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Running title: late orogenic extension in the NE Albanides

ABSTRACT New apatite and zircon (U-Th)/He and apatite fission-track data allow
constraining the timing of Miocene-Pliocene extensional exhumation that affected the central
part of the Dinarides-Albanides-Hellenides orogen. Apatite (U-Th)/He ages in the northern
and western Internal Albanides range from 57 Ma to 17 Ma, contrasting to younger ages of
5.2 to 9.3 Ma in the eastern Internal Albanides. Eastward younging is also reflected in zircon
(U-Th)/He ages varying from 101 Ma in the north-western Internal Albanides to 19-50 Ma in
the east, as well as in recently published apatite fission-track ages. Thermal history
predictions with the new data point to a phase of rapid exhumation of the eastern Internal

Albanides around 6-4 Ma, while the western Internal Albanides record slower continuous



exhumation since the Eocene. This asymmetric exhumation pattern is most likely linked to
extensional reactivation of NE-SW trending thrusts east of the Mirdita zone and within the

Korabi zone of the eastern Internal Albanides.
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INTRODUCTION

1. The eastern Mediterranean Dinarides-Albanides-Hellenides orogen (Fig. 1) formed
by subduction of Adriatic continental lithosphere beneath the Eurasian plate since the Eocene-
Oligocene. Neogene extension has been extensively studied within this orogen and the
Aegean region in general, (e.g., Gautier and Brun, 1994; Jolivet and Patriat, 1999), and
Neogene extensional basins have been described in Macedonia (e.g., Dumurdzanov et al.,
2005) and southern Albania (e.g., Tagari et al., 1993). Extension has as yet not been
characterized in detail further north, in the northern Albanides and Dinarides. Even though
late orogenic extension is a widespread phenomenon in the Mediterranean convergence zone
(e.g., Jolivet and Facenna, 2000), the underlying processes are discussed controversially in the
literature, and have been attributed to either extensional collapse (e.g., Dewey, 1988), slab
roll-back (Royden 1993; Jolivet and Facenna, 2000), or slab detachment (Wortel and
Spakman, 2000). Extensional faulting permits rapid tectonic exhumation that can be recorded
with low-temperature thermochronology (e.g., Foster and John, 1999; Brichau et al., 20006).
Here, we document late orogenic exhumation in the northern Albanides using (U-Th)/He and
fission-track (FT) thermochronology, which allows establishing the timing and rate of
extensional exhumation in the eastern Internal Albanides.

2. The Albanides form the central part of the Dinarides-Albanides-Hellenides orogen

(Figs. 1 and 2) and are characterized by three fundamental components: a western fold-and-



thrust belt (External Albanides), a Central Belt characterized by the occurrence of ophiolitic
nappes (Mirdita zone), and an eastern continental Internal Complex (Gashi, Korabi and
Rubiku zones) (e.g., Robertson and Shallo, 2000; Mego and Aliaj, 2000; Cavazza et al., 2004;
Muceku et al., 2006). The ophiolitic nappes of the Central Belt were obducted onto the
Internal Complex during the mid-Jurassic (Dimo-Lahitte et al., 2001), and the whole structure
was thrust westward during Eocene-Oligocene times, when the Adriatic margin began
subducting below the European margin (Fig. 3). The evolution of the fold-and-thrust belt in
the external Albanides is well known, as it has been the target of extensive petroleum
exploration (Frasheri et al., 1996; Meco and Aliaj, 2000; Robertson and Shallo, 2000;
Cavazza et al., 2004; Roure et al., 2004). In contrast, the recent evolution of the Central Belt
and the Internal Complex, together known as the Internal Albanides, has received much less
attention. Recently published apatite and zircon FT data from the Internal Albanides show
that the eastern part of the orogen experienced apparently rapid cooling and exhumation since
the late Pliocene, whereas the western Internal Albanides show much slower exhumation
throughout the Cenozoic (Muceku et al., 2006). However, this exhumation history was based
on thermal modeling of apatite fission-track (AFT) data alone. Here, we provide an improved
reconstruction using new apatite and zircon (U-Th)/He and AFT ages from the Internal
Albanides, in order to better constrain the cooling and exhumation history. We also discuss

the tectonic implications of observed contrasting exhumation histories.

PRESENT-DAY STRUCTURE AND DEFORMATION OF THE ALBANIDES

3. Geological and geophysical data indicate eastward thickening of the Albanian crust
from about 30 km in western Albania to 45-50 km near the Macedonian and Greek borders
(Fig. 3; Frasheri et al., 1996; Papazachos et al., 2002; Cavazza et al., 2004). Seismological

studies have identified a gently eastward-dipping slab below the Dinaric-Hellenic belt, with



compressional focal mechanisms in the western Albanides, and extensional focal mechanisms
in the eastern Albanides (Aliaj, 1991; Mugo, 1994; Frasheri et al., 1996; Louvari et al., 2001).
Present-day stress indicators in the Dinaric-Hellenic belt also point toward a NE-SW oriented
compressional stress field in the external zones, and tensional stress in the internal zones of
the Albanides (e.g., Mariucci and Miiller, 2003). Global plate motion vectors are compatible
with the existence of a Dinaric compressive boundary (De Mets et al., 1990; Sella et al.,
2002). GPS data show a NE oriented displacement of the external Dinaric units at a velocity
of 5 mm/yr with respect to stable Europe, while the internal Dinaric units move slightly faster
in the same direction (McKlusky et al., 2000; Khale et al., 2000; Anzidei et al., 2001;
Hollenstein et al., 2003). Therefore, all these data suggest the existence of a compressional
regime in the western belt, related to subduction of the Adriatic lithosphere, and a tensional

regime in the eastern belt.

THERMOCHRONOLOGICAL RESULTS

4. Fission-track and (U-Th)/He analyses of apatite and zircon are commonly used for
dating the low-temperature evolution and exhumation of upper crustal rocks. Using multiple
thermochronometer analysis on the same or nearby samples allows constraining detailed
cooling paths between closure of the zircon fission-track (ZFT) system at ~240°C (Brandon et
al., 1998) down to the closure temperature for the apatite (U-Th)/He (AHe) system at 65-85
°C (Wolf et al., 1996; Farley, 2000). Newly developed numerical modeling tools (Ketcham,
2005) allow combined inversion of AHe, AFT and zircon (U-Th)/He (ZHe) data to quantify
these cooling paths.

5. The eight Helium and three new AFT ages presented in this study are summarized
in Tables 1 and 2 respectively, and shown in Figure 2. AHe ages show a strong eastward

decrease, from ~57 Ma in the Mirdita zone (sample AM4-02) to ~17 Ma in the Gashi zone



(AM15-00) and ~5 Ma in the eastern Korabi zone (AM26-03, AM20-00). This eastward
decrease is consistent with recent AFT results (Muceku et al., 2006) and also shows up in the
ZHe ages, which are ~101 Ma in the Gashi zone (AM15-00), ~50 Ma in the western Korabi
(AMO8-00) and ~20 Ma in the eastern Korabi (AM26-03). These new data emphasize the
significant differences in cooling histories between rocks of the Gashi zone in the north, the
western part of the Mirdita zone, and the Korabi zone in the east of the Internal Albanides as

previously inferred by Muceku et al. (2006) (Fig. 3).

DISCUSSION

6. The new AHe, AFT, and ZHe data, combined with previously published AFT and
ZFT ages, allow constraining the cooling and exhumation history of the Internal Albanides in
detail. We dated samples AM4-02, AM15-00, AM20-00 and AM26-03 with at least two
thermochronologic systems and will use these to quantify cooling paths for the Mirdita, Gashi

and Korabi zones, respectively (Fig. 4).

Northern and western Internal Albanides

7. Ophiolitic rocks of the western Mirdita zone (Sample AM4-02, Fig. 4a) are marked
by a phase of relatively fast cooling (~9°C/Myr) during the latest Cretaceous, and much
slower cooling (~1-2°C/Myr) ever since, implying that long-term exhumation rates were
relatively slow (~0.1 mm/yr) in this area throughout the Cenozoic. ZHe, AFT and AHe ages
obtained from the Gashi zone in northern Albania (Sample AM15-00, Fig. 4b) also suggest
overall slow long-term cooling, starting at a rate of <I °C/Myr in the mid-Cretaceous, and

increasing to ~3-4 °C/Myr between ~30 and ~10 Ma.



Eastern Internal Albanides

8. In the eastern part of the Internal Albanides, the new (U-Th)/He data are in good
agreement with recent AFT results. The youngest AFT, ZHe and AHe ages are measured in
sample AM26-03 from the Korabi zone, in the eastern hangingwall of the Peshkopia Tectonic
Window (3 km from the contact; Figs. 2 and 3), where Triassic evaporites and Oligocene
flysch of the external Albanides are exposed below the overriding metamorphic internal units.
The ZHe age of ~20 Ma obtained in this sample is much younger then nearby ZFT ages of
125 to 156 Ma (Muceku et al., 2006), implying very slow rates of cooling (< 1°C/My) prior to
~20 Ma. The thermal history of this sample (Fig. 4d) records relatively slow cooling of 1-8
°C/My between 20 and 6 Ma, followed by a pulse of rapid cooling at 30°C/My from about 6
to 4 Ma in the eastern Internal Albanides. This rate is much faster than any cooling rate
observed in other regions of the Internal Albanides. It is confirmed by analysis of a nearby
sample from the eastern Korabi zone (AM20-00, Fig. 4c) for which AFT and AHe ages,
together with apatite fission-track length data are available, and which shows a similar
cooling history. Our thermochronologic data are thus consistent with the existence of a
tectonic window in the Korabi zone (Fig. 2), as postulated by Collaku et al. (1990) and Melo
et al. (1991), and suggest the timing of final exhumation of this window to be late Miocene —
early Pliocene in age.

9. In order to quantify the amount of exhumation associated with rapid cooling of the
eastern Korabi zone, we use a transient 1D thermal model (Heat1D; Braun et al., 2006) to
forward model the cooling paths, based on an undisturbed thermal gradient for this region of
25°C/km (Cermak et al., 1996). Best-fit histories are characterized by long-term exhumation
rates of ~0.16 mm/y, with a pulse of exhumation at 1.2 mm/y between 6 and 4 Ma (Fig. 4d).

This pulse results in a transient increase in near-surface geothermal gradients of ~10%. Thus,



final exhumation of the eastern Korabi zone during the 6 - 4 Ma rapid cooling phase

amounted to ~2.4 km.

Tectonic implications

10. Rapid exhumation in the Korabi zone between 6 — 4 Ma contrasts strongly with
continuous slow exhumation further west and north in the internal Albanides. Such a localized
phase of rapid exhumation can be explained either by localized erosion, by tectonic
exhumation, or by a combination of both. Discriminating between the two end-member
scenarios (erosion vs. tectonic exhumation) requires comparing the calculated exhumation
rates with sediment volumes derived from the internal Albanides (e.g., Kuhlemann et al.,
2001). The erosional products of the internal Albanides are exported toward the external
Albanian wedge-top / foreland basin (e.g. Roure et al., 2004), as well as to the Adriatic Sea
(Figs. 2 and 3). However, no detailed studies on the sediment budgets for these basins are
currently available. However, the strong lateral gradient in rock uplift rates implied by the
thermochronologic data suggests accommodation of this variation by faulting. The present-
day structure of the Albanides, with major west-dipping faults forming the boundary between
the Mirdita and Korabi zones and occurring within the Korabi zone constrains such faulting to
be extensional on reactivated NE-SW trending former thrust fault systems (Fig. 2 and 3).
Kilias et al. (2001) report a transition from regional compression to extension at the Mio-
Pliocene boundary in the Albanides, consistent with the timing of rapid exhumation reported
here. Even if our samples were collected with the purpose to gain a regional overview, and are
not related to specific individual faults, they reflect differential cooling between major fault
systems (Fig. 2).

11. We thus suggest that late Oligocene to early Miocene crustal thickening and

shortening in the Albanides changed to an extensional regime in the eastern part of the orogen



at about 6 Ma. This interpretation is in good agreement with the tectonic evolution of the
Albanides documented in Macedonia (Dumurdzanov et al., 2005), where renewed extension
is recorded to migrate westward since Neogene times. Furthermore, the youngest extensional
basins in western Macedonia and eastern Albania initiated during the Pliocene (Dumurdzanov
et al., 2005; Tagari et al., 1993). This extensional phase has been linked both to rollback of a
continuous slab under the Albanides (Royden, 1993; Dumurdzanov et al., 2005) and to a
southward propagating tear in the Adriatic subducting slab (Wortel and Spakman, 2000),
leading to localized uplift and extension in the overriding plate (e.g., Buiter et al., 2002). Our
thermochronological data do not allow discriminating between these competing hypotheses,
but they indicate that rocks of the Korabi zone where exhumed from 2-3 km depth during this

late extension phase.

CONCLUSIONS

12. The application of (U-Th)/He and FT thermochronology helps to better understand
the cooling and exhumation history of the Internal Albanides. Slow cooling and exhumation
(<0.1 mm/y) of the northern and western Internal Albanides since Late Eocene-Early
Oligocene times is likely a response to crustal thickening near the frontal thrust during
tectonic emplacement of the internal units on top of the external fold-and-thrust belt. We
propose that the present-day symmetric structure of the ophiolite units in the Internal
Albanides is a result of Miocene-Pliocene extension on reactivated former thrust faults,
affecting the eastern ophiolites and the Korabi zone. (U-Th)/He and AFT data allow
determining the beginning of this extensional phase at less than 20 Ma. Exhumation of the
Korabi zone rocks accelerated at 6-4 Ma, reaching a rate of about 1.2 mm/y during this time.

These results are in good agreement with regional structural and stratigraphic information.
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Figure Captions

Fig. 1. Geodynamic setting of the Albanides in the Mediterranean context; map shows major
tectonic units and present-day displacement vectors from GPS studies (after McKlusky et al.,
2000; Khale et al., 2000; Anzidei et al., 2001; Hollenstein et al., 2003). Box indicates location

of Figure 2.

Fig. 2. Schematic geological map of the Albanides (modified from SHGJSH, 2003) showing
main structural provinces as well as recent (Muceku et al, 2006) and new
thermochronological results. New data reported here are apatite and zircon (U-Th)/He ages
shown in bold as well as three new apatite fission-track ages indicated by asterisks. Pz,
Paleozoic; Pe, Permian; Mz, Mesozoic; Tr, Triassic; J, Jurassic; Cr, Cretaceous; Pg,

Paleocene; Ng, Neocene; Q, Quaternary.

Fig. 3. A) Crustal cross-section of the Albanides (modified after Roure et al., 2004) and
general cooling paths inferred from thermochronological data. Representative ages and
closure temperatures are plotted for the different systems studied and three main regions; the
Mirdita, Gashi and Korabi zones. Adopted closure temperatures are 240°C for the ZFT
system (Brandon et al., 1998); 180°C for ZHe (Reiners et al., 2002; 2004); 120°C for AFT
(Gallagher et al., 1998) and 70°C for AHe (Wolf et al., 1996; Farley, 2000). B) Lithosphere-
scale cross-section of the Hellenic-Dinaric belt at the latitude of central Albania (modified
after Cavazza et al., 2004); I, lonian; KG, Kruja-Gavrovo; KP, Krasta-Pindos; PK, Korabi-

Pelagonian; S, Sazani-Preapulian; V, Vardar; W, Mirdita.

Fig. 4. Inferred time-temperature histories of samples calculated by inversion of apatite and

zicon (U-Th)/He ages (AHe, ZHe), apatite fission-track ages (AFT) and fission-track length

16



distributions (FTL) as indicated, using the HeFTy code of Ketcham (2005), for four
representative samples from the Internal Albanides. "Age GOF" and "Length GOF" are the
goodness-of-fit between the predicted and modelled ages and track-length distributions. Light
shaded area in the time/temperature plots represent solutions that provide acceptable fits the
observed data (overal GOF>0.05) whereas dark shaded area shows solutions with good fits
(GOF>(0.5) ; black line is overall "best fit" solution for the samples, for which GOF is
reported. Boxes indicate imposed a-priori constraints on thermal history. Thick dashed white
line in (d) is the predicted cooling history from a 1D transient thermal model for long-term
exhumation of 0.16 mm/y punctuated by a pulse of rapid exhumation at 1.2 mm/y from 6-4

Ma. See text for discussion.
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Table Captions

Table 1. Apatite and zircon (U-Th)/He results for the Albanides. Letters correspond to
different crystals of the same sample. Fye = correction factor for (U-Th)/He age; mwar = >

diameter of the grain; mass = mass of the grain.

Table 2. New apatite fission-track data: n, number of counted grains; ps, spontaneous track
density; p;, induced track density; pq, dosimeter track density; Ng, Nj, Ny, number of tracks
counted to determine the reported track densities; P(x’), chi-square probability that the single
grain ages represent one population; D, age dispersion; MTL, mean horizontal confined track
length; SD, standard deviation of horizontal confined track-length distribution; No. lengths,
number of measured horizontal confined track lengths; Dy, mean fission-track etch pit
diameter parallel to the crystallographic c-axis for each apatite grain (e.g. Carlson et al. 1999;
Donelick et al. 1999). All ages are central ages (Galbraith & Laslett 1993). Observer: B.

Muceku (C-value: 337.9 £5.3).
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Table 1

Grid

Alt.

Sm

U

Th

Th/U

4He

sample  Grain mwar mass Fu. corrected age c weighted mean age c
Reference m. (Um) (Mg) (ppm) (ppm) (ppm) (nmol/g) (Ma) (Ma) (Ma) (Ma)
Apatite
AM26-03 A 41.78333 20.52003 2020 76 6.5 1341 218 64.6  3.04 0.73 0.79 4.6 0.08
id B id id id 91 12 132.7  21.6 593 282 0.88 0.83 5.5 0.11
id C id id id 86 15 176.1 233 76.4  3.36 1.10 0.83 5.9 0.12
id D id id id 84 41 1720  20.3 86.1 434 1.11 0.91 5.5 0.11
id E id id id 91 16 1743 20.8 95.7 473 1.34 0.84 6.8 0.13
3 5.4 0.7
E AM20-00 A 41.89427 20.50121 1750 47 29 106.2 9.1 33.0 372 0.42 0.71 6.4 0.13
id B id id id 55 50 1175 156 437  2.88 0.50 0.75 4.7 0.08
5.2 0.8
AMO09-00 A 42.02553 20.52856 750 71 102 4098 546 1165 2.19 3.07 0.81 8.5 0.14
id B id id id 67 89 3656 31.0 76.2  2.52 2.49 0.80 11.7 0.19
id C id id id 83 49.1 3712 334 953 293 2.36 0.83 9.3 0.14
9.5 1.2
AMI5-00 A 4251792 20.03676 1865 85 10.1 14.5 0.9 3.7 4.25 0.19 0.82 24.2 1.23
- id B id id id 79 11.9 339 6.7 14.0 215 0.62 0.83 13.9 0.34
é id C id id id 63 8.9 19.3 52 9.1 1.79 0.79 0.80 24.9 0.80
© id D id id id 79 10.9 484 9.7 16.9 1.78 0.94 0.83 15.4 0.35
id E id id id 85 10.6  18.2 83 10.90 1.34 1.01 0.82 20.7 0.52
16.6 3.6
;‘§ AM4-02 A 41.73194 19.80333 600 49 52 3216 0.4 1.2 3.13 0.24 0.74 57.5 5.68
'§ id B id id id 38 20 4194 0.4 1.2 3.01 0.22 0.66 51.7 12.26
56.5 2.2
Zircon
AM26-03 A 41.73194 19.80333 600 48 6.5 12249 7585 0.64 11090 0.79 18.6 0.36
:§ id B id id id 69 14.6 9424 479.7 052  101.07 0.84 21.1 0.40
E 19.7 1.3
AMO08-00 41.96247 20.58532 1300 96 24.5 17789 12542 0.72 49156 0.88 49.8 0.90
AMI5-00 A 4251792 20.03676 1865 91 47.6 63.5 862 139 4278  0.88 106.4 1.97
= id B id id id 64 16.3 70.8 64.1 093 31.00 0.84 79.5 1.52
§ id C id id id 88 345 87.1 1115 1.31 5334 087 99.1 1.75
id D id id id 80 27.6 942 1191 1.30 5335 0.86 93.1 1.66
id E id id id 89 34.4 52.7 71.0  1.38 35.91 0.87 108.9 1.91
101.0 6.3
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Table 2

Sample Grid Alt. n Ps N, pi N; Pd Nq P(xz) D agetlc MTL SD No Dpar
10° 10° 10°
Reference m. Jem? Jem? /em® % % Ma um  um lengths
AM
4103 42,02550  20,58578 785 21 3,15 (594) 16,24 (3061) 5,345 (16698) 97,2 17.5+0.8 13,01 2,9 109 2,2
AM
2603 41.78333 20.52003 2020 20 0,78 (137) 7,29 (1275) 5,345 (16698) >99 9.7+0.9
AM 402 414355 1948 12 600 21 0,25 (57) 0,33 (75) 5411 (11155) >99 69.1+12.2
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