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et al., 2011; Okay et al., 1994), the timing of opening of the eastern 
Black Sea has been variously interpreted as coeval with the western 
Black Sea (e.g. Nikishin et al., 2015a, 2015b, 2003; Okay et al., 1994; 
Zonenshain and Le Pichon, 1986), as late Campanian-Danian (Vincent 
et al., 2016), Paleocene-Early Eocene (Robinson et al., 1996, 1995a, 
1995b; Shillington et al., 2008; Spadini et al., 1996) or as Eocene 
(Kazmin et al., 2000). As a whole, the formation of the Black Sea 
basins has been explained in terms of geodynamic models derived 
from the study of modern back-arc basins, where extension is driven 
by slab roll- back. For example, Stephenson and Schellart (2010) 
interpreted the Black Sea as an asymmetric back-arc basin bordering a 
subduction slab undergoing asymmetric anticlockwise slab roll-back, a 
model compat-ible with an earlier onset of extensional structures 
in the western compared to the eastern sub-basin. 

Adjara-Trialeti subsidence increased rapidly in the Paleocene, with 
the development of an east-west-trending elongate basin and the 
deposition of a thick succession of terrigenous turbidites (Paleocene- 
Ypresian Borjomi Flysch; Fig. 3) (Adamia et al., 2011; Banks et al., 
1997; Yılmaz et al., 2014, 2000). During this period, the Adjara-
Trialeti region was located in the northern foreland of the Erzinçan-
Sevan-Akera oro-gen and was experiencing flexural subsidence. The 
flexural interpreta-tion of the Borjomi subsidence is supported by the 
progressive eastward thickening of the Borjomi Flysch (Gamkrelidze, 
1949; Yılmaz et al., 2000), as the oblique collision between the 
Anatolide-Tauride terrane and the southern Eurasian margin (Barrier 
et al., 2018) induced a gradient of increasing subsidence from west 
to east (Fig. 4). Back-arc rifting occurred in the Middle Eocene (Fig. 
4), as shown by a thick succession of volcaniclastic turbidites 
interbedded with submarine vol-canic rocks (Adamia et al., 2011, 
1981, 1977; Okrostsvaridze et al., 2018a). The Middle Eocene 
section thickens dramatically toward the Black Sea coast, where it 
reaches ca. 5000 m (Adamia et al., 2011; Gamkrelidze et al., 2019; 
Okrostsvaridze et al., 2018a) and volcanic/ hypabyssal rocks are most 
abundant (Okrostsvaridze et al., 2018b). In the Late Eocene, mostly 
epiclastic turbidites were being deposited in the 

Fig. 2. Geological sketch map of the Adjara-Trialeti fold-and-thrust belt and the surrounding regions (modified from Adamia, 2004; USSR Geological Survey, 
1957a, 1957b, 1956a, 1956b, 1956c). For analytical details of apatite fission-track central ages and (U-Th)/He mean ages and exact samples locations, see Tables 1 
and 2. Traces of geological cross-sections of Figs. 5, 6, 7 and 8 and location of Fig. 9 are also shown. 

Fig. 3. Schematic chronostratigraphy of the Adjara-Trialeti region. Sources: 
Adamia et al., 2017b, 2011; Gamkrelidze et al., 2018; Yılmaz et al., 2014, 
2000. 
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Table 1 
Results of apatite fission-track analyses (see Fig. 2 for location of samples).  

Sample Rock Type Age Location Elevation 
(m) 

UTM Coordinates No. 
crystals 

Spontaneous Induced P(χ2) Dosimeter Age (Ma) 
± s.d. 

MCTL (μm) ±
standard error 

Standard 
deviation 

No. tracks 
measured 

Dpar 

ρs Ns ρi Ni 
ρd Nd 

TU278a Granite Late Paleozoic Dzirula 
Massif 

867 38 T 0374158 
4658977 

14 2.17 36 1.03 879 50.30 14.00 4459 46.9 ± 5.2 – – – – 

TU279a Syenite Middle Eocene Western 
ATFTB 

334 38 T 0260294 
4641212 

17 4.99 262 3.27 1716 95.52 13.00 4438 33.1 ± 2.7 13.41 ± 0.12 1.43 50 2.10 

TU281a Diorite Middle Eocene Western 
ATFTB 

376 37 T 0747431 
4607962 

8 1.73 37 1.91 409 99.19 10.01 4298 15.2 ± 2.7 – – – – 

TU282a Sandstone Paleocene Central 
ATFTB 

813 38 T 0368846 
4636796 

14 1.34 76 0.70 197 58.30 14.00 4432 37.5 ± 5.6 – – – – 

TU354b Granitoid Late Paleozoic Khrami 
Massif 

1524 38 T 0426185 
4599082 

21 3.40 175 1.09 540 99.83 9.80 4491 65.2 ± 1.3 – – – – 

TU486 Sandstone latest Paleocene-Early 
Eocene 

Eastern 
ATFTB 

883 38 T 0456357 
4599540 

49 0.14 290 0.81 1691 99.68 12.22 7638 34.7 ± 2.8 12.05 ± 0.22 1.66 53 2.38 

TU487 Sandstone Late Eocene Eastern 
ATFTB 

932 38 T 0452684 
4611098 

38 0.10 107 0.69 725 99.56 12.15 7593 29.3 ± 3.4 – – 

TU488 Sandstone Late Oligocene Eastern 
ATFTB 

1391 38 T 0452009 
4616299 

41 0.14 192 1.05 1393 99.44 12.07 7547 27.3 ± 2.5 12.48 ± 0.31 2.26 

TU489 Sandstone Late Eocene Eastern 
ATFTB 

1291 38 T 0461429 
4612640 

13 0.09 36 0.53 224 97.20 12.00 7502 31.9 ± 5.9 – – 

TU490 Sandstone Late Eocene Eastern 
ATFTB 

1322 38 T 0472584 
4613551 

18 0.14 55 0.58 231 99.97 9.73 5046 35.5 ± 5.6 – – 

TU501 Sandstone Middle Eocene Eastern 
ATFTB 

561 38 T 0476497 
4631400 

88 0.16 574 0.64 2320 99.35 11.78 7366 45.3 ± 3.1 – – 

TU504 Sandstone Oligocene-Early 
Miocene 

Kura Basin 396 38 T 0500933 
4602375 

61 0.15 333 0.81 1770 99.98 11.64 7276 34.2 ± 2.6 – – 

TU505 Sandstone Late Eocene Eastern 
ATFTB 

512 38 T 0500906 
4615010 

48 0.24 270 1.17 1307 97.99 11.57 7230 37.6 ± 3.1 – – 

– 2.51 

53 2.36 

– 2.35 

– 2.46 

– 2.68 

– 2.56 

– 2.30  

TU510 Sandstone Late Eocene Central 
ATFTB 

1022 38 T 0343226 
4618483 

56 0.28 361 1.14 1473 99.80 11.42 7140 46.0 ± 3.5 13.03 ± 0.30 2.29 58 2.50 

TU515 Gneiss- 
diorite 

Precambrian-Early 
Paleozoic 

Khrami 
Massif 

985 38 T 0431453 
4600622 

21 0.55 288 2.37 1242 37.65 11.35 7094 43.6 ± 3.7 13.72 ± 0.21 1.69 65 2.12 

ATFTB = Adjara-Trialeti fold-and-thrust belt. MCTL = mean confined tracks length. Central ages are calculated using dosimeter U-free mica CN5 as external detector and ζ = 332.68 ± 16.54 (analyst T. Gusmeo); ρs = 
spontaneous track densities (x 105 cm  2) measured in internal mineral surfaces; Ns = total number of spontaneous tracks; ρi and ρd = induced and dosimeter track densities (x 106 cm  2) on external mica detectors (g 
= 0.5); Ni and Nd = total number of induced and dosimeter tracks; P(χ2) = probability of obtaining χ2-value for n degrees of freedom (n = number of crystals-1): a probability >5% is indicative of a homogeneous 
population. 

a Ages from Albino et al. (2014) (analyst I  Albino). b Age from 
Cavazza et al. (2019) (analyst I. Albino). 
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Table 2 
Results of apatite (U-Th)/He analyses (see Fig. 2 for location of samples).  

Sample Rock Type Age Elevation  
(m) 

UTM Coordinates (38 T) Replicate Corrected age (Ma) Error (Ma) Error  
Weigthed 
Age (Ma) 

Weighted  
  Error (Ma) 

4He (mol) U 238 (ppm) U 235 (ppm) Th 232 (ppm) Sm 147 (ppm) eU Rs (equivalent  

radius, μm) 

TU485 Sandstone Early Eocene 889 0472357 4609370 TU 485–1 5.37 0.05 3.7 0.02 8.47*10  15 8.68 0.07 69.94 39.25 25.12 44.75 
TU 485–2 3.58 0.04 6.59*10  15 19.87 0.16 81.87 35.89 39.11 42.75 
TU 485–3 2.58 0.03 7.95*10  15 33.50 0.27 288.22 81.36 101.24 38.51 
TU 485–4 8.24 0.09 1.05*10  14 14.72 0.12 50.43 15.33 26.58 42.55 
TU 485–5 7.26 0.08 7.21*10  15 9.38 0.09 61.75 43.71 23.90 46.95 

TU486 Sandstone latest Paleocene- 
Early Eocene 

883 0456357 4599540 TU 486–1 5.93 0.18 6.1 0.1 4.96*10  15 10.16 0.09 23.87 24.08 15.77 46.88 
TU486–2 9.58 0.22 8.89*10  15 2.0 − 1.3 15.6 0.9 5.7 42.10 
TU 486–3 17.32 0.16 4.69*10  14 10.10 0.08 24.19 10.84 15.78 55.53 
TU 486–4 13.62 0.20 1.58*10  14 10.16 0.09 40.19 19.82 19.60 47.58 
TU 486–5 4.08 0.06 4.55*10  15 10.62 0.09 65.57 43.20 26.03 41.83 

TU487 Sandstone Late Eocene 932 0452684 4611098 TU 487–1 10.81 0.63 6.4 0.1 4.53*10  15 6.91 0.08 39.88 29.50 16.28 38.85 
TU 487–2 5.80 0.06 1.05*10  14 17.46 0.14 79.57 75.61 36.16 45.53 
TU 487–3 7.31 0.18 2.67*10  15 9.20 0.10 37.49 16.87 18.01 36.91 
TU 487–4 5.10 0.13 3.13*10  15 16.15 0.15 64.32 54.55 31.27 35.21 
TU 487–5 8.41 0.10 1.33*10  14 16.19 0.13 54.02 42.30 28.88 96.94 

TU499 Sandstone Early Eocene 1338 0445544 4631754 TU 499–1 −  8.61 − 0.20 9.5 0.2 − 1.22*10  15 2.61 0.13 21.86 1.07 7.75 37.96 
TU 499–2 8.85 0.24 1.02*10  15 3.46 0.10 20.17 1.87 8.20 37.87 
TU 499–3 10.18 0.24 1.34*10  15 6.77 0.15 40.35 11.07 16.25 32.19 

TU501 Sandstone Middle Eocene 561 0476497 4631400 TU 501–1 5.89 0.06 6.5 0.04 1.13*10  14 11.67 0.09 44.51 44.45 22.13 53.27 
TU 501–2 9.95 0.16 5.81*10  15 8.63 0.08 40.63 29.07 18.17 39.50 
TU 501–3 8.74 0.10 1.24*10  14 12.88 0.11 68.94 27.90 29.08 44.97 
TU 501–4 6.86 0.20 2.08*10  15 7.30 0.09 34.11 26.01 15.32 37.75 
TU 501–5 5.46 0.07 3.26*10  15 11.41 0.11 58.72 32.88 25.21 38.48 

TU512 Sandstone Late Paleocene- 
Early Eocene 

833 0363775 4631968 TU 512–1 11.73 0.16 4.1 0.03 1.38*10  14 5.86 0.05 18.99 16.72 10.32 53.21 
TU 512–2 4.37 0.10 1.61*10  15 8.17 0.09 43.50 19.42 18.39 36.37 
TU 512–3 9.84 0.17 1.10*10  14 7.34 0.06 21.56 19.44 12.40 52.12 
TU 512–4 3.17 0.04 1.96*10  14 34.19 0.26 37.23 26.06 42.94 61.11 
TU 512–5 9.56 0.28 1.64*10  14 8.13 0.07 24.77 13.85 13.96 57.68 

For each sample, corrected ages with relative error of each replicate are shown, and the weighted mean age is also reported. The effective uranium value (eU = [U] + 0.235*[Th]) gives an indication of the goodness of the 
data: if it is lower than 5, than the uranium content of the apatite crystal was too low to provide a meaningful result. The two discarded replicates (TU486-2 and TU499-1) are in italics. 













more rigid and relatively pristine (quasi)oceanic lithosphere of the 
adjacent Eastern Black Sea (Munteanu et al., 2013). 

Early structural inversion of back-arc rift basins has been 
recognized in fossil and active orogenic belts, including (i) current 
inversion of various Miocene rift basins in the eastern margin of the 
Japan Sea (Kato et al., 2004; Okamura et al., 1995), (ii) Late Paleozoic 
intra-continental rifting and inversion of the Yamansu belt of NW 
China (Jiang et al., 2017), (iii) Paleoproterozoic back-arc rifting and 
inversion of the Kis-seynew belt of central Canada (Ansdell et al., 
1995), (iv) the Paleogene half-grabens of the eastern Sunda platform in 
Indonesia (Letouzey et al., 1990), and (v) the Denison Trough in the 
Bowen Basin of eastern Australia (Buiter et al., 2009). In many 
cases, far-field stress trans-mission from continental collision zones 
has been pointed out as the main cause for compressional reactivation 
of extensional structures, as in the aforementioned Sunda Platform 
(Letouzey et al., 1990), the southern North Sea (de Lugt et al., 2003; 
Nalpas et al., 1995), the Pan-nonian Basin (Bada et al., 2007a, 2007b; 
Cloetingh et al., 2006; Horváth et al., 2006), and the Balkanides-
Western Black Sea (Munteanu et al., 2013, 2011). In all these 
examples, the end of extension and the beginning of inversion were 
separated by a relatively short time span (<25 Ma) and extensional 
structures perpendicular to stress direction were reactivated as 
contractional faults. The results of this study indi-cate that inversion of 
the Adjara-Trialeti back-arc basin occurred ca. 20 Ma after the 
cessation of rifting. The E-W-striking normal faults bounding the 
Adjara-Trialeti basin were broadly perpendicular to the overall 
convergence direction between the colliding Arabian and Eurasian 
plates (Barrier et al., 2018; Barrier and Vrielynck, 2008) and thus 
particularly prone to reactivation by inversion. 

6.4. Evolution of the Adjara-Trialeti FTB in the geodynamic context of the 
Middle East 

The opening of the Adjara-Trialeti back-arc basin can be viewed as 
a late stage development of a wide and largely diachronous 
Late Cretaceous-Eocene regional extensional domain stretching -west to 
east- from the Srednogorie rift zone of eastern Bulgaria (Bergerat et al., 
2010; Boccaletti et al., 1978; Georgiev et al., 2001), across the Black 
Sea, to the Adjara-Trialeti basin studied here. This extensional region 
developed along the southern Eurasian margin during northward 
subduction of the northern branch of the Neotethys (Barrier et al., 
2018; Barrier and Vrielynck, 2008; Stampfli and Hochard, 2009). 

Considering the uncertainties on the timing of opening of the 
eastern Black Sea, it is still unclear whether the Adjara-Trialeti basin 
(whose volcano-sedimentary fill is now deformed into the ATFTB) 
is to be considered as (i) the direct eastward onshore prolongation of 
the Black Sea or (ii) part of an E-W elongate extensional domain right 
behind the Pontide magmatic arc, as shown in Fig. 4 (cf. Adamia et 
al., 2017b; Banks et al., 1997; Lordkipanidze et al., 1979; Nikishin et 
al., 2011; Robinson et al., 1995a, 1995b; Shillington et al., 2008; 
Spadini et al., 1996). Whatever the exact timing, the Eastern Black Sea 
and the Adjara- Trialeti basins underwent extension because of the 
same overall geo-dynamic process, i.e. rollback during northward 
subduction of the northern Neotethyan slab (Banks et al., 1997; 
Barrier et al., 2018). The Eastern Black Sea rift reached a 
(quasi)oceanic stage (Nikishin et al., 2015b, 2015a; Shillington et al., 
2008) whereas Adjara-Trialeti rifting stopped before oceanic crust was 
formed, despite the emplacement of large volumes of lavas, 
particularly in the western part of the basin. 

In our Danian reconstruction (Fig. 4), the Adjara-Trialeti region is 
undergoing flexural subsidence due to the continental collision 
between the Anatolide-Tauride terrane and the Pontide magmatic arc, 
as previ-ously pointed out in the geological background. Back-arc 
rifting began in the Eocene (Adamia et al., 2011, 1981, 1977; 
Okrostsvaridze et al., 2018a, 2018b; Gamkrelidze et al., 2019), when 
advanced docking of the Anatolide-Tauride-Armenian terrane into the 
southern Eurasian margin induced roll-back of the northern 
Neotethyan slab and extension in the upper plate (e.g. Barrier et al., 
2018; Barrier and Vrielynck, 2008). 

Khrami Massif occurred soon before the main phase of rift-related sub-
sidence and burial heating of the Adjara-Trialeti back-arc basin fill in 
the Middle Eocene. Such a situation is characteristic of the hinterland 
of converging continental margins, where phases of orogenic 
shortening (including thick-skinned tectonics) along the retroarc 
fold-and-thrust belt and back-arc extension can alternate and 
partially overlap in space and time (e.g. Horton et al., 2016). 

The Dzirula Massif basement complex cooled at temperatures below 
60 ◦C in the Late Triassic-Late Jurassic. The massif was exhumed again 
between the Middle Paleocene and the Middle Oligocene (Vincent et 
al., 2011), arguably in the Middle Eocene, as suggested by our data 
(Table 1; Fig. 6). If this were the case, the basement salient should 
have been affected by cooling while the basin was experiencing 
subsidence and burial heating. The Dzirula Massif can be tentatively 
regarded as a portion of the rift shoulders of the former Adjara-Trialeti 
back-arc basin, because of its position along the northern margin of 
the ATFTB and because the reconstructed thermal evolution does not 
support the notion of an Eocene-Oligocene burial/heating, as one would 
expect if the massif were involved in rift-related subsidence. Basement 
rocks exposed as rift shoulders during extension probably represented 
the main source of detrital apatites to the sedimentary fill of the basin 
because (i) crystal-line rocks have a much higher yield of apatite grains 
with respect to syn- rift volcanic rocks, the other potential sediment 
source (Malusà and Garzanti, 2019), (ii) they had been exposed at 
the surface for a long time, and (iii) their cooling/exhumation history 
agrees with the partially reset samples of the Adjara-Trialeti. The 
exact determination of the Adjara-Trialeti syn-rift sediment 
provenance is worth further investi-gation as the input of a 
percentage of penecontemporaneous volcanic apatite grains cannot be 
ruled out. 

6.3. Structural inversion of young rift basins 

Due to their geodynamic setting, thermal state, structural configu-
ration, and density distribution, young extensional sedimentary basins 
are rheologically weak and susceptible to deformation even by episodic 
stress-field variations (Cloetingh et al., 2005; Hall et al., 2011; 
Letouzey et al., 1990; Munteanu et al., 2011; Nikishin et al., 2001; 
Ziegler, 1990; Ziegler et al., 1995, 1998, 2002). Structural inversion 
of extensional basins can be produced not only by increased 
convergence rates along subduction zones (e.g. Funiciello et al., 2008; 
Heuret et al., 2007; Heuret and Lallemand, 2005) but also during 
continental collisions and the ensuing indentation, when strong 
mechanical coupling between the collisional orogenic wedge and its 
forelands promotes far-field stress transfer and the onset and evolution 
of intraplate compressional features (Cloetingh et al., 1989; Jolivet et 
al., 1989; Ziegler, 1993). 

Numerical and analogue models identify the duration of the post-
rift phase as the main factor controlling shortening of a rift basin 
(Buiter et al., 2009; Ziegler and Cloetingh, 2004) in that structural 
inversion is facilitated if it occurs within about 25 Ma from the end of 
the rifting stage, when the lithosphere is still relatively hot. The 
Adjara-Trialeti back-arc basin underwent a post-rift phase shorter 
than 25 My, from the Late Eocene to the Middle Miocene (Fig. 4), 
characterized by the deposition of a post-rift sedimentary cover that 
blanketed the basin as well as the rift shoulders (Adamia et al., 2011; 
Banks et al., 1997). 

Structural inversion of extensional basins is favoured by a weak 
lower crust and mainly controlled by the reactivation of pre-existing 
structural discontinuities (i.e. extensional faults) whereas the incep-
tion of new faults that cut through older extensional structures is sub-
ordinate (Brun and Nalpas, 1996; Buiter and Pfiffner, 2003; Hooper 
et al., 1995; Van Wijhe, 1987). The extended continental crust of the 
Adjara-Trialeti back-arc region was mechanically weaker and hence 
prone to inversion and reactivation of the extensional faults (Cloetingh 
et al., 2015, 2003; Munteanu et al., 2013, 2011; Roure, 2008; Ziegler 
and Cloetingh, 2004) during Miocene compression. Structural inversion 
was also facilitated by the rheological contrast between the relatively 
hot and weak rift basin, the strong Dzirula Massif to the north and the 














