mylonitic foliation made up of dynamically recrystallized quartz ribbons, 

feldspar clasts, recrystallized white mica and chlorite (sample AL-JGI_161, location in Tab. 1 and Fig. 4). 

Schlieren of opaque phases comprise black carbonaceous material parallel to the foliation lamellae. The 

carbonaceous material is interpreted to have grown after solidification of the intrusion in Triassic time, 

but before mylonitization (see text). 

 

5.2 Triassic granitoid intrusion, fluid circulation and secondary mineralization 

Granitoid bodies (Fig. 2) in the East Bosnian-Durmitor Nappe yield early Middle to Middle 

Triassic U-Pb ages (242 ± 2 and 245 ± 2 Ma, 247 ± 3 Ma Haklaj and  Tashko 2012) which are 

interpreted as ages of intrusion and crystallization (Tola and Muceko 2018). The 

temperature values recorded by RCMS in these intrusive rocks (300-460°C, Fig. 3) are higher 

than elsewhere in the Dinaric nappe stack, but lie far below the minimum temperature for 

the solidus of hydrous granite (~650°C). This suggests that RSCM records sub-solidus 

thermal conditions. 

An explanation for the anomalous temperatures in the vicinity of the intrusions may 

be the secondary growth of carbonaceous matter in the granitoids as precipitate from a 



CO2/CH4-saturated hydrothermal fluid. This process has been documented over a wide 

range of metamorphic conditions (e.g., Rumble 2014). Indeed, intragranular opaque phases 

found in thin sections of the granitoid (Tola and Muçeku 2018) are partly carbonaceous 

material that grew after the intrusion, but before the penetrative mylonitic deformation 

(Fig. 7). This deformation can be attributed either to obduction of the overlying West Vardar 

Ophiolite and the formation of the Deçani Shear Zone (see above), or possibly to Dinaric 

nappe stacking. 

One explanation for this growth is that the carbonaceous matter precipitated when 

fluid circulated just after the intrusive solidified, thus recording subsolidus temperature in 

Middle Triassic time. Another explanation is that this matter grew well after intrusion during 

a fluid pulse resulting from prograde dehydration reactions in the adjacent meta-

sedimentary rocks. This may have happened when the Dinaric nappes underwent Late 

Cretaceous regional metamorphism. Indeed, this would explain the broad range of Late 

Cretaceous ZFT ages (68-103 Ma, samples AL-JGI_161, AL-JGI_162, AL-JGI_130, AM15-00) 

and the lone ZHe age (AM15-00, 101 Ma, Muçeku et al. 2006) from the granitoids, when the 

systems were perturbed and partially reset long after intrusion and crystallization. 

Given the breadth of these ages, we attribute the anomalously high temperatures of 

the granitoids obtained by RSCM to one or more tectonic events in Late Cretaceous time: (1) 

obduction of the hot West Vardar Ophiolite and its underlying metasediments onto the 

cooler Adriatic continental margin, represented in this area by the East Bosnian-Durmitor 

Nappe. The fluids carrying the carbonaceous material advected downwards and along the 

metamorphic sole of the overriding ophiolite; (2) Late Cretaceous stacking and regional 

metamorphism of the Dinaric nappes, which in this area involved thrusting of the composite 

Drina-Ivanjica Nappe onto the East Bosnian-Durmitor Nappe (Schmid et al. 2020). 

 



Figure 8:  Peak temperatures vs. ages in the vicinity of the SPNF with only ages from samples that 

experienced Tp > TPAZ (ZFT, AFT) and TPRZ (ZHe) and are therefore interpreted as reset and cooling ages, 

respectively. The dark blue domain shows the temperature range of flow in calcite-rich rocks undergoing 

syn- to post-nappe folding in the footwall of the SPNF (Fig. 9 and text). Light blue signifies the 

temperature range of the frictional-viscous transition in calcite-rich rocks along the SPNF (Fig. 10 and 

text). Blue and red vertical lines bracket the age ranges of normal faulting, respectively, of the Cukali-

Tropoje segment (CT, see text for explanation) of the SPNF and the Dukagjini Fault (DF). Bars for 

analytical error of RSCM temperatures not included (see Tab. 1). Samples from the Peshkopie Window 

are not included. 

 

5.3 Dinaric nappe stacking, regional metamorphism and folding 

The Tp vs age diagram in Figure 8 depicts only reset and cooling ages and is relevant for the 

interpretation of the ages of nappe stacking and subsequent faulting along the SPNF. 

Samples marked with a star come from the hanging wall of the SPNF; all others come from 

the footwall. 



The age of thrusting in the Dinaric nappe stack (Fig. 2) is constrained by 

biostratigraphy of flysch along the nappe contacts to have occurred in Middle-Late 

Cretaceous to Late Paleogene time, with ages generally decreasing from NE to SW (e.g., 

Schmid et al. 2008, 2020 and references therein). In this area, the East Bosnian-Durmitor 

Nappe was emplaced onto the underlying Pre-Karst Nappe in latest Cretaceous 

(Maastrichtian, 72 Ma) to latest Paleocene time (56 Ma). Thrusting of the High Karst Nappe 

onto the underlying Krasta-Cukali Nappe is documented by the deposition of Maastrichtian-

to-Ypresian (72.1-47.8) and even Lutetian flysch (47.8-41.8 Ma; Meço and Aliaj 2000). 

The Tp of 183-281°C recorded by RSCM in Late Cretaceous to Eocene flysch beneath 

thrusts at the base of these nappes (Fig. 3, Tab. 1) are corroborated by the ductility of folds 

in the predominantly limestone strata of these nappes (Fig. 9). These tight-to-isoclinal folds 

have the same SW vergence as the transport direction along the basal thrusts of the nappes, 

and indeed, root along these basal thrusts without deforming them (e.g., Grund et al. 2023, 

their fig. 4A). This suggests that folding occurred during the late stages of thrusting. The 

thickened hinges and thinned limbs of these “Dinaric” folds (Fig. 9) are diagnostic of viscous 

creep at temperatures exceeding the minimum temperature for intracrystalline creep in 

calcite aggregates (~150°C, Ferril et al. 2004). The Eocene ZHe cooling ages from flysch in 

the High Karst and Krasta-Cukali Nappes (46-49 Ma, Fig. 4, Table 1) are interpreted to post-

date the attainment of peak temperatures (180-280°C) during or just after folding of these 

units. 



 

Figure 9: “Dinaric” folds exposed in the footwall of the SPNF in the Cukali Window. Folds verge to the SW, 

consistent with the overall SW-direction of Dinaric thrust propagation (red dashed line delineates axial 

trace of folds). Note thickness variations of Mesozoic limestone layers, consistent with anchizonal to 

greenschist-facies conditions during folding (see text). Yellow line marks the trace of the SPNF that 

delimits the footwall with folded units of the Krasta-Cukali Nappe from the hanging wall with West 

Vardar Ophiolite in the foreground. 

 

These peak temperatures are consistent with RSCM temperatures of 217-219°C obtained by 

Schmitz et al. (2025) from three samples in the same area. They correspond to a burial 

depth in the range of 6-10 km at an assumed geothermal gradient of 30°C/ km (Cermak et 

al., 1996, Schmitz et al. 2025). Similar temperatures (200-270°C) from the High Karst Nappe 

in the central Dinarides of Croatia, about 400 km NNW of the Dinaric-Hellenic Junction, 

were reached in Late Cretaceous time according to K-Ar illite ages in deformed Late 

Paleozoic to Mid-Triassic strata (Środoń et al. 2018). 

 

To summarize this section, different units record different peak temperatures at different 

times during stacking of the Dinaric Nappes. The West Vardar Ophiolite and its basal 



mélange preserve Early Cretaceous obduction-related temperatures (200-330°C) and ZFT 

ages, whereas the underlying nappes of the internal and external Dinarides yield mostly 

Paleocene-Eocene ZHe ages that coincide broadly with the peak temperatures (183-281°C) 

attained in metasediments during Late Cretaceous-Paleogene metamorphism and tectonic 

burial. This coincided with the propagation of Dinaric thrusting and folding from NE to SW. 

The anomalously high temperatures recorded by RSCM in Triassic granitoids of the East 

Bosnian-Durmitor Nappe (300-460°C) are attributed to the circulation of hydrothermal fluids 

in Cretaceous time, as reflected by their broad range of ZFT and ZHe ages. An important 

consequence of the above is that peak temperatures in the footwall of the SPNF were not 

reached simultaneously. 

 

5.4 Age of shearing and doming along the SPNF 

The main segment of the SPNF, i.e., the Cukali-Tropoja Fault (Fig. 2), is oriented subparallel 

to the long axes of the Cukali and Deçani Domes in its footwall. We interpret these domes to 

have formed during top-down-to-E motion on the SPNF, similar to upright antiforms 

commonly found as accommodation structures beneath low-to-moderate angle normal 

faults (Axen and Bartley 1997). The SPNF and its related domes deform and therefore post-

date the Dinaric nappe contacts and SW-vergent folds in the Cukali Window shown in Figure 

9 (Handy et al. 2019, Grund et al. 2023, their Figs. 3, 4; Schmitz et al. 2025, their Figs. 7, 8). 

The youngest thrust offset by the SPNF is the base of the Krasta-Cukali Nappe (see above 

and Fig. 2) and affects Lutetian flysch (47.8-41.8 Ma; Meço and Aliaj 2000), thereby placing 

an upper (older) age limit on activity of the SPNF. We note that these structural relations 

preclude the notion of Feriozzi et al. (2025) that doming in the Cukali Window was older 

than shearing along its margins, and moreover, that doming was the cause of normal 

faulting. 

Calc-mylonite along the Cukali-Tropoja Fault features a mylonitic matrix of small 

subequant grains, as well as elongate grains with lentoid twins and sutured twin boundaries 

(Figs. 10A, B). The mylonitic matrix overprints and is itself cut by calcite-filled veins that are 

deformed (Figs. 10C, D). This mutually overprinting relationship indicates that deformation 

along the SPNF occurred at the frictional-viscous transition, with the fine subequant grains 

being diagnostic of dynamic recrystallization, possibly accompanied by dissolution-

precipitation and viscous grain-boundary sliding (e.g., Burkhard 1993, Ferrill et al. 2004). The 



temperature range of the frictional-viscous transition in calcite-rich rocks is estimated to be 

150-200°C (Ferrill et al. 2004). This overlaps with the 140-180°C range of the PRZ for the ZHe 

system and lies above the 60-110°C range of the PAZ for the AFT system (Figs. 5 and 8). It is 

much lower than the Cretaceous 320-460°C RSCM peak temperatures in Early-Middle 

Triassic intrusives and their host rocks in the core of the Deçani Dome (Fig. 2). 

Figures 4 and 6D reveal that ZHe cooling ages within 6 km of the SPNF in its footwall, 

range with only one exception from 44 to 47 Ma. This agrees with the aforementioned 41.8-

47.8 Ma range from biostratigraphic constraints. Together, these confirm the 

aforementioned upper (older) age limit of the SPNF. 

A lower (younger) age limit of mylonitic deformation along the SPNF is given by 

precise AFT reset ages in the SPNF footwall that all fall in the range of 21-29 Ma. By that 

time, the temperature in the exhuming footwall of the SPNF fell below the 60-110°C range 

for the partial annealing zone for the AFT system and therefore well below the 150-200°C 

temperature of the frictional-viscous transition in calcite-rich rocks. Of course, this does not 

preclude the possibility that frictional sliding on the SPNF continued beyond 21 Ma, as is 

indeed suggested by the local occurrence of cataclasites that overprint mylonite along the 

SPNF (Grund et al. 2023). These authors recognized at least two generations of cataclasites: 

an early generation probably formed as normal faulting continued down to temperatures 

below that of the frictional-viscous transition in calcite-rich rocks, and a later generation of 

overprinting cataclasites with a similar top-SE shear sense. The latter probably formed 

during post-Miocene activity of the SPNF. Possibly, this late-stage normal faulting is related 

to activity on the Dukagjini Fault, the subsurface fault that bounds a km-thick wedge of 

Pliocene clastic sediments beneath the southern part of the Metohia-Dukagjini Basin (Fig. 

1B, Handy et al. 2019, Grund et al. 2023, Legler et al. 2006). 

The 21-29 Ma lower age limit for the SPNF pre-dates the biostratigraphically 

constrained age of extension (16-5 Ma) in the Metohia-Dukagjni Basin recorded by 

subsurface Miocene clastics adjacent to the northeastern Peja branch of the SPNF (Fig. 2; 

Elizaj 2009, Linder and Perkuhn 2013). It also falls within the broad range of modeled K-Ar 

illite ages (34.4-6.2 Ma) for pure authigenic illite in cataclasites of the SPNF (Schmitz et al. 

2025). We note that a more robust lower age limit on activity of the SPNF is hindered by the 

limited number of precise ages (only two AFT ages) in the hanging wall of the SPNF, as 

discussed in the previous chapter. The three precise AFT ages straddling the Cukali-Tropoja 



Fault near Shkoder differ within error (Miocene vs. Eocene, Fig. 4), but are ambiguous, as 

they come from contrasting lithologies and were counted by different workers (samples 

SZ13-15, SZ13-29 from flysch sandstone in footwall, this study; AM18-03 from lherzolite in 

hangingwall, Muçeku et al. 2008). Structural constraints indicate little or no throw on the 

fault at this locality (Handy et al. 2019). 

To conclude this section, the available ZHe and AFT ages broadly constrain normal-

fault motion on the SPNF and footwall doming to have occurred sometime between 48 and 

21 Ma. We hasten to add that the actual duration of shearing was probably much shorter. 

Indeed, the occurrence of Oligocene sediments preserved below the mid-Miocene 

unconformity in western parts of the Metohia-Dukagjini Basin (Drenas and Dardane-

Kamenica subbasins labelled DR and DK in Fig. 1B, Elezaj 2009) indicates that extension 

began much later, probably no earlier than late Oligocene. Extension continued into late 

Miocene-Pliocene time when the faulting migrated into the Metohia-Dukagjini Basin. As 

noted above, Pliocene deposits overlying the Cukali-Tropoja segment of the SPNF are not 

offset by the main fault trace, indicating that this segment had become inactive by Pliocene 

time (Gemignani et al. 2022). In contrast, the Peja segment of the SPNF remained active into 

Pliocene time as documented by subsurface thickness variations of Pliocene sediments 

across the fault (Elezaj 2009). Such variations are also observed across the Dukagjini Fault 

(Fig. 2). Post-Neogene sediments unconformably overly the Neogene syn-rift sediments of 

the Metohia-Dukagjini Basin (e.g., Elezaj 2009, Elezaj and Kodra 2012, Grund et al. 2023) and 

seal the Prizren-Vranica Fault forming the southern boundary of this basin (Figs. 1B and 2; 

Xhomo et al. 2002; Handy et al. 2019).  

 



Figure 10: Microstructures of deformed limestone of the High Karst Nappe exposed in the immediate 

footwall of the SPNF (Cukali-Tropoja segment) seen in ultra-thin section (10 micrometers thickness) in 

cross-polarized light without (A) and with (B) gypsum plate inserted. Old larger twinned grains (blue in B) 

and fine dynamically recrystallized grains (mostly orange in B), the latter with diameters of 1.5-4.5 

micrometers. The twins are lensoid (type II of Burkhard, 1993), typical for syntectonic T of 150‐300°C. 

Some twin boundaries are slightly sutured (type IV of Burkhard, 1993), possibly indicating T > 250°C: (C) 

Mutually overprinting relations between dynamically recrystallized and twinned calcite grains in the 

matrix, and fractures that cut this matrix and are filled with heavily twinned and partly dynamically 

recrystallized calcite (yellow arrow). This vein is itself cut by a NE-SW trending fracture (orange arrow); 

(D) Higher magnification view of a vein (yellow arrow) with calcite overprinted by twins and showing 

wavy grain-boundaries diagnostic of dynamic recrystallization by grain-boundary migration. Sample 

location at Tropoja, Albania (42.4442°N/20.15904°E, location in Fig. 1B) as pictured in Handy et al. (2019, 

their Fig. 4). 

 

5.5 Deçani Shear Zone 

The Deçani Shear Zone occurs in the footwall of the Peja segment of the SPNF, to which it is 

kinematically unconnected. There, the peak temperature of regional metamorphism was 



about 324-337°C as recorded by RSCM on three samples (Fig. 3). This falls within the 300-

350°C temperature range of shearing estimated by Grund et al. (2023) from syntectonic 

mineral paragenesis in the shear zone, and is greater than the aforementioned 150-300°C 

temperature range of ductile folding. Unlike the SPNF, the contact between the carbonate 

mylonite of the Deçani Shear Zone and the overlying sub-ophiolitic schist is not 

cataclastically overprinted (Grund et al. 2023, their Fig. 7). Taken together, these features 

suggest that the Deçani Shear Zone was active at higher temperatures than the SPNF and 

thus may be older than the latter. 

 The 300-350°C range of mylonitization in the Deçani Shear Zone lies well above the 

partial annealing zone of the ZFT system and partial retention zone of the ZHe system. 

Unfortunately, there are no ages from samples that straddle the shear zone. The only 

nearby samples come from Early-Middle Triassic granitoid exposed in its footwall (AI-

JGI_161, AI-JGI_162). As discussed above, they yield late Cretaceous ZFT and Eocene ZHe 

cooling ages (Fig. 4) that are interpreted as being related to subsolidus cooling, possibly in 

the presence of a metamorphic fluid. 

In the absence of robust thermochronometric and stratigraphic constraints, we 

speculate that the Deçani Shear Zone either formed beneath the West Vardar Ophiolite in a 

late stage of latest Jurassic to earliest Cretaceous obduction of the ophiolite sheet or was 

kinematically linked to the Northern Montenegro Fault, as proposed by Randjelovic et al 

(2025). In the first scenario, the top-down-E to -SE shear sense (Grund et al. (2023) can be 

attributed to post-obduction extension along the base of the hot, overlying ophiolite body. 

In the second scenario, the linked Deçani Shear Zone and Northern Montenegro Faults 

accommodated multi-directional extension in post-Paleocene time (Randjelovic et al 2025). 

In both cases, and contrary to the interpretation of Grund et al. (2023), the Decani Shear 

Zone pre-dates, and is not part of, the SPNF. 

 

6. Synthesis 

Reset and cooling ages from three low-temperature thermochronometers (ZFT, ZHe and 

AFT) combined with peak temperature estimates from RSCM and syn-kinematic 

temperature estimates from deformational fabrics enable us to discern three major tectonic 

events at the Dinaric-Hellenic Junction, depicted schematically in Figure 11: 



 

 

Figure 11: Reconstruction of tectonothermal events along cross sections oriented normal (A, B, C) and 

parallel (D, E) to the trend of the orogen. The sections are not drawn to scale. (A) and (C) are modified 

from Schmid et al. (2008) and Handy et al. (2019), respectively. Faults: DSZ – Deçani Shear Zone, SPNF – 

Shkoder-Peja Normal Fault, DF – Dukagjini Fault; Dinaric elements and nappes: EU – European 

continental block, SO – Sava Ocean, WVO – West Vardar Ophiolite, JK – Jadar-Kopaonik, DI – Drina-

Ivanjica, EB – East Bosnian-Durmitor, PK – Pre-Karst, HK – High-Karst, KC – Krasta-Cukali, KR – Dalmatian-

Kruja, IO – Ionian 

 

1. The first event was latest Jurassic to earliest Cretaceous obduction and its related 

metamorphism at peak temperatures of 238-337°C recorded in the sub-ophiolitic 

mélange of the West Vardar Ophiolite (Fig. 11A). This mélange yields Mid- to Late 

Cretaceous ZFT and ZHe cooling ages. 

The Deçani Shear Zone is older than, and unrelated to the SPNF. It represents 

a mylonitized sliver of Mesozoic carbonate in the East Bosnian-Durmitor Nappe that 

formed either shortly after obduction of the overlying West Vardar Ophiolite or 

during post-Paleocene extension. 



The Cretaceous ages obtained for these obduction-related events are 

consistent with previous stratigraphic and thermochronological ages indicating that 

final closure of the northwestern arm of the Neotethyan Ocean (e.g., Gawlick et al. 

2008) preceded the onset of Adria-Europe collision in Late Cretaceous time as 

marked by the Sava Suture (Fig. 1B, Schmid et al. 2008, 2020). In Figure 11A, the 

Sava Ocean is therefore depicted as having remained open in the upper plate of the 

West Vardar obduction (Schmid et al. 2008, their Fig. 5). 

2. The second event, preserved in the footwall of the SPNF, involved crustal thickening 

and heating during stacking of the Dinaric Nappes. In the internal Dinarides, this 

included imbrication of the previously obducted West Vardar Ophiolite (Fig. 11B). 

SW-directed thrusting and folding at peak temperatures of 180-280°C occurred in 

Late Cretaceous to Paleogene time. Thrusting propagated SW-wards, thereby 

accreting the middle-to-upper crust of the subducting Adriatic Plate. The Eocene ZHe 

cooling ages (46-49 Ma, Lutetian-Ypresian) obtained in this study from flysch in the 

High Karst and Krasta-Cukali Nappes are interpreted to coincide roughly with the 

attainment of these peak temperatures during or just after folding of these two 

nappes at the end of their SW-directed emplacement. The burial depth 

corresponding to the peak temperatures in these nappes was approximately 6-11 km 

for an assumed geothermal gradient of 30°C/km. 

We emphasize that the anomalously high RSCM temperatures (300-460°C) 

and smattering of Late Cretaceous ZFT ages in the vicinity of the Deçani Dome (Figs. 

3, 4, 11B) do not reflect a thermal effect of doming. Rather, they are due to the 

preservation of subsolidus conditions in Early-Mid Triassic granitoids in the core of 

the dome. The high RSCM temperatures may be related to the precipitation of 

carbonaceous matter in these intrusives during a fluid pulse, either shortly after 

intrusion and/or much later, during Dinaric regional metamorphism. 

The Dinaric Orogen (Fig. 11C) was essentially complete by Oligocene time, 

when stratigraphic criteria indicate that thrusting of the external Dinarides ended 

(Schmid et al. 2011, Handy et al. 2019). Only minor (≤ 10 km) Neogene-and-younger 

shortening (Handy et al. 2019) and oblique dextral strike-slip faulting is recorded in 

the Dinarides north of the SPNF (e.g., Unen et al. 2019a and refs. therein). 



3. The third and final tectonic event is related to one, possibly two phases of orogen-

parallel extension and exhumation along the SPNF and related faults (Figs. 11D, E): 

The first phase occurred in late Paleogene to Miocene time as bracketed by ZHe 

cooling and AFT reset ages, and by deformational fabrics in the footwall of the SPNF 

(48-21 Ma), as well as by Miocene clastic sediments (16-5 Ma, Elezaj 2009; Elezaj and 

Kodra 2012) in its hanging wall. Top-down-E to -SE, mylonitic-to-cataclastic shearing 

along the SPNF effected exhumation and refolding (doming) of the then-still-warm 

Dinaric Nappes in its footwall no later than ~21 Ma when temperatures fell below 

the partial annealing zone (60-110°C) for the AFT system. Local cataclastic 

overprinting is testimony to continued normal faulting along the SPNF in Mio-

Pliocene time. Following Randjelovic et al (2025), we relate this normal faulting to 

regional extension that affected all of the Dinaric nappes. 

The later Pliocene phase of extensional activity (Fig. 11E) was associated 

primarily with normal faulting in the hanging wall of the SPNF (Dukagjini and Prizren-

Vranica Faults, Fig. 2). These faults delimit thickness variations of Pliocene clastics, 

respectively, in the subsurface (Legler et al. 2006) and at the southeastern boundary 

of the Metohia-Dukagjini Basin (Handy et al. 2019, their fig. 6). They are sealed by 

late Pliocene-to-Pleistocene sediments (Xhomo et al. 2002). Active extension along 

normal faults in the region continues today as indicated by geodetic studies 

(Jouanne et al. 2012, D’Agostino et al. 2020, 2022). 

 

7. Implications and Conclusions 

We have shown that the junction of the Dinarides and Hellenides preserves thermal 

imprints of Neotethyan obduction, Adria-Europe “Dinaric” collision and, Oligo-Miocene 

time, of coeval SW-directed shortening and SE- and E-directed extension. This Oligo-

Miocene scenario complements the two-stage rotation-extensional model proposed in 

Grund et al. (2023), but differs somewhat from our previous interpretation (Handy et al. 

2019) in which extension along the entire Shkoder-Peja Normal Fault (SPNF) was proposed 

to be only of Neogene age. The latter view was based on correlating Neogene basin 

formation with paleomagnetic evidence (Kissel and Speranza 1995, Speranza et al. 1995) for 

accelerated clockwise rotation of the northwestern Hellenides with respect to the Dinarides 



in Neogene time. Motion on the SPNF is unrelated to older (Mesozoic, Eocene?) motion 

along the Shkoder Peja Transform Fault (SPTZ) that dextrally offsets the obduction front of 

the West Vardar Ophiolite. 

Our results suggest that orogen-parallel extension and clockwise rotation at the 

Dinarides-Hellenides Junction may have been intermittent, especially during late Miocene 

and Pliocene time. In a thermo-kinematic study of the northwestern Hellenides of southern 

Albania, Rossetti et al. (2024) conclude that exhumation of external parts of the Hellenic 

nappe stack was not constant, with enhanced rates at 5–6 Ma possibly triggered by crustal 

underplating during renewed southwesterly retreat of the Adriatic slab (Brun and Soukoutis 

2010, Royden and Papanikolaou 2011, Burchfiel et al. 2018). However, such phases of rapid 

exhumation may also be explained by lateral tearing of segments of the Adriatic slab from 

NW to SE along the orogen, as documented by P-wave tomography (Handy et al. 2019 and 

references therein). Future seismological imaging of the lithosphere may improve the 

resolution of connections between crust and mantle along strike of the Dinarides and 

Hellenides. 

We conclude that the SPNF is part of a system of Oligo-Miocene and younger normal 

faults that continues to accommodate clockwise arcuation and attenuation of the Dinaric-

Hellenic chain in response to slab tearing and Hellenic roll-back subduction. It 

accommodated only ~10° of clockwise rotation of the Albanian segment of the Hellenic 

orogen with respect to the Dinarides and Europe about an intra-crustal rotation pole 

situated near the Albanian town of Shkoder (Handy et al. 2019). SE of Shkoder, Neogene 

normal faulting gives way along strike of the orogen to coeval top-WSW thrusting. Most 

post-40 Ma clockwise bending (50-70°) of the Dinaric-Hellenic chain is therefore interpreted 

to have occurred about the Adria-Apulia plate rotational pole located in the southern 

Dinarides between 42 and 43°N latitude, possibly offshore of Dalmatia in Croatia (e.g., near 

the Mid-Adriatic Ridge, Handy et al. 2019) or inland within the southern Dinarides (Ferriozzi 

et al. 2025, Lesić et al. 2026). The discrepancy in the locations of oroclinal arcuation, orogen-

parallel extension and slab bending at the Dinarides-Hellenides Junction can be attributed to 

decoupling of the partly torn and subducted lithospheric mantle of the Adriatic Plate from 

the overlying orogenic crust (Handy et al. 2019). 
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