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Abstract. The evolution of orogenic wedges can be determined through stratigraphic and thermochronological analysis. We 

used apatite fission-track (AFT) and apatite and zircon (U-Th-Sm)/He (AHe and ZHe) low-temperature thermochronology to 10 

assess the thermal evolution of the Ukrainian Carpathians, a prime example of an orogenic wedge forming in a retreating 

subduction zone setting. Whereas most of our AHe ages are reset by burial heating, eight out of ten of our AFT ages are 

partially reset, and allnone of the ZHe ages are non-reset. We inverse-modelled our thermochronology data to determine the 

time-temperature paths of six out of the 8eight nappes composing the wedge. The models were integrated with burial 

diagrams derived from the stratigraphy of the individual nappes, which allowed us to distinguish sedimentary from tectonic 15 

burial. This analysis reveals that accretion of successive nappes and their subsequent exhumation mostly occurred 

sequentially, with an apparent increase in exhumation rate increase towards the external nappes. Following a phase of 

tectonic burial, the nappes were generally exhumed when a new nappe was accreted, whereas, in one case, duplexing 

resulted in prolonged burial. An early orogenic wedge formed with the accretion of the innermost nappe at 34 Ma, leading to 

an increase in sediment supply to the remnant basin. Most of the other nappes were accreted between 28-18 Ma. Modelled 20 

exhumation of the outermost nappe started at 12 Ma, and was accompanied by out-of-sequence thrusting. The latter was 

linked to emplacement of the wedge onto the European platform and consequent slab detachment. The distribution of 

thermochronological ages across the wedge, showing non-reset ages in both the inner and outer part of the belt, suggests that 

the wedge was unable to reach dynamic equilibrium for a period long enough to fully reset all thermochronometers. Non-

reset ZHe ages indicate that sediments in the inner part of the Carpathian embayment were mostly supplied by the Inner 25 

Carpathians, while sediments in the outer part of the basin were derived mostly from the Trans-European suture 

zoneTeisseyre-Tornquist Zone (TTZ) or the Europeansouth-western margin of the East-European Platform. Our results 

suggest that during the accretionary phase, few sediments were recycled from the wedge to the foredeep. Most of the 

sediments exhumedderived from the Ukrainian Carpathian wedge were likely transported directly to the present pro- and 

retro- foreland basins.   30 

 

1 Introduction  

Fold-and-thrust belts result from the accretion, stacking and exhumation of sediments from pre-existing basins trapped in 

convergence zones. These basins frequently evolve from rifted passive margins to orogens (e.g., Stockmal et al., 1986) and 

the stratigraphy of these basins provides a record of convergence-zone dynamics and the onset of orogeny, in particular 35 

when the sedimentary record is combined with subsequent exhumation paths that can be retrieved from detrital zircon and 

apatite grains using low-temperature thermochronology.  

Thin-skinned fold-and-thrust belts result from the accretion, stacking and exhumation of sediments from pre-existing basins 

trapped in convergence zones. These basins frequently evolve from rifted passive margins to orogens (e.g., Stockmal et al., 
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1986) and their stratigraphy of these basins provides a record of convergence-zone dynamics and the onset of orogeny, in 40 

particular when the sedimentary record is combined with subsequent exhumation paths that can be retrieved from detrital 

zircon and apatite grains using low-temperature thermochronology (e.g., Merten et al., 2010; Fillon et al., 2013; Vacherat et 

al., 2014; Andreucci et al., 2015; Castelluccio et al., 2016). 

Sediments in the antecedent basin are brought to depth by sedimentary burial and integrated into the wedge through nappe 

stacking processes in two steps. Sediment deposition in the basin may bury earlierolder deposits under several kilometers of 45 

overburden. Sediment accumulation is bound to accelerate as the orogenic belt propagates toward the basin, by a 

combination of enhanced erosion of the growing wedge and its, the backstop and the forebulge area, and creation of 

accommodation space by flexure of the underlying plate (Simpson, 2006; Sinclair, 2012). Tectonic nappe stacking may then 

bury the sediments further when the frontal thrust overrides the pre-existing basin. When the frontal thrust subsequently 

propagates to the external margin of the newly formed nappe, the nappe becomes incorporated into the wedge and may start 50 

to be uplifted and exhumed. The next accreted nappe will follow the same development until plate convergence stops.(e.g., 

Simpson, 2006; Sinclair, 2012) and possible dynamic subsidence of the foreland (e.g., Husson et al., 2014; Flament et al., 

2015). Tectonic nappe stacking integrates the pre-existing basin step-by-step into the growing wedge. When the frontal 

thrust propagates into the adjacent former basin, the latter becomes a nappe that overrides more external areas of the basin. 

Overthrusting of the basin by the orogenic wedge leads to tectonic burial in addition to initial sedimentary burial. As 55 

thrusting propagates outwards and the wedge evolves, the newly formed nappes are sequentially uplifted and exhumed. Syn-

orogenic deposits that accumulate on the newly formed thrust sheet, i.e., wedge-top sediments, might also be progressively 

incorporated into the wedge and eventually buried. This process repeats until plate convergence stops (Davis et al., 1983; 

Dahlen et al., 1984; Konstantinovskaia and Malavieille, 2005; Hoth et al., 2007). Overthrusting of a nappe may entrain a 

phase of internal deformation in the orogenic wedge that causes rock- and surface uplift (Hoth et al., 2007; Sinclair and 60 

Naylor, 2012). Steady state in the wedge may potentially be reached if the tectonic influx of material into the wedge and the 

outflow through erosion balance one another, so that the elevation and width of the wedge remain constant (Willett et al. 

1993).  

In the Carpathian fold-and-thrust belt, the main driver of foreland-basin subsidence and frontal accretion is slab roll-back 

rather than plate convergence (e.g., Royden and Faccenna, 2015). The elevation and width of the wedge areprovide an 65 

insufficient for the weight of the wedgeload to have created the observed (up to 10 km) deep Carpathian foreland basin, 

which suggests that the subducting slab primarily drove subsidence (Royden and Karner, 1984; Royden and Burchfiel, 1989; 

Royden, 1993). ; Krzywiec and Jochym, 1996, 1997). Foreland subsidence was enhanced by the reactivation of pre-orogenic 

normal faults during the Miocene (Krzywiec, 2001; Tărăpoancă et al., 2003; Oszczypko et al., 2006), probably also 

predominantly due to flexuring of the lithosphere through slab rollback. 70 

Previous studies in the East and Southeast Romanian Carpathians of Romania have focused on the timing of nappe-stacking 

and exhumation of the wedge. Using low-temperature thermochronology on profiles to quantify the erosion pattern on both 

sides of the wedge, Sanders et al. (1999) concluded that the southeast Carpathians can be treated as a doubly-vergent critical 

wedge, where the back thrusts are covered by Neogene volcanic rocks and sediments that accumulated in the retro-foreland 

basin. Further studies, however, inferred that the doubly-vergent wedge concept cannot be directly applied to the 75 

eastRomanian East and southeastSoutheast Carpathians, and that this belt is a singly vergent wedge andthat evolved through 

forward propagation of deformation over the subducting plate followed by significant out-of-sequence deformationthrusting 

(Matenco et al., 2010; Merten et al., 2010). In contrast, the westernWestern Carpathians might correspond to a doubly 

vergent wedge as back thrusts are present and some involve basement blocks (Mazzoli et al., 2010; Castelluccio et al., 2016). 

These contrasting views imply that caution should be exerted when extrapolating interpretations of wedge dynamics along 80 

the Carpathian arc, because the characteristics of the downgoing plate change markedly along strike. 
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Convergence in the Carpathians was mostly oblique to the East European Margin (EEMPlatform (EEP), except in the 

Ukrainian Carpathians, where it occurred perpendicular to the margin. This makes the Ukrainian Carpathians a promising 

site to resolve wedge dynamics, as well as the kinematics and drivers of nappe stacking. The structure and timing of nappe 

accretion in the Ukrainian Carpathians was previously studied by Nakapelyuk et al. (2018), throughemploying balanced 85 

cross sections and low-temperature thermochronology. Their study revealedsuggested very rapid convergence starting in the 

Miocene, when most of the nappes were accreted and subsequently exhumed (Fig. 1). Despite the analyses of Nakapelyuk et 

al. (2018) and the earlier study of Andreucci et al. (2015), the density of thermochronological data in the Ukrainian 

Carpathians remains low in comparison with the rest of the mountain belt.1).  

To better understand the dynamics of accretionary wedge formation during slab roll-back and to constrain sediment fluxes in 90 

this type of orogen, we study the accretion-collision and exhumation phases of the Ukrainian Carpathian wedge from the 

Oligocene onward using thermal-history modelling based on low-temperature thermochronology and stratigraphic analysis. 

In particular, we constrain the timing and amount of sedimentary and tectonic burial for each nappe, as well as its subsequent 

exhumation.  

2 Geological context  95 

The Carpathian belt is the result of the collision of the Tisza-Dacia and Alps-Carpathian-Pannonian (ALCAPA) micro-plates 

with the East European marginPlatform (Csontos et al., 1992; Schmid et al., 2008). These two microplates jointly moved to 

the North from the Late Cretaceous (Santonian; ~84 Ma) to the Oligocene (~34 Ma). From then on, they moved northeast 

into the Carpathian embayment, a deep-water area of oceanic to thinned continental crust with intervening ridges formed 

during Tethyan rifting (Handy et al., 2015). Most of the microplates’ motion was accommodated by roll-back of the 100 

subducting European oceanic crust and rifted continental margin. ALCAPA motion was also promoted by extrusion from the 

convergence zone of the Alps (Sperner et al., 2002). Nappe accretion into the outer Carpathian thin-skinned wedge started in 

the Oligocene (M. Sandulescu, 1975; Nemčok et al., 2006; Schmid et al., 2008)(Sandulescu, 1975; Nemčok et al., 2006; 

Schmid et al., 2008). The age of the terminal frontal thrust of the Outer Carpathians, which can be used as a proxy for 

collision, becomes younger from northwest to southeast along the orogen (Nemčok et al., 2006). Oblique collision occurred 105 

in the northwest Carpathians from 17-15 Ma (Nemcok et al., 2006 and references therein). Subsequent subduction roll-back 

towards the east led to continued nappe accretion in front of the wedge, coincident with back-arc extension in the Pannonian 

Basin (Tari et al., 1992; Horváth and Cloetingh, 1996). This was followed by collision in the Ukrainian Carpathians at 

approximately 12 Ma (Gągała et al., 2012; Nakapelyukh et al., 2018), and in the Romanian Carpathians after 10 Ma 

(Matenco and Bertotti, 2000). The cessation of contraction in the belt has been linked to break-off of the European slab, 110 

which also propagated from northwest to southeast (Nemcok et al., 1998; Wortel and Spakman, 2000; Cloetingh et al., 

2004). The slab is still attached in the southeasternmost(Nemcok et al., 1998; Wortel and Spakman, 2000; Cloetingh et al., 

2004; Handy et al., 2015). The slab is still attached in the south-easternmost corner of the Carpathians, known as the 

Vrancea Zone, where its pull on the overriding crust, in combination with the induced mantle flow, causes extremely rapid 

localised subsidence (Royden and Karner, 1984; Şengül‐-Uluocak et al., 2019). Whereas this sequence of events explains 115 

most observables, other models exist, for instance including successive panels of the slab breaking off, activating mantle 

cells and upwelling in the Pannonian Basin (Konĕcný et al., 2002), or including lithosphere delamination and Neogene 

extension in the Pannonian realm leading to eastward extrusion of the Carpathian microplates by mantle flow (Kovács, 

2012). 

 120 

The Carpathians consist of an innerInner and an outerOuter belt., separated by the Pieniny Klippen Belt (PKB). The inner 

Carpathians formed in the Cretaceous by thick-skinned stacking of nappes comprising the basement of the ALCAPA and 
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Tisza-Dacia blocks and their Permian-Cretaceous sedimentary cover (Csontos and Vörös, 2004; Schmid et al., 2008).  The 

Outer Carpathians are a thin-skinned accretionary prism, which developed from the Oligocene to the late Miocene, and 

which is composed of flysch nappes derived from the Carpathian embayment (Ślączka et al., 2005). In Ukraine, most of the 125 

thick-skinned Inner Carpathian units are covered by the Neogene volcanics that erupted on the edge of the Pannonian basin; 

they only crop out in a limited area next to the border with Romania. The Ukrainian Carpathians thus mainly expose the 

outer flysch nappes of the belt (Fig. 1); theseThe PKB is the outermost unit of the Inner Carpathians outcropping in Ukraine. 

The PKB was thrust onto the Outer Carpathians (Fig. 1) during early to middle Miocene convergence (Castelluccio et al., 

2016). Whether the PKB accommodated strike-slip motion and/or back-thrusting during the emplacement of the Inner 130 

Carpathians in Poland is debated (Ratschbacher et al., 1993; Nemčok et al., 2006; Castelluccio et al., 2016). The Ukrainian 

Carpathians mainly expose the outer flysch nappes of the belt (Fig. 1), which consist of a series of thin thrust sheets that 

contain Cretaceous to Miocene mostly deep-water clastic sediments and. These outer nappes were accreted north-eastward 

and then thrust onto the East European platformPlatform during the early to middle Miocene (Fig. 1c). Each nappe groups 

several units that display similar sedimentationsedimentary sequences and share the same décollement horizon (Fig. 2). 135 

Convergence and accretion of the Carpathian wedge is thought to have started in the Oligocene in Ukraine, when the 

innermost nappes of the Outer Carpathians were integrated into the accretionary wedge (Gągała et al., 2012; Nakapelyukh et 

al., 2018). 

Total convergence in the Ukrainian Carpathians is around 340 km, according to balanced cross-section restoration 

(Nakapelyukh et al., 2018). Low-temperature thermochronology data combined with balanced cross-sections have been 140 

interpreted to record two phases of shortening in Oligocene-Miocene times and, as well as out-of-sequence thrusting in both 

the Western and Eastern Carpathians (Matenco et al., 2010; Merten et al., 2010; Mazzoli et al., 2010; Castelluccio et al., 

2016; Nakapelyukh et al., 2018). These studies postulate a slower convergence phase before the emplacement of the Outer 

Carpathian nappes ononto the European platformPlatform, followed by a rapid middle to late Miocene shortening phase with 

out-of-sequence thrusting during collision. In the Ukrainian Carpathians, the slow convergence phase took place from the 145 

middle Oligocene to the early Miocene (~32 Ma to ~20 Ma). The subsequent rapid contraction phase occurred from the early 

to latethe middle Miocene, with an estimated shortening rate around of ~21 km/My Myr(Nakapelyukh et al., 2018). Internal 

thrustingThe deformation of  the Inner Carpathian nappes provoked contraction in the adjacent basins and propagating 

thrusts scraped off sediment sheets from the down-going plate, imbricating them into the wedge. It is estimated that the 

Ukrainian Carpathians became quiescent at ~12 Ma, when rollback of the European slab and foreland propagation of 150 

thrusting ended in the region (Nemčok et al., 2006). 

Present-day surface heat flow in the Ukrainian Carpathians, the Pannonian back-arc basin and the European foreland is well 

constrained. Heat flow in the Pannonian Basin is about 90-100 mW/m², with the highest values (∼100 mW/m²) recorded 

close to the Carpathian volcanic arc (Pospisil et al., 2006). Heat flow diminishes across the fold-and-thrust belt, from ∼80 

mW/m² at the contact with the innermost nappes to values between 40 and 70 mW/m² within the outer nappes (Pospisil et al., 155 

2006). It is possible that Middle Miocene calc-alkaline volcanic intrusions adjacent to the inner nappes, emplaced between 

13.8 and 9.1 Ma (Seghedi et al., 2001), provided a transient source of heat. However, considering, although given the small 

dimension of the region affected (Horvath et al., 1986), this post-collisional volcanism is unlikely to have had a major 

impact on heat flow in the regionat a regional scale, in line with inferences for the Transylvanian back-arc basin in Romania 

just to the south of our study area (Tiliță et al., 2018). Another source of transient heat during emplacement of the Carpathian 160 

nappes may have been back-arc extension and asthenosphere upwelling under the Pannonian basin between 19 and 15 Ma 

(Tari et al., 1992; Horváth and Cloetingh, 1996). However, Andreucci et al. (2015) showed that heat derived from theheating 

associated with Pannonian Basin extension did not affect the Carpathian nappes: low-temperature thermochronology and 

vitrinite reflectance data indicate a maximum paleo-temperature of 170 °C for the inner part of the wedge, with temperatures 

decreasing from the middle part of the wedge towards the Pannonian Basin. Well data indicate present-day geothermal 165 
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gradients in the Skyba nappe ranging from 20 to 24 °C/km (Kotarba and Kołtun, 2006), in broad agreement with the values 

obtained in external domains of other mountain belts (e.g. Husson and Moretti, 2002). Because tectonic reconstructions of 

the belt at crustal and lithospheric scale indicate a cylindrical structure (Docin, 1963; Vachtchenko et al., 2003; Gerasimov et 

al., 2005; Matskiv et al., Well data reveal that present-day geothermal gradients in the Skyba nappe range from 20 to 24 

°C/km (Kotarba and Kolunt, 2006). Due to the absence of evidence for transient heating and in line with present-day well 170 

data, an average geothermal gradient of 25°C/km for the Carpathian wedge and its antecedent basin is used in this 

study2008, 2009), we suggest that an average present-day near-surface geothermal gradient of 25 °C/km may be 

extrapolated to the entire Carpathian wedge. However, a range of near surface processes can distort the thermal field in 

orogenic domains. These include in particular the topography that imposes an irregular thermal boundary condition, heat 

advection in areas undergoing sustained erosion and, conversely, the blanketing effect in domains with rapid sedimentation 175 

(e.g., Husson and Moretti, 2002). Because data are scarce, the magnitude of these perturbations and the associated 

uncertainties can only be inferred indirectly. Nevertheless, expected sedimentation and erosion rates and durations in the 

region are sufficiently low (< 1 mm/yr, Shlapinskyi 2007; Shlapinskyi et al., 2015; Fig. 2) to only perturb the thermal regime 

by a maximum of 10 to 15% (Husson and Moretti, 2002). Considering the present-day reference value, this implies that the 

geothermal gradient could have varied within an approximate range of 22 to 28 °C/km. Thermo-kinematic models could help 180 

alleviate this uncertainty, but for the current study, we deem 25 °C/km to be a reasonable estimate. 

3 Stratigraphy of the Ukrainian Carpathians 

As mentioned above, the Ukrainian Carpathians consist of a number of nappes or thrust sheets, which are differentiated 

based on their position, stratigraphy and tectonic evolution (Sandulescu, 1988; Ślączka et al., 2005; Oszczypko, 2006). 

Whereas the stratigraphy of each nappe is to some degree distinct, there are some overarching similarities. Broadly speaking, 185 

the Carpathian embayment can be treated as a passive-margin basin, subdivided by several mostly submarine ridges. As all 

the nappes are autochthonousoriginated as a passive-margin basin, subdivided by several mostly submarine ridges (known as 

cordilleras). Changes in sedimentation patterns in the adjacent parts of the Carpathian embayment indicate that these ridges 

were periodically uplifted during convergence, possibly by long-distance transfer of compressive stresses (Poprawa and 

Malata, 2006; Oszczypko et al., 2006). As all the nappes are derived from the Carpathian embayment, their stratigraphic 190 

relations retrace the convergence and evolution of the Ukrainian Carpathian wedge before and during accretion. Figure 2 

depicts the stratigraphy of the units containing our samples and other units useful for further interpretations. It is mainly 

based on the Ukrainian geological maps (Docin, 1963; Vachtchenko et al., 2003; Gerasimov et al., 2005; Matskiv et al., 

2008, 2009) with some exceptions specified below.  

Vachtchenko et al., 2003; Gerasimov et al., 2005; Matskiv et al., 2008, & 2009) with some exceptions specified below.  195 

In the study region where we sampled, the Magura nappe (including the Marmarosh domain, following Oszczypko et al., 2005) 

contains mostly Paleogene sediments, starting with thin-bedded Paleocene flysch followed by an alternation of massive 

sandstone beds and thin-bedded flysch in the Eocene (Fig. 2). Sedimentation stopped at the Eocene-Oligocene boundary.  

The Burkut and Dukla nappes display a very similar stratigraphy from the Lower Cretaceous to the upper Eocene: Early 

Cretaceous sedimentation started with thin-bedded flysch and limestones as well as some breccia incorporating Jurassic 200 

limestones and volcanic rocks. These are followed by sandier deposits in the Upper Cretaceous. In the Paleocene, the 

sedimentation evolved into a sandy flysch with conglomerate intercalations, followed in the Eocene by thin-bedded flysch 

varying in thickness throughout the basin. Oligocene sedimentation started with argillites and limestones evolving into thick-

bedded sandstones at the top of the Burkut nappe. The youngest sediments of the Dukla nappe consist of grey flysch with 

thick-bedded sandstones and radiolarites (known as Menilites beds), as well as olistostromes, all deposited in the Oligocene.  205 
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Sedimentation in the part of the basin represented by the Krosno Nappenappe started in the Eocene with thick-bedded flysch. 

The siliceous Menilites beds, which can be followed throughout the Carpathians, mark the base of the Oligocene and are 

followed by grey argillites and siltstones. The Krosno suite wasbeds were deposited from the middle- Oligocene to the early 

Miocene, i.e., up to the regional Eggenburgian stage (~18.1 Ma). This particularly thick unit consists of 2 km of sandy flysch 

sequences with intercalations of olistostromes, argillites, siltstones, and some calcareous layers.  210 

The following nappe in the pile is the Skyba nappe. It is composed of two depositional subunits, an internal unit with an 

Oligocene stratigraphy resembling that of the Krosno Nappe in the Oligocenenappe, and an external unit in which Miocene 

sediments are missing. SedimentationThe oldest sediments in both subunits started inare dated to the Late Cretaceous 

withand comprise a sequence of thin grey flysch and marl-limestone interbeds with conglomerate lenses. The overlying 

Paleogene sediments are divided into four suites, alternating between thick-bedded sandstones and thin-rhythmic flysch with 215 

conglomerate lenses at the base. These were followed in the Oligocene by the Menilites beds, which evolved into calcareous 

argillites, grey sandstones with black argillites, and thin sandstones with grey carbonaceous argillites for the internal units. 

This sequence is topped by Miocene grey argillites with siltstone interbeds deposited until the end of the Eggenburgian (18.1 

Ma) in the internal unit. For the external unit, Oligocene deposits, including the Menilites beds, are followed by marls and 

coarse layered batches of sandstones (Oszczypko, 2006).   220 

Sedimentation in the Boryslav-Pokuttia nappearea began in the Late Cretaceous with argillites intercalated with limestones 

as well as with some conglomerate lenses. In the Palaeocene, thick sandstones were deposited, followed by an Eocene 

alternation between thin and thick-bedded flysch deposits. The Oligocene Menilites Bedsbeds are overlain by sandstones 

with calcareous siltstones. From the early Miocene to the end of the Eggenburgian, the Boryslav-Pokuttia nappearea 

accumulated siltstones and clays evolving into thin sandstones, with intercalations of clay. There are also some lenses of 225 

conglomerates. A thick layer of argillites and siltstone with lenses of salt was deposited on the nappe during the Ottnangian 

(18.1-17.2 Ma, Fig. 2). After this time, sedimentation extended ontointo the Sambir nappe. Whilearea; while argillites with 

thin sandstone interbeds accumulated onin the Boryslav-Pokuttia nappearea, conglomerates and sandstones were deposited 

onin the area of the current Sambir nappe (Andreyeva-Grigorovich et al., 2008). Sedimentation stopped at the end of the 

early Miocene onin the Boryslav-Pokuttia area, apart from several tens of metres of conglomerates thought to be Pliocene in 230 

age. Thick deposits of clay and marls evolving into tuffites and saltevaporites accumulated, on the other hand, onin the 

Sambir nappearea during the Middle Miocene, where deposition. Deposition there continued concordantly to the end of the 

early Sarmatian (10.7 Ma); the remaining Miocene deposits are) with grey clays and sandstones with intercalated tuffites. 

These are overlain discordantly by syn-tectonic conglomerates dated around 9 Ma (Andreyeva-Grigorovich et al., 2008). In 

the Ukrainian Carpathians, the middle to late Miocene foredeep is represented by the Bilche-Volytsa Zone, where the oldest 235 

sediments are of Badenian age (16-12.65 Ma; Andreyeva-Grigorovich et al., 2008). These show a similar facies as the 

Badenian deposits of the Sambir nappe, with marls and clays at the base and tuffites intercalated by evaporite layers. Early 

Sarmatian facies are also similar to those of the Sambir nappe and constitute the uppermost preserved strata in the foredeep. 

The more distal foreland deposits are shallower-water equivalents of the foredeep sediments. 

4 Methods 240 

4.1 Low-Temperature Thermochronology 

Low temperature thermochronology can record the thermal evolution of mountain belts and the exhumation of rock in the 

crust over a large range of temperatures (30 – 300 ℃), corresponding to depths of 1-10 km for a normalan average 

geothermal gradient (e.g., Ault et al., 2019; Malusà and Fitzgerald, 2019). Here we use the apatite fission-track (AFT) and 

apatite (AHe) and zircon (U-Th-Sm)/He (ZHe) low-temperature thermochronometers. These have nominal closure 245 

temperatures in the range of 80-120 ℃, <80 ℃, and <200 ℃, respectively, depending on cooling rate, mineral composition 
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and accumulated -damage (e.g., Ault et al., 2019). When these methods are applied to sedimentary rocks (i.e., in detrital 

thermochronology), they either record information on the pre-depositional history of the depositssediments, or on their post-

depositional burial and subsequent exhumation, depending on the maximum burial temperature experienced by the samples 

(e.g., van der Beek et al., 2006; Fillon et al., 2013). In a flysch basin, detrital grains are derived from a variety of source 250 

rocks and therefore tend to show a wide range of chemical compositions and apparent cooling ages, if they were not affected 

by full thermal resetting during burial heating. Thus, detrital thermochronology potentially allows tracing both the pre- and 

post-depositional history of the sampled sedimentary rocks, if a sufficient number of grains can be analysed per sample (e.g., 

van der Beek et al., 2006; Fillon et al., 2013).; Malusà and Fitzgerald, 2020). The combined thermochronological data can 

also be used for thermal-history modelling (see section 4.2.1).  255 

4.1.1 Sampling  

Fourteen samples, weighing 3-5 kg each, were collected from sandstones across three transects in the Ukrainian Carpathians 

(Table 1). Sampling focused on areas that were not targeted in previous studies (Andreucci et al., 2015; Nakapelyukh et al., 

2018), aiming to collect at least one sample per tectonic unit along each transect (Fig. 1). Samples were crushed and sieved, 

after which apatite and zircon were separated from other minerals with standard heavy-liquid and magnetic separation 260 

techniques. Apatite grains were hand-picked under the microscope for subsequent apatite fission-track (AFT) and apatite (U-

Th-Sm)/He (AHe) dating. Zircon (U-Th-Sm)/He (ZHe) dating was performed on the same samples. Most samples yielded 

sufficient apatite and zircon grains for all three analyses, but in some of the samples, one or two of the analyses were not 

possible (Table 1). 

4.1.2 Fission-track thermochronometry  265 

Eleven samples were prepared for apatite fission-trackAFT thermochronometry at the GTC (Geo-Thermo-Chronology) 

platform of ISTerre, Grenoble (France) using the external detector method (Hurford and Green, 1982). Apatite crystals were 

mounted in resin, polished and etched with a 5.5M HNO3 solution at 21 °C during 20 s, and attached to a mica detector. The 

mounted apatite crystals were irradiated at the Oregon State University Triga reactor (USA). Ten samples contained 

sufficient countable grains for statistically meaningful dating; AFT ages were only calculated for samples with more than 30 270 

counted grains. Three Durango and three Fish Canyon Tuff standards were used to determine a ζ-calibration value of 282±12 

yr.cm-2. Etch-pit width (Dpar) measurements were made on each analysed(Hurford and Green, 1983) of 282±12 yr.cm-2 for 

MR. Etch-pit width (Dpar) measurements were made on each analyzed grain in order to determine compositional variations 

in the apatites, which are known to have an influence on their kinetics (e.g., Carlson et al., 1999).; Sobel and Seward, 2010).  

4.1.3 (U-Th-Sm)/He thermochronometry 275 

Fracture- and inclusion-free apatite and zircon grains were picked under a microscope; their size was measured and their 

shape recorded. Of the 11 samples considered, 10 contained apatite and zircon suitable for (U-Th-Sm)/He dating, with one to 

five single grains of apatite/zircon per sample dated (Tables 3 and 4). 4He concentrations were measure at the University of 

Potsdam (Germany): crystals were encapsulated and heated by a laser to extract 4He; after mixing with a known amount of 

purified 3He gas, the gas mixture was analysed in a quadrupole noble-gas mass spectrometer. The crystals were dissolved 280 

and their U, Th and Sm content determined by ICP-MS at the German Research Centre for Geosciences (GFZ) Potsdam 

(Germany) following the methodology of Galetto et al. (2021) and Zhou et al. (2017). AHe and ZHe ages were corrected for 

-ejection using the methods outlined by Ketcham et al. (2011).  
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4.2 Time-temperature models and tectono-stratigraphic analysis 

4.2.1 Thermal history modelling 285 

We modelled the time-temperature (T-t) pathways constrained by one or more samples for each of the nappes using the 

QTQt (version 5.8.0) code (Gallagher, 2012), which employs a Markov chain Monte Carlo inversion method. Inputs for the 

modelling consisted in our ZHe, AHe, and AFT dates, Dpar values and depositional ages, as well as a limited number (<20 

per sample) of fission-track lengths and angles to the c-axis. We used the diffusion model of Gautheron et al. (2009) for AHe 

and that of Guenthner et al. (2013) for ZHe, as well as the multi-kinetic annealing model of Ketcham et al. (2007) for AFT. 290 

For all models we explore a temperature range of 0-300°C and a time range of 350-0 Ma. We included a maximum of two 

constraints when exploring the T-t space: (1) samples should reside at surface temperatures (5±5 °C) at the depositional age 

of their host sediment; (2) we imposed a 150±50 °C temperature constraint at 150±50 Ma for the samples belonging to the 

Magura, Burkut and Dukla units. The latter was applied to force a (partial) reset of the ZHe system in these units before 

calculation of the burial temperatures after deposition, i.e., the scenario that best complies with our thermochronological 295 

results (see below). Inversions were run with 100.000 models for the burn-in and 150.000 models for the post burn-in 

phases. Model outcomes include a probability field for the range of thermal histories explored as well as several alternative 

“best-fit” models: The maximum likelihood model is the one that fits the input data the best out of all the burn-in and post-

burn-in models, while the “maximum post” model is the post-burn-in model that best fits the data; both may show 

unwarranted structure, however (Gallagher, 2012). We therefore prefer the “expected” model, which reflects the average of 300 

all the tested models, weighted by posterior probability, and its 95% credibility interval to indicate the most probable thermal 

history recorded by our samples.   

4.2.2 Tectono-stratigraphic analysis 

The stratigraphy of the wedge (Fig. 2) contains important information on the pre--, syn- , and synpost-orogenic evolution of 

the Ukrainian Carpathians: the age, thickness, lithology, depositional environment and provenance of the corresponding 305 

sediments provide insight into the former topography and tectonic activity in the region. To complete the post-depositional 

thermal history, we therefore compiled sedimentary burial diagrams for each sampled unit, using the stratigraphy published 

on the 1:200,000-scale geological maps of the Ukrainian Carpathians (Docin, 1963; Vachtchenko et al., 2003; Gerasimov et 

al., 2005; Matskiv et al., 2008 & 2009), which is compiled in Fig. 2. It is notoriously difficult to date flysch deposits, which 

contain much reworked fauna, and deformation clearly complicates stratigraphic measurements in the wedge, but keeping. 310 

Keeping this in mind, the stratigraphic data nevertheless provide a useful complement to the thermochronological results. 

The burial diagrams in Fig. 2Figs. 6 to 9 indicate to which minimal depth samples were buried by sediment accumulation, 

and when the sedimentation rates in the area of the future nappe changed, and give; they also provide a maximum age for 

cessation of sedimentation. Combined with the thermal history models, this information allows discriminating sedimentary 

from tectonic burial, and tracking the full burial-exhumation cycle for each nappe. As we are mainly interested in the timing 315 

and amount of maximum burial, we made no attempt to correct the burial curves for compaction effects. Sedimentary 

thicknesses shown in Fig. 2 are averaged for each tectonic unit, resulting in some uncertainty in the thickness of the 

sedimentary overburden for our samples that can be substantial and increases with progressive burial. 
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5 Results 

5.1 Apatite Fission-Track ages  320 

AFT data are reported in Table 2 and Fig. 3. All samples are characterized by significant age dispersion and P(2) values 

close to zero, indicating that they contain multiple age populations. This may be explained by inheritance of a wide variety 

of detrital grains in our sandstone samples in combination with partial resetting as a result of relatively low temperatures 

experienced since deposition. In our dataset, samples CAR19-056, -062, -063 and -068 areappear relatively close to full 

resetting, as nearly all single-grain ages are younger than the depositional age (Fig. 3). The rest of the samples contain a 325 

large proportion of grains that are significantly older than, or in the range of, the depositional age. 

When dealing with significantly dispersed single-grain ages such as here, central ages (Fig. 3, CA) are not geologically 

meaningful. We therefore used the RadialPlotter program (Vermeesch, 2009) to determine major grain age components 

(peaks), applying the mixture modelling algorithm of Galbraith and Green (1990), as well as) and determining the minimum 

age (Galbraith and Laslett, 1993) for each sample. Between one and three age peaks were detected in our AFT age 330 

distributions (Fig. 3). The youngest peak (P1) generally correspondsoverlaps within error with the calculated minimum age 

component (Fig. 3).  

Minimum ages for samples from the Magura Nappenappe (CAR19-061, -066) range from 24.0 ± 3.3 to 31.0 ± 3.7 Ma, 

indicating cooling of this nappe possibly before the Miocene (Fig. 3). Samples CAR19-062, 063 and 068 from the Burkut 

and Dukla nappes are strongly reset and have very similar minimum ages of 11.0 ± 3.0 Ma, 11.0 ± 1.5 Ma, and 10.0 ±1.5 Ma 335 

respectively (Fig. 3). These minimum ages are also similar to the 11.0 ± 0.9 Ma minimum age of sample CAR19-069 from 

the adjacent Krosno nappe, which is partially reset. The minimum age of sample CAR19-070, which derives from a more 

external position on the Krosno nappe, is 13.0 ± 4.4 Ma. Samples CAR19-045 and 056 from the Skyba nappe display 

minimum ages of 21.0 ± 2.4 and 16.1 ± 1.0 Ma respectively, the latter being strongly partially annealedreset. Sample 

CAR19-072, which comes from the same nappe, shows a younger but less precise minimum age of 12.0 ± 6.6 Ma.  340 

In summary, the Magura nappe has partially reset populations with Oligocene minimum AFT age, the Burkut and Dukla 

nappe have strongly partially annealedreset age distributions with late -Miocene minimum ages, whereas the Krosno and 

Skyba nappes have partially reset age populations, with minimum ages that generally fall into the early to middle Miocene, 

except for the innermost part of the Krosno nappe, which has a late -Miocene minimum age, more similar to the Brukut and 

Dukla nappes. 345 

5.2 Apatite (U/Th)/He ages 

AHe datesdata are reported in Table 3 and Fig. 4. Whereas some samples (CAR19-056, -068, -069) show overlapping 

middle-late Miocene single-grain AHe ages, most samples have widely dispersed ages without a clear correlation with 

effective Uranium content (eU) or grain size (Supplementary Data Table S1). Although this is to be expected in detrital 

samples where grains are characterised by differences in size, eU, as well as pre-depositional thermal history (e.g., Fillon et 350 

al., 2013), there are a few single-grain ages that need to be treated with caution. We suspect He loss to have caused 

anomalously young single-grain ages in samples CAR19-047 and CAR19-62 (Table 3), which we do not consider further. 

Older AHe ages are to be considered taking into account partial resetting of the AHe system, given the potentially large 

diversity of radiation damage, grain size and pre-depositional history. This can be the case for samples CAR19-061, -062, -

066 and -072, which all have grains with either Paleogene or Miocene AHe ages. We find a relatively large spread of AHe 355 

single-grain ages in the Magura and Burkut nappe samples (respectively CAR19-061, -066, -062 and -063). In contrast, 

samples from the Dukla, Krosno and Skyba nappes, with the exception of CAR19-072, show less AHe-age dispersion in the 

AHe system. If we do not take into account the AHe ages that are older than the minimum AFT ages of the respective 
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samples, and are therefore clearly partially reset, we find two prominent age peaks in our data: one at 13.5 ± 2.0 Ma and one 

at 8.8 ± 2.0 Ma. These comprise 70% of the data.  360 

  

5.3 Zircon (U/Th)/He ages 

Zircon (U/Th)/He data are reported in Table 4 and Fig. 5. All but three of the single-grain ages are older than the 

depositional age of the samples and thus non-reset. Single-grain ages show little correlation with eU or grain size (Fig. A1). 

The three grains with young ZHe ages (two in sample CAR19-045 and one in CAR19-056) also have suspiciously low U 365 

and Th contents and anomalous U/Th ratios (Table 4). A grain from sample CAR19-069 has a ZHe age that is only slightly 

older than the depositional age and similar characteristics, while a grain from sample CAR19-072 also has very low U and 

Th content, even though its ZHe age is significantly older than the depositional age. We do not include these grains in our 

further discussion.  

Two clear populations of ZHe ages can be discerned in the remaining grains: 60-130 Ma ZHe ages were obtained from 370 

samples from the inner nappes (Magura/Marmarosh, Dukla, Burkut, Krosno) and 230-450 Ma ZHe ages from the outer 

nappes (Skyba, Boryslav-Pokutia). Because the ZHe ages are demonstrably non-reset, these age groups likely relate to 

different provenance areas for the detrital zircons in these units.  

5.4 Thermal-history models and tectono-stratigraphy 

We modelled time-temperature histories for eight samples and briefly summarize the results below, going from the internal 375 

to the external nappes. The depositional age of sample CAR19-066, from the Magura Nappenappe, is Lutetian-Bartonian 

(48-38 Ma; Matskiv et al., 2008). After deposition, it underwent 800±400 m of sedimentary burial until the end of the 

Eocene (34 Ma). Thermal-history modelling indicates that the sample reached its peak temperature of 85-105 °C around 24-

18 Ma, i.e.., more than 10 MyMyr after the end of sedimentation on the nappein this area (Fig. 6). The sample subsequently 

cooled at a constant rate until the present day. There are two interpretations of the stratigraphy of the laterally equivalent 380 

Marmarosh Nappenappe (cf. Oszczypko et al., 2005; Matskiv et al., 2009), which influences the inferred amount of burial, 

but not the depositional age of the corresponding sample CAR19-061. After deposition in the Bartonian-Priabonian (41-34 

Ma), the sample underwent 800±200 m of pre-Oligocene burial according to the geological map (Matskiv et al., 2009), 

whereas ~500 m of additional sedimentary burial is inferred based on the Oszczypko et al. (2005) stratigraphy (Fig. 6). 

Time-temperature modelling of sample CAR19-061 suggests rapid syn- and post-burial heating to a 85-100 °C peak 385 

temperature of 85-100 °C, which was reached around 31-29 Ma, with continuous cooling, at a constant rate, starting ~4 

MyMyr after sedimentation ended.  

Next in the direction of vergence of the belt is the Burkut nappe, from which samples CAR19-062 and CAR19-063 were 

modelled (Fig. 7). Sample CAR19-062 has a Cenomanian-Turonian depositional age (102-89 Ma) and shows a long burial 

phase under a total of 4000-5000 m of sediment (Matskiv et al., 2009); sedimentation on the nappein this area ended in the 390 

mid-Oligocene (ca. 28 Ma). Thermal-history modelling reveals a correspondingly long heating phase, with the peak 

temperature between 105 and 125 °C being reached around 40 Ma. The onset of cooling is difficult to pinpoint exactly for 

this sample, but the 95% credible intervals of the expected model show a clear cooling step at ∼17.5 Ma. Subsequent cooling 

was intermittent, with a possible acceleration after 10 Ma (Fig. 7). Sample CAR19-063 has a Danian-Ypresian (65.8-47.8 

Ma) depositional age and was buried under 2000-3000 m of sediment until the mid-Oligocene (ca. 28 Ma) (; Matskiv et al., 395 

2009). Thermal-history modelling indicates that sample CAR19-063 reached a maximum temperature of 110 to 155 °C at 

23-18 Ma and began cooling immediately after. Cooling possibly slowed down at around 10 Ma.  



 

11 

 

Sample CAR19-068 was modelled to retrieve a thermal history for the Dukla nappe (Fig. 8). After deposition in the 

Campanian-Maastrichtian (83.6-66 Ma), ∼3000 m of sediments accumulated on top of the sampled sandstone until the mid-

Oligocene (ca. 28 Ma) (; Matskiv et al., 2008). Thermal-history modelling indicates that heating lasted some 8 MyMyr 400 

longer; the sample reached a peak temperature of 100 to 130 °C at 13± ± 2 Ma, followed by rapid cooling at a constant rate.  

Sample CAR19-069 is from the Krosno Nappenappe and was deposited in the Chattian (28-23 Ma). It was subsequently 

rapidly accumulatedburied under an overburden of 2500±500 m. Sedimentation on the nappein this area terminated in the 

Early Miocene (Eggenburgian; ∼18 Ma; Matskiv et al., 2009). Thermal-history modelling indicates that the peak temperature 

of 115°C was reached shortly after (~17 Ma), followed by continuous and rapid cooling. 405 

The outermost nappe for which we derived thermal-history models is Skyba. Sample CAR19-045 was deposited in the 

Lutetian-Bartonian (48-38 Ma; Vachtchenko et al., 2003) and accumulated an overburden of 1700±400 m of sediments until 

the Burdigalian, when sedimentation on the nappe stopped. Thermal-history modelling retrieves a most likely onset of burial 

heating at ~45 Ma and a maximum temperature of 85-100 °C that was reached at 12± ± 1 Ma (Fig. 9). Subsequent cooling 

was rapid and continuous until the present. Sample CAR19-056 was deposited in the Turonian-Danian (94-62 Ma; Docin, 410 

1963) and accumulated 4000-5000 m of sediment until the Early Miocene (Eggenburgian, ∼18 Ma). Thermal-history 

modelling reveals both syn- and post-depositional heating from ~68 Ma to ~16 Ma, up to a maximum temperature of ∼120 

°C, followed by rapid and continuous cooling to the present. 

6 Interpretation and Discussion 

6.1 Burial and exhumation pathways in the Ukrainian Outer Carpathians 415 

The burial diagrams and time-temperature models for the various nappes of the Ukrainian Carpathians obtained in our study 

provide enhanced insight into the evolution of the orogenic wedge. For several of our samples (CAR19-045, 061, 066, 063, 

and 069), the peak temperature encountered during burial is very high when compared to the temperatures that would result 

from sedimentary overburden alone. Moreover, some samples show continued heating after sedimentation on the nappe had 

terminated, requiring another process to explain this additional heating. We infer that each nappe experienced a tectonic 420 

burial phase after the end of deposition, 

We identify two ways in which imbricated the this additional heating may be explained: first, part of the sediment into the 

wedge and/or thrusted more internal nappe units onto the sedimentary column. Burial  of the nappes may have been eroded 

during the evolution of the wedge, which would imply that our burial diagrams generally revealare truncated and heating due 

to sedimentary burial was more intense and continued for longer than we can determine. However, the nappes are internally 425 

deformed, so it is unlikely that none of the corresponding sediments would have been preserved in the cores of synclines or 

under intra-nappe thrusts. The only sediments likely to have been completely eroded are wedge-top deposits that may have 

accumulated unconformably on top of each of the nappes. There is some evidence that these existed, in the form of the 

unconformable Radych conglomerate in the Ukrainian Carpathians (Andreyeva-Grigorovich et al., 2008), or the 850-m thick 

Comaneşti piggy-back basin in Romania (Dumitrescu et al., 2000). However, accommodation space on the wedge top was 430 

probably too limited to explain the observed magnitude of additional heating (corresponding to additional burial of up to 2 

km; Fig. 11). 

A second and more likely explanation for the additional heating is tectonic burial. In this scenario, sedimentation stoppedrate 

first accelerated as the thrust front prograded over the basin (as shown by several million years before cooling of the nappe 

commenced. We interpret this to reflectof the burial diagrams; Figs. 6-9), and then stopped when the site was overthrust by 435 

the advancing wedge. The absence of shallow-water facies at the top of the sedimentary column of all but the outermost two 

nappes (which contain sediments that were deposited on thicker crust), suggests that most of the nappes were overthrust in a 
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deep-water environment. We infer from this observation that sedimentation stopped when accretion of the nappe started.did 

not end due to a lack of accommodation space. While we cannot exclude that part of the original sediment column has been 

eroded, we consider that the observed additional heating is due to tectonic burial. The amount of additional heating after the 440 

end of sedimentation, as well as the time lag between the end of sedimentation and the onset of cooling, reflect the relative 

importance of tectonic thickening due to thrusting, and surface erosion (Husson and Moretti, 2002; and surface erosion in 

thin-skinned fold-and-thrust belts (Husson and Moretti, 2002; Ehlers and Farley, 2003; Ter Voorde et al., 2004). 

To estimate how much tectonic burial a sample underwent, we estimateused a geothermal gradient of 25°C/km for the 

evolving wedge (Section, as justified in section 2; Kotarba and Kolunt, 2006).. This allows us to translate the modelled time-445 

temperature paths, based on the thermochronological data, into depths of burial. We note that this approach neglects heat 

advection and blanketing effects during burial and exhumation. Inferred cooling rates for our samples are all ≤10 ℃/MyMyr, 

leading to maximum exhumation rates of 400 m/MyMyr using the estimated geothermal gradient (see belowabove). 

Maximum burial rates are significantly lower than that, <200 m/MyMyr for all samples and in the range 50-70 m/MyMyr for 

most of them. Such burial and exhumation rates, combined with a detachment depth of 10-15 km (Fig. 1) are not expected to 450 

significantly perturb the conductive thermal structure of the fold-and-thrust belt (Husson and Moretti, 2002; Braun et al., 

2006). However, the inferred 15% uncertainty in the geothermal gradient (section 2) would lead to a similar relative 

uncertainty in burial depths. The evolving topography of the wedge could also have affected the thermal structure recorded 

by in particular by the lowerlow-temperature thermochronometers AFT and AHe (e.g., Braun et al., 2006). As the 

topographic evolution of the Ukrainian Carpathians is currently unconstrained, we neglected this effect. The resulting burial 455 

and exhumation paths are thus first-order approximations of the evolution of the wedge.  

The amount and timing of sedimentary burial, as derived from the nappe stratigraphy, is indicated in the burial diagrams. 

The amount and timing of tectonic burial can thus be found by subtraction of this amount from the maximum burial inferred 

from the time-temperature path. The results are shown in Fig. 11. As seen in the regional cross section inof Fig. 1, internal 

thrusting affects each nappe,; thus the time-depth model represents only onea particular internal thrust slice. Nevertheless, 460 

we consider the wholeentire nappe to have behaved more or less according to the thermal models. Finally, assuming that 

cooling of the sample from the maximum depth of burial to the present-day surface occurred by erosional unroofing, 

exhumation rates can be calculated for the different nappes of the wedge. This also allows calculation of the total amount of 

eroded sediment per nappe. Modelled thermal histories can thus be interpreted in terms of sedimentary and/or tectonic burial 

and subsequent exhumation of the nappe (or unit) they belong to. We use the mean expected model as the reference for all 465 

interpretations of sample pathways.  

Interpretation of the modelled thermal histories provides information on the evolution of the Ukrainian Carpathian wedge 

and highlights the different stages of tectonic burial and final exhumation of the wedge (Fig. 11). 

 The Magura and Marmarosh nappes were accreted at approximately 34 Ma and had a stage of tectonic burial that lasted 

tountil 30 Ma in the SE (CAR19-061) and tountil 20 Ma in the NW (according to sample location) that brought the rocks 470 

CAR19-066) of our study area. Overthrusting led to 2.5-3 km deeper than of tectonic burial in addition to the prior 

sedimentary burial. Subsequent exhumation amounted to ~4 km, at rates of 0.12-0.14 km/MyMyr and 0.16-0.22 km/MyMyr, 

respectively.  

Accretion of the Burkut nappe occurred at ~28 Ma for both samples (CAR19-063 and CAR19-062) and tectonic burial 

brought them respectively to 5.0 and 5.5 km depth, respectively. The following exhumation stage occurred in two phases: a 475 

first phase between 18-10 Ma and a second phase after 10 Ma. The two samples from this nappe have different exhumation 

rates before 10 Ma (0.22 km/MyMyr for CAR19-062 and 0.40 km/MyMyr for CAR19-063); however, this difference may 

be linked to the lack of time constraints on the peak burial and the initiation of the exhumation stage (especially for CAR19-

062), as the timing of the peak temperature impacts directly the exhumation -rate estimationestimate, which is interpolated 

from thethis peak to the next inflexion point of the cooling path. However, the post-10 Ma exhumation rate is ~0.3 480 
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km/MyMyr for both samples and the thickest overburden (up to 5.5 km) was eroded from this nappe. The Dukla nappe 

shows a long tectonic burial stage, from ~28 Ma to 14 Ma, and started exhuming later than the Krosno and Skyba nappes, 

which are in a more external position. This timing suggests out-of-sequence thrusting in the Dukla nappe, in line with 

inferences by Roure et al. (1993). Exhumation of the Dukla nappe started around 12 Ma and occurred at a rate of ∼0.38 

km/MyMyr.  485 

The samples of the Krosno nappe (CAR19-069) and the north-west part of the Skyba nappe (CAR19-056) display very 

similar thermal histories, with a stage of tectonic burial (i.e., accretion) starting at 18 Ma, preceded by rapid syn-orogenic 

sedimentation on the Krosno nappe (Fig. 2; Shlapinskyi, 2015; Nakapelyukh et al., 2018). Their exhumationExhumation of 

these nappes started not long after, at respectively ~17 and ~16 Ma. The southeast part of the Skyba Nappenappe (sample 

CAR19-045), on the other hand, continued its tectonic burial until 12 Ma. Exhumation rates for the Krosno and Skyba 490 

nappes were around 0.3-0.4 km/MyMyr and 4-5 km of overburden was removed at a significantly higher rate than that of the 

other MiddleBurkut and Dukla nappes. We have no thermal -history models for the Boryslav-Pokuttia and Sambir nappes 

due to their much lower heating, below the level of AFT partial annealing. However, deposition onin  the Boryslav-Pokuttia 

Nappearea continued until 17.2 Ma (Andreyeva-Grigorovich, et al., 2008), while AHe data indicate exhumation at 12.8-9.5 

Ma.  495 

We thus seeobserve an apparent increase ofin exhumation rates from the inner to the outer nappes in our models. However, 

this could simply be related to the later time of peak burial in the outer nappes, as the lack of track-length measurements 

lowers the resolution of the thermal history at shallow depths, potentially failing to resolve earlier exhumation to the surface 

of samples in the inner nappes.  

6.2. Evolution of the Ukrainian Carpathian wedge  500 

Our combined tectono-stratigraphic and thermochronological analysis allows us to identify several sedimentary and tectonic 

events and to retrieve the activity of Ukrainian Carpathian wedge over time. We outline and discuss our main observations 

of the different stages below. 

Several nappesof the burial diagrams show an increase in sedimentation rate just before the onset of the accretion phase 

(marked by tectonic burial) of successive partscorresponding part of the antecedent basin was accreted into the wedge (Fig. 505 

11). Such increasing sedimentation rates are expected in a pro-foreland basin adjacent to an approaching frontal thrust 

(Naylor and Sinclair, 2008), as has also been suggested for the Polish Carpathians (Poprawa et al., 2002; Oszczypko, 2006; 

Poparwa, 2002). In the Magura nappearea, sedimentation ended in the Eocene and depositional rates increased in the early-

middle Eocene, especially in the Marmarosh Unit, until the end of the Eocene (Fig. 2). In the Burkut and Dukla nappes, 

sedimentation ended in the areas, the youngest sediments preserved are middle Oligocene in age; the approach of the active 510 

front toward these nappes the Burkut and Dukla areas is reflected by a coarsening of the grain size and the occurrence of 

olistostromes in the flysch, without a marked acceleration of the sedimentation rate. ForIn the Krosno nappe, the two-

kilometres-thick sandstonesKrosno beds show a rapid increase in sedimentation rate within the basin starting in the late 

Oligocene, probably due to increased accommodation space in combination witha high sediment supply. from the internal 

Carpathians, uplifted as a result of the growing wedge. Sedimentation in the proximal units of the Skyba nappe isarea was 515 

similar to the Krosno nappearea, with Oligocene sandstones and Miocene syn-orogenic sediments. More distal units of 

Skyba contain only late Oligocene sediments and Miocene layers are absents, either absent from the more distal units of the 

Skyba nappe, where the stratigraphic successions ends with late Oligocene sediments, possibly because of erosion of the 

overlying strata,  or by underfilling of the basin in the early Miocene with deposition on basin lower points, or due because 

the external part of the nappe was uplifted while it started to the lower plate flexure with an advancing deformation 520 

front.overthrust the Boryslav-Pokuttia area at this time (see Nakapelyukh et al., 2018). The Boryslav-Pokuttia and Sambir 

nappes accumulatepreserve the majority of their Miocene deposits in the Miocene, with levels of sandstones (and 
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olistostromes), followed by evaporitesevaporite lenses and fossil-rich clays, marking the evolution of thetoward a shallow-

marine environment to a shallow sea, located in front of the wedge in the Middlemiddle Miocene (Fig. 2).  

We observe diachronous building of the wedge with periods of increased tectonic activity. For the Magura nappe, the onset 525 

of accretion is at 34 Ma and exhumation is between 30-22 Ma, coeval with the accretion of the Burkut and Dukla nappes 

(around 28-22 Ma). Exhumation of the Burkut nappe started immediately afterwards at ca. 20 Ma and the next nappes in 

line, Krosno and Skyba, were being accreted at 18 Ma. Onset of exhumation occurred shortly after for the Krosno nappe, 

whereas it occurred around 12-8 Ma on the Skyba nappe. Out-of-sequence thrusting in the wedge also occurred during this 

period, with the onset of the exhumation of the Dukla nappe at 14 Ma. A basement high was inferred from an analysis of 530 

exotic rocks present in the flysch (Shlapinskyi, 2007; Nakapelyukh et al., 2018), but in an initial position under the adjacent 

Dukla nappe. We suggest this basement block was located under the Krosno nappe in the northwest of the Ukrainian 

Carpathians, as the sedimentation there started in the Paleocene, whereas toward the southeast, where sedimentation on the 

Krosno nappe commenced in the Mesozoic, in analogy with the adjacent Dukla and Skyba nappes, the ridge may have 

disappeared. The ridge may correspond to the sub-Silesian ridge recognised in Poland (Oszczypko, 2006). The 535 

corresponding basement block is resolved by geophysical measurements in a current position under the internal part of the 

Carpathians (Zayats et al., 2013). The arrival of this basement high at the subduction zone may have given rise to the 

formation of duplexes and out-of-sequence thrusting in the Dukla nappe (Roure et al., 1993; Nakapelyukh et al., 2018).For 

the Magura nappe, the onset of accretion occurred at 34 Ma and exhumation was between 30-22 Ma, coeval with the 

accretion of the Burkut and Dukla nappes (around 28-22 Ma). Exhumation of the Burkut nappe started immediately 540 

afterwards at ca. 20 Ma (Fig. 7) and the next nappes in line, Krosno and Skyba, were being accreted at 18 Ma. Tectonic 

burial was very rapid for the Krosno nappe and exhumation started very shortly afterwards (ca. 16 Ma), whereas it occurred 

later, around 12-8 Ma, for the Skyba nappe (Fig. 8 and 9). Out-of-sequence thrusting in the wedge also occurred during this 

period, with the onset of exhumation in the Dukla nappe at 14 Ma (Fig. 8). In this scenario, the rapid mid-late Oligocene 

sedimentation in the Krosno area can be linked to the onset of Carpathian wedge growth and related erosion of the Inner 545 

Carpathians.  

Apart from some minor Pliocene conglomerates, the youngest deposits on the Boryslav-Pokuttia nappe are 17.2 Ma (Fig. 2), 

with local deposits on the outskirt of the nappe dated at 13.5 Ma according to Andreyeva-Grigorovich 2008, which indicates 

that it was buried tectonically in most part after 17.2 Ma but with local (syn-tectonic ?) deposition around 13.5 Ma. This was 

the last stage of foreland-propagating thrusting that we can resolve. The nappe was exhumed at the same time as the Skyba 550 

nappe, as marked by its late Miocene AHe ages (12.8 ± 0.2 Ma and 9.5 ± 0.1 Ma). During this last stage, the wedge was 

thrust over the Sambir nappe and onto the East European Platform corresponds to the halting of foreland propagation (11.5 

Ma) of the frontal thrust in the Ukrainian foreland (Nemčok et al., 2006; Nakapelyukh et al., 2018). 

Exotic pebbles of granite, amphibolite, gneiss, and limestone as well as large blocks of mafic volcanics are only found in the 

Burkut nappe and in the internal part of the Dukla nappe, in mid-Cretaceous strata, which suggests that a ridge-like basement 555 

high was located in the Carpathian embayment in the vicinity of these nappes (Shlapinskyi, 2007; Nakapelyukh et al., 2017; 

Nakapelyukh et al., 2018). It has been suggested that the arrival of the basement high at the subduction zone may have 

disrupted the progradation of the wedge and led to the formation of duplexes and out-of-sequence thrusting in the Dukla 

nappe (Roure et al., 1993). This may also have led to the markedly increased sediment flux to the Krosno area from the 

Oligocene onward. The basement high might correspond to a south-eastward extension of the Polish Silesian ridge, or a 560 

branch of it known as the Bukowiec ridge in the vicinity of the Ukrainian border (Oszczypko, 2006).  

Apart from some minor Pliocene conglomerates, the youngest deposits within the Boryslav-Pokuttia nappe are dated to 17.2 

Ma (Fig. 2), with local pockets of sediment, only present in the most external parts of the nappe, dated at 13.5 Ma 

(Andreyeva-Grigorovich et al., 2008). This absence of younger sediments indicates that most of the nappe was tectonically 

buried just after 17.2 Ma, while syn-tectonic deposition continued locally, and in particular on the more external parts of the 565 
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nappe, up to 13.5 Ma. The nappe started exhuming simultaneously with the Skyba nappe, as marked by its late-Miocene 

AHe ages (12.8 ± 0.2 Ma and 9.5 ± 0.1 Ma). Onset of exhumation probably happened when the wedge was thrust over the 

Sambir area. Badenian (16-12.65 Ma) sediments were found under the Carpathian wedge up to 70 km inward of the frontal 

thrust (Oszczypko et al., 2006), implying that the Sambir nappe overthrust the foreland by at least this distance after the 

Badenian. The thrust that delimits the eastern margin of the Sambir nappe, i.e. the Carpathian frontal thrust, crosscuts the 570 

early Sarmatian (12.65-11.5 Ma) Dashava formation and must have therefore been active until 11.5 Ma (Andreyeva-

Grigorovich et al., 2008). Thrusting ceased afterwards (Nemčok et al., 2006; Nakapelyukh et al., 2018), coincident with the 

arrival of the wedge at the margin of the rigid East European Platform. Thick-skinned Mesozoic extensional faults on this 

margin were extensionally reactivated during the Badenian-early Sarmatian phase of wedge propagation and show up to 2.5 

km of post-middle-Badenian offset (Krzywiec, 2001). Rheological variations at the margin of the East European Platform 575 

(e.g., elastic thickness varies from 40-80 km; Kaban et al., 2018) and the presence of pre-orogenic faults probably 

determined the location and magnitude of syn-orogenic extension, which occurred 50-70 km away from the orogenic front 

(Krzywiec et al., 2001; Tărăpoancă et al., 2003, 2004; Leever et al., 2006). The vertical displacement on the normal faults 

appears to have been higher in the western part of the Ukrainian foreland, decreasing eastward (Oszczypko et al., 2006). The 

Badenian-Sarmatian depocenter that developed in the hanging wall of these normal faults (~2 km) was subsequently 580 

overthrusted by the Sambir nappe.   

6.3 Thermochronometric age pattern and wedge dynamics 

In line with previous data, our results reflect partial resetting of the AFT system and fully reset AHe ages in the central 

nappes (Fig. 10). We find strong partial annealing of the AFT system and full resetting of the AHe system in the Burkut and 

Dukla nappes, and Andreucci et al. (2015) provide evidence for (strong) partial resetting of the ZHe system. In contrast, the 585 

AHe and AFT systems are partially reset, and ZHe is non-reset in the innermost Magura nappe. For the more external 

Krosno and Skyba nappes, AFT samples are variably reset, with less resetting in the outer parts of these nappes. AHe ages, 

on the other hand, are fully reset in the Krosno nappe. The external part of the Skyba Nappe reveals non-reset AHe ages, 

while the Boryslav-Pokuttia Nappe has some reset AHe ages. This pattern of low-temperature thermochronology ages, 

showing burial heating to maximum temperatures in the core of the wedge (Fig. 10) and decreasing toward both the internal 590 

and external limits, is consistent with models of steady-state orogenic wedges (Barr and Dahlen, 1990; Batt et al., 2001; 

Willett and Brandon, 2002). It is also comparable with exhumation patterns in other orogenic wedges, including the Olympic 

Mountains (Brandon et al., 1998; Batt et al., 2001); Taiwan (Beyssac et al., 2007) and the Apennines (Thomson et al., 2010; 

Erlanger et al., 2022). The increasing thermochronometer ages toward the innermost Magura nappe may indicate that the 

latter acts as a relatively stable backstop (e.g., Brandon et al., 1998) or that the Ukraine Carpathians constitute an 595 

“immature” wedge, where steady state has not been reached sufficiently long to exhume reset thermochronometers on the 

nner wedge (e.g., Willet and Brandon, 2002).  

In a theoretical view ofIn line with previous low-temperature thermochronology data (Andreucci et al., 2015; Nakapelyukh 

et al., 2018), our results indicate partial resetting of the AFT system and fully reset AHe ages in the central nappes (Fig. 10). 

We find strong partial resetting of the AFT system and full resetting of the AHe system in the Burkut and Dukla nappes, 600 

while Andreucci et al. (2015) provided evidence for (strong) partial resetting of the ZHe system in these nappes. In contrast, 

the AHe and AFT systems are partially reset, and ZHe is non-reset in the innermost Magura nappe. For the more external 

Krosno and Skyba nappes, AFT samples are variably reset, with less resetting in the outer parts of these nappes. AHe ages, 

on the other hand, are fully reset in the Krosno nappe. The external part of the Skyba nappe reveals non-reset AHe ages, 

while the Boryslav-Pokuttia nappe has some reset AHe ages. This pattern of low-temperature thermochronology ages, 605 

showing burial heating to maximum temperatures in the core of the wedge (Fig. 10) and decreasing toward both the internal 

and external limits, is consistent with the exhumation pattern observed in other orogenic wedges including the Olympic 
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Mountains (Brandon et al., 1998; Batt et al., 2001; Michel et al., 2019); Taiwan (Fuller et al., 2006; Beyssac et al., 2007) and 

the Apennines (Thomson et al., 2010; Erlanger et al., 2022). It also corresponds to the pattern reproduced in several 

modelling studies of orogenic wedges (Barr and Dahlen, 1990; Batt et al., 2001; Willett and Brandon, 2002). The increasing 610 

thermochronometer ages toward the innermost Magura nappe may indicate that the latter acted as a relatively stable backstop 

(e.g., Brandon et al., 1998) or that the Ukraine Carpathians constituted an “immature” wedge, where steady state either has 

not been reached, or has not been maintained sufficiently long to exhume reset thermochronometers within the inner wedge 

(e.g., Willet and Brandon, 2002; Konstantinovskaia and Malavieille, 2005).  

In a theoretical view of orogenic wedges, the accretion of nappes should decelerate over time, i.e., accretion and frontal-615 

thrust propagation should occur with a longer period of quiescence between events as the wedge grows (Naylor and Sinclair, 

2007). This does not correspond to our model results. We can infer from what we see in our time-depth diagrams (Fig. 11),) 

that the accretion-exhumation phases are shorter in the period between 22-18 Ma when the main nappes (Burkut, Dukla, 

Krosno and Skyba) were accreted and started to be exhumed for some (see 6.2.).. The geodynamic context of this orogen 

may explain the observed discrepancy. In the Carpathians, the main driver of convergence is the retreat of the subduction 620 

zone linked to slab roll-back in the latest stages (Royden and Karner, 1984; Royden, 1993; Wortel and Spakman, 2000; 

Konĕcný et al., 2002). Within this context, orogenic buildingorogeny is ruledgoverned by the dynamics of the slab and, 

therefore, we infer that dynamic equilibrium of the orogenic wedge could have been impeded by the competition between 

the accretion of material and the retreat of the orogenic front due to slab roll-back, allowing no time for topography building, 

thermal re-equilibration or internal deformation. In conclusion, the Ukrainian Carpathians record the competition of orogenic 625 

wedge growth and subduction retreat by slab roll-back. 

 

6.4 Sediment provenance from ZHe ages 

While the reset and partially reset AFT and AHe thermochronometers provide insight into the sedimentary and tectonic 

evolution of the wedge, the non-reset ZHe ages may provide insightinsights into the sediment supply to the evolving wedge 630 

and its precursor deep-water basin (Fig. 12). ZHe ages of this study can be divided in two groups containing ages of 60-130 

Ma and 230-450 Ma, respectively. The younger age group is mainly found in the inner nappes of the UC (samples CAR19-

061, -062, -063; Fig.s 4, 12), while the older ZHe age population (230-450 Ma) is presentdominant in the outer nappes of the 

Ukrainian Carpathians (samples CAR19-045, CAR19-047 and CAR19-056; Fig.sFigs. 4, 12). This pattern is consistent with 

previously publishedWhereas ZHe ages fromreported by Andreucci et al. (2015), that) are reset and (partially) reset in the 635 

core of the orogenic wedge (i.e., in the Burkut and Dukla nappes). But which are still unreset and younger in the ), their non-

reset ZHe ages from the inner part(232-250 Ma) and outer (55 and 413 Ma) parts of the wedge, notably in the Magura nappe, 

and older in the Skyba and Boryslav-Pokuttia nappe. We evidently exclude reset and partially reset ZHe ages in the core of 

the orogenic wedge (i.e., Burkut and Dukla nappes) and on the Krosno nappe from this provide useful complementary 

information about sediment provenance analysis. . 640 

We infer thatinterpret the sourcessource of the sediment in the inner nappes, which bear mostly characterised by 60-130 Ma 

unresetnon-reset ZHe ages, areto be the Bucovinian units of the Inner Carpathians (i.e., basement units of the Dacia plate; 

Sandulescu, 1988; Schmid et al., 2008) and their sedimentary cover. ZFT studies in the Infrabucovinianinfra-Bucovinian 

units, located in the Maramures mountains, show fully reset ages fromrecording a cooling phase startingthat started in 

Cenomanian times (∼100 Ma), with another cooling event in the Coniacian-Campanian (90-72 Ma; Gröger, 2006). 645 

Sedimentation onin the Bucovinian units stopped in Barremian times (129-125 Ma; Krautner, 1975) and the onset of 

thrusting is dated as Aptian-AlbienAlbian (125-101 Ma) by the discordant deposition of the Wildflysch formation on top of 

both units (Sandulescu, 1975). For the Bucovinian and Sub-bucoviniansub-Bucovinian units, which structurally overlie the 

Infrabucovinianinfra-Bucovinian unit, the ZFT system is generally partially reset, depending on the tectonic overburden and 
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stratigraphic position in the stratigraphy (Gröger et al., 2008). The ZFT ages from the Bucovinian units are very similar to 650 

our 60-130 Ma ZHe ages for the innermost nappes, suggesting a source-sink relation. The 232-250 Ma ZHe ages present in 

the dataset of Andreucci et al. (2015) in the internal nappes may, on the other hand, signify that the source for the Magura 

and Burkut samplessome zircons were possibly the Bucoviniansderived from Triassic intrusions that are present in the 

basement of the inner Carpathian units, or their Ukrainian equivalent. Sediment. In line with our results, provenance analysis 

in the Western Carpathians also showsshowed that the Magura nappe received sediments from the inner units (Winkler and 655 

Slaczka, 1992). 

It is well documented that the Silesian, Bukowiec and Dukla  basement highs  also supplied sediment to the basin, 

particularly during the Late Cretaceous and early Palaeogene, as demonstrated by crystalline clasts and palaeocurrents in the 

Burkut, Dukla and Silesian nappes (Oszczypko, 2006). We nevertheless consider it more likely for the zircons with60-130 

Ma ZHe ages to have come from the inner Carpathian basement: Supplying zircons with reset ZHe ages from the Dukla 660 

ridge would require approximately 6 km of exhumation, which seems unlikely considering that uplift of these inner units 

(Winkler and Slaczka, 1992) and paleocurrent were retrace to bringridges occurred due to far-field transmission of 

compressive stresses related to collision in the Inner Carpathians.  

Late Cretaceous to early Palaeocene ZHe ages (60-130 Ma) are dominant in the Eocene to Oligocene of the Krosno nappe, 

which points towards an Inner Carpathians sediment source, while the basement high had been overthrust by the wedge by 665 

this time. In contrast, pre-Oligocene sediments from the Silesian ridge in the NW to the Krosno basin (Oszczypko, 2006).of 

the Skyba and Boryslav-Pokuttia nappes exclusively display 230-450 Ma ZHe ages, and we infer that sediments in the outer 

nappes of the Ukrainian Carpathians were initially sourced from an area without significant exhumation (<6 km) since the 

mid Triassic. Within the context of the Carpathians, the East European Craton and the Teisseyre-Tonrquist Zone are the 

most plausible sources for these sediments (Pharaoh, 1999; Oszczypko, 2006; Roban et al., 2020). In the Oligocene 670 

sediments of the Skyba nappe, zircons from this older ZHe age population are joined by zircons from the 60-130 Ma ZHe 

age group, suggesting that, in addition to sediment supply from the East European Platform, the area started to receive 

sediments from the inner Carpathians, either directly or recycled from the evolving wedge.   

We moreover infer that sediments in the outer nappes of the Ukrainian Carpathians, which contain the older ZHe age 

population (230-450 Ma), were sourced from the intra-basinal ridges of the East European margin, where the last 675 

exhumation phase occurred during Tethyan rifting (300-250 Ma; Winkler and Slaczka, 1992; Oszczypko et al., 2006; 

Schmidt et al., 2008), and  from the Trans-European Suture Zone (TESZ) or the East European Craton, which contain 

Variscan faults that were also active during the  late Ordovician (~450 Ma; Pharaoh, 1999). The westernmost samples of 

these outer nappes (CAR19-066, CAR19-068, CAR19-069 and CAR19-072; Fig.s 4 & 12) contain a mix of the young and 

old age populations and were thus probably derived from both previously mentioned sources.  680 

6.5 Sediment recycling in the Carpathian Wedge and sediment supply to the pro-foreland basin 

Recycling of sediments is a major process in fold-and-thrust belts; quantifying the amount of eroded material and the timing 

of erosion can help retrieve sediment fluxes over time. Our study provides a view on the sediment fluxes in the Ukrainian 

Carpathian wedge from the classic model of a formerly accreted nappe providing sediments to the next accreted nappe. 

Accretion and onset of exhumation of the innermost Magura nappe (34-24 Ma) happened earlier than for the rest of the 685 

wedge. However, the middle nappes were all accreted and started their exhumation in a 4-My time interval (22-18 Ma). The 

sediment that accumulated on these nappes before their accretion cannot have been sourced exclusively from the early thin-

skinned wedge, as the amount of material exhumed from the inner nappes at that time was insufficient. Multiplying the 

amount of exhumation of the Magura nappe in the 30 Ma to 26 Ma time-intervals with its width as shown on balanced cross 

sections (Nakapelukh et al., 2017; Nakapelyukh et al., 2018) and comparing this with the thickness of sediments deposited 690 

over the width of the remaining flysch basin, we find that the amount of eroded overburden from the wedge that took part in 
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the sediment accumulated in the pro-foreland was of 5% between 30 and 26 Ma, and increase further to 13% between 26 and 

20 Ma. This suggests that much of the syn-orogenic sediment arriving in the middle part of the basin was derived rather from 

the overriding plate, which is also indicated by the ZHe ages as discussed above, and from paleocurrents arriving from the 

NW Polish intra-basinal ridges (the Silesian ridge) supplying mostly Krosno and Skyba nappe and from the East-European 695 

margin by large deltaic fan for more external nappes (Oszczypko, 2006; Popadyuk et al., 2006). The Boryslav-Pokuttia 

nappe received little sediments after 17.2 Ma, despite some local deposition on the outskirt of the unit around 13.5 Ma (Fig. 

2; Andreyeva-Grigorovich, 2008). However, the middle nappes at that time had mostly started their exhumation phase, 

hence a large part of the eroded sediments from the wedge was transported or remobilised into the Sambir nappe and the 

modern Carpathian foreland basin (Fig.s 2, 13). In fact, the tectono-stratigraphic analysis, in combination with the 700 

kinematics of the Ukrainian Carpathians, indicates very little sediment recycling between the nappes, but rather suggests a 

large-scale by-pass of the sediment directly to the most external nappe (i.e., Sambir) after the Ottnangian (18.1–17.2 Ma), 

and to the foreland after 12-8 Ma. 

7. Conclusion 

This study adds constraints on the construction of the Ukrainian Carpathians through low-temperature thermochronology. 705 

AFT and AHe single-grain ages show partial resetting in the most internal and external nappes and a progression to a very 

strong partial reset and total reset with young AHe ages (8-6 Ma) and young minimum AFT ages (16-8 Ma) in the central 

nappes (Burkut and Dukla). ZHe dating shows mainly non-reset grains, except for the central part of the wedge, and marks 

exhumation of the sediment source areas for the different basins. The distribution of ZHe ages indicates a southwestern 

source for sediments in the inner wedge, from Inner Carpathians basement and/or cover. For the middle nappes (Dukla, 710 

Krosno and Skyba), sources are mixed, from north-eastern areas such as the Trans-European Suture Zone or the East 

European Margin , and from the intra-basinal highs in the paleo Krosno basins (Kováč, 2016). Mixed sediment may have 

arrived from the Polish Carpathians along strike (Oszczypko, 2006). 

Through the construction ofOur results are in line with recent provenance analyses of sandstones in the Romanian 

Carpathians based on detrital-zircon U-Pb ages, sedimentology and petrography (Roban et al., 2020, 2022). These indicate 715 

that the Cretaceous sediments of the innermost Ceahlau-Severin and Teleajen nappes were sourced from the Bucovinian 

Units of Dacia basement, while those from the more external Audia, Tarcau and Vrancea nappes were sourced from the 

European foreland (Roban et al., 2020). The Oligocene series of the Tarcau and Vrancea nappes display coarser-grained 

lithic-fragment-rich sands and conglomerates that were sourced from both the growing orogenic wedge and thick-skinned 

nappes of the Inner Carpathians, while the finer-grained quartz dominated sandstones of the Kliwa Fm on the more external 720 

part of the same nappes were sourced from the East European Platform (Roban et al., 2022). This mixed provenance signal 

during the Oligocene is analogous to that recorded in the Krosno and Skyba nappes. 

 

 

6.5 Sediment recycling in the Carpathian Wedge and sediment supply to the pro-foreland basin 725 

Recycling of sediments is a major process in fold-and-thrust belts; quantifying the amount of eroded material and the timing 

of erosion can help retrieve sediment fluxes over time. Our study provides a view on the sediment fluxes in the Ukrainian 

Carpathian wedge from the classic model of a previously accreted nappe providing sediments to the next accreted nappe. A 

large volume of sediments accumulated in the part of the Carpathian embayment corresponding to the future Burkut, Dukla, 

Krosno and Skyba nappes during the Oligocene. This sediment cannot have been sourced exclusively from the early thin-730 

skinned wedge, as the amount of material exhumed from the inner nappes at that time was insufficient. Our thermal 
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modelling indicates that during the Oligocene, only the Magura part of the wedge was exhuming. Multiplying the amount of 

exhumation of the growing wedge, with its width reconstructed from balanced cross-sections (Nakapelyukh et al., 2017, 

2018), and comparing the thickness of the sediments over the width of the restored basin, we find an imbalance in the 

volume of material. In the 30-26 Ma interval, the Magura nappe was embedded in the wedge with a width of 20 km and ~ 735 

0.8 km of exhumed sediment. In the same period, the restored basin carried ~ 1.4 km of sediment over 140 km based on 

restored sections of the region. For the 26-20 Ma period, the restored section allowed ~ 80 km of width and 0.5 km of 

exhumation in the wedge. In comparison, the basin received ~ 4 to 1.5 km of sediment over 30 and 80 km of restored width, 

respectively. Based on these estimates, the wedge may have provided only 8% and 17% of the basin's sediment during the 30 

- 26 Ma and 26 - 20 Ma periods, respectively. This imbalance suggests that much of the syn-orogenic sediment arriving in 740 

the basin was rather derived from the Inner Carpathians, or the East-European Platform. The growing wedge itself was a 

sediment source of minor importance at this time. The Boryslav-Pokuttia area accommodated little sediments after 17.2 Ma, 

except for deposition in some minor and very localised depocenters in its more external part until ca. 13.5 Ma (Fig. 2; 

Andreyeva-Grigorovich et al., 2008). However, at that time the Burkut, Dukla, Krosno and Skyba nappes had mostly started 

exhuming. Hence, a large part of the sediments eroding from the wedge was transported to the Sambir area and/or to the 745 

modern Carpathian foreland basin (i.e., the Bilche-Volytsa zone; Figs. 2, 13). In fact, the tectono-stratigraphic analysis, in 

combination with the kinematics of the Ukrainian Carpathians, indicates very little sediment recycling between the nappes. 

In the early stages of its development, the wedge provided a limited amount of sediment to the foreland area. During its 

subsequent rapid growth, most of the sediment eroded from it was first deposited in the Sambir area, and following its 

accretion, in the modern foreland basin. Pre-orogenic normal faults that were flexurally reactivated created significant 750 

accommodation space for the recycled sediment directly in front of the advancing wedge during the final stages of wedge 

emplacement (Oszczypko et al., 2006). 

7. Conclusions 

This study adds new constraints on the construction of the Ukrainian Carpathian wedge through low-temperature 

thermochronology and tectono-stratigraphic analysis. AFT and AHe single-grain ages show partial resetting in the most 755 

internal and external nappes and a progression to a very strong partial to total reset with young AHe ages (8-6 Ma) and 

minimum AFT ages (16-8 Ma) in the central part of the wedge (Burkut and Dukla nappes).  

ZHe ages are mainly non-reset, except in the central part of the wedge (i.e., Burkut and Dukla nappes), and shed light on the 

sediment source areas for the different pre-orogenic basins. A predominance of 130-60 Ma ZHe ages indicates that Eocene 

to Oligocene sediments in the Magura and Krosno nappes were supplied from the Inner Carpathian basement and/or its 760 

sedimentary cover. Partial resetting of the ZHe system hampers provenance analysis for the Burkut and Dukla nappes, but 

sediment composition suggests that part of their late Cretaceous to early Paleogene sediment was supplied by the intra-

basinal Dukla ridge. In the more external Skyba and Boryslav-Pokuttia nappes, sediments older than 35 Ma show 230-450 

Ma ZHe ages. We interpret these sediments to have been supplied from the East European Platform. From the Oligocene 

onwards, zircons from the 130-60 Ma age group also appear in the Skyba nappe, suggesting the arrival of sediment sourced 765 

from the Inner Carpathians. 

We elucidate the evolution of the wedge by combining burial diagrams coupled withand thermal-history models, we 

discriminate betweenmodelling, which allows to distinguish sedimentary andfrom tectonic burial for each nappe.of the 

nappes involved. The Magura and Marmarosh nappes stopped their sedimentary burial earlier andareas accumulated 

sediment until the Eocene. Their; their accretion and deformationexhumation lasted, respectively, from 34 to 30 Ma and 770 

from 34 to 20 Ma. respectively. The Burkut and Dukla nappesareas record sedimentation until the Oligocene, while onin the 

Krosno and Skyba nappesareas sedimentation continued into the early Miocene. The Burkut and Dukla nappes started their 
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accretion as the inner nappes began their exhumation, around 28-20 Ma (Fig. 13). For the Burkut nappe, exhumation started 

at 20-18 Ma and corresponds, corresponding to the onset of tectonic burial of the Krosno and Skyba nappes. However, the 

Krosno nappe and the northwest part of the Skyba nappe started exhuming shortly after 18 Ma, in contrast to the 775 

southeastsouth-eastern part of the Skyba nappe that was exhumed around 12 Ma. The more internal Dukla nappe was also 

exhumed at the same time12 Ma, probably as a result of out-of-sequence thrusting. Early exhumation in the inner wedge 

from 34 Ma was slow, with a rate of ~0.1 km/MyMyr. Following accretion at 28-18 Ma, exhumation occurred at an 

increasing rate for every progressive nappe (0.2-0.4 km/MyMyr). Final exhumation of the external nappes after 12 Ma was 

also rapid, with rates around 0.3 km/MyMyr. According to these rates and area estimates from balanced cross sections, 780 

eroded sediments from the Ukrainian Carpathian wedge have been mainly been transported into the Carpathian foreland 

basin, with little inter-nappe sediment recycling. 

Given the context of a retreating subduction zone and slab roll-back, the construction of the Ukrainian Carpathians can be 

seen as the product of construction of an accretionary wedge in the Oligocene to the onset of collision in the late Miocene 

(Fig. 13). LowThe low-temperature thermochronology pattern of reset/ versus partially reset ages across the wedge may 785 

indicate immature wedge dynamics, as resetting of the thermochronological systems toward the internal part of the wedge 

should occur if steady-state is maintained sufficiently longhave occurred during its accretion (Willet and Brandon, 2002) 

during wedge accretion. ). The inner nappes were accreted against the basement rocks of the active margin, which functioned 

as the backstop of the wedge. As convergence continued, the wedge grew towardthrough the middle of the basin and 

accumulation of additional thrust sheets (the Burkut and Dukla nappes) created an (emerged?) orogenic wedge. Downward 790 

pull of the slab (more than the orogenic load) created accommodation space toward the foreland.). The frontal thrust 

subsequently propagated over an intra-basinal high allowing ,  which probably triggered the formation of out-of-sequence 

thrusts. The wedge further propagated during the accretion of the Krosno and Skyba nappes. The deformation  in the early 

Miocene. In the mid- to late Miocene, roll-back and associated slab suction increased subsidence of the foreland (more than 

the orogenic load) and accretionreactivated pre-orogenic normal faults of the outer nappes started as the above-mentioned 795 

basement high collided with the subduction zone (continental collision). A last step brought the orogenic wedge onto the 

passive margin, thrusting. It created an up to 2.5 km deep depocenter in front of the entireadvancing wedge that facilitated its 

northward propagation, ultimately onto the outer nappes and theEast European Platform, synchronous with slab detachment.. 

The foreland was deformed by this last shortening episode and thrusts until thrusting stopped their propagation at 11.5 Ma in 

this region, coincident with slab detachment (Nemčok et al., 2006). 800 
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Sample latitude longitude elevation Lithology Tetonic unit Stratigraphic age Thermochronometers 
  °N °E m     Ma   

CAR19-045 47.9417 25.14956 731 coarse sandstone Skyba Lutetian-Bartonian (47.8-37.8) AFT, AHe, ZHe 

CAR19-047 48.3108 25.07353 366 greenish sandstone Boryslav-Pokuttia Ypresian (56-47.8) AHe, ZHe 

CAR19-056 48.806 23.79279 626 grey sandstone Skyba Upper-Cretaceous (96-66) AFT, AHe, ZHe 

CAR19-061 48.29 23.38376 223 fine, light grey sandstone Marmarosh Bartonian-Priabonian (41.2-33.9) AFT, AHe, ZHe 

CAR19-062 48.4893 23.27509 293 fine, light grey sandstone Burkut Cenomanian-Turonian (100.5-89.9) AFT, AHe, ZHe 

CAR19-063 48.5132 23.31984 455 grey sandstone Burkut Danian-Ypresian (65.8-47.8) AFT, AHe, ZHe 

CAR19-066 48.8085 22.44757 248 white sandstone Magura Lutetian-Bartonian (47.8-37.8) AFT, AHe, ZHe 

CAR19-068 48.957 22.61442 296 yellowish sandstone Dukla Campanian-Maastrichtian (83.6-66) AFT, AHe, ZHe 

CAR19-069 48.9759 22.8041 460 yellowish sandstone Krosno Aquitanian (27.8-23.03) AFT, AHe, ZHe 

CAR19-070 49.1321 23.03773 708 yellow sandstone Krosno Eocene (56-33.9) AFT 

CAR19-072 49.3612 23.01119 387 grey sandstone Skyba Rupelian (33.9-27.8) AFT, AHe, ZHe 
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Sample grains ρs Ns ρi Ni ρd P(χ2) Dispersion Central age 2 σ U  TLn MTL Std Dpar Dpar err 

    105 cm-2   105 cm-2   105 cm-2   % Ma   ppm   µm   µm   

CAR19-045 75 4.23 1371 18.30 5926 10.80 <<1 48 39.4 6.0 25.0 13.0 11.8 2.3 2.0 0.9 

CAR19-056 61 5.03 1230 34.50 8450 10.59 <<1 53 20.3 3.6 49.0 10.0 13.1 2.3 1.7 0.7 

CAR19-061 81 4.83 1535 15.50 4937 10.49 <<1 39 47.5 6.6 22.0 21.0 10.8 1.7 1.5 0.8 

CAR19-062 67 1.90 488 18.70 4796 10.39 <<1 29 15.9 2.4 27.0 - - - 1.7 0.9 

CAR19-063 67 1.45 350 16.60 3999 10.29 <<1 41 15.0 2.8 24.0 3.0 12.0 4.0 1.4 1.0 

CAR19-066 68 6.55 1247 23.80 4528 10.19 <<1 47 41.1 6.6 35.0 10.0 10.2 2.2 1.5 1.0 

CAR19-068 81 1.99 607 25.80 7875 10.09 <<1 25 11.1 1.52 38.0 3.0 8.5 1.6 1.5 1.0 

CAR19-069 97 2.53 950 24.10 9043 9.98 <<1 62 16.0 2.8 36.0 9.0 10.5 2.8 1.6 0.6 

CAR19-070 31 3.53 360 15.70 1605 9.88 <<1 65 28.1 8.2 24.0 1.0 8.5 0.0 1.5 0.6 

CAR19-072 61 2.41 532 15.10 3337 9.78 <<1 59 21.7 4.6 23.0 2.0 13.7 1.2 1.5 0.8 

  

Table 2: Apatite fission-track data. s: spontaneous track density; Ns: number of spontaneous tracks counted in the sample; i: 

induced track density; Ni: number of induced tracks counted on the mica-detector; d: dosimeter track density; P(2): Chi-square 

probability that the sample contains a single age population, U: Uranium content; TLn: number of track lengths measured; MTL: 

Mean track length; Std: standard deviation of track lengths measurement; Dpar: mean Dpar value for the sample; Dp err: mean 

error on the Dpar measurement.  

Table 2: Apatite fission-track data. s: spontaneous track density; Ns: number of spontaneous tracks counted in the sample; i: 

induced track density; Ni: number of induced tracks counted on the mica-detector; d: dosimeter track density; P(2): Chi-square 

probability that the sample contains a single age population, U: Uranium content; TLn: number of track lengths measured; MTL: 

Mean track length; Std: standard deviation of track lengths measurement; Dpar: mean Dpar value for the sample; Dp err: mean 

error on the Dpar measurement.  
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Sample grain  U Th Sm eU He ESR Ft 
Uncorrected 

age 
2 σ 

Ft corrected 
ages  

    ppm ppm ppm ppm 
nmol/

g 
mm   Ma Ma Ma 

CAR19-045 

045-z1 2.3 28.6 0.7 9.0 0.9 79.5 0.80 19.2 0.6 24.2 

045-z2 0.8 5.3 0.3 2.0 0.1 57.6 0.77 8.5 2.4 11.0 

045-z3 483.7 74.9 0.6 501.4 704.9 83.6 0.85 254.9 2.3 298.5 

CAR19-047 
047-z1 66.0 62.8 0.4 80.8 164.9 

105.
4 

0.88 367.3 2.6 417.4 

047-z2 54.1 73.8 0.7 71.5 71.4 61.4 0.79 182.6 4.7 229.1 

CAR19-056 

056-z1 52.3 77.3 0.5 70.5 150.2 55.4 0.77 383.1 15.7 491.7 

056-z2 2.4 70.1 2.5 18.8 1.2 70.8 0.81 11.8 0.8 14.6 

056-z3 98.8 123.4 1.0 127.8 259.7 80.9 0.84 365.9 4.8 432.3 

056-z4 41.8 25.5 0.2 47.7 71.8 72.1 0.83 272.8 3.3 328.7 

CAR19-061 

061-z1 212.4 61.2 0.3 226.8 111.2 60.4 0.80 90.3 0.8 113.2 

061-z2 274.9 132.0 0.6 306.0 121.2 67.0 0.81 73.0 0.9 89.6 

061-z3 345.3 74.8 0.6 362.9 135.8 64.1 0.79 69.0 0.8 87.0 

061-z4 853.2 260.8 1.3 914.4 364.2 61.9 0.80 73.4 0.5 91.6 

061-z5 111.5 43.8 0.6 121.7 63.2 65.6 0.81 95.5 1.2 117.6 

CAR19-062 062-z1 47.0 35.7 0.3 55.4 31.6 66.8 0.81 104.6 1.4 128.6 

Sample grain  U Th Sm eU He ESR Ft 
Uncorrected 

age 
2 σ 

Ft corrected 
ages  

    ppm ppm ppm ppm nmol/g mm   Ma Ma Ma 

CAR19-045 

045-a1 7.6 18.6 16.5 12.0 0.4 69.08 0.78 6.4 0.2 8.2 

045-a2 4.5 36.1 13.1 13.0 0.9 61.57 0.76 12.9 0.5 17.0 

045-a3 10.4 68.2 24.8 26.4 1.1 88.23 0.83 7.6 0.2 9.2 

CAR19-047 
047-a1 9.4 2.1 60.8 9.9 0.0 76.87 0.80 0.1 0.1 0.1 

047-a2 25.3 31.6 17.6 32.7 1.4 88.18 0.83 7.9 0.1 9.5 

CAR19-056 

056-a1 24.7 78.8 48.6 43.2 1.7 60.46 0.75 7.4 0.2 9.8 

056-a2 44.7 180.3 22.7 87.1 3.4 65.99 0.77 7.1 0.2 9.2 

056-a3 136.8 194.4 60.3 182.5 6.6 59.30 0.75 6.7 0.1 8.9 

CAR19-061 

061-a1 4.4 28.1 41.0 11.0 0.7 54.91 0.73 10.6 0.8 14.6 

061-a2 6.6 13.6 23.1 9.8 0.6 62.88 0.76 11.3 0.5 14.8 

061-a3 14.6 5.5 9.1 15.9 1.8 60.81 0.75 20.3 0.7 27.0 

CAR19-062 

062-a1 12.0 44.8 22.1 22.5 4.0 74.63 0.80 32.8 0.6 41.1 

062-a2 11.0 89.0 4.1 31.9 1.4 62.89 0.76 8.2 0.4 10.7 

062-a3 1.8 45.5 5.4 12.5 0.2 71.08 0.79 2.7 0.1 3.5 

CAR19-063 063-a1 5.9 18.7 3.8 10.3 0.4 68.43 0.78 7.3 0.3 9.3 

CAR19-066 

066-a1 44.9 128.4 6.8 75.1 4.2 70.34 0.79 10.2 0.2 13.0 

066-a2 29.2 22.1 21.6 34.4 8.0 67.91 0.78 42.9 0.7 55.0 

066-a3 7.5 41.7 12.3 17.2 0.6 54.01 0.72 6.5 0.5 9.1 

CAR19-068 

068-a1 16.0 387.7 52.7 107.1 2.9 63.10 0.76 5.0 0.2 6.6 

068-a2 22.4 291.8 39.1 91.0 2.8 67.40 0.78 5.6 0.3 7.2 

068-a3 27.6 345.9 44.9 108.9 3.2 61.67 0.76 5.4 0.1 7.1 

CAR19-069 

069-a1 34.9 116.2 7.5 62.2 3.2 68.52 0.78 9.5 0.1 12.2 

069-a2 59.7 242.4 26.5 116.7 5.0 80.53 0.72 7.9 0.1 11.0 

069-a3 37.6 82.8 44.5 57.1 3.5 77.18 0.81 11.1 0.2 13.8 

CAR19-072 
072-a1 7.6 22.9 11.7 13.0 1.0 66.55 0.77 14.2 0.6 18.4 

072-a2 35.0 5.1 21.8 36.2 4.6 72.61 0.79 23.5 0.3 29.6 

Table 3: Apatite (U-Th-Sm)/He data. Ages in italics are considered outliers and were not used in the models and for 

interpretations. eU: equivalent Uranium content; ESR: equivalent spherical radius; 2: weighted 2 analytical uncertainty from 

analysis of age standards. 

Table 3: Apatite (U-Th-Sm)/He data. Ages in italics are considered outliers and were not used in the models and for 

interpretations. eU: equivalent Uranium content; ESR: equivalent spherical radius; 2: weighted 2 analytical uncertainty from 

analysis of age standards. 
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062-z2 204.8 190.1 2.5 249.5 120.6 61.9 0.79 88.9 1.8 112.4 

062-z3 74.6 111.8 0.4 100.8 58.3 72.2 0.82 106.1 1.3 128.7 

062-z5 167.8 55.6 0.5 180.9 87.9 56.6 0.78 89.4 1.5 114.0 

CAR19-063 

063-z1 39.9 51.4 0.2 52.0 20.9 76.5 0.83 73.8 0.8 89.0 

063-z2 65.1 39.8 0.1 74.5 40.6 68.3 0.81 100.3 1.0 123.5 

063-z3 144.9 55.9 0.2 158.1 95.2 
106.

2 
0.88 110.7 2.2 125.5 

063-z4 534.8 60.5 0.5 549.0 411.5 55.1 0.78 137.4 1.6 175.9 

063-z5 372.9 197.6 3.1 419.3 165.8 39.1 0.69 72.8 1.2 105.1 

CAR19-066 

066-z1 211.9 35.0 0.7 220.1 98.5 64.4 0.81 82.4 1.3 101.8 

066-z2 115.1 184.1 1.1 158.4 86.4 83.3 0.84 100.2 1.7 118.9 

066-z3 125.5 140.1 1.5 158.4 190.9 44.8 0.72 219.4 3.7 300.7 

066-z4 272.4 34.4 0.5 280.5 85.3 56.7 0.78 56.2 0.7 71.6 

066-z5 24.6 23.1 0.3 30.0 12.5 67.6 0.81 76.4 1.3 94.6 

CAR19-068 

068-z1 227.7 135.7 0.6 259.6 307.2 65.5 0.81 215.4 2.4 265.1 

068-z2 737.8 141.3 1.2 771.0 522.2 66.8 0.81 124.3 1.6 152.2 

068-z3 132.6 26.8 0.2 138.9 146.8 72.7 0.83 192.7 1.8 231.6 

CAR19-069 

069-z1 106.0 12.6 0.1 109.0 99.3 59.3 0.79 166.6 2.2 209.2 

069-z2 124.5 67.4 0.3 140.3 58.5 57.8 0.79 76.9 1.5 97.7 

069-z3 124.3 93.5 0.8 146.3 39.9 60.7 0.79 50.4 0.6 63.4 

069-z4 126.2 87.3 0.3 146.7 68.4 62.3 0.80 85.9 1.4 107.2 

069-z5 0.7 8.6 2.9 2.7 0.5 66.0 0.80 34.5 1.8 43.4 

CAR19-072 

072-z1 405.6 120.0 0.6 433.8 185.5 58.6 0.79 78.8 0.8 99.6 

072-z2 0.5 3.4 2.1 1.3 0.8 60.1 0.78 105.5 4.0 135.0 

072-z3 495.9 266.7 3.4 558.5 516.8 62.6 0.80 169.1 2.4 210.3 

Table 4: Zircon (U-Th-Sm)/He data. Ages in italics are considered outliers and were not used in the models and for 

interpretations. eU: equivalent Uranium content; ESR: equivalent spherical radius; 2: weighted 2 analytical uncertainty from 

analysis of age standards 
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Figure 1: Overview of study area in the Ukrainian Carpathians, showing the main tectonic nappes and sample locations. Aa) 

Inset shows setting of the Carpathian belt in Europe and location of the study region. B) Tectonicb) Simplified tectonic map; 

units are highlighted in different colours and follow Schmid et al. (2008), with reinterpretedrevised names to be closer 

tomore closely follow the regional designation of the lithostratigraphy.; EEP: East European Platform. The Marmarosh and 

Magura nappes are both represented in green. Thin lines represent major intra-nappe faults. Grey thick line marks the 

location of the cross section. Cc) Simplified tectonic cross section (after Nakapelyukh et al., 2018); EEUM: East European 

Margin.). Major faults delimiting the nappes are in bold red lines, thin red lines indicate intra-nappe faults. Sample locations 

are projected onto the section.  
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Figure 2: Regional stratigraphy of the Ukrainian Carpathian nappes, mainly from Ukrainian geological 

maps (Docin, 1963; Vachtchenko et al., 2003; Gerasimov et al., 2005; Matskiv et al., 2008, 2009). Stars 

mark the sample locations in the nappe stratigraphy; samples are identified by their suffix. Dark blue 

line marks the décollement horizon of the nappes. Jurassic rocks are integrated in the Burkut and Dukla 

nappes. Two stratigraphiesSyn-orogenic sediments are indicated in the beige zone, older deposits are 1165 

regarded as pre-orogenic. Any syn-orogenic sediments on the Magura and Marmarosh nappes have 

been eroded. Two interpretations of the stratigraphy are indicated for the Marmarosh nappe,: one from 

the Ukrainian geological map,; the other from Oszczypko et al. (2005). The Sambir nappe stratigraphy 

is after Andreyeva-Grigorovich et al. (2008) with adaptation), adapted to the newrevised stratigraphic 
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limits of Paratethys stages (Krijgsman and Piller, 2012). The stratigraphic columns depicted here are the 1170 

closest ones available to the sampling site of each sample. The lateralLateral variations in thickness or 

nature of deposition within individual nappes are not represented by these logs.  
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Figure 3: AFT data from this study shown as radial plots (centred on the central age, which is reported below the sample code as 

CA); individual single-grain ages in radial plots are coloured according to Dpar value. Grey band in radial plots indicates 

depositional age, dashed lines are different age populations (P1, P2, etc.); red dashed line is minimum age. Coloured circles on map 

show AFT central ages from previous studies (Nakapelyukh et al., 2017, 2018; Andreucci et al., 2013, 2015). Base map shows 1180 
different nappes, with colour scheme as in Figure 1. 

Figure 4: Apatite (U-Th)/He ages in the Ukrainian Carpathians. Symbols and colour scale for the data are as indicated in Figure 3. 

Single-grain ages, corrected for -ejection, from this study are detailed next to the map frame (numbers in parentheses next to 

sample code denote the depositional age range). Previously published data (Andreucci et al., 2013, 2015; Merten et al., 2010) are 

reported on the map as the average age and associated uncertainty, with maximum and minimum single-grain ages below. Ages in 1185 
grey are interpreted to be outliers and are not used in the models or in our interpretations. 
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Figure 5: Zircon (U-Th)/He ages in the Ukrainian Carpathians. Symbols and colour scale for the data are as indicated in Figure 3. 

Single-grain ages, corrected for -ejection, from this study are detailed next to the map frame (numbers in parentheses next to 

sample code denote the depositional age range). Previously published data (Andreucci et al., 2015) are reported on the map as 1195 
thefollow: -depositional age range, - average age and associated uncertainty, with- maximum andsingle-grain age, - minimum 

single-grain ages belowage. Ages in grey are interpreted to be outliers and are not used in the models or in our interpretations. 
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Figure 6: Modelled thermal histories and 1200 
associated burial diagrams for samples CAR19-

061 and -066 from the Marmarosh and Magura 

nappes, respectively. For sample CAR19-061, 

burial diagrams are shown both for the 

stratigraphy from the Ukrainian geological map 1205 
(orange) and the revised stratigraphy proposed 

by Oszczypko et al. (2005; green) as shown in 

Fig. 2. Peak burial temperature and time are 

highlighted by grey boxes. 
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Figure 7: Modelled thermal histories and 

associated burial diagrams for samples 

CAR19-062 and 063 from the Burkut nappe. 

Peak burial temperature and time are 1215 
highlighted by grey boxes. 
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Figure 8: Modelled thermal histories and 

associated burial diagrams for samples 1220 
CAR19-068 and 069 from the Dukla and 

Krosno nappe, respectively, and associated 

burial diagrams. Peak burial temperature 

and time are highlighted by grey boxes.  
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Figure 9: Modelled thermal histories and 

associated burial diagrams for samples CAR19-

045 and -056 from the Skyba nappe and 

associated burial diagrams. Peak burial 1230 
temperature and time are highlighted by grey 

boxes. 
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Figure 10: Distribution of thermochronometer ages across the Ukrainian Carpathians as a function of distance, measured from 

the inner belt to the outer belt. The figure shows a compilation of previously published ages with symbols according to the system; 

samples from this study ages are shown with stars. Single-grain AHe and ZHe ages are shown; AFT data are represented as 

central ages together with the 2σ error. Note that the age axis is logarithmic. Curves outline the overall age pattern.  1275 
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Figure 11: Time-depth 

evolution of each sample. 

The depths of the samples 1280 
through time was 

estimated from the burial 

diagrams and the thermal 

histories modelled in 

Figs. 7-10, using a 1285 
geothermal gradient of 

25°C/km. Tectonic burial 

refers to the accretion 

and burial by thrusting. 

Time-depth paths are 1290 
sorted from the 

innermost (top) to the 

outermost sample 

(bottom) of this study. 

Box colours represent 1295 
each tectonic nappe as in 

Figure 1.  
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Figure 12: Distribution of ZHe 1300 
ages across the Ukrainian 

Carpathians as a function of 

distance from the inner to the 

outer belt. Stars represent data 

from this study; triangles are 1305 
previously published data. Grey 

boxes indicate the stratigraphic 

age of the sample and dashed 

line mark the corresponding 

thermochronological ages. 1310 
Coloured areas represent the 

different nappes.  
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Figure 13: Sketch of the construction of the Ukrainian Carpathian wedge from 34 Ma to 12 Ma. Dashed red line are thrusts that 1320 
will propagate on the next time step.  Full red lines with arrows on top are thrust that are active or will reactivate, full red lines 

without arrows are sealed. Light grey arrows show source of sediment supply to the different basins. Dark grey arrows are for the 

active erosion of the nappe. For 12 Ma sketch, foreland propagation terminated around 11.5 Ma (Nemčok et al., 2006), and 

Neogene volcanism is linked to Pannonian extension (Tiliță et al., 2018) Vertical and horizontal scales are exaggerated.  
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Figure 13: Sketch of the construction of the Ukrainian Carpathian wedge from 34 Ma to 12 Ma. Dashed red line are 

thrusts that will propagate on the next time step.  Full red lines with arrows on top are thrust that are active or will 

reactivate, full red lines without arrows are sealed. Light grey arrows show source of sediment supply to the different 

basins. Dark grey arrows are for the active erosion of the nappe. For 12 Ma sketch, foreland propagation terminated 

around 11.5 Ma (Nemčok et al., 2006). Not to scale.  
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Figure A 1: Circle colour refer to a sample, the same colour code is applied for all graphs. a) Graphic of the AHe single grain age 1330 
compared to the stratigraphic age. CAR19-066_a2 is the only non-reset grain. b) ZHe single grain age compared to the 

stratigraphic age. ZHe are non-reset and mark the sediment source age of exhumation. c) AHe single grain age as a function of eU 

(ppm) content. d) ZHe single grain age as a function of eU (ppm) content. e) AHe single-grain age as a function of ESR (equivalent 

sphere radius, in mm). f) ZHe single-grain age as a function of ESR. 
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