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Abstract

This research was conducted in the Papuca gravel pit southeast of Gospi¢ (Croatia). The fan-shaped sediment body, up
to 14 m thick, is composed of poorly sorted, coarse-grained, and unconsolidated sandy gravel. Over 200 blocks and peb-
bles were selected from the gravel pit. The main criteria for sample selection were based on their potential for determina-
tion of their stratigraphic age. The clasts are Jurassic, Triassic, and Permian provenance. Selected clasts were measured
for morphometric analyses. According to the median (Md = 7.5 mm), the gravel is medium-grained, with 50% gravel size
clasts. The Trask coefficient (So = 6.44) indicates poor sorting, while the skewness coefficient (Sk = 0.313) indicates an
asymmetric clast size distribution, with a prevalence of clasts larger than the median value. The Zingg diagram points to
a predominance of spheroidal clasts followed by discoidal and rod-shaped clasts while blade-shaped clasts are scarce.
The flatness ratio of clasts is 1.7, which is consistent with traditional calculations for fluvio-glacial and moraine deposits.
The clast lithological analysis (macro and micro) was performed. The results indicate the dominance of limestone clasts.
Glacially formed troughs, including ravines Ljutik and Siroka Draga on the northern, steep slope of Mt. Velebit, served
as pathways for meltwater, which transported clasts of various sizes and stratigraphic ages, originating from the glacier
base and from the hillsides. The age of the gravel is estimated at 20,700 + 200 years, during the glacier retreat at the begin-
ning of Greenland Interstadial No. 1 of the Late Pleistocene.
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1. Introduction

The purpose of this study is to explain the circum-
stances of the origin of the Papuca gravel pit. Research
was conducted in the Papuca gravel pit in the central part
of the Lika region, at the foothill of Mt. Velebit, 22 km
southeast of Gospic¢ (see Figure 1a). The site is located
beneath the deeply incised erosional valleys Siroka
Draga (marked with a blue arrow, see Figure 1b) and
Ljutik, which extend from the northwestern slopes of
Vaganski Vrh (1,757 m) to Lika Field (approximately
600 m elevation) (see Figures 1b, 2a). The gravel pit is
accessible via a 20 km-long state road from Gospi¢ to
the Papuca settlement, followed by a 2 km local macad-
am road heading south (see Figure 1b). The exploitation
gravel field, which has been actively mined for several
decades, is situated in the northern, frontal part of the
sandy gravel lobe called Vedrine, between the villages of
Potrebi¢i and Krizajica, at elevations ranging between
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700 and 590 m (see Figures 2b, 3a). Figures 2b and
Figures 3a show the differences in the appearance of the
gravel pit created during 13 years of exploitation. The
company operating the site produces aggregates sorted
by fractions: 0—4 mm, 4-8 mm, 816 mm, 16-31.5 mm,
0-16 mm (mixed), 0-31.5 mm (mixed), and natural
gravel. A certain weathering and fracture of the clast can
be seen in Figure 3c. Data on aggregate fractions can be
used for further research by some newer or different
methods (see Figure 3b, c).

Discussions about glacial landscapes in the Karst Di-
narides and studies of the glaciation of Mt. Velebit date
back to the late 19th century and continued through the
20th and 21st centuries (e.g. Gavazzi, 1903; Schubert,
1909; Milojevié¢, 1922; Roglié, 1963; Nikler, 1973; Be-
lij, 1985; Bognar & Faivre, 2006; Hughes et al., 2010;
Marjanac, 2012; Krklec et al., 2015). More recent
studies have focused on the early glacial maximum and
sedimentology of glacial deposits in the southern part of
the former ice margin at Mt. Velebit, as published by
Veli¢ et al., 2011, 2014, 2017; Veli¢ & Veli¢é, 2019;
Zebre et al., 2019; Sarikaya et al., 2020.

Climate changes during the glacial period (Wiirm III)
significantly influenced the formation of glacio-nival
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Figure 1. Location of the Papuca gravel pit: a) position on the map of the Republic of Croatia;

(b) topographic map (1:25 000, sheet 470-1-1); the blue arrow marks the transport direction
along the Siroka Draga incised valley-torrent.
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Figure 2. Field photos: a) panoramic view of the Siroka Draga valley on the north Mt. Velebit slope
with the highest Mt. Velebit peak, i.e. Vaganski Vrh (1762 m); b) the middle part of the Papuca gravel
pit (photos from the year 2007).

Figure 3. Field photos from the Papuca gravel pit: a) panoramic view on part of the gravel pit,
photo from the year 2020; in the lower part of the photo there are brownish “Triticites”
(fossil foraminifers) sandstones; b) sorted gravels (for scale: hammer length 33 cm);
¢) unsorted gravels (for scale: hammer length 33 cm).
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Figure 4. a) fragment from the Basic Geological Map, sheet Udbina (Sugnjar et al., 1973).
Map symbols: C, = Upper Carboniferous sandstones and shales; *P, = Middle Permian sandstones;
sz3 = Middle and Upper Permian dolomites; 'T, = Lower Triassic dolomites, micaceous sandstones

and shales; *T, = Lower Triassic limestones, marls and dolomites; T ' = Middle Triassic (Anisian)
dolomites; T * = Middle Triassic (Ladinian) limestones and dolomites; T ** = Upper Triassic
conglomerates and tuffaceous clastic deposits; T ** = Upper Triassic dolomites and limestones;
] * = Lower Jurassic limestones and dolomites; ] 3 = Lower Jurassic limestones; ] * = Lower Jurassic
spotty limestones; ], = Middle Jurassic limestones and dolomites; pr = proluvial gravels and sands
b) Stratigraphic column of the area Vaganski Vrh-Papuca.

karst landforms, particularly at heights over 1300 m. Al-
most 12°C lower temperatures than today enabled the
formation of an ice sheet at the topmost parts of Velebit
Mt., which slightly moved towards the lower slope parts
— karst holes, valleys, and channels, forming and chang-
ing their relief by exaration (Perica & Oresié, 1999).
Excellent examples are the deeply incised torrent-creek
valleys Siroka Draga, Ljutik, and a valley with a hiker’s
path situated slightly to the west, leading from Grubisni
Dolac towards the foothill of Badanj (1638 m).

After the cognition of the Velebit glaciation during
the Pleistocene, a rather detailed field study was con-
ducted by Belij (1985), whose research became an im-
portant basis for interpreting the genesis of the Papuca
pit gravels. According to the geomorphological map of
the glacial relief of the Southern Velebit Mt., the ice-

sheet margin was situated between Badanj (1638 m) in
the west and Babina Vrh (1738 m) in the east. This
means it was approximately 4.5 km from Papuca. The
approximation is following the data from Krklec et al.
(2015, fig. 1), who estimated the ice-sheet size at 19.5
km?. Symmetrically situated between the two aforemen-
tioned peaks, Belij (1985) detected the trough along the
northern, relatively steep slope of Velebit Mt., through
which subglacial water and meltwater flows transported
clasts of various sizes and stratigraphic ages.

Sarikaya et al. (2020), based on the glacial chronolo-
gy of cosmogenic *Cl from the Southern Velebit Mt.,
from Rujanska kosa, approximately 7 km from Papuca,
dated the retreat of the glacier during the Late Pleistocene
(i.e. the last glacial maximum), which positions the mini-
mal age of the ice retreat to before 20,700 + 200 years.
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Figure 5. Geological profile along the transport route of the glacio-fluvial sediments - torrent Siroka Draga
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(the vertical unit of this profile is “m” i.e. meters)

2. Geological Setting

The geological setting of the gravel pit area is shown
according to the data Basic Geological Map, sheet Ud-
bina (Su§nj ar et al., 1973). The bedrock of gravels from
the Papuca gravel pit consists of Upper Carboniferous,
Middle and Upper Permian, Lower, Middle, and Upper
Triassic, and Lower and Middle Jurassic rocks (see Fig-
ures 4, 5). Geological descriptions are summarized from
the Basic Geological Map and according to the findings
of the second author of this article, who has been re-
searching the geological features of Velebit for several
decades. Nevertheless, the largest part of the exploita-
tion field lies over Upper Carboniferous shales and sand-
stones, with clearly visible gravelly-sandy deposits
overlying the brownish-yellow Carboniferous deposits,
marked by a hammer (see Figure 3a).

3. Methods

Field research was carried out in several phases be-
tween 2007 and 2023. During fieldwork, rocks forming
the base of the gravels were examined in the lower parts
of the Siroka Draga gully, along the forest road, on the
slightly hilly plateau near the northern boundary of the
pit (see Figure 3a), at the western pit boundary beneath
Jelin Palez, and an altitude of 850 m at the southern
boundary of the sandy gravel body. From the gravels,
blocks, and pebbles large enough to enable stratigraphic
and lithological determinations were selected, together
with randomly collected clasts from the 16-31.5 mm
fraction (see Figure 3b, 3¢, Figure 6). Namely, the men-
tioned fraction is the largest in the separation process
and thus suitable for macroscopic determination of the
type and age of clasts in the field.

Sixteen pebbles were selected for the preparation of
thin sections to determine lithology, fossils, and micro-
facies which the field examination assumed that they
contained interesting and important details for interpre-
tation (see Figure 6).

Figure 6. Natural clasts from the Papuca gravel pit prepared
for cutting and making thin sections, bottom right scale
in centimeters

Three perpendicular axes of clasts were measured in
situ and was followed by morphometric analysis with
the aim to prepare the Zingg diagrams to interpret trans-
port mode, depositional processes, and pebble prove-
nance. Based on field observations, it was concluded
that approximately 200 measured clasts would be suffi-
cient for this study.

Based on the field data, values were calculated to pre-
pare the Zingg diagram and identify the dominant clast
forms. Clast shape was defined qualitatively and quanti-
tatively (numerically), with the latter applied in this re-
search. Clast shape was determined by the relationship
between the longest axis (a = length), medium axis (b =
width), and shortest axis (c = thickness). By calculating
the b/a and ¢/b ratios, Zingg (1935) classified clasts into
four basic shapes: discoidal, spheroidal, blade-shaped,
and rod-shaped (see Table 1).

The results of additional morphometric calculations
include the flatness ratio and granulometric data:
median (Md), Trask sorting coefficient (So), skewness

Rudarsko-geoloSko-naftni zbornik 2025, 40 (4), pp. 171-184, https://doi.org/10.17794/rgn.2025.4.13



175 Stratigraphic Age and Morphometric Features of Upper Pleistocene Flow Till Pebbles...

Table 1. Basic clast shapes according to Zingg (1935)

Class b/a c/b Clast type
L >2/3 <2/3 discoids
1I. >2/3 >2/3 spheroids
111 <2/3 <2/3 blades
V. <2/3 >2/3 rods

Ras ¥ : e
Figure 7. Field photos from the Papuca gravel pit (from the
year 2007): a) detail from the pit showing the combination
of sand and gravel with unsorted limestone pebbles; b) detail

with rare, imbricated pebbles - the blue arrow shows the
direction of the gravel flow; c) a bed of the fine-grained sand.
In a) the height of the person serving as scale is 165 cm,

b) and c): the geologic hammer is 33 cm long.

(Sk; a measure of distributional asymmetry), and excess
kurtosis.

The flatness ratio is calculated during the geomorpho-
logical and paleogeographic research of gravels, accord-
ing to the formula:

F = (atb)/2¢c 1)
where:
F — flatness ratio,
a — length of the longest axis,
b — length of the median axis,
¢ — length of the shortest axis.

The calculated values, in most cases varying between
1.2 and 5 (Miiller, 1967), can help in the determination

Table 2. The values of the Flatness ratio and depositional
environment (modified after Miiller, 1967)

Depositional environment Flatness | Category
Potholes in river channel 1.2-1.6 A
Ground moraine 1.6-1.8 B
Fluvio-glacial 1.7-2.0 @
Frost river 2.0-3.1 D
Marine beach 23-3.8 E
Lake beach 23-44 F
River in moderately warm climate | 2.5-3.5 G

of the depositional environment. The traditional inter-
pretations are shown in Table 2.

4. Results and Discussion

Based on the results of field, laboratory, and cabinet
research, sedimentary, stratigraphic, petrographic, and
morphometric characteristics and the degree of flatten-
ing the genesis of the gravel pit were determined.

4.1. Sediment characteristics

The Papuca gravel pit covers a total area of 88,400
m?. To calculate gravel reserves, 11 boreholes were
drilled, with depths ranging from 7.70 to 14.0 m. The
boreholes are located approximately in the center of the
lobed sedimentary body, perpendicular to the Siroka
Draga torrent, directly beneath the foothill, or more spe-
cifically between 640 and 645 m above sea level. Based
on field observations and the results of drilling the sche-
matic lithological column is as follows (BIGROM,
2021):

* 0.00 to 0.20 m: brown humus

* 0.20 to 0.70 m: gravel and sand mixed with humus

and clay

* 0.70 to 13.50 m: poorly sorted gravel and sand, with

clasts of various shapes, primarily limestones and
dolomites

* 13.50 to 14.00 m: yellow clay; Palaeozoic rocks —

Carboniferous sandstones and shales

At the exposed excavation face, up to 10 m high (see
Figures 2b, 3a), extremely poor sorting is evident (see
Figure 7), which is also reflected in the cumulative
granulometric curve from the company archives (BI-
GROM, 2021) (see Figure 8). The average sediment
composition includes 55% gravel, 20% sand, 15% silt
and clay, and 10% blocks. Granulometric measurements
data, i.e. granulometric curve, yielded the following re-
sults: according to the median (Md = 7.5 mm), 50% of
clasts are of 7.5 mm size, corresponding to medium-
grained gravel. The Trask sorting coefficient (So = 6.44)
points to poor sorting. The asymmetry coefficient (skew-
ness) (Sk = 0.313) indicates that clasts larger than the
median prevail, and the curve is asymmetrical on the
coarse clast side. The interesting result for the kurtosis
(excess) (K mm = 0.24) shows that the coarse- and very
coarse-grained sand is better sorted than the clasts in the
fine- and very fine-grained sand, which indicates that
they were transported over a longer distance.

Sediment is indistinctly layered (see Figure 7), a fea-
ture attributed to grain size sorting. Carbonate clasts
dominate all size fractions — their content in the gravel
fraction ranges from 77% to 91% (see Figure 9a). In
various sand fractions (see Figure 9b), carbonate grains
comprise 24 to 58%, except in the finest fraction (0.50—
0.125 mm), where quartz grains dominate. Clasts are
generally angular to subangular and only rarely slightly
rounded (see Figure 3c¢).

Rudarsko-geolosko-nafini zbornik 2025, 40 (4), pp. 171-184, https://doi.org/10.17794/rgn.2025.4.13
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Figure 8. Granulometric curve (BIGROM, 2021)
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Figure 9. Histograms presenting the lithological composition of a) gravel and b) sand

4.2. Stratigraphic and lithological determinations
from collected clasts

Gravels in the open parts of the gravel pit contain pre-
dominantly pebbles composed of limestones of the Mid-
dle Triassic and Lower Jurassic age (see Figures 2a, 3a,
4, 5), which crop out along the Siroka Draga torrent.
Late-diagenetic dolomitic pebbles, in most cases origi-
nating from Triassic or Jurassic rocks, were observed,
although their precise age could not be determined. Con-
versely, early- diagenetic dolomites, with preserved fos-
sils, were identified in the field as Permian Mizzia Dolo-
mite and Upper Triassic Main Dolomite.

Upper Carboniferous deposits are dominated by clas-
tic sedimentary rocks include shales and sandstones (see
Figure 10). Dark grey and black shales predominate,
with intercalations of dark grey sandstones (see Figure
10a). During weathering, these rocks broke into thin
plates with upper surfaces marked by small mica parti-
cles. Some sandstone intercalations are brownish and
contain numerous fossils of the Triticites-type fusulinid
foraminifera. A fine-grained greyish-brown quartz brec-
cia-conglomerate, probably of Upper Carboniferous
age, is shown in Figure 10b. These clastic deposits crop

out in the southern part of the gravel pit, at the boundary
of the Carboniferous sandstones and Quaternary gravels
(see Figure 3a).

Deposits of the Middle and Upper Permian age are
represented by stratified grey dolomitic limestones (see
Figures 10c, d, e). Bed thickness varies between 40 and
80 centimeters. These deposits contain numerous micro-
fossils, with the most common being calcareous algae of
the genera Mizzia, Vermiporella, Salopekiella, Likanel-
la, and Velebitella, some of which were earlier described
from this region, like what Schubert (1909), Kochans-
ki-Devide (1965) and Sokac et al. (1974) among fusuli-
nid foraminifera, genera such as Neoschwagerina and
Eoverbeekina were also identified.

Triassic deposits crop out in this area above the Pol-
jana Kranjska Valley. They comprise dark purple, platy,
well-stratified micaceous and sandy dolomites (see Fig-
ures 11a, b). Macrofossils are visible on the bedding
surfaces, including preserved bivalves and their molds
belonging to the taxa Posidonomya clarae (Emmrich,
1844) and Unionites fassaensis (Wissmann, 1841).

Lower Triassic sandstones are overlain by gray, re-
crystallized Middle Triassic Diplopora limestones (see
Figure 11c¢). These limestones are highly karstified and
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Figure 10. a) Upper Carboniferous C,, coarse-grained
sandstone to fine-grained breccia; b) Upper Carboniferous
C}, fine-grained quartz conglomerate; c), d), ) Middle to
Upper Permian early diagenetic dolomite, scale in
centimeters

sometimes exhibit a marble-like appearance with poorly
developed stratification. When stratified, bed thickness
ranges between 40 and 80 cm but can reach up to 2 me-
ters. Limestones contain calcareous algae, with Diplo-
pora being the most common genus, along with Ma-
croporella, Physoporella, Teutloporella, and others.

By the end of the Middle Triassic and the beginning
of the Upper Triassic, the area emerged from the sea, and
erosional and karstification processes occurred. This is
particularly visible in the Diplopora limestones (see Fig-
ure 11¢). In the middle part of the Upper Triassic, a ma-
jor transgression took place, flooding the whole area of
present-day Mt. Velebit. Transgressive breccias and con-
glomerates mark the base of this transgression. These
deposits are overlain by the Main Dolomite (Hauptdolo-
mit), which accumulated up to the end of the Triassic
(see Figures 11e, f).

In continuation, Lower Jurassic stratified limestones
and dolomites occur in an undisturbed succession, alter-
nating with one another. These rocks contributed to the

Figure 11. a) Lower Triassic - T, sandy dolomite; b) Lower Triassic - T, ooid sandstone;
¢) Middle Triassic - T,, Diplopora limestone; d) Upper Triassic, Carnian - T ),
breccia composed of the T, Diplopora limestone clasts; e), f) Upper Triassic,

Norian and Rhaetian - T;S the Main dolomite, scale in centimeters

Figure 12. a) Lower Jurassic (] »*) limestones
and dolomites; b) Lower Jurassic (J ) Lithiotid
limestones; c) Lower Jurassic (J *) bioturbated
limestones and dolomites; d) Quaternary (Q)
carbonate conglomerate/breccia with clasts

of Jurassic limestones and dolomites, scale

in centimeters.
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Figure 13. a) pebblei, biocalcarenite with fenestral fabric (recrystallized floatstone), contains

gastropods; b) pebble 2, pelloidal mudstone to wackestone with dessication cracks and scarce

foraminifera; ¢) pebble 3, laminated boundstone with fenestral fabric; d) pebble 4, medium to
coarse-grained late diagenetic dolomite.

Figure 14. a) pebble 5, ooid grainstone, recrystallized; b) pebble 6, boundstone, in the middle
of the picture there is a fenestral fabric; c) pebble 8, floatstone with sections macrofossils: gastropods,
brachiopods, sponges and foraminifers, selective dissolution of aragonite can be seen;
d) pebble 9: coquina (rudstone).

Rudarsko-geoloSko-naftni zbornik 2025, 40 (4), pp. 171-184, https://doi.org/10.17794/rgn.2025.4.13
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dark gray and black pebbles (see Figure 12a) found in the
Quaternary gravels. Among them, highly fossiliferous
Lithiotid limestones are present, characterized by cross-
sections of large lithiotid bivalves (see Figure 12b).

The youngest exposed bedrock is the Lower Jurassic
bioturbated limestone, known as “Fleckenkalk” (see
Figure 12¢), originating from the uppermost parts of the
Vaganski Vrh ridge. Younger Jurassic clasts were not
found in the gravel, which suggests that the material
source was the exposed rocks eroded by ice and torren-
tial flow.

4.3. Petrographic features of clasts

Thin sections were prepared from 16 pebbles (see
Figure 6) to determine lithology, fossils, and microfaci-
es (see Figures 13—16). For pebbles 7 and 17, it was
impossible to make a thin section; during preparation for
the making thin section the pebbles were cracked by
small cracks. A variety of facies types were identified:
biocalcarenite with fenestral fabric, pelloidal mudstone
to wackestone (pebble 1), pelloidal mudstone to wacke-
stone with dessication cracks and scarce foraminifera
(pebble 2), laminated boundstone with fenestral fabric
(pebble 3), medium to coarse-grained late-diagenetic
dolomite (pebble 4), ooid grainstone (pebble 5), bound-
stone (pebble 6), floatstone with macrofossils (gastro-
pods, brachiopods, sponges, and foraminifera) (pebble
8), coquina (rudstone) (pebble 9), floatstone to rudstone
with algae (pebble 10), floatstone with foraminifera and
macrofossils (pebble 11), floatstone with Thaumato-
porella or codiacean algae (?Pseudolithocodium car-
pathicum) (pebble 12), pelloidal wackestone with juve-
nile serpulid clusters in pelloidal micrite (pebble 13),
boundstone (partly recrystallized laminated sediment,
possibly stromatolite) (pebble 14), limestone with lami-
nated fenestral fabric (pebble 14), and floatstone with
undetermined algae and fenestral fabric (pebbles 15 and
16). Therefore, most of the pebbles represent various va-
rieties of limestones.

4-4. Results of the morphometric analysis
of grain measurements

Measured pebbles, according to the b/a and c/b ratios,
were classified into four groups (spheres, discs, rods,
and blades) (see Figure 17a). Table 3 presents the num-
ber of pebbles and the percentage of clasts from each of
the four categories. The “boundary values” include the
ratios that are in between the Zingg classes. Figure 17b
presents the number of pebbles according to shape and
Figure 17¢ presents the percentage (%) of the sample
according to shape.

According to the Zingg graph (see Figures 17 b, ¢),
the largest part of pebbles is spheroidal in shape (37%,
74 pebbles). Discoidal pebbles are the second most
abundant group (27.5%, 55 pebbles), followed by rod-
shaped (20.5%, 41 pebbles), while blade-shaped pebbles

Table 3. Number of clasts and percentage within the whole
sample according to the four Zingg classes

No. of

Class b/a | c¢/b Shape b Percentage
L >2/3 | <2/3| discoidal 55 27.5

II. >2/3 | >2/3 | spheroidal 74 37

II. <2/3|<2/3| bladed 12 6

Iv. <2/3 | >2/3 | rod-shaped 41 20.5
Boundary values 18 9

are rather scarce (6%, 12 pebbles). Clasts with the
“boundary values” in the Zingg diagram represented 9%
(18 pebbles) of the studied sample (see Table 3). The
geological composition is dominated by carbonate sedi-
ment of relatively homogeneous texture and structure in
all fractions of the clast (see Figures 9a and b), which
were weathered into spheroidal, discoidal, or isometric
clasts during weathering and transport, as shown in the
histograms according to Zingg (1935).

4.5. Flatness

Flatness was commonly calculated in traditional sedi-
mentological papers as a tool to depict the transport
mode (Miiller, 1967). The value of such calculations is
the subject of debate, but they can be useful when ap-
plied within unified lithological groups (e.g. Sremac et.
al., 2024). The flatness ratio of pebbles of the same litho-
logical composition depends on the depositional envi-
ronment and hydrodynamic conditions. In the Papuca
gravel pit, clasts are dominantly composed of carbonate
rocks (see Figure 9a, 9b; BIGROM, 2021), therefore
the obtained values can be considered indicative of the
deposition mode (see Tables 2, 4).

Based on the results of all research, it is possible to
reconstruct the genesis of gravel. Stratigraphic and pet-
rographic features of clasts from the analysed sediment
body undoubtedly point to their provenance — cracked
and strongly weathered rocks from the Southern Velebit
Mt. (see Figures 6, 7, 8). Clasts originate from the ice-
cap bedrock but also from the surrounding hills. They
were carried over short distances along steep slopes and
were likely redeposited multiple times during heavy rain
episodes, especially with periodic high-energy flows, i.e.
torrential flows (Tisljar, 2004). For the processes of
washing and dredging, the intensity of precipitation is
very significant. Namely, short-term but heavy precipita-
tion prevailed on Velebit, which, due to increased slopes
(slopes of more than 12 degrees dominate), quickly
drained on the surface (Perica & Oresi¢, 1999). This
interpretation of genesis is supported by Belij (1985)
with his conclusion that at the maximum of the Wurm
cooling, the glaciers of southern Velebit belonged to the
type of hanging glaciers. Their tongues of hanging gla-
ciers descended down the subvertical sections on the
Lika slope, hollowing out steep hanging ditches, and
then broke, crashed down the section, and melted.
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Figure 15. a) pebble 10, floatstone to rudstone with algae; b) pebble 11, floatstone with sections of foraminifera and
macrofossils; c) pebble 12, floatstone with thaumatoporellas or codiacean algae (Ulvophyceae, ?Pseudolithocodium
carpathicum Misik, 1979); d) pebble 13, pelloidal wackestone with sections of juvenile serpulid turfs in pelloidal micrite.

Figure 16. a) pebble 14, boundstone (partly recrystallized laminated sediment, probably stromatolite);
b) and c), pebble 15: limestone with the laminated fenestral fabric of the LF-A type (according to
Fliigel), probably stromatolite limestone of the bindstone type; d) pebble 16, floatstone with
undeterminable sections of algae and fenestral fabric.

The sediment within the lobe can be described as
poorly sorted, mid-grained gravels, with 50% of clasts
being 7.5 mm in size. However, in the field, blocks larg-
er than 10 cm also occur, representing 10% of the de-

posit when observing the granulometric curve. This size
distribution points to high water energy, and short trans-
port with rolling and falling, while the discrete differ-
ences in clast size (see Figure 4) indicate the pulsation
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Table 4. The flatness ratio for pebbles from the Papuca gravel pit. A = river channel; B = ground moraine; C = fluvio-glacial;
D = frost river; E = marine beach; F = lake beach; G = moderate/warm river. Some values overlap, so combined columns are

added to the table.
Category A B C D ) F A,B | B,C | C,D | E;F | D,E,F | D,E,F, G
No. of pebbles 77 1 12 12 | 0 0 20 45 4 2 8 17 2
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Figure 17. a) shapes according to Zingg (1935); b) number of pebbles according to shape;
¢) percentage (%) of the sample according to shape; d) flatness (distributed in categories, as shown in Table 4).

of water energy. The kurtosis (excess) Kmm = 0.24 re-
veals the fact that coarse and very coarse sand grains are
better sorted, which means they were transported over
longer distances. In most cases, clasts do not show pre-
ferred orientation, but occasionally, imbrication occurs
(see Figure 4c¢), indicating transport from the south, i.e.
from the Velebit Mt. slopes). The flatness degree of the
largest number of pebbles (45 in total) points to river
potholes, moraines, and glaciofluvial environments.

The studied gravel, according to all listed features,
can be classified as a flow till (Bennett & Glasser, 2009,
Table 8), forming a single or coalesced fan (Lawson,
1982; Zielinski & van Loon, 1999). Additional evi-
dence for this interpretation includes angular or poorly
rounded clasts, not striated or faceted, unsorted and
poorly consolidated sediment, variable lithological com-
position, poorly developed, as well as the important
finding of individual flow packages (see Figure 4c). Far-
travelled erratic blocks occur at the lower edge of the
investigated sediment body.

In the upper part of the torrent, at a height of 850 m, a
scar occurs, marking the boundary between the flow till
and the bedrock. Below the scar, a channel with approx-
imately 5 m thick levees can be traced. At the bottom of

Figure 18. Reconstruction sketch of the flow-till genesis:
zone of the Carboniferous sandstone; zone of Permian
dolomite; zone of Triassic carbonate; zone of ] = limestones;
the shape in transparent gray represents the flow till
distribution (https.//preglednik.arkod.hr)

the Velebit Mt. slope, at around 650 m in height, a fan
consisting of single or coalesced small lobes forms (see
Figure 18).
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According to the previous authors, like Sarikaya et
al., 2020, the glacier retreat occurred over 21,000 years
ago, and the likely beginning of the formation of this
flow-till occurred at the end of the Pleistocene, i.e. at the
beginning of Greenland Interstadial No.1 (Cohen et al.,
2013).

5. Conclusions

Melting of the Velebit hanging glaciers began at the
end of the Pleistocene, i.e. at the beginning of the Green-
land Interstadial No. 1. The torrents Siroka Draga and
Ljutik, sloping towards the Lika region, were the paths
where poorly-sorted unconsolidated debris flow till was
deposited, creating small fans in the form of stacked
coalesced lobes. The lithology and modal composition
of clasts point to local provenance, i.e. the most abun-
dant clasts in the Papuca gravel pit, limestone pebbles of
the Middle Triassic and Lower Jurassic age, were de-
rived from the local rocks (see Figures 9-11), which
compose the largest part of the Siroka Draga incised val-
ley. Furthermore, some of the pebbles were determined
to be early-diagenetic Mizzia dolomites with Permian
calcareous algae and other shallow marine fossils and
Upper Triassic Main Dolomite. Gravel transport mode
can be explained by abrupt high-energy torrents, associ-
ated with the redeposition of clasts by tearing off, fall-
ing, rolling, and flowing.
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SAZETAK

Stratigrafske i morfometrijske znacajke klasta otjecajnoga tila iz lezista sljunka

v _ )

,Papuca’, Gospic¢, Hrvatska

Istrazivano podrudje predstavlja eksploatacijsko polje $ljunka , Papuc¢a” u sredi$njemu dijelu Like, u podnoZju Velebita,
22 km jugoisto¢no od Gospica. Terenskim radovima izabrano je vie od 200 blokova i valutica kojima je bilo moguce
odrediti stratigrafsku pripadnost - podrijetlo, a to su jurski, trijaski i permski karbonati. Na licu mjesta obavljeno je i
mjerenje duljina triju medusobno okomitih osi potrebnih za izradbu Zinngovih dijagrama, tj. za morfometrijsku analizu.
Prema Zinggovu grafu najveci broj valutica sferoidnog je oblika (37 %, 74 valutica), slijede valutice diskoidnoga (27,5 %,
55 valutica) i vretenastoga (20,5 %, 41 valutica) oblika te valutice plocasta oblika, koje su najmanje zastupljene (6 %, 12
valutica). Lepezu/lob debljine do 14 m izgraduje lo$e sortirani krupnozrnati $ljunak s pijeskom, slabo vezani, nekonsoli-
dirani. Prema medijanu Md (7,5 mm) 50 % zrna ¢ine veli¢inu od 7,5 mm $to odgovara srednjozrnatom §ljunku. Koefici-
jent sortiranja po Trasku (So 6,44) upucuje na lo$u sortiranost, a koeficijent asimetrije (skewness Sk 0,313) na prevlada-
vanje krupnijih zrna od medijana, tj. da je krivulja asimetri¢na na strani krupnijih zrna. Stupanj splostenosti zrna iznosi
1,7, $to odgovara fluvioglacijalnim okoli$ima i okoliS$ima morena. Po koritastome reljefu s vrlo strmo urezanim buji¢nja-
cima Ljutik i Siroka draga na sjevernoj, razmjerno strmoj padini Velebita na podru¢je danasnjih lepeza/reznjeva tijekom
zatopljenja, tj. otapanja ledenjaka s visokih dijelova Velebita, otjecale su velike koli¢ine so¢nice noseci klaste razlic¢itih
dimenzija i stratigrafske starosti podrijetlom iz podloge ledenjaka i dominantno iz obronaka. Sedimentiran je otjecajni
lo$e sortiran i nekonsolidiran til — flow till - iz tokova stijenskoga krsa stvarajuc¢i male lepeze odnosno reznjeve. Vrijeme
povlacenja ledenjaka pocelo je prije 20 700+200 godina, tj. na pocetku interstadijala Greenland INo. 1. - tijekom kasnoga
pleistocena, $to je i starost leZista.

Kljucne rijeci:
otjecajni til, stratigrafija, veli¢ine i oblici klasta, gornji pleistocen, Velebit, Hrvatska
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