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The junction of the Dinaric and Hellenic mountain belts hosts a trans-orogenic normal fault
system (Shkoder-Peja Normal Fault, SPNF) that has accommodated oroclinal bending, as
well as focused basin formation and drainage of the Drin River catchment. Analysis of fluvial
morphology of this catchment reveals higher values of river slope indices (ksn) and y (Chi)
between the normal faults of the SPNF and the Drin drainage divide. The drainage divide is
predicted to be migrating away from the SPNF, except at the NE end of the SPNF system.
Two basins analysed in the hangingwall of the SPNF, the Western Kosovo Basin (WKB)
and Tropoja Basin (TB), contain late Pliocene-to-Holocene sedimentary rocks deposited
well after the main fault activity and immediately after the Last Glacial Maximum (LGM).
These layers document an early Pleistocene transition from lacustrine to fluvial conditions
that reflects a sudden change from internal to external drainage of paleo-lakes. In the TB,
these layers were incised to form three generations of river terraces, interpreted to reflect
episodic downstream incision during re-organisation of the paleo-Drin River drainage
system. 3¢Cl-cosmogenic-nuclide depth-profile ages of the two youngest terraces (~12,
~8 ka) correlate with periods of wetter climate and increased sediment transport in post-
LGM time. The incision rate (~12 mm/yr) is significantly greater than reported in central and
southern Albania. Thus, glacial/interglacial climatic variability, hinterland erosion and base-
level changes appear to have regulated basin filling and excavation cycles when the rivers
draining the WKB and TB became part of the river network emptying into the Adriatic Sea.
These dramatic morphological changes occurred long after normal faulting and clockwise
rotation on the SPNF initiated in late Oligocene-Miocene time. Faulting provided a
structural and erosional template upon which climate-induced erosion in Holocene
time effected reorganisation of the regional drainage pattern, including the formation
and partial demise of lakes and basins. The arc of the main drainage divide around the
SPNF deviates from the general coincidence of this divide with the NW-SE trend of the
Dinaric-Hellenic mountain chain. This arc encompasses the morphological imprint left by
roll-back subduction of the Adriatic slab beneath the northwestern Hellenides.

Keywords: drainage basin analysis, tectonic and climate interactions, central mediterranean, geomorphic metrics,
cosmogenic *Cl exposure dating
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INTRODUCTION

Drainage networks in orogens are sensitive to tectonics and
climatic conditions (Lavé and Avouac, 2001; Whittaker et al.,
2007; Whipple, 2009; Wobus et al., 2010; Kirby and Whipple
2012; Whittaker, 2012; Schwanghart and Scherler, 2020). These
factors affect landscape morphology on the scale of
continents, but the time scales on which they operate
overlap on the scale of orogens, faults, and individual
basins (Whipple and Tucker, 1999). The challenge here is
to distinguish spatial and temporal controls on the landscape
in an active orogen with a prolonged history of oroclinal
bending. We investigate the junction of the Dinaric-Hellenic
mountain belt on the Balkan Peninsula, where the retreating
Adriatic slab has affected lithospheric deformation from
Paleocene to Holocene time (e.g., Burchfiel et al., 2008;
Handy et al, 2019). We use the Neogene intramontane
drainage basins of Northern Albania and Kosovo to
examine the competing effects of both past and present
faulting, as well as transient Pliocene-Holocene climate on
fluvial dynamics and landscape evolution.

Intramontane basins are either internally or externally drained
depending on whether the river system draining the basin is
connected with a lower base level (e.g., the sea). Thus, a change in
the base level of a river in response to tectonic and/or climatic
events can lead to the integration of river branches and landscape
change (D’Agostino et al, 2001; Garcia-Castellanos, 2006;
Harkins et al, 2007; Attal et al., 2008; Geurts et al., 2018;
2020). On the other hand, numerical models have shown that
river capture and integration can themselves affect the local
base level, producing pervasive changes in the river network
geometry. Such transformations involve drainage divide
migration and knickpoint mobility (e.g., Willett et al,
2014; Yang et al., 2015; Whipple et al., 2017). Several
cycles of progressive basin filling and subsequent
excavation characterize the spatio-temporal evolution of
drainage basins. The basin gains or loses connectivity with
the orogenic foreland (e.g., Aterno River in the Italian
Apennines; see D’Agostino et al., 2001; Geurts et al,
2018). In either case, the fluvial system exerts a first-order
control on the position and magnitude of sedimentary supply
within the basin (Whittaker et al., 2007) which can be used to
infer patterns of hinterland erosion (Braun et al., 2018;
Gemignani et al., 2018).

The tectonics of the Dinaric-Hellenic mountain belt along the
eastern shore of the Adriatic Sea (Figure 1A) accommodated Late
Cenozoic shortening related to northwestward advance of the
Adriatic Plate relative to Eurasia, and the southwestward retreat
of the subducting Adriatic slab beneath the Hellenides (e.g.,
Jolivet and Brun, 2010; black arrows in Figure 1B). Slab
rollback induced distributed extension of the upper plate of
this subduction (Royden, 1996) which has affected crustal
structure, landscape and drainage patterns from the Southern
Balkans to the Aegean and Adriatic regions since the Late
Paleocene to Present (e.g., Burchfiel et al., 2008). The rate of
rollback subduction has increased to ~10 mm/yr since the Late
Miocene (Jolivet and Brun, 2010).

Response of Morphology to Lithospheric and Surface Processes

The junction of the Dinaric and Hellenic belts is an excellent
place to study the competing effects of tectonics and climate on
the fluvial network. This junction is the site of an oroclinal bend
of some 20° (Figure 1) that coincides with an orogen-parallel
transition in mantle structure from a detached shallow segment of
the Adriatic slab beneath the Dinarides to a long attached
segment of the same slab to the south beneath the Hellenides
(high Vp domains in blue in Figure 1B, Wortel and Spakman
2000; Piromallo and Morelli 2003; Handy et al., 2019). This
junction coincides with a system of faults, most prominent
among them the Shkoder-Peja Normal Fault (SPNF,
Figure 1A), that cut across the orogen (Burchfiel et al., 2008;
Schmid et al,, 2008; Handy et al., 2019). Paleomagnetic studies
indicate that bending started in Paleogene time, but increased
markedly in Neogene time (Kissel et al.,, 1995; Speranza et al,,
1995; Muceku et al., 2008). The bend in the orogen coincides with
Cenozoic intramontane basins and an anomalous drainage
pattern, including arcuation of the main drainage divide
(MDD, dashed blue line in Figure 1) around the orogen
(Figure 1).

The Drin River at the Dinaric-Hellenic junction in northern
Albania (Figure 1) originates at Ohrid Lake where it is called the
Black Drin (Figure 1A), then runs to the NW for ~150 km
parallel to the strike of the orogen before joining its northern
branch, the White Drin, near the town of Kukes (Figure 1A).
From there, the river cuts down to the SW through the West
Vardar Ophiolite in a graben between conjugate normal
faults of the SPNF system (thick red lines in Figure 1A).
The Drin empties into the Adriatic Sea near the city of
Shkoder (Figure 1A).

The present-day boundary between active orogenic shortening
and extension defined in geodetic studies (Jouanne et al., 2012; D’
Agostino et al.,, 2020) is referred to here as the shortening-
extension transition (SET), signified by a dashed yellow line in
Figure 1A. The SET trends across the nappe boundaries and also
runs discordantly to the main drainage divide (blue dashed line in
Figure 1A). The drainage divide is deflected to the NE around the
SPNF and its related faults.

Two basins in the hanging wall of the SPNF, the Western
Kosovo Basin and Tropoja Basin, contain middle Miocene-
Pliocene and Plio-Pleistocene clastic and freshwater sediments,
respectively (Figure 1A; Meco and Aliaj, 2000). These basins are
interpreted to have formed during clockwise rotation of the
Hellenic part of the orogen with respect to the Dinaric
segment (Handy et al, 2019). We note that some Neogene
normal faults and basins also strike parallel to the orogen (e.g.,
basins labelled BB and KB in Figure 1A) and form asymmetric
half-grabens in the hanging wall of former Dinaric thrusts
(Dumurdzanov et al., 2005; Burchfiel et al., 2008; Handy et al.,
2019). The Neogene age of the graben fill coincides with
thermochronometric ages of cooling and exhumation in the
footwalls of the graben from ~23 Ma until to ~4 Ma (Muceku
et al., 2008).

In this paper, we investigate tectonic and climatic processes
affecting the evolution of river drainage at the Dinaric-Hellenic
junction. Following an introduction to the geology and
morphology of the basins and their catchments at this
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FIGURE 1 | Overview maps: (A) Tectonic map of the junction between the southern Dinarides and northwestern Hellenides. Faults and main nappe units are
modified after Schmid et al., 2008). Blue lines - branches of the Drin River. Thick dashed yellow line—present-day transition from ongoing shortening to ongoing extension
(SET) after Jouanne et al. (2012). Thick dashed blue line-main drainage-divide (MDD). Outlined box indicates the area of Figure 2. TB-Tropoja Basin, WKB-Western
Kosovo Basin, SPNF - Shkoder-Peja Normal Fault, BB-Burrel Basin, KB-Korga Basin. Shaded relief based on SRTM-1 arc-second DEM (NASA, 2013); (B) Map of
teleseismic P-wave anomalies at 150 km depth of the southeastern Mediterranean area. P-wave tomography is from Hall and Spakman, 2015, their UU-PO7 model).
White arrow—motion of Adria relative to Eurasia. Black arrows—-motion of the Hellenic orogenic front with respect to Eurasia since ~15 Ma due to retreat of the Adriatic slab
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junction, we provide descriptions of the stratigraphy and river
terraces carved into the Tropoja Basin. This is followed by an
outline of the methods used to characterize and date the
landscape on scales ranging from this basin to the entire
orogenic bend. A description of the basin stratigraphy and its
river terraces is followed by a presentation of new *°Cl exposure
ages of these terraces. A morphometric analysis of the regional
drainage network at the orogenic junction then lays the
foundation for a discussion of how the river channel network
has responded to tectonic uplift, erosion and climate since
Pliocene time. We conclude with a conceptual model for the
Pliocene-to-Present evolution of basins at the Dinaric-Hellenic
junction. It is found that the Neogene fault system that
accommodated oroclinal bending and Hellenic slab rollback is
the main factor controlling morphology on the orogenic scale.
Faulting and footwall uplift increased rocks’ erodibility through
fracturing and hill-slope degradation, whereas terrace incision
and drainage integration through river capture events after the
Last Glacial Maximum (LGM) regulated basin infilling on the
scale of individual basins.

GEOLOGY OF THE STUDY AREA

Tectonic Setting

The Neogene tectonics of the Dinarides-Hellenides is
characterised by NE-SW shortening (e.g., Cavazza et al., 2004)
due to the northward motion of the Adriatic plate with respect to
Europe (Figure 1).

The Western Kosovo Basin and Tropoja Basin are both located
in the hanging wall of the main normal fault of the SPNF system
(Figure 2). The stratigraphy of the Western Kosovo Basin is
indicative of several cycles of internal drainage (e.g., Elezaj, 2012).
The Black Drin River (Figure 1) traverses crust that underwent
Mio-Pliocene exhumation and E-W extension (Muceku et al.,
2008), as well as subsidence that included the deposition and
preservation of Pliocene lake sediments (Lindhorst et al., 2014).

The SPNF and related faults coincide with a significant jump
in elevation and slope angles (Figure 2). The maximum relief of
~2500 m occurs in the vicinity of the Tropoja and Western
Kosovo Basins, where the Proketlije Mountains with peaks of
~2700 m are juxtaposed with the flat basins at only 200-350 masl
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FIGURE 2 | Topography of the Dinaric-Hellenic junction: (A) Shaded slope map with major normal faults of the SPNF system marked as thick red line (surface
exposure) and dashed red line (subsurface exposure). Blue dashed line-main drainage-divide (MDD). The slope analysis is based on SRTM-1 arc-second DEM (NASA,
2013); (B) Topographic cross-section along the trace in (a) includes the SPNF (solid red line) and related subsurface normal fault (dashed red line) bordering the Tropoja
Basin (TB) and Western Kosovo Basin (WKB), respectively.

(Figure 2B). At the northern limit of the Western Kosovo Basin
the relief decreases to ~1000 m.

The Topoja Basin is filled with ~400 m of Pliocene-Holocene
sedimentary rock (Figure 4, Meco and Aliaj, 2000; Gjani and
Dilek, 2010; Pashko and Aliaj, 2020). Three rivers (Valbona,
Gashit and Bushtrices, Figure 3) carved the basin fill and
generated three terraces (Figures 3, 4). We sampled the lower
and intermediate terraces for terrestrial cosmogenic nuclide
(TCN) dating (yellow stars in Figures 3A,B). The Valbona
Valley hosts the principal river of the same name that drains
the Topoja Basin. This uppermost part of this valley contains a
niche rock glacier shielded by the topography of the Albanian
Alps (Prokletije Mountains, Figure 2), a ~3 km high mountain
range (Kuhlemann et al., 2009). The striking relief of the Albanian
Alps has been interpreted to reflect differences in the erodibility
of the rocks on either side of the SPNF, as well as possible activity
of this fault (Handy et al., 2019). The Pliocene-Holocene fill of the
Tropoja Basin unconformably overlies the West Vardar
Ophiolites in the hanging wall of the SPNF (Figure 4).

Tropoja Basin Stratigraphy and River
Terraces

The Tropoja Basin contains three lithostratigraphic units with
subhorizontal bedding (units one to three in Figure 4; Pashko

and Aliaj, 2020). The bottom unit (Unit 1) is up to ~25-75m
thick and unconformably overlies the West Vardar Ophiolite.
This unit contains layers of marls intercalated with medium- and
coarse-grained sandstone (Figure 4C, Figure 5C). It has been
dated as Late Pliocene using mollusk aggregations, pollen, and
intercalated diatom-rich layers of marls (Gjani and Dilek, 2010;
Pashko and Aliaj, 2020). We interpret this unit as a lacustrine
deposit in a paleo-intramontane lake. At the Valbona River
outlet, this unit onlaps the sub-ophiolitic mélange of the West
Vardar Ophiolite and the Triassic limestone and Cretaceous
flysch of the High Karst nappe (Figures 4A,B). The strata
locally dip some 20° to the NW, i.e., towards the SPNF
(Figure 5C). The very local nature of this dip and the lack
of an increased layer thickness toward the SPNF precludes any
fault-related rotation of the layers in the hanging wall of the
SPNF. Instead, we attribute these unusual strata orientations to
recent gravity sliding.

The intermediate unit (unit 2) is up to ~150 m thick and
unconformably overlies unit 1 (Figure 4B). Unit 2 comprises
clast-supported conglomerate with a sand-clay matrix and local
coal seams (Figure 4C, Figure 5C). Coarse sandstone layers and
light-grey ~carbonaceous conglomerates contain tractional
sedimentary structures. We interpreted unit 2 as a fluvial
conglomerate of Late Pleistocene-Holocene age (Pashko and
Aliaj, 2020). Layers of unit 2 seal the SPNF at the outlet of
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FIGURE 3 | Overview of fluvial terraces and abandoned river channels documenting episodic incision of the Tropoja Basin (TB) sediments: (A) Map with DEM hill
shading and location of fluvial terraces. Terraces are numbered from youngest to oldest levels, T1 to T3. Thick red line-trace of the SPNF; Blue—present-day rivers in the
TB; (B) Satellite image from Google Earth of the Tropoja Basin showing terrace surfaces coloured according to relative age. Imagery from Google Earth™, 42°.18‘N,
20°06°E, 7/01/2021. Yellow stars—location of *Cl depth profiles; (C) Pleistocene-Holocene fluvial terraces. Note hummocky “terra rossa” (red beds) of Unit 3
(foreground) and the high relief of the Albanian Alps (background right) in the footwall of the SPNF. WVO-Western Vardar Ophiolite; HK - High Karst Nappe.

Valbona (Figure 4A), indicating that little or no normal faulting
has occurred since their deposition.

Unit 3 some 30-50 m thick occurs along the northern and
the southeastern margins of the Tropoja Basin (Figure 4A)

and comprises lithologies ranging from reddish
conglomerates, sandstones and red shales of presumably
Holocene age (Figure 5A). Some of its units have
weathered red. Red soils form by the autogenic dissolution
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FIGURE 4 | Tectonic map and stratigraphy of the Tropoja Basin: (A) Lithostratigraphic map of the study area. The black dashed line represents the drainage area of

the basin catchment at the confluence with the Drin River. Trace of the geologic profile A-A’ shown in (B). Major rivers are shown in blue. The terraces in (b) have the same
colour as in Figure 3. Labels a—d are locations of pictures in Figure 5; (b) Cross-section of the basin with bedrock, basin fill and fluvial terraces; (C) Stratigraphic columns
at three locations X, Y, Z shown in (a).

of carbonate and the possible addition of allochthonous The bedding of all units is generally sub-horizontal
aeolian sands commonly described in the Balkans as Terra  with local variations due to gravity sliding. Measured dip
Rossa (e.g., Muhs et al., 2010). and dip-directions of the clast imbricates in bedding of the
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a-d in Figure 4A.

FIGURE 5 | Lithologies of the Tropoja Basin: (A) Unit 1: Grey marl and conglomeratic layers. The hammer is ~55 cm long; (B) Unit 1: grey marl and intercalated
sandstone with bedding locally tilted to the NW; (C) Unit 3: Red beds (Terra Rossa) at the northern margin of the basin with layers of round pebbles; (D) Unit 2:
Carbonate-rich conglomerate with inclined bedding overlying carbonaceous sandstone between black lines. Length of hammer ~33 cm. Locations of pictures labelled

TABLE 1 | Results of the *°Cl cosmogenic nuclide analysis.

Profile Level Lat. Long. Alt. EARL**
(N) (E) m
asl
TP1* T 42.38 20.08 283 12
TP2* T2 42.36 20.10 286 56

Incision rate (mm/yr)

Mean Median Mode Lowest Max Min
g
10.4 ka 9.7 ka 8.2 ka 17.3 ka 35.1 ka 3.7 ka
14.5 ka 13.9 ka 12.3 ka 156.5 ka 40.2 ka 5.8 ka
10.7 104 11.7 24.4 8.6 20.9

*Labelled as TP1-N, TP2-S in the Supplementary Informations **EARL: Elevation above present-day river level (m)

Bold values are reported in the text.

carbonaceous conglomerate of unit 2 indicate river
paleocurrent directions (dotted lines of Figure 5D). After
correction, the paleocurrent direction is south-to southwest-
directed (azimuth 120°, black arrows in Figure 4A and
Supplementary Figure S5).

MATERIALS AND METHODS
36Cl Depth Profile Dating

Terraces T1 and T2 in the Tropoja Basin were sampled for
cosmogenic *°Cl dating (Gosse and Phillips, 2001; Ivy-Ochs

et al,, 2009) in two freshly excavated vertical terrace profiles,
labelled TP1 and TP2 (yellow stars in Figure 3). TP1 is in the
lowest terrace T1 at 283 m asl (Table 1) that incised unit 2
(Figure 4B) along the Valbona River. A total of six samples (500 g
each) of conglomerate comprising carbonate components and
calcite cement were collected at equal vertical intervals between
depths of 50 and 250 cm. Samples were not collected near the
surface to avoid disturbances of the depth profile by bio- or
cryoturbation (e.g., Schaller et al., 2009). When sampling, care
was taken to select well-rounded pebbles to ensure fluvial
provenance and common  pre-depositional  history
(Supplementary Table S1 Supplementary Information). TP2
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was sampled at 286 m asl in a freshly dug trench on terrace T2 on
carbonate conglomerates of unit 2 (Table 1) following the same
sampling procedure.

**Cl dating was performed by the isotope dilution method
(Ivy-Ochs et al.,, 2004; Ivy-Ochs et al., 2009). The samples were
leached twice with 2M HNO; for 24 h to remove meteoritic
chlorine and an aliquot of ~10 g was separated for main and trace
element analysis. The remaining sample material was
dissolved with pure HNO; and spiked with 3.6 g of a*>Cl
carrier. Chlorine was precipitated as AgCl by adding AgNO;
to the sample and then dissolved again in an NHj; solution to
remove sulfur as a precipitated BaSO, (Ivy-Ochs et al., 2004).
Accelerator Mass Spectroscopy (AMS) analysis was
performed at the Laboratory for Ion Beam Physics (LIP)
at the ETH-Zurich following the procedure described by
Christl et al. (2013). In addition to AMS measurements, we
measured main and trace elements to correct the *°Cl
production rate (Supplementary Table S2-Supplementary
Information).

We computed the depth profile age using Monte Carlo
simulations in Mathcad (see Mair et al, 2019).
Information about the inherited amount of *°Cl before
exposure and the age of exposure was obtained from *°Cl
concentration patterns for each depth profile (Hidy et al.,
2010; Mair et al., 2019). The model was designed to compute
depth-profiles of cosmogenic nuclide for a series of user input
parameters. In the Monte Carlo routine, we accounted for the
topographic shielding effect and inheritance of *°Cl. The
input parameters required by the algorithm and the values
used are summarized in Supplementary Table S3 of the
Supplementary Information.

Topographic and Fluvial Analysis

We analyzed the river landscape at the Dinaric-Hellenic junction
with two morphological measures: kg,, the channel steepness
index, as shown in Figures 7A, Figure 9A (Flint, 1974; Kirby and
Whipple, 2001; Snyder et al., 2000) and y (Chi), which we use as a
proxy for fluvial-morphological stability in eroding and uplifting
systems (Perron and Royden, 2013; Willett et al., 2014), as shown
in Figure 9B. The channel steepness index, kg, is a dimensionless
parameter defined as:

ke =S/A7 ¢y

where S is the local river gradient (taken to be positive in the
downstream direction), A is upstream drainage area, and 0,.¢
is a reference concavity index (Wobus et al., 2006). Stated
simply, kg, tells us how much the channel steepness deviates
from a reference concavity that is corrected for differences in
drainage area. Faulting or lithological boundaries can cause
steepness to deviate from 8, such that the kg, values will
increase on the uplifting block and/or on the side of the fault
with the more erosion-resistant bedrock. The higher the
uplift rate and/or the more erosion-resistant the bedrock,
the higher the k,,-value and the greater the deviation from
the reference concavity, 0,.r.
X (Chi) has dimensions of length (m) and is defined:
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X AO 0
X [(A(X’)) = @

where A is an arbitrary scaling area and the integration to obtain
x is performed from a base level at xb to a location x upstream
along the river channel. In our applications of y below, the
difference in y values between river channels can be
interpreted as an indicator for divide instability, provided that
the uplift rate, climate, and rock erodibility are equal and that
there are no major transients in river profiles (Willett et al., 2014).
The river with the lower overall y value has greater erosive
potential than does the river with the higher overall y value. y
maps like Figure 9B help visualize the direction that unstable
drainage divides are expected to migrate (Section 5.1).

In Section 5, we use kg, and y maps (Figure 9) to assess how
faulting, lithology, post-LGM climate and base level change
have affected fluvial morphology at the scale of the Dinaric-
Hellenic junction. The two parameters, ki, and y, are
complimentary because kg, is more sensitive to short-
wavelength perturbations in the river profile, whereas yx
better detects changes in regional steady state in the fluvial
system, with the changes referring to a shift from an older
steady-state condition to the current steady-state condition.
A steady-state condition in the morphological sense refers to
a combination of variables (base level, climate, lithology,
uplift rate, bedrock characteristics) that are assumed to be
invariant in time and space over the area considered.

ks, and y were extracted from a digital elevation model
(DEM) at 30m (1 arcsec) resolution (Shuttle Radar
Topography Mission, SRTM). The analysis itself was
performed using the MATLAB software package
TopoToolbox version 2 (Schwanghart and Scherler, 2014;
2017). The stream network was obtained from the DEM
using the D8 flow direction algorithm. Watersheds with an
area of <10 km? (e.g., streams created by spring meltwater)
were disregarded in order to avoid artefacts at the low
resolution of the DEM (30 m). We calculated the reference
concavity (0) using a Bayesian optimization of 6 with the
mnoptim function described in TopoToolbox (Schwanghart
and Scherler, 2017). A reference value of 0, = 0.423 was
used for the part of the Dinaric-Hellenic orogen in Figures
7,9, 10.

Knickpoints are defined as points or zones (knickzones) of
abrupt change in the slope of rivers (e.g., Whipple and Tucker,
1999; Kirby and Whipple, 2012). Knickpoints can be identified
either in plots of elevation vs. horizontal distance constructed
from DEMs (e.g., Figure 8C) or in plots of elevation vs. y (e.g.,
Figure 7B). Although elevation-distance plots are easier to grasp
at first glance, the advantage of elevation vs. y plots is that
knickzones appear as morphological deviations from a steady-
state river profile (Royden and Perron, 2013; Neely et al.,, 2017).
We identified knickpoints with a preprocessing routine described
in Schwanghart and Scherler (2017).

For the Drin River analysis in Figure 8, we used a tolerance value of
124 m calculated as the difference between filled and incised channels
with a minimum uphill area of 15,000 pixels (= 13.5 km?). This high
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tolerance value allowed us to identify knickzones in a large catchment
area (e.g., Figures 8C, Figure 10). Knickpoints in the much smaller
Tropoja Basin catchment were calculated with a lower tolerance value
of 60 m. Anthropogenic knickpoints, for example, dams along the
Drin, were not considered in any of the analyses.

RESULTS

Terrace Exposure Ages From the *°Cl Depth

Profiles

The two sampled terrace profiles, TP1 and TP2, show an
exponential decrease of *°Cl concentration with depth
(Figures 6A,B) that allows us to estimate the erosion/incision
rates (e.g., Gosse and Phillips, 2001). Probability Density Plots
(PDPs) showing frequency vs. age have right-skewed distribution
curves (Figure 6C). We chose the modal value instead of the
mean as the best-fit exposure ages of ~8.2ka and ~12.3 ka for
terraces T1 and T2, respectively (dotted grey lines in Figure 6C
and Table 1). The ages overlap within error. The age errors are

mainly due to uncertainties related to the neutron capture
production rate.

The interested reader is referred to Section 1.4 of the
Supplementary Information for a description of the method
used to calculate river incision rates. We compared the
minimum, maximum, and modal ages, which resulted in a
best-fit incision rate of 11.7 mm/yr (Table 1). This value is
assumed to be the best approximation of the fluvial incision
rate of the Valbona River into the Tropoja Basin sediments
during Late-Pleistocene to Holocene time.

Results of the Geomorphic Analysis

Most of the 80 knickpoints in the Tropoja Basin (Figure 7) do not
coincide directly with significant lithological contacts along the
SPNF, e.g., between the High Karst (HK) carbonates and the
more erodible Cretaceous flysch and ophiolitic mélange
(Figure 7A; Supplementary Figure S3). They also do not
cluster along the SPNF itself (Figure 7A). This suggests either
that they have migrated upstream since the most recent activity of
the fault or that they reflect reconfiguration of rivers within the
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FIGURE 7 | Morphometric analysis of the rivers in the Tropoja Basin catchment: (A) Map of normalised channel steepness index (k) of the upstream-drainage area
of the Tropoja Basin from the base level indicated as a square in (a); (B) x-normalised longitudinal profiles of the stream network in the Tropoja Basin. The base level is for
the plot is taken to be the confluence of Valbona and Drin Rivers (square in (). Circles indicate knickpoints colored according to the peaks in the Kernel density
distribution (c); (C) Knickpoints are grouped in two clusters using the computed significant peaks in the Kernel density function (100 m width). Lithologies in (a) are
from Xhomo et al. (2002). The base level for the analysis is the confluence of Valbona and Drin Rivers (solid square in (a)).

drainage system and the establishment of a new steady state. Yet ~ y plot with respect to the basin outlet (Figures 7B,C). The outlet is
another possibility is that they reflect a fall in the base-level of the  taken to be the confluence of the river draining the basin with the
entire system (e.g., lowering of the Adriatic Sea). main trunk of the Drin River (solid square in Figure 7A). These

A striking feature of the knickpoints in the Tropoja Basin is that  clusters are coloured pink (first cluster) and yellow (second cluster)
about half of them cluster at two distinct intervals in the elevation vs.  in the longitudinal profiles and kernel distribution in Figures 7B,C.
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Many of them coincide with changes in kg, values, as shown by the
colours along the streams in Figure 7A. The other knickpoints
(white dots) are scattered across the drainage area. We discuss
scenarios for their origins in the Landscape morphology, terraces
and climate.

To compare the fluvial metrics of the Tropoja Basin catchment
with the regional drainage network, we identified a total of 114
knickpoints in the entire Drin River drainage basin, starting from
the Drin River outlet (taken here to be the base level, Figure 8A)
to elevations between ~190 and 1850 m asl (Figure 8B). These are
coloured red and blue depending on their location with respect to
the dashed yellow line marked SET for the transition from
orogen-normal shortening to extension. We note that the
knickpoints in the Drin drainage system in Figure 8A include
six points in the Tropoja Basin catchment (labelled TB in
Figures 8A,C).

Overall, channel slopes are much steeper along the Adriatic
coastal mountain range where shortening is ongoing than in the
high-relief Dinaric hinterland where the orogen is actively
extending. There, the horizontal displacement rates range from
1.5-4 mm/yr normal to the strike of the orogen (Figures 8B,C,
D’Agostino et al., 2020). The knickpoints identified in the coastal
range (red dots in Figure 8C) are much more closely spaced than
in the hinterland (blue dots in Figure 8C). Most knickpoints
occur where rivers flow from the high relief of the carbonate rocks
forming the Dinaric nappes (Figure 1) to alluvial plains underlain
by Neogene sediments (Figures 8A,B). These are located

80-200 km upstream of the Drin outlet and are interpreted as
paleo-lakes, as labelled in Figure 8C and discussed in the next
chapter.

Two features of the distribution of blue knickpoints stand
out in the channel profiles in Figure 8C: 1) At distances of
>90 km from the Drin outlet, a gap in slope between 1,000
and 1,300 m asl separates a group of points above 1,300 m asl
from the rest of the points below. This gap corresponds
generally with a flat segment of the Drin River trunk at
300-400 m asl that is labelled paleo-lake in Figure 8C; 2) At
distances closer to the Drin outlet (<90 km), the blue
knickpoints occur at a broad range of elevations between
300 and 1,400 m. The relationship of the knickpoints and
their elevation to paleo-lakes is discussed below in
section 5.1.1.

The kg, and x-maps in Figure 9 for the entire fluvial
network of the Dinaric-Hellenic junction show that the
footwall of the SPNF and its related faults coincide with of
the highest values of both parameters. Here, it is important to
note again that the SPNF juxtaposes contrasting lithologies,
from limestone rocks of the Dinaric nappes in its footwall
to ophiolite and sub-ophiolitic mélange of the West Vardar
Ophiolites in its hanging wall (see Supplementary Figure S1).
Lower kg, values characterize the graben between the
conjugate normal faults of the SPNF system, as well as
along the Adriatic coast west of the SET (blue colors in
Figure 9A).
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Bright colors in Figures 9B-D indicate four parts of the
river network that are not in steady-state and where drainage
divide mobility is highest: 1) the northern and eastern
borders of the Drin catchment along the SPNF system
towards the hinterland; 2) along the White Drin in the
north; and 3) along the Black Drin in the east, as well as
4) in the vicinity of Ohrid Lake. The northwestern part of the
Drin catchment is also in a transient state as indicated by the
contrast of x-values on either side of the drainage divide
(Figures 9B,C).

DISCUSSION

The overarching question posed when interpreting our data is:
How are patterns of deposition and erosion linked on different
scales? To answer this, we begin with the scale of the Drin River
catchment, then progress to the smaller scale of the Tropoja
Basin, where the record of sedimentation and fluvial incision is
best preserved and can be assessed in the context of faulting,
climatic variation, stream-capture and autogenic factors, e.g.,
events that occurred within the basin.

Regional Drainage Pattern and Its Controls
Several important points emerge from the river stream metrics at
the scales of the Tropoja Basin (Figure 7) and the Dinaric-Hellenic
junction (Figures 8-10). On the orogenic scale, we observe that
both kg, and x-values are higher in the footwall of the main normal
faults making up the SPNF system (thick black lines in Figure 9).
These high values indicate that the fluvial network is still adjusting
to rock uplift and variable erosion along and across the SPNF
system. This is particularly evident by the jump in k, values along
an E-W trending segment of the SPNF forming the northern
border of the Western Kosovo Basin (Figure 9A). This may
indicate ongoing activity of that part of the fault. Another
potentially active fault scarp can be identified in the kg, map in
the hanging wall of the large low-angle normal fault located just
east of the main drainage divide (thin dashed black line in
Figure 9A, from Dumurdjanov et al., 2020). Alternatively, the
difference in kg, values between the bed channels in carbonate-rich
rocks (High Karst and Pre-Karst units) and ophiolitic, silico-clastic
and metamorphic rocks (Western Vardar Ophiolites and
associated nappes) (Figure 1, Figure 9A, Supplementary
Figure S1) may be attributed to water runoff, infiltration, and
chemical dissolution in the carbonate-rich bedrock (e.g., Central
Apennines, Tucker etal., 2011). Chemical dissolution of carbonates
and water infiltration can lower the bed of the channel, altering the
channel’s steepness that, in turn, increases the response time to
climate and tectonic forcing, steepening the topography in
karstified areas (e.g. Ott et al,, 2019).

A further striking feature is that the y values are generally
highest in the narrow domain between the SPNF and the main
drainage divide (MDD in Figure 9B, and close-ups ¢, d). This
suggests that this domain is not in equilibrium with the current
steady-state conditions. We note that these locally high y values
occur against a background of heightened y values across the
entire Dinaric-Hellenic chain, indicating substantial migration of

Response of Morphology to Lithospheric and Surface Processes

fluvial divides on the scale of the orogen. This is especially evident
at the White Drin outlet into the Western Kosovo Basin (arrows
in Figure 9B). Interestingly, the Western Kosovo and Tropoja
basins both show very low k, values and low-moderate y values
(Figures 9A,B), in keeping with the observation that they are
relatively flat, uplifted domains with little ongoing erosion (see
white areas in the slope map, Figure 2A).

Following Willett et al., 2014, we interpret the asymmetry of y
values on either side of the main drainage divide and the SPNF in
Figure 9B to indicate that in most places, the divide is migrating
away from the fault (black arrows in Figure 9B). Only at the N
and NE end of the SPNF do the y values indicate that the divide is
migrating to the SW, i.e., into the graben between the two normal
faults (Figures 9C,D).

The confluence of tributary channels delineates the trunk of
the Drin River (Figure 8B) and defines flat river segments on its
way to the current outlet at the Adriatic Sea (Figure 8C). These
segments partly coincide with Plio-Pleistocene deposits like
those found at Lake Ohrid (Figure 8A). We therefore
interpret these flat segments as paleo-lakes in the sense of
Whittaker and Boulton (2012) (Figures 8A,C). A good
example of such a paleo-lake is Lake Metohia, which
occupied part of the Western Kosovo Basin during Pliocene
to Early Pleistocene time (Neubauer et al., 2015b; location in
Figure 8A). These paleo-lakes probably formed prior to river-
capture events, as proposed below in chapter 5.

There are no discontinuities in stream profiles and river
metrics across the transition from active extension to
shortening (SET in Figure 8C, Figure 9A), indicating either
that this transition is not sharp or that the rate of river incision is
high with respect to the current strain-rate of the crust. Along the
Adriatic coast where thrusting and shortening are ongoing
(Figure 1, Figure 8A), the streams have steep sides and
clustered knickpoints (red dots in Figure 8C). This is
interpreted to reflect the ongoing adjustment of the streams to
tectonically induced uplift.

Knickzones away from the Adriatic coast and situated east
of the SET within 90 km of the Drin outlet at elevations from
300 to 1,400 m asl (Figure 8C and Section 3.2) probably reflect
older events. It is tempting to attribute the lowest ones between
~200 and 400 m to base-level fall during the lowering of the
Adriatic Sea by some 120 m during the LGM (Pirazzoli, 1991;
Lambeck and Purcell, 2005). Points above 400 m asl may well
be older. Some of the knickpoints may be related to
downcutting in the immediate aftermath of Messinian
drainage of the Mediterranean Sea (Garcia-Castellanos and
Villasefior, 2011). However, most of the rivers adjoining the
N-S directed Black Drin River may have not drained in the
Adriatic Sea at that time as they were part of an internally
drained systems (see chapter 5). Others may reflect one or
more episodes of regional uplift associated with extension in
the upper plate of the retreating and delaminating Adriatic slab
(e.g., Matenco and Radivojevi¢, 2012; Unen et al., 2018).

The gap in knickpoints identified in Figure 8B further away
from the Drin outlet and within the Dinaric hinterland at
elevations between 1,200 and 1,600m asl is enigmatic
insomuch as it coincides with the lateral extent of a flat
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FIGURE 10 | Knickpoints along rivers in the Drin catchment: (A) Two knickpoint generations as a function of distance from the Drin River trunk (blue stream): first
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followed by second integration of the Drin River (see text for explanation); (C) Bird’s-eye view of the Valbona gorge and intersection with the Drin River trunk. Dashed
white lines indicate the possible location of the former toes of paleo-landslides that may have dammed the Valbona River downstream of the TB. These are based on a
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segment of the Drin River trunk (Figure 8C and Section 3.2).
One explanation is that this gap may be an artifact of projecting
river channels in the high Albanian Alps far to the north (e.g.,
north of the Western Kosovo Basin) into the same section as the
Drin River trunk. Rivers with these high-altitude knickpoints
only join the Drin River after traversing the mountains from
north to south, perpendicular to the plane of the section in
Figure 8C. Alternatively, these high slope knickpoints formed
during normal faulting along segments of the SPNF along the
northern limit of the Western Kosovo Basin (Figure 2A,
Figure 9A and discussion above); these knickpoints have since
migrated into the footwall of the SPNF.

Landscape Morphology, Terraces and
Climate

Today, we see that the Tropoja Basin is adjusted to the current
steady-state conditions (Figures 9A,B), as indicated by low y
values from the outlet of the Adriatic Sea to the Tropoja Basin and
within the Drin River up to the vicinity of the town of Kukes.
Large parts of the Western Kosovo Basin and the Black Drin River
are not adjusted to the current steady-state conditions (high x-
values in Figure 9B) with respect to the current base-level
represented by the Adriatic Sea.

We focus our analysis on the Tropoja Basin as is gives us the
opportunity to relate incision events and knickpoint migration to

dated terrace levels. This in turn provides a potential age for
catchment-wide reorganization events. To do this, we first
identify mobile knickpoints, defined as knickpoints that migrate
upstream due to a downstream perturbation (e.g., base-level fall,
Crosby and Whipple, 2006). Assuming that the confluence of the
tributary streams and the Drin River trunk (the base-level
reference, y = 0 in the X-plots of Figures 7, 10) were stationary
while the knickpoints migrated upstream, we computed
knickpoints scaled to an upstream drainage area (e.g., Crosby
and Whipple, 2006; Berlin and Anderson, 2007; Marrucci et al.,
2018; Schwanghart and Scherler, 2020). In catchments with
uniform erodibility and precipitation, the knickpoint migration
celerity (V) scales with tributary drainage area (A):

V=CAP (3)

where C and p are constants fitted to the data (Crosby and
Whipple, 2006). The drainage area (A) is integrated over the river
distance to produce variable y and points with the same
contributing drainage area in the river network plot at the
same value of y. As the propagation velocity of the signal is
proportional to the upstream drainage area, each knickpoint
propagating upstream from the basin outlet (black square in
Figure 7A) has a similar value of y. The 71 knickpoints in
Figure 10 are interpreted to reflect pulses of change in steady-
state conditions that are migrating upstream. Local base-level
changes in the fluvial system due to regional uplift or sea-level
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change can trigger discrete waves of fluvial incision that cause
knickpoints to propagate upstream (e.g., Wobus et al.,, 2006;
Berlin and Anderson, 2007; Kirby and Whipple, 2012;
Schwanghart and Scherler, 2020). During this process, rivers
can add new channels to their fluvial network (Stokes et al., 2002).

During the LGM the regional base level of the Drin was the
Adriatic Sea at ~ 120 m below present-day sea level (Pirazzoli,
1991). However, from ~21ka, sea level began rising in the
Mediterranean Sea to its present level (Lambeck and Bard,
2000). This sea-level rise was not linear, but fluctuated, with
two major changes in the rate of sea level rise at ~12 and ~8 ka. At
these times, sea-level rise in the Mediterranean slowed
significantly for several thousands of years before accelerating
again. Interestingly, these periods coincide with the times of
formation of T1 and T2 terraces in the Tropoja Basin
(Figure 6). Unfortunately, no age exists for the oldest terrace
level T3, that however must be older than 12 ka and likely is
related to the lowest sea level during the LGM.

We propose that a new steady-state condition was
established each time the sea-level rose significantly, thus
creating an incision event or knickpoint that migrated
upstream to adjust the river network to the new base level.
These knickpoints are seen throughout the catchment of the
Drin River (Figure 10, yellow and pink dots). The youngest
incision event and related knickpoints (second generation, pink
knickpoints) are related to the adjustment to the current steady-
state condition and present base level of the Adriatic Sea. Based
on the age of terrace T1, we interpret this incision event to be
younger than 8 ka. Today, we infer from the low y values in the
footwall of the SPNF in the Tropoja Basin (Figures 9B,C) that
the wave of incision passed through the basin and reached the
hanging wall of the SPNF as indicated by the high y values there
(clusters of pink and yellow colored knickpoints in Figures
7A,B, respectively). On their way upstream, the migration of the
knickpoints was significantly slowed because faulting along the
SPNF juxtaposed erosion-resistant limestones of the High Karst
Nappe with more erodible marls and shales in the sub-ophiolitic
mélange of the West Vardar Ophiolite. This is also reflected by
the higher values of kg, in the limestone units of the High Karst
nappe (HK in Figures 1, Figure 3C; Supplementary Figure S3)
and other Dinaric nappes (Figure 9A). We speculate that an
older pulse of incision and corresponding knickpoints (yellow
dots and cluster in Figure 7) was related to an increase in the
rate of sea-level rise between 8-12 ka, resulting in a renewed
change in base level (Figure 10, first generation knickpoints,
yellow dots). This first generation of knickpoints is still visible in
the upper reaches of the Valbona and Drin Rivers, indicating
that these rivers have not yet adjusted to the current steady-state
conditions (Figure 10). The incision age is again bracketed by
our terraces T1 and T2 to have occurred sometime between 8
and 12 ka.

The numerous knickpoints in the Tropoja Basin that did not
form a y cluster (white dots in Figures 7A,B) cannot be attributed
to any major geological features (lithological boundaries, faults)
or downstream changes in drainage. They may reflect minor local
structures, for example, joints in the karstified limestones making
up the High Karst nappe.

Response of Morphology to Lithospheric and Surface Processes

We tentatively correlate the age of terrace T3 with the lowest
base-level during the LGM. However, we were unable to date this
terrace and its age and origin remain speculative.

Climate is a factor that can control the river network as
expressed by river metrics (e.g., Wobus et al., 2006; Kirby and
Whipple, 2012). At the Dinaric-Hellenic junction and
surrounding area, paleo-environmental multi-proxy data show
a climate characterized by seasonally variable precipitation since
the Plio-Pleistocene (Lacey et al., 2016; Wagner et al., 2019) with a
slight increase in summer precipitation during the Younger Dryas
cold event (~12.3 ka) and the temperate periods (Bordon et al.,
2009). Alternating glacial and interglacial periods have a clear
impact at the local scale of individual drainage systems, with
increases or decreases in sedimentation rates that may have
occurred independently of tectonic activity along the SPNF
system (e.g., terrace aggradation vs. terrace incision; Pazzaglia,
2013). This is evident in the stratigraphy of the Tropoja Basin,
where lacustrine sediments were covered by coarse-grained fan-
type clastics long after tectonic activity on the SPNF ceased
(Figure 4 and discussion in Landscape morphology, terraces
and climate).

Fluvial terraces contain information about climatic
fluctuations (Tucker and Slingerland, 1997; Macklin et al,
2002; Pazzaglia, 2013). The onset of humid-air circulation
during glacial-interglacial cycles in the Mediterranean region
led to a transient climate after ~1.36 Ma (Lake Ohrid climatic
proxies, Wagner et al., 2019) linked with increased sedimentation
rates (i.e., Ohrid Lake Figure 1; Vogel et al., 2010a; Wagner et al.,
2012; Macklin et al., 2002; Carcaillet et al., 2009). Despite the
significant error of our *°Cl ages (Figure 5; e.g., Hidy et al., 2010),
the modal ages of ~12ka and ~8Xka, respectively, from the
intermediate and lowest terraces in the Tropoja Basin (TP1
and TP2 in Figure 3) both fall within post-LGM time
(Hughes, 2007). Late-Pleistocene glaciation (Wiirmian phase)
in the highest elevation of the Prokletije mountains (Albanian
Alps) is documented by moraines that occur down to ~1,000 m
asl (Hughes, 2009; Milivojevi¢ al., 2008—see also
Supplementary Figure S3 in the Supplementary Information).
Melting of cirque-type glaciers leading to more intense
precipitation at these latitudes began after the Younger Dryas
at ~12ka (Wagner et al, 2019), followed abruptly by a short
(~10” yrs) regional cold phase at 8.2 ka (Alley and Agustsdottir,
2005) when the climate was locally drier. These periods
correspond with an overall increase in erosion during cooler
phases in the northern hemisphere during the Cenozoic
(Hermann et al., 2013). We infer that these climatic events
also affected the upper reaches of the rivers, increasing
sediment supply to the Tropoja Basin through the fluvial river
network. This increased sediment supply together with the
decreased rate of sea-level rise were conducive for the
formation of terraces in the Tropoja Basin. The terrace
morphologies (Figure 3) indicate that T1 occurs within an
entrenched channel, whereas T2, and possibly T3, mark the
inset of a broad alluvial plain sediment formed by a braided
river system (unit 2 and planar morphology in Figures 3, 4 and
Supplementary Figure S5). The interpretation that T2 was
incised after the inset of braided river system is consistent
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with the idea that the river had reached its transport capacity for
sediments. Immediately after abandoning terrace level T2, the
Valbona River started to cut down, forming an entrenched
channel in TI1. River entrenchment can reduce lateral river
migration, leading to bank collapse (Malatesta et al., 2017). In
turn, limited lateral mobility of the river increases vertical
incision. Thus, the onset of river entrenchment can initiate a
positive feedback that leads to yet more incision due to the
concentration of stream power within a narrower bed
(Malatesta et al., 2017). We propose that Tl may have
resulted from bank erosion. Other factors to consider for the
formation of the terraces in the Tropoja Basin are landsliding and
damming of the Valbona River. Meltwater and increased runoff,
possibly combined with earthquakes (e.g., Muco, 1995; Muco
et al., 2012), would be expected to trigger slope instability in the
form of landslides and debris flows that suddenly entered the
drainage system (Stock and Dietrich, 2006; Marc et al., 2015). The
6.4 M,, 2019 Dursi event or 7 M,, 1905 Skhodra earthquake
(Caporali et al., 2020; D’Agostino et al., 2020) are only two recent
examples of active seismicity at the Dinaric-Hellenic junction. We
speculate that at the outlet of the Tropoja Basin, the Valbona
River may have been dammed by landslides that filled a narrow
gorge of ~40 m depth (e.g., Jaupaj et al., 2017; dashed white lines
in Figure 10A). Episodic damming could have favoured the
creation of the terraces in the Tropoja Basin.

In comparing our estimated incision rates for the Tropoja
Basin (Table 1) with the 1°Be-based incision rates for central and
southern Albanian river terraces during the LGM and post-LGM
periods, we find that the latter (~1.4 mm/yr, e.g., for Osum River
terraces T7 and T8; Carcaillet et al., 2009) are ten times lower than
the ~12 mm/yr that obtained here for the ~12-8ka interval
between terraces T2 and T1 (Table 1). This difference can be
explained either by greater precipitation in northern Albania or
by the migration of the knickzone through the Tropoja Basin. We
rule out the former explanation because there is no evidence for a
significant difference in the amount of precipitation in northern
and southern Albania since the LGM (Wagner et al., 2019). The
more likely explanation is therefore that the high incision rate in
the Tropoja Basin marks the passage of the incision wave related
to the first generation of knickpoints (yellow dots in Figures 7,
10) still found in the upper reaches of the Valbona River.

To summarize this chapter, the combination of *°Cl ages of the
fluvial terraces and geomorphic metric analysis show that river
incision and sedimentation after the LGM was episodic. Prior to
that, in the Early Pleistocene, a change from an internally to an
externally drained system for the Drin River must have occurred
as indicated by widespread lake sediments and relict topographic
features mimicking former lake geometries. A tectonically
controlled difference in base-level along the SPNF initially led
to the formation of internally drained basins and lakes in the
internal Dinarides which, like the Western Kosovo Basin and
Tropoja Basin, lasted until Pliocene-to-Early Pleistocene time
(Aliaj, 2006; Neubauer et al., 2015b; Pashko and Aliaj, 2020).
Most of these basins no longer exist and evidence of their former
presence is preserved as the flattened parts of river profiles
draining from the hinterland to the Adriatic Sea (Figure 8C).
Since Pliocene - Early Pleistocene time, drainage integration

Response of Morphology to Lithospheric and Surface Processes

involving over-spilling of lakes and, in the case of the Topoja
Basin, episodic breaching of dams would have resulted in regional
drainage integration during the formation of the current Drin
River. In the next section, we address the implications of potential
drainage integration and shifts in drainage divides with respect to
the Cenozoic faulting across Dinaric-Hellenic junction.

MODEL FOR POST-MIOCENE EVOLUTION
OF LANDSCAPE AT THE
DINARIC-HELLENIC JUNCTION

In the preceding chapters, we have documented how Cenozoic
normal faults acted as a template upon which the last ice age
substantially modified the landscape in this domain of tectonic
bending at the Dinaric-Hellenic junction. Here, we present a
conceptual model of how the post-Miocene rivers and lakes
evolved in this structurally complex area (Figure 11). Three
stages of landscape formation are discerned that account for
the salient stratigraphic, palynological and fluvial features of the
area (Figure 11).

During stage 1 (Late Pliocene, Figure 11A), two intramontane
fresh-water lakes filled parts of the Western Kosovo Basin and
Tropoja Basin (Meco and Aliaj, 2000; Aliaj et al., 2001; Neubauer,
etal., 2015b; Pashko and Aliaj, 2020). By this stage, most if not all
normal faulting along the SPNF had ceased, as indicated by basal
Pliocene sediments that seal the subsurface branch of the SPNF
beneath the Western Kosovo Basin (the Dukagjini Fault, Meco
and Aliaj, 2000) and sub horizontal orientation of Plio-
Pleistocene sediments in the Tropoja Basin (Figure 4B). The
basins were internally drained (endorheic) at this stage, as
supported by the evidence of quiet lacustrine sedimentation
(marls in unit 1 of the Tropoja Basin, Figures 4, 5), the lack
of any traces of fluvial down cutting and the absence of fluvial
deposits downstream of the basins that, if present, would indicate
basin drainage. The main drainage divide during stage 1 is
therefore inferred to have been located to the WSW of the
Western Kosovo Basin and Tropoja Basin, as drawn in
Figure 11A. The base level for this paleo-drainage system is
assumed to have been towards the SE, possibly into the Aegean
Sea, but evidence is scarce.

We estimate an approximate accumulation rate of
0.1-0.2 mm/yr for stage 1 based on the 200-300 m thickness
of Pliocene Late-Pleistocene lacustrine sediments in the
southwestern part of the Western Kosovo Basin (Elazaij,
2012). These sedimentation rates are comparable with mean
sedimentation rates in Lake Ohrid (Figure 1) of ~0.3-0.5 mm/
yr since the Early-Pleistocene (Lindhorst et al., 2014). Based on
this first-order estimate, the basin subsidence during stage 1
would have been higher than the sedimentation rate in the
basin as evidenced by the deposition of lake sediments of the
basal part of unit 1 and by evidence in Lake Ohrid for underfilled
conditions since the Pliocene (Vogel et al., 2010b; Lindhorst et al.,
2014).

Stage 2 (Pleistocene) was presaged in the Tropoja Basin by the
deposition of sandstone in Unit 1 and the unconformable
deposition of grey conglomerates of unit 2 (Figure 4B). This
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FIGURE 11 | Post-Miocene evolution of drainage in the vicinity of the Tropoja Basin (TB) and WesternKosovo Basin (WKB) at the Dinaric-Hellenic junction. Sketches

are not to scale: (A) Stage 1 (Late Pliocene): the TB and WKB are two internally drained intramontane lakes; (B) Stage 2 (Pleistocene): First river integration and transition
from internally drained (endorheic) to externally drained (exorheic) basins. Upstream migration of first generation knickpoints at the outlet of the TB to the Paleo-Drin
(yellow arrows); (C) Stage 3 (Post-LGM, Holocene): Incision of the Drin River due to dramatically increased erosional capacity through downstream river capture

(see text for details). Knickpoints propagate upstream from the trunk into the tributary basins in the footwall of the SPNF. First generation (yellow dots) migrates upstream
from the trunk (Drin) after the second integration event. Symbols: Blue lines - river network, thick grey lines and grey polygons - present-day extent of the TB and WKB,
thick red lines - normal faults of the SPNF system, light blue polygons - cirque glaciers in the Albanian Alps of northern Albania, pink arrows-migration of second
generation of knickpoints. Dotted colored lines in stage 3 of the WKB represent present-day isopachs of the base of Miocene-Pliocene sediments (based on the Tectonic

unconformity at the base of unit 2 documents erosion under
fluvial conditions in the Tropoja Basin that ushered in stage 2
(Figure 11B). We attribute this marked change from lacustrine to
highly erosive fluvial conditions to basin drainage and river
integration downstream of the basins. Similar transitions have
been found to develop in fault-bounded extensional basins where
fluvial sediments make up the uppermost part of the stratigraphy
(e.g., Central Italian Apennines: Geurts et al., 2018; Geurts et al.,
2020 and references therein). River integration occurs when
basins and lakes overflow, spilling their water and inducing
top-down erosion in intra-montane basins in the internal
parts of orogens (Geurts et al, 2018). In the Tropoja Basin,
overspilling of the Late Pliocene lake towards the end of stage 1
(Figure 11A) may have been augmented by melting of niche
glaciers (Hughes, 2009) in the upper Valbona Valley, resulting in
an increase of sediment and water supply.

The main drainage divide is depicted in Figure 11 to have
migrated upstream toward the internal part of the orogen
between stages 1 and 2, thus reflecting the motion of
headward erosion in response to river integration and capture
of former lake areas. Stage 3 (Post LGM-Holocene?) was
characterized by at least three pulses of river incision with
related knickpoint migration (Figure 11C) and further
drainage integration/capture within the regional river network.
This stage corresponds to episodic fluvial downcutting and
terracing in the Tropoja Basin. Overall, the changes in the rate
of base-level rise from the LGM to the present controlled
knickpoint formation and propagation upstream. This was
modulated by late and/or post-LGM climatic fluctuations, as
described in chapter 4. The coincidence of the two fluvial
terraces in the Tropoja Basin dated at ~ 12 and ~8 ka with
the two-knickpoints in the tributary valleys of this basin
(Figure 9A) suggests that two knickpoint generations migrated
upstream following significant base-level changes during stage 3

(Figure 11). We infer that by stage 2, most of the basins were
already externally drained (exorheic). This includes some, if not
all, of the paleo-lakes whose former existence in the internal
Dinarides is recorded by the flat parts of river profiles
(Figure 8C).

CONCLUSION

In this paper, we show that the landscape at the Dinaric-Hellenic
junction has undergone dramatic changes long after the cessation
of the main Neogene activity of the normal faults of the SPNF that
transect the mountain range. In particular, the most recent ice age
enhanced depositional and erosional events in its aftermath that
used the Cenozoic normal faults as a template for a strong
morphological imprint. The first-order modification of the
landscape during Pleistocene to Holocene time is perhaps best
exemplified by the arcuate shape of the present drainage divide
around the SPNF at the junction of Dinaric and Hellenic
segments of the mountain belt. This fault and its related
extensional structures helped localise Pleistocene to Holocene
precipitation, erosion and deposition. The reorganization of
fluvial drainage patterns leading to the formation and partial
demise of lakes and basins.

Regarded at the scale of individual basins, the landscape reflects
a subtle feedback between tectonic and climate-induced processes.
Differential erosion fostered by the fault-induced juxtaposition of
lithologies with contrasting erodibilities and possibly triggered by
seismicity set the stage. But it was climatic variation, especially
glaciation and subsequent melting, that increased erosion rates and
changed the erosional base-level, facilitating a switch from internal
to external drainage of lakes and basins into the Drin River. Our
data show that river integration increased after the Last Glacial
Maximum (LGM) when the Drin River drainage expanded its
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upstream drainage area, leading to a top-down incision of the river
system.

Overall, our data support the idea that rollback subduction in the
Hellenides and associated extension, both parallel- and normal to the
orogen, affected landscape formation. This happened because crustal
extension accommodating slab steepening and bending localized
faulting and induced basin subsidence. Normal faults like the SPNF
control erodibility and provide river paths that focus erosion and
sediment transport (e.g., Copley et al., 2009). Pliocene E-W orogen-
normal extension is reflected by the present-day trace of the Black
Drin, which runs parallel to the strike of the Dinaric thrusts, before
cutting down to the Adriatic Sea parallel to the SPNF. Thus, slab
dynamics in conjunction with post-LGM erosion at the Dinaric-
Hellenic junction have exerted a first-order control on the geometry
of the drainage patterns.
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