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Comprehensive glacial Quaternary studies involving geochronological methods, modelling of ice topography
with the support of field geomorphological and geological data in the Balkan Peninsula are relatively scarce, al-
though there is evidence of past glaciations in several mountain ranges. Here, we present research on the extent
and timing of past glaciations on the northern Velebit Mt. in coastal Croatia and inferences of the climate during
that time. Based on geomorphological and sedimentological evidence and using cosmogenic *°Cl surface expo-
sure dating of moraine boulders, we provide an empirical reconstruction of past glaciers and compare this
with the Parallel Ice Sheet Model (PISM) simulations under different palaeoclimate forcings. The dating results
show that the northern Velebit glaciers reached their maximum extent during the last glacial cycle before the
Glacial geomorphology global Last Glacial Maximum (LGM). Maximum ice extent likely correlates with Marine Isotope Stage 5-4,
Dinarides although the exact timing cannot be determined at this point due to poorly known site- and time-specific denu-
PISM dation rates. Empirical reconstruction of the maximum extent suggests that the area covered by glaciers was
~116 km?. The-best fit PISM simulation indicates that the most likely palaeoclimate scenario for the glaciers of
this size to form is a cooling of ~8 °C and a 10% reduction in precipitation from present-day levels. However,
the best-fit simulation does not correctly model all mapped ice margins when changes in climatological
parameters are applied uniformly across the model domain, potentially reflecting a different palaeoprecipitation

pattern to today.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction marine platform carbonates (see Vlahovic et al., 2005 and references

therein), where typical karst landscape prevails (Cviji¢, 1893). Karst

The Dinaric Mountains are an orogenic belt formed along the eastern
margin of the Adriatic microplate that extends in a NW-SE direction
from the Alps to Albanides-Hellenides, and between the Adriatic Sea
to the southwest and the Pannonian Basin to the northeast, respectively.
The southwest part of the orogen is known as External Dinarides or
Karst Dinarides, composed mostly of a thick succession of shallow-
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Dinarides are not known only for karst but also for glacial landscape
with their unique glaciokarst characteristics (Zebre and Stepisnik,
2015; Veress, 2017). Initial reports about the existence of glacial land-
scapes in the Karst Dinarides were published at the end of the 19th
and beginning of the 20th century (Cviji¢, 1899; Penck, 1900; Grund,
1902). While subsequent studies (e.g., Sifrer, 1959; Rogli¢, 1963;
Habi¢, 1968; Bognar et al., 1991a,b; Bognar and Prugovecki, 1997;
Milivojevi¢ et al., 2008; Zebre and Stepisnik, 2014) documented past
glacial evidence mostly in a descriptive way and by provided glacial
geomorphological maps, the most recent studies (Hughes et al., 2006,
2010, 2011; Adamson et al., 2014; Ciner et al., 2019; Zebre et al.,
2019a,b; Sarikaya et al., 2020) also used state-of-the-art dating tech-
niques and thus significantly increased our understanding of the glacial
chronology of this area. At the same time, an interesting scientific
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debate about the timing of Quaternary glaciations in the Dinaric Moun-
tains has been generated due to the use of different dating methods,
often yielding inconsistent results (e.g., Hughes et al., 2011, 2010;
Marjanac, 2012; Zebre et al., 2019b; Sarikaya et al., 2020; Allard et al.,
2020). Methods that can be applied to date glaciogenic deposits in
carbonate environments, such as the Dinaric Mountains, are often re-
stricted by the material availability, and results are challenging to inter-
pret due to many unknown variables, one of them being karst
denudation rates (see Zebre et al., 2019b for more information and ref-
erences therein). Despite all the challenges related to dating methods,
increasing the number of glacial chronological studies is the way to
move forward in solving the “Dinaric glaciation puzzle”.

Here, we focus on the palaeoglaciation of the Velebit Mt., the most
extensive mountain range of the Karst Dinarides in Croatia, with a
total length of ~145 km and a width of 10-30 km. First ideas about the
glaciation of the Velebit Mt. were developed in the beginning of the
20th century (Hranilovi¢, 1901; Gavazzi, 1903; Schubert, 1909). After-
wards, several other researchers (e.g., Milojevic, 1922; Bauer, 1934;
Rogli¢, 1963; Nikler, 1973; Belij, 1985; Bognar et al., 1991a,b; Bognar
and Faivre, 2006; Velic et al., 2011; Krklec et al,, 2015) studied the glaci-
ation of the Velebit Mt., but only two studies (Marjanac, 2012; Sarikaya
et al., 2020) provided absolute geochronological data. Up until now, gla-
cial geochronological studies were only conducted on the Southern
Velebit, whereas numerical dating of glacial deposits from the northern
and central portion of the Velebit Mt. is still missing. Here, the first clear
evidence for glaciation was provided by Bauer (1934-1935), who
recognised that an ice field covered the Jezera Plateau and estimated
the equilibrium line altitude (ELA) at 1400-1500 m asl. Following
studies (Bognar et al., 1991a,b) confirmed previous findings and
extended the former glaciated area towards the south and east. The
same research provided the first estimate of the total area covered by
ice masses (115 km?) and calculated the ELA as 1292-1328 m asl.
More recent studies focused on the sedimentology of glacial deposits
in the southern part of the former ice margin (Velic et al., 2011) and
the relationship between glaciation and speleogenesis (JeliniC et al.,
2001; Bocic et al., 2012; Paar et al., 2013). Further geomorphological
surveys that served as a basis for this study were recently conducted
over the entire northern Velebit area (Stepisnik, 2015; Zebre and
Stepisnik, 2019) with ELA estimation at 1360-1490 m (east vs. west).

Despite well-documented geomorphological evidence for
palaeoglaciations on the northern Velebit Mt., several questions remain
to be answered about the timing and extent of former glaciations in this
area. Therefore, the aims of research presented here are (a) to date the
glacial record on the northern Velebit Mt. using cosmogenic °Cl surface
exposure dating technique, (b) to provide the empirical reconstruction
of palaeoglaciers based on up to date geomorphological, sedimentolog-
ical and geochronological evidence, (c) to compare the empirical recon-
struction with the Parallel Ice Sheet Model (PISM) simulations under
different palaeoclimate forcings, and (d) to make inferences of past cli-
mate. This is the first attempt to solve the glacial history of the northern
Karst Dinarides using combined field-based and modelling approach
built around thirteen 3®Cl exposure ages. With this paper, we are
contributing to filling a geographical gap in Dinaric as well as wider
Mediterranean glacial chronologies.

2. Regional setting

The Velebit Mt. is located in the northern part of the Karst Dinarides
in Croatia (Fig. 1A), rising steeply above the Adriatic coast to the west
and the Lika area in the hinterland to the east and southeast. The
study area (44°37’-44°51' N, 14°56’-15°06' E) is in the northernmost
section of the mountain range, where the highest summit is Mali Rajinac
(1699 m asl; Fig. 1B). Hereafter, we refer to our study area as the
northern Velebit Mt., although strictly speaking, our investigated area
stretches southwards beyond the Veliki Alan pass, which represents
the southern limit of northern Velebit (Bognar et al., 1991b).
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The Velebit Mt. is the most prominent geomorphological structure in
the central part of the Karst Dinarides fold-and-thrust belt, which
formed by thin-skinned Eocene-Oligocene thrusting along the north-
east margin of the Adria Microplate (e.g., Tari and Mrinjek, 1994; Tari,
2002; Schmid et al., 2008, 2020). The mountain's geological structure
is rather complex, made of several NW-SE trending, km-scale asym-
metric anticlines regularly bounded by faults. The oldest rocks within
the studied area (Fig. 1C) are Middle Triassic thick-bedded to massive
limestones deposited in lagoonal environments that in places contain
tuff and sandstone intercalations, shales and cherts (MamufZic et al.,
1969; Velic et al.,, 1974). They are of highly variable thicknesses due to
the regional emergence, i.e., stratigraphic hiatus between the Middle
and Upper Triassic deposits, characterised by deposition of marls, siltites
and conglomerates with tuffitic interbeds. The succession of overlying
250 m thick Upper Triassic dolomites is regionally known as the
Hauptdolomite (Main Dolomite). It is conformably overlain by ~650 m
thick succession of Lower Jurassic alternation of limestones and dolo-
mites, Lithiotid limestones and spotted-limestones (‘fleckenkalk’). The
700 m thick Middle Jurassic limestones are thick-bedded to massive
and are overlain by up to 1500 m thick Upper Jurassic well-bedded
limestones mostly composed of numerous shallowing-upward cycles.
Lower Cretaceous shallow-marine carbonates are cropping out only in
the marginal parts of the study area. A significant part of the northern
Velebit area is covered by the Velebit breccia (also known as Jelar brec-
cia; see Bahun, 1963, 1974), a massive, clast-supported, well-lithified
carbonate breccia composed of poorly sorted and tectonised clasts rang-
ing in size from less than mm to a couple of centimetres with sporadic
cobbles and boulders, mostly originating from surrounding limestones
(for more information see Vlahovic et al., 2012).

The Velebit Mt. receives one of the highest precipitation in Croatia.
The mean annual precipitation at the ZaviZzan meteorological station
(1594 m asl; 44°48'52"N, 14°58'32"E; ZMS at Fig. 1B and C), the highest
meteorological station on the Velebit Mt. and in Croatia, was 1899 mm
in the 1961-1990 period (Zaninovic et al., 2008). Summer precipitation
accounts for 20% of the region's annual precipitation, with July being the
driest month. Over 54% of the annual precipitation falls during autumn
(Sep, Oct, Nov) and winter (Dec, Jan, Feb), with November typically
being the wettest month. There are on average over 170 days a year
with snow cover (>1 cm) (Zaninovic et al., 2008). The mean annual air
temperature at ZMS was 3.5 °C in the period 1961-1990. February is
the coldest month (—4.3 °C), and July the warmest (12.2 °C)
(Zaninovic et al., 2008). Because of the sea's warming effect, the temper-
atures at the same elevation are higher on the western than on the east-
ern side (Zaninovic et al., 2008). The dominant wind in the area is the
bora, a dry, cold and gusty north-east wind (NNE to ENE directions)
(Zaninovic et al., 2008). Bora is most common in the cold part of the
year when persistent high pressure systems over north-eastern
Europe and/or lows over the Adriatic and Mediterranean ensure the
flow of cold continental north-easterly air masses (Belusic et al.,
2013). There are on average ~100 days a year with strong or gale-
force winds at ZMS (Northern Velebit National Park, 2021b).

3. Material and methods
3.1. Geomorphological mapping

The most recent geomorphological survey of the area, which took
place between 2013 and 2018, was conducted for this research and
was partially already published by Stepisnik (2015) and Zebre and
StepiSnik (2019). Building on these previous works, geomorphological
mapping of glacial landforms with the focus on moraines was con-
ducted using topographic maps in a scale of 1:25,000, supported by
1:100,000 scale geological maps (Mamuzic et al., 1969; Velic et al.,
1974). Data from Croatian Mine Action Centre were used to avoid
potentially dangerous areas covered by landmines. The interpretation
of the landforms documented in the field was supported by the
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sedimentological description of some outcrops, commonly exposed as
road cuts or gravel pits. Standard field procedures (e.g., sedimentary
structures, colour, clast size, distribution and roundness) and lithofacies
codes following Benn and Evans (2010) were used for sediment
description.

3.2. Cosmogenic nuclide dating

Terrestrial cosmogenic nuclides (TCN) can be used to date the timing
of landform exposures. Cosmic ray particles are strongly attenuated in
the atmosphere. Some of them reach the Earth's surface and interact
with rocks. Secondary neutrons and muons are primarily responsible
for the in-situ production of these new nuclides on rock surfaces. De-
pending on the type of cosmic ray particle and target elements in the
rock, many new cosmogenic nuclides can be produced, including the ra-
dioisotopes '°Be, 14C, 26Al, 36Cl, 41Ca, and stable *He and ?'Ne (Dunai,
2010). Their measured concentrations in rocks can be used to calculate
how long these rocks have been exposed at the surface.

Chlorine-36 is produced typically/largely by the spallation and
muon induced reactions on “°Ca and 3°K, and low-energy neutron cap-
ture reactions by 3>Cl (Gosse and Phillips, 2001). The site specific pro-
duction rate can be calculated from the reference production rate
(sea-level high latitude) (Marrero et al., 2016b) with scaling models
(Lifton et al., 2014).

3.2.1. Sample collection, preparation and analytical measurements

We collected 17 samples from the boulders located on the crest of
five moraines. They were plucked by hammer and chisel on the flat
central-top of the moraine boulders in order to reduce the effect of
snow cover on top and lateral leakage of thermal-neutrons. The sam-
ples' thickness was recorded along with the shielding angles due to
the surrounding topography (Table 1, Table S1 in Supplementary
data). Sample location coordinates were determined with a handheld-
GPS unit with a nominal horizontal accuracy of +5 m. Later, GPS eleva-
tion data were checked from the 1:25,000 scale topographic maps with
an accuracy of £10 m. The boulders were selected according to their po-
sitions on the crest. They were sampled based on their appearance, size
and preservation. Bigger and stable boulders with solid roots into the
moraine matrix were preferred. Sample locations, attributes and local
corrections to production rates are shown in Table 1.

Sample preparation was done at the iTU/Kozmo-Lab (Istanbul
Technical University, Turkey) according to the procedures described in
Sarikaya (2009) and Schimmelpfennig et al. (2009). Rock samples
were first crushed and ground to the size fraction of 0.25 mm to
1 mm. After leaching samples with milli-Q and dilute nitric acid
(10%) to remove any meteoric chlorine, chlorine in calcite was liberated
from the rock matrix by dissolving the sample with 400 ml 65% HNOs in
HDPE bottles. A mixture of natural NaCl (Merc Emsure) and 3°Cl
(~99.7%) enriched Aldrich carrier was added to the samples before
total dissolution, and chlorine was precipitated by the addition of
AgNOs. Sulphur (including any 36S isobar) was removed from the
samples by repeated precipitation as BaSO4 (Mechernich et al.,, 2019).
The chlorine isotopic ratios of the samples were measured with 6 MV
SIRIUS Tandem Accelerator at Australian Nuclear Science and
Technology Organization (ANSTO), Sydney, Australia (Wilcken
et al., 2017).

The primary and secondary AMS standards are Purdue Z93-0005
(38C1/Cl: 1.2 + 10~ 2 with natural 3’Cl/3Cl ratio) and KN supplied by
Dr. Kunihiko Nishiizumi (1.6 + 10~'2 and 5.0 & 1073, 36Cl/Cl ratios),
respectively (Wilcken et al,, 2013). The decay constant of 2.303 +
0.016 x 1075 yr~! used corresponds to a 3¢Cl half-life of 3.014 x 10°
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years. The analytical uncertainties include counting statistics, machine
stability, and blank correction. Total Cl was determined by the isotope
dilution method (Wilcken et al., 2013). The natural chlorine concentra-
tions of samples are low, with an average of 46.2 ppm, with some sam-
ples reaching up to 65 ppm. Major and selected trace element
concentrations of all samples were measured at Activation Laboratories
Ltd., Ontario, Canada (Table 2). CaO concentrations of the samples are
54.5% on average, while KO concentrations are very low, near the
lower detection limits (0.01%). The rock density of the samples was
assumed to be 2.6 g cm~> for all samples. All other required data
(e.g., carrier data, mass dissolved, chlorine isotope ratios, etc.) to recal-
culate the natural >°Cl concentrations and the ages of the samples are
given in Table S1 (Supplementary data).

3.2.2. Determination of *°Cl ages

The CRONUS Web Calculator version 2.0 (http://www.
cronuscalculators.nmt.edu; Marrero et al., 2016a) was used to calculate
the sample ages. All ages have corrections for seasonal snow cover and
topographic shielding at the sampled location. The snow cover correc-
tion factor for spallation reactions was calculated (Gosse and Phillips,
2001) based on the maximum snow thickness data at ZMS (Fig. 1B)
between 1961 and 2000 (Zaninovic et al., 2008). Snow densities were
assumed to be 0.25 g cm >, and only the portion of snowpack above
the samples was taken into account. Horizon angles were measured in
the field by an inclinometer in every 45° from the north. The calculated
topographic shielding measurements (Gosse and Phillips, 2001) were
compared with the calculations made by the ArcGIS tool (Li, 2013),
and differences were minimal (<1%) (Table S1 - Supplementary
data). We provide boulder ages with and without denudation correc-
tion and prefer to use the denudation corrected ages as the boulder
ages. We report the landform age based on the oldest sample from the
same landform corrected for 15 mm ka™! of denudation.

Here, we used the 3¢Cl production rates reported in Marrero et al.
(2016b) [56.3 + 4.6 atoms (g Ca)~' a~! for Ca spallation, 153 + 12
atoms (g K)~! a~! K spallation and 743 =+ 179 fast neutrons (g air) ™"
a~!]. They were scaled following the nuclide and time-dependent
Lifton-Sato-Dunai method, also called “LSDn” or “SA” scaling (Lifton
et al., 2014). The use of Lal (1991)/Stone (2000) (ST) scaling scheme
would produce ages <2.5% younger. Spallation and negative muon cap-
ture reactions by 4°Ca are responsible for >90% of total production,
while lesser contributions are from 3°K (<1%) and slow neutron capture
reactions by 3°Cl (~9%). All essential information, including the **Cl con-
centrations and scaling factors to reproduce resultant ages, are given in
Tables 1 and 2.

3.3. Palaeoicefield simulations

We use the Parallel Ice Sheet Model (PISM v 1.1.4) (the PISM
authors, 2015) to simulate the palaeoice extent on the Velebit Mt. that
conforms as closely as possible to the empirically reconstructed
palaeoglacier limits. PISM is an open-source ice sheet model (Bueler
and Brown, 2009; Winkelmann et al., 2011; the PISM authors, 2015)
and capable of doing high-resolution simulations of glacier flow and
ice extent in alpine glaciers (Golledge et al., 2012; Becker et al., 2016,
2017; Jouvet et al., 2017; Seguinot et al., 2018; Imhof et al., 2019;
Candas et al., 2020; Schmidt et al., 2020; Yan et al., 2020).

PISM simulates glacier flow depending on ice dynamics using
models that are a combination of internal deformation and basal sliding.
We use the PISM's hybrid stress approximation that combines the
shallow-ice (SIA) (Hutter, 1983) and shallow-shelf approximation
(SSA) (Morland, 1987; Winkelmann et al., 2011). The hybrid model

Fig. 1. (A) Study area map of the wider Adriatic region. (B) Distribution of glaciogenic deposits and (C) geological map of the northern Velebit area (simplified after MamuZi¢ et al., 1969
and Veli¢ et al,, 1974). The base layer for (b) is red relief image map (Chiba et al., 2008) that reflects the roughness of the karstic landscape.
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Table 1
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Location, thickness, boulder dimension and shielding correction factors of the samples (L: length, W: width, H: height from the ground).

Sample ID Latitude (WGS84) Longitude (WGS84)  Elevation Boulder dimensions Sample Snow cover correction ~ Topography correction
(Lx W x H) thickness factor based on Smax factor
on Zavizan station
°N (DD) °E (DD) (masl) (m) (cm) (=) (=)
VLB18-04 44.71402 14.97573 1335 15x1.2x 06 1.5 0.8564 0.9947
VLB18-05 44.70805 14.97330 1408 15x22x1.1 3 0.8993 1.0000
VLB18-06 44.70792 14.97372 1410 0.6 x 0.5 x 0.4 2 0.8388 1.0000
VLB18-07 44.70790 14.97245 1404 1.2x0.8x0.5 15 0.8476 1.0000
VLB18-10 44.81934 15.03113 1023 0.9 x 1.7 x 0.9 3 0.8834 0.9918
VLB18-11 44.81942 15.03128 1020 1.0 x 0.9 x 0.6 3 0.8564 0.9918
VLB18-12 44.81985 15.03245 1005 0.7x0.7x04 2 0.8388 0.9877
VU18-01 44.76223 14.94610 1267 35x25x 1.1 2.5 0.8993 0.9984
VU18-02 44.76345 14.94658 1276 25x20x1.8 2 0.9426 0.9985
VU18-03 44.76347 14.94662 1276 3.0x15x18 3 0.9426 0.9985
VU18-04 44.76292 14.94612 1289 15x1.0x 1.0 3 0.8915 0.9984
VU18-05 44.76188 14.94615 1280 14x13x09 3 0.8834 0.9984
ME18-01 44.74583 15.05613 1151 20x15x15 3 0.9251 0.9976
ME18-02 44.74543 15.05602 1145 16x14x15 3 0.9251 0.9976
ME18-03 44.74540 15.05570 1146 1.7x13x 1.1 3 0.8993 0.9976
ME18-04 44.74517 15.05528 1155 24x13x13 3 0.9127 0.9962
ME18-05 44.74528 15.05432 1162 26x19x%x23 3 0.9700 0.9596

has been applied in various areas such as the Southern Alps in New
Zealand (Golledge et al., 2012), European Alps (Becker et al., 2016;
Jouvet et al., 2017) and Taurus Mts. in Turkey (Candas et al., 2020).
The stress and resulting deformation relation are defined according to
the Glen-Paterson-Budd-Lliboutry-Duval flow law (Lliboutry and
Duval, 1985) that is the enthalpy-based default in PISM (Aschwanden
et al,, 2012). PISM uses a basal sliding law (Greve and Blatter, 2009;
Cuffey and Paterson, 2010) considering the yield stress and threshold
velocity parameters. The sliding is controlled with a power g that
determines the plasticity of ice. The yield stress is calculated with the
Mohr-Coulomb criterion, which models the amount of water in the sub-
glacial sediment that rules the effective pressure (Bueler and van Pelt,
2015). This model provides a non-trivial output of the subglacial hydrol-
ogy, which implemented in PISM's energy conservation models (the
PISM authors, 2015).

Our model domain covers ~543 km? (23.3 x 23.3 km), between
44.62-44.86°N latitudes and 14.92-15.16°E longitudes, making 233 x
233 horizontal cells each with ~100 m resolution. Firstly, we applied
horizontal resolution of 1-2 km in our test models which results in

Table 2
Whole rock chemistry and **Cl measurements of the samples.

inadequate details in valley-scale ice extent. Thus, we tested models
using three horizontal resolutions: 27, 100, and 250 m, but we did not
observe any significant difference in terms of the glacial area. Therefore,
we preferred the 100-m resolution to sustain an efficient modelling run.
Simulations were started from ice-free conditions and ran until the
steady-state in the ice area and volume were achieved (1500 model
years). The computational box consists of 11 evenly distributed layers
with a vertical resolution of 50 m.

3.3.1. Climate input and forcing

PISM requires bedrock topography, geothermal heat flux, and cli-
mate forcing. Topography was obtained from ASTER Global-Digital Ele-
vation Models (DEM) v.2 (ASTER GDEM, 2009). The geothermal heat
flux is from a global dataset (Shapiro and Ritzwoller, 2004). For the cli-
mate data, we used the WorldClim 1.4 monthly gridded data at a
resolution of 30 arc-seconds for 1960-1990 (Hijmans et al., 2005). The
WorldClim is known to often underestimate the precipitation amount
over mountainous areas (Hijmans et al., 2005), and this was found out
to be true also for our study area by comparing the annual precipitation

Sample ID Major elements

Trace elements 36CI (measured)

Al,03 Ca0  Fe,0; K,O

(Wtz) (wtz) (wtk) (wtk) (wtZ) (wiz) (wtk) (wtx) (wiz) (

MgO0 MnO Na,0O P05 SiO, TiO,

0O, SUM Sm Gd U Th cl
(LOI)

(wt%) (wt¥) (ppm) (ppm) (ppm) (ppm) (ppm) (10* atoms g~ rock)

VLB18-04 132 48.17 0.64 046 345 <001 0.05 0.03 3.85
VLB18-05 0.39 54.02 0.24 0.11 0.68 <001 <0.01 002 1.12

VLB18-06 0.10 5454 0.14 0.02 070 <001 <0.01 <0.01 038 <0.01
VLB18-07 0.07 54.85 0.08 0.02 046 <001 <0.01 <0.01 030 <0.01
VLB18-10 0.04 5540 0.07 0.02 0.69 <001 <0.01 <001 035 <0.01
VLB18-11 0.09 55.18 0.10 0.03 071 <001 <0.01 <0.01 061 <0.01
VLB18-12 0.12 55.00 0.10 0.03 0.60 <001 0.02 <001 038 <0.01
VU18-01 0.14 54.90 0.10 002 036 <001 <0.01 <001 049 <0.01
VU18-02 0.08 5534 0.07 <0.01 040 <0.01 <0.01 <001 027 <0.01
VU18-03 0.07 5520 0.08 <001 038 <001 <0.01 <001 042 <0.01
VU18-04 0.07 5493 0.06 <001 042 <001 <0.01 <0.01 042 <0.01
VU18-05 0.15 54.84 0.11 004 034 <001 <0.01 <001 0.66 <0.01
ME18-01 0.09 5541 0.04 <0.01 037 <0.01 <0.01 <0.01 029 <0.01
ME18-02 0.13 5520 0.08 <0.01 029 <0.01 <0.01 <0.01 051 <0.01
ME18-03 0.19 5491 0.05 002 032 <001 <0.01 <001 0.81 <0.01
ME18-04 0.15 54.86 0.09 0.02 030 <001 <0.01 <0.01 0.67 <0.01
ME18-05 0.07 5538 0.08 <0.01 024 <0.01 <001 <0.01 033 <0.01

419 9994 076 0.75 040 1.0 642 +27 57354227
433 9995 022 022 060 <02 50.0+2.0 165.03 +6.94
441 99.97 <0.05 0.18 1.00 <02 320+1.0 153.02 +6.01
44.2 9996 <0.05 0.12 220 <02 475418 26243 + 10.06

434 9997 <005 013 120 <02 513+20 8341 +331
43.2 99.97 006 009 110 <02 555+22 60.27+232
43.7 9996 <0.05 0.17 280 <02 612426 7694 +299

439 9997 <0.05 0.17 150 <02
43.8 99.97 <0.05 0.14 110 <0.2
43.8 99.97 <0.05 008 120 <02
54.9 9999 <0.05 005 090 <02
548 100.00 <0.05 0.11 140 <02
438 99.95 0.06 017 120 <02
43.7 9997 <0.05 0.14 090 <02
43.6 99.97 <0.05 0.11 270 <02
54.9 99.99 <0.05 009 070 <0.2
55.4 9999 <0.05 005 150 <02

36.3 +£ 1.2 239.99 4+ 9.39
64.7 +£ 2.7 308.71 £ 12.22
52.8 +£2.7 350.28 + 14.48
87.0 £ 45 306.94 + 17.49
49.7 + 2.6 256.99 + 12.96
533 +2.6 220.66 + 8.81
11.0+03 9539 +£3.73
208 £ 09 161.07 + 6.37
208 £ 1.1 117.19 4 5.96
16.7 +£ 0.9 127.61 £ 6.53
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from WorldClim with the one from the national yearly gridded data
at 1 km resolution for 1961-1990 (hereafter referred to as “CroClim”)
provided by the Croatian Meteorological and Hydrological Service,
where the station density is much higher (Percec Tadi¢, 2010). A com-
parative analysis of both datasets over the study area (i.e., empirically
reconstructed maximum glaciated area) shows that the mean annual
precipitation is underestimated by 40% by WorldClim. The precipitation
comparison is particularly weak on the western side of the mountain,
where the difference between the two datasets is up to 54%. This is
also in line with Percec Tadic (2010), who found that the precipitation
amount for the Croatian mountainous areas could be largely
underestimated by WorldClim, in some parts even by up to 2-3 times.
On the other hand, the mean annual air temperature shows a good
agreement between the two datasets and is overestimated by
WorldClim only by 0.1 °C. Thus, the WorldClim monthly precipitation
was corrected with the correction factor obtained from dividing the
CroClim with the WorldClim annual precipitation. The monthly distri-
bution was subsequently adjusted with the factor obtained from divid-
ing the monthly percentage of precipitation from ZMS with the one
from WorldClim in the same grid cell. The climate data were rescaled
down to 100 m cell size. Climate forcing was done using the constant-
climate model, in which the present-day temperature was dropped by
—7, —7.5 and —8 °C, and present-day precipitation multiplied with
0.9, 1 and 1.1. We observed that using higher temperature offsets and
greater or smaller precipitation multipliers resulted in unreasonable
glacier extent compared with our field observations. Nevertheless,
these nine models cover both colder temperatures and drier/wetter
conditions than at present. Additionally, we also tested the model
with more pronounced temperature drops (—8.5 and —9 °C) and
more significant precipitation corrections (1.2, 0.8 and 0.7), which are
presented in the supplementary material (Table S2).

3.3.2. Surface mass balance

Modifying present-day climate to reconstruct a new climate pro-
vides a surface mass balance at a particular time during the last glacial
cycle. This non-transient climate input was used to reach the maximum
steady-state glacial extent and was matched with the field observations
to understand the palaeoclimate better. A temperature index model was
used to calculate the palaeo-mass balance. Ice accumulation was calcu-
lated based on the amount of precipitation that falls at air temperatures
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below 0 °C, and it linearly decreases from O to 2 °C (Becker et al., 2016).
The meltwater refreeze factor was chosen as 0.6 (Ritz, 1997). Ice abla-
tion is calculated by the expected number of positive degree days
(EPDD; Zweck and Huybrechts, 2005) and the empirical PDD factors
for snow (ddfs) and ice (ddfi) of 3.297 and 8.791 mm day ! °C~ !, re-
spectively (Huybrechts, 1998; Seguinot et al., 2018). The model set-up
summarised here was previously tested on the Taurus Mts., Turkey
(Candas et al., 2020). The physical constants, default parameters and
sensitivity ranges of all parameters are presented in Table 3.

4. Results
4.1. Glacial geomorphology

The northern Velebit Mt. is intensely karstified due to predominance
of carbonate rocks and is characterised as deep karst, where the vadose
zone reaches almost 1500 m depth (Baksic, 2003; Baksic et al., 2013;
Stroj, 2017). The highest parts of the northern Velebit Mt.
(~1450-1699 m asl), called Hajducki Kukovi, RoZanski Kukovi
(Fig. 2A) and Jezera Plateau, are dissected by large karst depressions of
the size of uvalas. Below the highest summits and plateaus are valleys
or elongated depressions (~3-6 km long) following tectonic and struc-
tural boundaries. These depressions used to function as glacial valleys,
and glacial deposits cover their slopes and floors. The majority of glacial
deposits have been identified on the continental side, i.e. the northeast
side of the northern Velebit Mt., where they reach as low as 850 m asl.
On the coastal, west and southwest side, they emerge only as small
patches down to 1240 m asl. In the following sections, we focus only
on the sampling sites and areas representing the former maximum ice
margin. For more details, see Stepisnik (2015) and Zebre and
StepisSnik (2019).

4.1.1. Krasno Polje and Northeastern section

Jezera is a high plateau (~1380-1480 m asl) on the northeast side of
the northern Velebit Mt. Glacial deposits forming indistinct moraines on
its northeast margin cover the plateau. Below the margin, on the steep
slopes above Krasno Polje, a pair of ~80 m-high lateral moraines, is
present between ~850-1100 m asl (Figs. 3A and 4C). This moraine
pair represents the lowest glacial landform in the area of the northern
Velebit Mt. The lateral moraines consist of a matrix-supported massive

Table 3

Physical constants and parameter values used in simulations.
Parameter Name Value (sensitivity range) Unit Source
Ice rheology
g Gravitational acceleration 9.81 ms 2 -
p Ice Density 910 kg m—> (Aschwanden et al., 2012)
[ Bedrock density 3300 kg m—> -
qc Geothermal heat flux 76.71 mW m—2 (Shapiro and Ritzwoller, 2004)
n Exponent in Glen's flow law 3(2-4) (Cuffey and Paterson, 2010)
Esia SIA enhancement factor 1 -
Essa SSA enhancement factor 1 -
Subglacial hydrology and basal sliding
q Pseudo-plastic sliding exponent (PPQ) 0(0-1) - Aschwanden et al. (2013)
Ushreshold Pseudo-plastic threshold velocity 100 ma' Aschwanden et al. (2013)
Co Till cohesion 0 Pa (Tulaczyk et al., 2000)
b Till friction angle 30 ° (Cuffey and Paterson, 2010)
Winax Maximum till water thickness 2 (1-5) m (Bueler and van Pelt, 2015)
() Till reference void ratio 1 - (Tulaczyk et al., 2000)
Ce Till compressibility coefficient 0.12 - (Tulaczyk et al., 2000)
6 Till effective fraction overburden 0.02 (0.01-0.05) - (Bueler and van Pelt, 2015)
No Till reference effective pressure 1000.0 Pa (Tulaczyk et al., 2000)
Climate forcings
Ts Temperature of snow precipitation 273.15 K (Seguinot et al., 2018)
T: Temperature of rain precipitation 275.15 K (Seguinot et al., 2018)
ddfi Degree-day factor for ice 8.791 x 1073 (7.9-9.7) mday 'K! (Huybrechts, 1998)
ddfs Degree-day factor for snow 3.297 x 1073 (3-3.6) mday ' K! (Huybrechts, 1998)
f Refreezing factor 0.6 (0.3-0.6) - (Ritz, 1997)
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Fig. 2. (A) A panoramic view towards the RoZanski Kukovi karst landscape dominated by few hundreds of meters dissected relief, i.e., high karst summits that often encircle deep karst
depressions of Velebit breccia. (B) Frontal moraine covering the rim of the Vukusi¢ Duliba depression and TCN sampling sites. The Adriatic Sea is seen in the background. (C) Velebit breccia
boulders sitting on top of the Vukusi¢ Duliba frontal moraine. The stars in (B) and (C) mark the same location.

diamicton (Dmm) characterised by a silty matrix and subangular to
subrounded clasts of Lower Jurassic Lithiotid limestones and Spotty
limestones intercalated with dolomites (Veli¢ and Veli¢, 2009; Velic
et al, 2011). Boulders of <1.5 m in diameter are scattered along the
two moraine crests. Further down the moraines, an outwash fan covers
the Krasno Polje depression.

A pair of cirques is present to the east of the Jezera Plateau on the
slopes above the Krasno Polje. Hummocky moraines cover the floor
and the rim of the cirques at ~1200-1250 m asl. Jezera Plateau gradually
descends towards SE into ~700 m-wide glacial valley, where terminal
and recessional moraines cover most of its floor in the total length of

~4.5 km. The lowest moraine reaches an altitude of ~1110 m asl. An-
other glacial valley is located between Hajducki Kukovi and RoZanski
Kukovi to the SW and Jezera Plateau to the northeast. This 10-km long
valley (1090-1500 m asl) is covered with patches of glacial deposits.
At the valley termination, there is a non-distinct lateral-terminal mo-
raine complex that reaches heights up to 15 m. The composition of
these deposits is similar to the one at Krasno Polje.

4.1.2. Meltovo Guvno and Eastern section
In the area called Meltovo Guvno (Fig. 3B), a hummocky moraine
field, with moraine ridges reaching up to 20 m in height, is deposited
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Fig. 3. Glacial geomorphology of (A) Krasno Polje and (B) Meltovo Guvno sections showing the TCN sampling sites and exposure ages.

at an altitude of ~1100-1200 m asl. These moraines consist of matrix-
supported massive diamicton (Dmm) with sandy-silty matrix and
subrounded clasts of Velebit breccia, i.e., poorly sorted and tectonised
monomictic carbonate breccia at this locality composed of Upper
Jurassic limestone and dolomite clasts (Velic et al., 1974). The largest
boulders sitting on top of moraines reach up to 2 m in diameter.

Southwest of Meltovo Guvno, there are three parallel valleys ori-
ented towards the southeast, which host only small patches of glacial
deposits on their floors. Terminal moraines of the two northernmost
valleys are found in Begova Draga at ~1000 m asl. The terminal moraine
of the southern valley is located below a steep 250 m high drop in the
Bovan area at ~950 m asl.
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VLB18-06

VLB18-05
VLB18-07

Fig. 4. (A) The floor of Mirovo Depressions and *°Cl sampling site. (B) “Bilo” terminal moraine covering the rim of the Mirovo Depressions and the >**Cl sampling sites. (C) A pair of lateral
moraines on the slopes above Krasno Polje and approximate *°Cl sampling sites. The stars in (A) and (B) mark the same location.

4.1.3. Mirovo Depressions and Southwestern section

A series of elongated depressions called Tudorevo, Dundovi¢ Mirovo
and Bilensko Mirovo (hereafter referred to as “Mirovo Depressions”)
host moraines of various sizes and shapes on their floors and rims

(Fig. 5A). One relatively large moraine covers the saddle between the
Tudorevo and Dundovi¢ Mirovo depressions at ~1350 m asl, while a se-
ries of hummocky-like moraines with Lower Jurassic limestone boul-
ders measuring up to 0.5 m in diameter cover the floor of the
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Fig. 5. Glacial geomorphology of (A) Mirovo Depressions and (B) Vukusi¢ Duliba showing TCN sampling sites and exposure ages.

Dundovi¢ Mirovo depression (~1330 m asl) (Fig. 4A). The southern rim
of the Bilensko Mirovo depression, the so-called “Bilo”, is also covered
by a moraine at 1400-1430 m asl (Fig. 4B). The latter is dominated by
matrix-supported massive diamicton (Dmm) with sandy-silty matrix
and subrounded clasts of Lower Jurassic limestones and dolomites. The
largest boulders on top of the moraine measure up to 2 m in diameter.

4.1.4. Vukusi¢ Duliba and Western section

West of the RoZanski Kukovi is a ~6 km long and ~2.5 km wide pla-
teau, dissected by up to 150 m deep karst depressions. Towards the
west, it passes onto a steep slope that descends to the Adriatic Sea. At
the plateau's edge, there are glacial deposits preserved in five depres-
sions at 1240-1360 m asl. One of the best-preserved frontal moraines
is located at the western rim of the Vukusi¢ Duliba depression at
1260-1285 m asl (Figs. 2B, C, 5B). This arch-shaped frontal moraine
measures ~500 m in length. It is built of a matrix-supported massive
diamicton (Dmm) with sandy-silty matrix and subrounded clasts of
monomict to polymict Velebit breccia composed of Upper Jurassic
and Cretaceous carbonate clasts. Boulders on top of the moraine ex-
ceed 3 m in diameter.

4.2.35Cl exposure ages

We collected 17 samples from moraine boulders for *Cl cosmogenic
surface exposure dating. Sampling was focused on the lowest and most
extensive moraines in four different sections of the northern Velebit Mt.
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The lithology of all boulders is either limestone or carbonate breccia,
showing high concentrations of CaO (48.17-55.41%) and very low K,0
(<0.01-0.46%) and Cl (11.0-64.7 ppm). Although we report zero-
corrected ages as well as ages corrected with three different denudation
rates (Table 4), we assume the most likely denudation rate for
limestone in the study area to be 15 mm ka~'. The latter roughly cor-
responds to the present-day denudation rates (18 mm ka~!) mea-
sured some 100 km NE of the study area in the inland Classical
Karst by Furlani et al. (2009) as well as to our preliminary results
of average long-term denudation rates (~15 mm ka~') measured in
Northern Dinarides in SW Slovenia. The following reported ages,
which represent the minimum limiting deglaciation ages, are thus
corrected for 15 mm ka~! of denudation.

4.2.1. Krasno Polje

On the slopes above Krasno Polje in the NE part of the northern
Velebit Mt., we collected three samples (VLB18-10, VLB18-11 and
VLB18-12) from limestone boulders on the crest of a left lateral moraine
between 1005 and 1023 m asl (Figs. 4C, 6). All samples originate from
Jurassic limestones from areas marked with |, and/or J3 on the
geological map (Fig. 1C). All three boulders yielded unexpectedly
young 36Cl exposure ages of 16.5 & 1.6 ka (VLB18-10), 11.0 & 1.0 ka
(VLB18-11) and 14.8 4+ 1.3 ka (VLB18-12), considering they rest on
the lowest moraine in the entire northern Velebit area. The oldest age
was attained from the tallest (0.9 m) and overall largest boulder (L x
W x H = 09 x 1.7 x 0.9 m). An extensive ice field during the
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Table 4
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Cosmogenic surface exposure ages of the samples that were calculated based on snow correction with maximum snow thickness data at ZMS. Presented ages are based on different de-
nudation rates. Landform age (in bold) is based on the oldest sample from the same landform corrected for 15 mm ka~" of denudation.

Sample ID Denudation uncorrected Denudation corrected Denudation corrected Denudation corrected Landform age
(0Ommka—") (10 mmka~") (15mmka~") (20 mm ka—")
(ka) (ka) (ka) (ka) (ka)
VLB18-04 9.0 + 0.7 9.0 + 0.8 9.0 + 0.8 9.2 + 0.8 9.0+ 0.8
VLB18-05 224 + 1.7 243 + 2.3 26.5 + 29 30.0 + 4.1 57.0 + 11.0
VLB18-06 22.1 + 1.7 24.8 + 2.2 274 + 2.9 31.6 + 4.2
VLB18-07 36.3 + 2.8 438 + 51 57.0 + 11.0 130.0 + 110.0
VLB18-10 153 + 1.1 15.8 + 13 16.5 + 1.6 174 + 1.8 165 + 1.6
VLB18-11 111 + 0.9 113 + 1.0 11.0 + 1.0 11.8 + 1.1
VLB18-12 14.2 + 11 144 + 1.2 14.8 + 13 154 + 1.5
VU18-01 36.7 + 2.8 47.0 + 6.0 65.0 + 13.0 NaN + NaN 94.0 + 24.0
VU18-02 432 =+ 34 53.8 + 7.9 80.0 + 24.0 NaN + NaN
VU18-03 50.6 + 44 75.0 + 13.0 94.0 + 24.0 NaN + NaN
VU18-04 45.8 + 43 55.0 + 94 80.0 + 30.0 NaN + NaN
VU18-05 42.0 =+ 35 55.3 + 8.2 86.0 + 29.0 NaN + NaN
ME18-01 35.1 + 2.7 416 + 4.8 52.6 + 9.3 92.0 + 46.0 526 + 9.3
ME18-02 17.0 + 13 194 + 1.7 21.0 + 2.0 233 + 2.6
ME18-03 28.0 =+ 22 34.5 + 35 413 + 52 57.0 + 13.0
ME18-04 222 + 1.9 257 + 25 28.9 + 34 339 + 49
ME18-05 23.0 + 2.0 279 + 2.8 319 + 3.9 38.6 + 6.1

NaN: the ages could not be calculated due to the saturation of *6Cl.

Lateglacial period is neither consistent with the geomorphological
evidence, nor it is in line with the past climate variability (NGRIP
members, 2004, 2007). Instead, the 3°Cl exposure ages are more likely
the product of boulder exhumation because of moraine degradation.
This lateral moraine pair is located on a relatively steep slope,
suggesting that postglacial reworking of the moraine was likely intense.

4.2.2. Meltovo Guvno

Five samples (ME18-01, ME18-02, ME18-03, ME18-04 and ME18-05)
of Velebit breccia boulders (Pg, Ng in Fig. 1C) sitting on the crest of a hum-
mocky moraine were dated in the Meltovo Guvno area in the eastern part
of the northern Velebit Mt. (Fig. 7). The samples were collected from one
of the most external ridges between 1145 and 1162 m asl. The boulders

Fig. 6. Photos of the sampled boulders and their *°Cl exposure ages in Krasno Polje area.
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Fig. 7. Photos of the sampled boulders and their °Cl exposure ages in Vukusi¢ Duliba (left panel) and Meltovo Guvno (right panel).
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yielded 3°Cl exposure ages of 52.6 & 9.3 ka, 21.0 + 2.0 ka, 41.3 & 5.2 ka,
28.9 £ 3.4 ka and 31.9 & 3.9 ka. These large boulders (1.7-2.6 m
diameter) rest stable on the moraine and exhibit deeply incised
rillenkarren, which were avoided during sampling. We argue that
the oldest age most closely represents the true moraine age because
there is no evidence to suggest that inheritance is a relevant process.
The reason for this is high denudation rates and the position of
moraine away from headwalls. The spread of younger ages might
represent a period of moraine stabilisation and/or boulder toppling.

4.2.3. Mirovo Depressions

The southwestern part of the study area is addressed as Mirovo De-
pressions. We collected four samples (VLB18-04, VLB18-05, VLB18-06
and VLB18-07) from limestone boulders resting on two sets of moraines
(Fig. 8). The samples VLB18-04, VLB18-06 and VLB18-07 originate from
thick-bedded and massive limestones of Middle Jurassic age (J, in
Fig. 1C), while VLB18-05 is composed of Lithiotid limestone of Lower
Jurassic age (J3 in Fig. 1C). Older exposure ages come from the south
terminal moraine covering the rim of depression between 1404 and
1410 m asl, from where we collected three samples (Fig. 4B). The
three limestone boulders between 0.4 and 1.1 m tall yielded 36Cl
exposure ages of 26.5 + 2.9 ka (VLB18-05), 27.4 + 2.9 ka (VLB18-06)
and 57.0 £+ 11.0 ka (VLB18-07). Surprisingly, the youngest age was
attained from by far the largest boulder (L x W x H=1.5x 2.2 x 1.1
m) in the group of sampled boulders. Although two of the samples
(VLB18-05 and VLB18-06) yielded similar ages, we argue that inheri-
tance is not a contributor to the oldest age (VLB18-07) obtained from
this moraine because the moraine was far away from headwalls and
due to high denudation rates. Therefore, we assume that the oldest
age is likely to be closest to the true moraine age, whereas the younger
ages might be the result of moraine degradation, toppling and/or boul-
der exhumation.
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Another sample (VLB18-04) (Fig. 4A) was collected from a hill on a
hummocky moraine surface inside depression, which was previously
interpreted as a drumlin (Veli¢ and Veli¢, 2009; Veli¢ et al., 2011). The
sample at 1335 m asl, ~75 m lower than the terminal moraine boulders,
yielded a much younger 3°Cl exposure age (9.0 + 0.8 ka). Although
stratigraphically younger than the terminal moraine age, this age likely
provides unreliable (i.e., too young) retreat age for the glacier in Mirovo
Depressions. Considering the location of the boulder inside the depres-
sion, the explanation for such a young age might be stationary ice filling
the depression also after glacier retreat, until the early Holocene.

4.2.4. Vukusi¢ Duliba

Vukusi¢ Duliba, located 6 km north of Mirovo Depressions, is another
area in the western part of the northern Velebit Mt. selected for sampling.
Here, a set of five large boulders (1.4-3.5 m diameter) of Velebit breccia
(Pg, Ng in Fig. 1C) from a well-preserved terminal moraine between
1267 and 1289 m asl yielded 3°Cl exposure ages of 65.0 + 13.0 (VU18-
01), 80.0 & 24.0 (VU18-02), 94.0 + 24.0 (VU18-03), 80.0 + 30.0
(VU18-04) and 86.0 &+ 29.0 (VU18-05) (Figs. 2B, C, 7). All five boulders
show deeply incised rillenkarren, which were avoided during sampling.
These are by far the largest moraine boulders among all boulders dated
in the northern Velebit Mt., which also yielded the oldest exposure ages.
Here, the oldest age within its error margins is likely to represent the
true moraine age, whereas the youngest four ages more likely reflect
the time of moraine stabilisation and/or boulder toppling.

4.3. Match between the geomorphological reconstruction and PISM
simulations

Our geomorphological reconstruction indicates that the maximum
planar area covered by a glacier was ~116 km?. Ice limit to the south
and north could not be delineated precisely due to a lack of

Fig. 8. Photos of the sampled boulders and their **Cl exposure ages in Mirovo Depressions.
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geomorphological evidence (therefore denoted as “unclear ice limit” in
Fig. 1C). Thus, the ice limit there was determined by comparing the ele-
vation of mapped glacial deposits elsewhere on the mountain and pre-
viously calculated equilibrium line altitude of 1490-1360 m (W-E)
using the accumulation-area ratio (AAR 0.6) method by Zebre and
StepiSnik (2019).

Comparison of modelled ice extents against geomorphologically in-
ferred maximum ice limit identifies that an 8 °C cooling and 10% precip-
itation reduction from present-day values achieves the closest match

=7°C 0.9xP

Geomorphology 392 (2021) 107918

(Fig. 9G). The maximum ice surface area of the best-fit simulation is
estimated to 196.6 km? (planar area is 177.0 km?), maximum ice
volume to 20.4 km® and maximum thickness to 325 m. The mean ELA
obtained from mass balance calculations within PISM is calculated at
1364 + 51 m (Table 5). However, the best-fit simulation still overesti-
mates the empirical reconstruction to the west and southeast and un-
derestimates the east and northeast (Fig. 9G). Here, 4% of the
geomorphologically reconstructed ice area is not covered by the best-
fit PISM simulation, while 37% of the entire area reconstructed by

7°c 1.1xP

Maximum ice limit

clear
unclear

A = Ice area (km?)
V = Ice volume (kmd)

Fig. 9. PISM modelled ice thickness on the northern Velebit Mt. under varied palaeoclimate forcing as a function of temperature offset (AT) and precipitation changes (xP) relative to the
climate of 1960-1990. The horizontal resolution of the modelled data is 100 m. Black lines (solid line - clear ice limit based on terminal moraines, dotted line - unclear or probable ice limit)
represent the maximum glacier limit according to our geomorphological reconstruction. Panel G represents the best-fit between the modelled and geomorphologically reconstructed ice
limit, which was further used in sensitivity analyses.
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Table 5
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Summary of PISM simulations. Apart from ice surface area (i.e. ice-surface integrated area computed by PISM) we also report ice planar area (i.e. area projected onto a plane) to ease com-
parison with the geomorphologically reconstructed glacier area. In bold is the best-fit model.

Temperature Precipitation Equilibrium line Ice surface/planar area Ice volume Empirical area not PISM area

offset AT multiplier xP altitude under steady-state under covered by PISM area outside
obtained from mass conditions steady-state empirical area
balance calculations conditions

(°C) (mmmm~') (ma.s. SD (10) (km?) (km?) (%) (%)
L)

-7 0.9 1529 38 27.6/25.6 0.9 80 9

—7 1 1468 42 89.8/82.9 5.7 41 17

-7 1.1 1441 46 161.1/144.3 134 14 31

—-75 0.9 1449 42 112.7/101.5 7.5 30 20

—-7.5 1 1386 49 182.5/163.7 18.0 8 35

—-7.5 1.1 1325 56 236.8/214.4 24.5 3 48

-8 0.9 1364 51 196.6/177.0 204 4 37

-8 1 1303 57 258.2/227.4 273 1 50

-8 1.1 1252 58 308.5/277.6 35.0 0 58

PISM is outside the empirically reconstructed ice limits. The model run
with 7.5 °C cooling and precipitation amount equal to present-day
values (Fig. 9E) yields similar results. The simulation with 10% wetter-
than-present conditions and 7 °C cooling appears reasonable as well
(Fig. 9C), but the match to the east, where 14% of the area inside the em-
pirically reconstructed ice limit is not covered by the modelled ice area,
is not as good as in the case of the best-fit simulation.

Even when introducing >10% wetter or drier conditions from
present-day values and reducing the temperatures accordingly to find
the complete agreement with the mapped ice extent (Table S2 in Sup-
plementary data), the modelled ice accumulation is still too extensive
to the west and does not allow proper ice growth to the east. These
over- or underestimations in some areas may be better resolved by
modifying the present-day precipitation pattern. Because there is no
empirical dataset which would suggest different local precipitation pat-
terns during the Last Glaciation, we decided to avoid making changes to
the input precipitation other than a simple percentage change applied
uniformly across the model domain.

Apart from temperature and precipitation estimates, we also
explored the sensitivity of the modelled icefield to other climatic
(degree-day and refreeze factors) and glacial variables (ice rheology,
basal sliding, till properties). Sensitivity analyses of parameters in
Table 3 were carried out, taking the best-fit climate scenario simulation
(—8°C, 0.9xP) as areference and results are given in Table S3 in Supple-
mentary data. In climate forcing analyses, the glacier area varied from
—27% to +30%, with 10% parameter changes of degree-day factor for
ice (ddfi) and snow (ddfs). The default value of rf = 0.6 was decreased
to 0.5,0.4, and 0.3, respectively. The variation significantly alters the gla-
cier area, e.g. from —47% to —91%. Considering the subglacial hydrol-
ogy, the effects of maximum till water thickness (Wax) and till
effective fracture overburden (8) are negligible; the changes of ice
area are under 1%. A similar result is observed for the pseudo-plastic
sliding exponent (q) (max. —4% in ice area). On the other hand, tests
for exponent in Glen's flow law that controls the glacier internal and
basal flow, changes the glacier area up to —36% due to the effects of
flow law on ice dynamics. Our sensitivity analyses demonstrate that
the ice-covered area shows no significant change with different subgla-
cial properties and climate forcing parameters, while it is mostly af-
fected by ice rheology.

5. Discussion
5.1. Landform age interpretation

According to our geomorphological study, the boulders sampled
from moraines at four different localities in the Velebit Mt. indicate

the largest glacier extent in this area. However, the °Cl exposure ages
show landform ages spanning throughout the last glacial cycle
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(~130 ka), rather than a single glacial period as would be expected.
There are several reasons for this wide age range, and they are com-
plex. While analytical and production rate uncertainties account for
only a small fraction of the total scatter in absolute 36Cl ages, more
relevant uncertainties are related to inheritance, moraine degrada-
tion along with boulder exhumation and denudation rates. Although
contrary results can be observed in rock glaciers (e.g., Ciner et al.,
2017), many studies in moraine boulders suggest that inheritance,
which yields exposure ages that are too old, is of limited significance
(e.g., Putkonen and Swanson, 2003; Heyman et al., 2011). Therefore,
we concluded that neither in our study inheritance is a contributor to
the older ages. We argue that any prior exposure was unlikely to af-
fect our samples because our sampling took place away from
headwalls and because of high denudation rates of limestone, re-
moving the rock surface with the inherited nuclides. In our case,
the two most critical geological uncertainties in the interpretation
of 36Cl exposure ages are the post-depositional shielding of boulders
and their denudation. Here, we describe these two processes and
their effects on exposure ages in more detail and provide the most
plausible interpretation of the age of each landform. For more infor-
mation on the 36Cl exposure age uncertainties in similar environ-
ments, the reader is referred to the works of Zebre et al. (2019b)
and Allard et al. (2020).

According to Heyman et al. (2011), post-depositional shielding,
which yields exposure ages that are too young, is the most important
geological process leading to variability in cosmogenic exposure ages,
as also confirmed by other studies (e.g., Balco, 2011). We found a signif-
icant scatter in boulder ages in our dataset, which we associate with ex-
humation, toppling and/or reposition of boulders over the course of
moraine degradation. Although moraines in glacio-karst landscapes
are considered well preserved due to minimal fluvial reworking
(e.g. Ciner et al, 2015; Zebre and Stepisnik, 2015; Zebre et al., 2019b),
they are nevertheless degrading due to karst denudation and slope pro-
cesses. The smooth moraine crest morphology of the sampled moraines
on the northern Velebit Mt. is consistent with moraine surface degrada-
tion due to karst denudation. Thus, our exposure ages likely reflect a
range of ages related to post-depositional shielding influenced by mo-
raine stabilisation and degradation following ice retreat. We prefer to
consider the oldest age within a group as the best estimate of the true de-
positional age because the oldest age is represented by one of the tallest
and overall largest boulder within the group of samples. This is in agree-
ment with the analysis of a large dataset of glacial boulders, confirming
that tall boulders tend to yield higher quality exposure ages (Heyman
etal., 2016). Following “the tallest boulder” approach, but ignoring denu-
dation rates, our >°Cl exposure ages are 15.3 + 1.1 ka for Krasno Polje,
35.1 + 2.7 ka for Meltovo Guvno, 36.3 4 2.8 ka for Mirovo Depressions
and 50.6 + 4.4 ka for Vukusi¢ Duliba. The boulders from the lateral mo-
raine in Krasno Polje were among the shortest (<1 m) we sampled. They
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yielded anomalously young ages, which may suggest the influence of
boulder exhumation due to an extended period of slow and gradual mo-
raine degradation. Exhumation and toppling probably had less effect on
the sample ages in Vukusi¢ Duliba and Meltovo Guvno, where the boul-
ders were tall (>1.4 m) and large.

Denudation rates of karst terrains, which consist of both chemical
denudation and mechanical erosion processes (Ford and Williams,
2007), can vary significantly. Many methods can be used to quantify
the denudation rate of a particular area (Krklec et al., 2021). A more de-
tailed overview of karst denudation rates and their influence on *°Cl ex-
posure ages is provided by Zebre et al. (2019b). Here, we consider
denudation rates relevant to our study area. Denudation rates were cal-
culated using a micro-erosion meter by Furlani et al. (2009) in inland
Classical Karst terrain, ~100 km northeast of our study area. These
measurements indicate that present-day denudation rates average
18 mm ka~!, consisting of dolostone (9 mm ka~!), sparitic limestone
(10-13 mm ka~"') and micritic limestone (38 mm ka—!). Measure-
ments of >°Cl concentrations of a limestone (biomicrite) at Kornat Is-
land in Croatia, ~100 km south of our study area, yielded long term
denudation rates of 21.5 + 1.3 mm ka~! (Krklec et al., 2018, 2021).
Similar results were obtained in our preliminary study from Northern
Dinarides in southwest Slovenia using in-situ cosmogenic >°Cl, which
yielded an average long-term denudation rate of ~15 mm ka™~". The cos-
mogenic isotope technique measures integrated denudation rates over
long-term time scales (i.e., 10°-10° years; Yang et al., 2020; Krklec et al,,
2021), where the variable impact of mechanical weathering is difficult
to estimate. The latter is assumed to have less impact on actual denuda-
tion rates due to less intense frost shattering (Krklec et al., 2021), imply-
ing that long-term denudation rates are likely higher.

Some of our boulders exhibit deep solutional furrows and other
karst forms, resulting from intense chemical weathering, which occurs
in addition to less intense mechanical weathering. Our sampling took
place away from solutional features, but this does not exclude the fact
that these carefully selected sampling surfaces have been under the in-
fluence of overall weathering that can be measured with micro-erosion
meter, cosmogenic nuclides or other techniques. Although denudation
rates are location- and time-specific, they often provide results within
the same order of magnitude for similar climate and environmental
conditions (Krklec et al., 2021). We argue that 15 mm ka~' of denuda-
tion may be appropriate for the northern Velebit Mt. since the climate
and landscape are similar to those in southwest Slovenia. Variable denu-
dation rates among different carbonate lithologies (Furlani et al., 2009)
can present a great challenge in finding the best estimate of the denuda-
tion rate for correcting the exposure ages. All our samples are either
limestone or carbonate breccia with high concentrations of CaO
(48.17-55.41%), which is why we applied a uniform denudation
rate to all studied samples. Considering all of the exposure age un-
certainties relevant to our study area, including the denudation
rate of 15 mm ka~', then the most plausible minimum ages for mo-
raine deposition are 16.5 £ 1.6 ka for Krasno Polje, 52.6 4 9.3 ka for
Meltovo Guvno, 57.0 4+ 11.0 ka for Mirovo Depressions and 94.0 +
24.0 ka for Vukusic Duliba (Fig. 10A).

5.2. Glacial chronology and palaeoclimate inferences

We dated moraines deposited at the geomorphologically recon-
structed maximum ice limit on the northern Velebit Mt. (except the
sample VLB18-04, which is not considered hereafter). Yet, they yielded
ages that are not consistent with a single glacier advance, which may be
related to variable denudation rates among different sampled litholo-
gies, different degradation rates of the dated moraines and/or variable
glacier dynamics in different parts of the ice field. Pre-Last Glacial Max-
imum (LGM) landform ages were deduced for the Vukusi¢ Duliba,
Meltovo Guvno and Mirovo Depressions moraines that fall in the period
between Marine Isotope Stage (MIS) 5 and 3 (130-29 ka; Lisiecki and
Raymo, 2005) considering landform ages error bars (Fig. 10A). While
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taking into account the NGRIP 6'80 variability (NGRIP members, 2004,
2007) (Fig. 10B) as representative of palaeoclimate variability and as-
suming that ages are the minimum limiting deglaciation ages, MIS 5.4
(peak at 109 ka) glaciation seems most likely in the case of the Vukusic¢
Duliba moraine. At the same time, Meltovo Guvno and Mirovo Depres-
sions correlate with MIS 4 (71-57 ka) glaciation. Despite being the low-
est moraine (1005-1023 m asl) in the entire northern Velebit Mt., the
Krasno Polje moraine yielded a late MIS 2 (29-14 ka) age. Based on
field observations, we assume that the Krasno Polje age is likely a result
of post-depositional shielding of boulders. Thus it is likely that it does
not reflect the true age of moraine deposition. We, therefore, conclude
that the global LGM was not the most extensive glaciation on the north-
ern Velebit Mt. during the last glacial cycle and that the most likely age
of our geomorphologically reconstructed maximum ice limit corre-
sponds to MIS 5-4. The global LGM glaciation might have been similar
in size to the pre-LGM if the Krasno Polje moraine was truly deposited
during MIS 2, but this moraine age remains an open question.

The pre-LGM ages from Vukusi¢ Duliba, Meltovo Guvno and Mirovo
Depressions all fall within the MIS 4 period (accounting for error bars),
when some glaciers and ice sheets in eastern Europe were similar in size
or even more extensive compared with the global LGM (e.g., Batchelor
et al., 2019), which is defined as 30-17 ka BP (Lambeck et al., 2014) or
27-19 ka BP (Clark et al., 2009). Early ice margin advances were also re-
corded in NE Asia, North American Cordillera and eastern European Ice
Sheet, while western European Ice Sheet and Laurentide Ice Sheet
attained their maximum extent towards the end of the glacial cycle
(Batchelor et al., 2019). In the reconstruction of Gowan et al. (2021),
the European Ice Sheet during MIS 4 has a volume comparable to that
of the global LGM. In the European Alps, many areas show that the max-
imum ice extent of the last glacial cycle was close in time to the global
LGM in MIS 2 (Gianotti et al., 2008; Ivy-Ochs et al., 2008; van Husen,
2011; Monegato et al., 2007). However, an extensive MIS 4 glaciation
reaching the lowlands in the western Alps has been reported (Welten,
1982; Frenzel, 1991; Schliichter, 1991; Keller and Krayss, 1998; Guiter
et al,, 2005), though there is no evidence of large glaciers in MIS 5 and
MIS 4 in the eastern Alps. In the Mediterranean Mountains, an early
maximum advance during the last glacial cycle occurred in the Pyrenees
(MIS 5; Pallas et al., 2010; Delmas et al., 2011), Cantabrian Mountains
(MIS 3; Jiménez Sanchez and Farias, 2002; Moreno et al., 2010;
Serrano et al,, 2012, 2016; Nieuwendam et al., 2016), Apennines (MIS
3; Giraudi et al., 2011), Taurus Mountains (MIS 3; Sarikaya et al.,
2014), High Atlas (MIS 5-3; Hughes et al., 2018) and Balkan Peninsula
(MIS 3; Pope et al., 2015; Allard et al., 2020). In the latter, the timing
of glaciations during the last glacial cycle is still under debate, and
many studies involving absolute dating techniques (e.g., Kuhlemann
etal., 2009; Hughes et al., 2010, 2011; Zebre et al., 2019b) can only pro-
vide minimum ages with difficulties estimating how close in time these
ages are to the true time of glacier retreat either because of the dating
approach itself or due to difficulties in estimating local karst denudation
rates. Thus, the timing of the maximum ice extent in the Balkan Penin-
sula is not consistent among different mountains and ranges between
~40-12 ka. Absolute ages of the maximum ice extent have been re-
ported from the Rila Mountains in Bulgaria (23.5-14.4 ka; Kuhlemann
et al, 2013), Sar Planina Mt. in North Macedonia (19.4 & 3.2 to 12.4 +
1.7 ka; Kuhlemann et al, 2009), Cvrsnica Mt. in Bosnia and
Herzegovina (22.7 &+ 3.8 ka; Ciner et al., 2019), VeleZ Mt. in Bosnia
and Herzegovina (14.9 + 1.1 ka; Zebre et al., 2019b), Crvanj Mt. in
Bosnia and Herzegovina (11.9 & 0.9 ka; Zebre et al., 2019b), southern
Velebit Mt. in Croatia (22.7 + 2.7 ka; Sarikaya et al., 2020), Mount
Chelmos in Greece (39.9-30.4 ka; Pope et al., 2015), and Mount Tymphi
in Greece (29.0-25.7 ka; Allard et al., 2020). These studies used either
10Be or 3C] exposure dating and different erosion/denudation rates to
correct the ages, which makes them difficult to compare. Studies from
Montenegro (Hughes et al., 2011, 2010) that applied Uranium series
to date moraines can only provide the age of the cement growth
(Orjen Mt.: 17.3-12.5 ka; Durmitor Mt.: 13.4 ka), therefore lacking the
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Fig. 10. Comparison between individual boulder ages without (dashed line) and with 15 mm ka~"! (solid line) denudation correction and landform ages (the age is printed above, below or
next to the error line) from 3°Cl cosmogenic nuclide exposure dating for individual moraines (this paper) (A), the 5'%0 composition of NGRIP ice core (NGRIP members, 2004, 2007), here
taken as representative for the palaeoclimate of the Northern Hemisphere (B), and the global sea-level curve (Spratt and Lisiecki, 2016) (C). Shaded grey areas indicate the timing for MIS 4

and MIS 2, and MIS 5.2 and MIS 5.4 peaks after Lisiecki and Raymo (2005).

precision needed to constrain the timing of moraine deposition. All
these studies show that an early maximum advance during the last gla-
cial cycle in the Balkan Peninsula was constrained only on Mount
Chelmos (MIS 3; Pope et al., 2015) and Mount Tymphi (MIS 3-2;
Allard et al., 2020), whereas MIS 4 or MIS 5 maximum advances have
not yet been recorded in the Balkan Peninsula. In this sense, the glacial
records from the northern Velebit Mt. are different and likely result
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from differences in local sensitivity to temperature fluctuations or vari-
ations in moisture availability (e.g., Pallas et al., 2010). The latter may be
explained by the sea-level fluctuations (Fig. 10C). During the last 120 ka,
the Adriatic Plain reached its southernmost extent during MIS 2, when
the relative sea level in the Adriatic was ~100 m (Gowan et al., 2021)
to ~130 m (Spratt and Lisiecki, 2016), lower than today (Fig. 11C). Dur-
ing MIS 4, the relative sea level was ~60 m (Gowan et al., 2021) to ~80 m
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Fig. 11. (A) Ice topography based on 8 °C cooling and 10% precipitation reduction from present-day values that is the closest to the empirically reconstructed ice limit. (B) Sea level during

MIS 4 and (C) MIS 2 in the Adriatic basin according to Spratt and Lisiecki (2016).

(Spratt and Lisiecki, 2016) lower and ~50 m lower during MIS 5 (Spratt
and Lisiecki, 2016) (Fig. 11B). If the proposed precipitation pattern for
the global LGM with a southerly moisture transport through the
Mediterranean (Luetscher et al., 2015; Monegato et al., 2017; Spotl
et al.,, 2021) also applies to MIS 5-4, then a greater amount of mois-
ture might have been available during MIS 5-4 compared to MIS 2.
Even if temperatures may not have been as low as during MIS 2,
the available moisture may have been higher because the Adriatic
coast was farther south during the global LGM than in MIS 5-4.
Thus, greater or similar ice extent during MIS 5-4 relative to MIS 2
on the northern Velebit Mt. may be explained by different moisture
availability.

Our best-fit PISM simulation (Fig. 11A) also suggests that the mois-
ture availability might have been relatively high during MIS 5-4, since
the most likely palaeoclimate scenario for the formation of glaciers on
the northern Velebit Mt. is only a 10% reduction in precipitation and
~8 °C cooling from 1961 to 1990 levels. Though, the best-fit simulation
does not correctly model all mapped ice margins, which may reflect
non-uniform climatological changes, remarkably different precipitation
patterns than today. While precipitation patterns and levels during the
last glacial cycle are unknown for the Balkan Peninsula, a cooling of this
magnitude for MIS 5-4 is plausible and has also been suggested for the
nearby European Alps (Seguinot et al., 2018, based on Dansgaard et al.,
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1993; Jouzel et al., 2007; Martrat et al., 2007). The sensitivity of mari-
time glaciers (such as also the northern Velebit palaeoglaciers) to cli-
mate is typically driven by precipitation (e.g., Chinn et al., 2005; Scotti
et al., 2014; Colucci, 2016; Colucci et al., 2021), and this has also
been suggested by a new analysis of exposure age data from the
Mediterranean Mountains, showing that relatively warm and wet con-
ditions (between Heinrich Stadials) in the last glacial cycle caused
glacier advance in this area, whereas cold and dry conditions (during
Heinrich Stadials) caused negative glacier mass balance (Allard et al.,
2021). This further supports our conclusions why the glaciers on the
northern Velebit Mt. during MIS 5-4 may have been larger than during
the global LGM.

6. Conclusions

Although many glaciers and ice sheets reached their maximum ex-
tent at the global LGM during the last glacial cycle, we found evidence
that glaciers on the northern Velebit Mt. in the Balkan Peninsula ad-
vanced earlier to their maximum extent. This was suggested by >¢Cl cos-
mogenic surface exposure dating of 17 boulders from five different
moraine sets. Considering all uncertainties relevant to the study area
and assuming the oldest boulder age as the moraine's true age, the
ages correlate with MIS 4 to MIS 5. The maximum extent during this
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period in the Balkan Peninsula has not been previously recorded, mak-
ing the glacial records from the northern Velebit Mt. unique. This dis-
crepancy with the other records in the Balkan Peninsula may result
from differences in local sensitivity to temperature fluctuations or vari-
ations in moisture availability. The latter can be explained by sea-level
fluctuations and the associated expansion of the Adriatic Plain during
the last glacial cycle. A range of possible climate scenarios was tested
with PISM to achieve the best model-based agreement with the
geomorphologically derived ice limits on the northern Velebit Mt. The
best-fit simulation was forced with a temperature depression of ~8 °C
and a precipitation reduction of 10% compared to today. This simulation
overestimates mapped ice margins in the west and southeast and un-
derestimates them in the east and northeast, likely reflecting a different
precipitation pattern than today. Nevertheless, glacial chronological
contrasts among the mountains in the Balkan Peninsula may also result
from methodological artefacts, different sensitivities of glaciers in karst
compared to non-karst regions or simply a scientific gap in the area of
the Balkan Peninsula. While this is the first attempt to solve the glacial
and climate history of the northern Karst Dinarides, more regional
data are needed to better address the gap in past climate-glacier inter-
actions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.107918.
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