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ABSTRACT

In arid and semi-arid environments, soils are very fragile. Their degradation rapidly reduces the biological potential
and disrupts the ecological and socio—economic balance. Living within a few millimetres of the soil surface, bi-
ocrusts are organised into communities of biota and play an important role in soil stability and preservation. They
are mainly composed of cyanobacteria, lichens, mosses, fungi, eukaryotic algae and other heterotrophic bacteria.
Soil-biocrusts interaction is therefore very important and a good knowledge of this interaction allows a better
management of soils, especially in arid and semi-arid environments. Thus, the link between cyanobacteria species
and physicochemical parameters and soil mineralogy was studied in two geomorphological zones of northeast of
Iran. Cyanobacteria are the main photosynthetic component of biocrusts. Samples were collected in summer along
a linear transect by using 50 x 50 cm quadrates for each study zone. Individual mineral soil particles were analysed
by scanning electron microscopy (SEM). The amounts of Na, K, Ca and Mg as well as electrical conductivity and soil
organic carbon are higher in the presence of biocrusts (Takhte Soltan site) than in their absence (Sabzevar Playa
site). Biocrusts increased levels of organic carbon, pH, calcium carbonate, exchangeable sodium and potassium
percentages. Results indicated that soil properties regarding soil organic carbon, CaCOs; and amount of clay
changed among biocrust sand bare soils. This research considers further attention to biocrusts because of their
multiple ecosystem roles and their importance in the constitution of dryland ecosystems.

KEYWORDS arid and semi-arid; biocrusts; cyanobacteria; soil physicochemical properties; mineral erosion; Iran

1. Introduction area supporting vascular plant communities (Maier
et al,, 2016) and are sensitive indicators of desertifi-

Biological soil crusts (BSCs) are the dominant bio- cation (Belnap et al., 2001; Coe et al, 2012; Read et

logical surface features in many arid and semiarid
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al, 2014; Delgado-Baquerizo et al, 2016). During
dry periods and droughts, biocrusts often provide
the only biological form of soil cover (Eldridge and
Greene, 1994). Biocrusts such as lichens, mosses,
fungi, cyanobacteria, eukaryotic algae, and other
heterotrophic bacteria, live within or on the very top
of soil surface (Belnap et al., 2003a; Rozenstein et al.,
2014). They find almost all over the world, in all cli-
matic regions, mesic environments tropical and
temperate deserts and in the polar regions of the
globe (West, 1990; Eldridge and Greene, 1994,
Prasse and Bornkamm, 2000; Karnieli et al., 2002;
Qin and Ferrara, 2007; Buis et al., 2009). Biocrusts
play several important roles in arid and semi-arid
ecosystems, including atmospheric nitrogen—fixa-
tion, increasing soil fertility, promoting water infil-
tration, seedling germination, increasing soil stabil-
ity, improving soil properties and reducing soil ero-
sion by wind (Greene and Darnall, 1990; Eldridge
and Greene, 1994; Evans and Johansen, 1999; El-
dridge et al., 2000; Belnap, 2003b; Belnap 2006; Mil-
ler et al,, 2011; Liu et al, 2013 and Xu et al., 2013).
Some field and laboratory studies indicated that
biocrusts enhance the content of soil elements such
as Ca, Mg, K, Fe, N, P and S (e.g. Belnap and Harper,
1995), and soil temperature (Belnap et al., 2001).
Evidences show that biocrusts play also an im-
portant role in soil formation, preventing water and
wind erosion and increasing soil fertility by N and C
fixation, (Evans and Ehleringer, 1993; Lange et al,
1994). They provide suitable conditions for the es-
tablishment of vascular plants (Eldridge and Greene,
1994; Belnap and Lange, 2013; Belnap, 2003c). Ac-
cording to Belnap et al. (2001) up to 70% of the N
fixed by cyanobactria and cyanolichens is released
into the surrounding soil environment and is availa-
ble for vascular plants. Despite several studies have
been done in the field of biocrusts globally (Belnap
2006; Chamizo et al., 2012a; Bowker et al., 2013;
Chen and Duan, 2015), there are relatively few stud-
ies on the influences of biocrusts on soil physical
and chemical characteristics. In this research, we
studied soil characteristics under biocrusts as well as
the interaction between biocrusts and soil in two
geomorphologic sites with aridisols and solonchak

soils. It is hypothesized that biocrusts have positive
effects on soil chemical and physical characteristics
in the study area.

2. Data and Methods
2.1 Study sites

Around 75% of Iran is covered by drylands and re-
garding the land overuse and unsustainable land
management, soil erosion is very intense in this ar-
ea. Two sites in the semi-arid region of Khorasan-
Razavi (north-eastern Iran) were selected (Fig. 1).
Takhte Soltan (TS), with a size of 1854 km? is located
at 36°16'00" — 36°15'00" N, 60°59'00" — 61°58'20"E.
The topographical elevation of the study area varies
between 750 m and 900 m a.s.l. It is a hilly area with
a semi-arid (steppe) climate according to the Ko6-
ppen climate classification. The average annual pre-
cipitation is 202 mm. January and February are the
coldest months of the year with a mean air temper-
ature of about 1° C. The highest average air tem-
perature is 28.4° C in July. The dominant wind pat-
terns include 120 days which usually blow from
north and north-east, causing dust storms. The par-
ticle size distribution in the soil shows sandy loam
textures. Rocks are mostly sandstone, conglomerate
and shale (Table 1).

Sabzevar Playa (SP), with a size of about 2648
km? is located at 35° 55' 00" — 36° 25' 00" N, 56° 15'
00" — 57°45' 00" E, in the eastern great Kavir basin.
The topographical elevation of the study area varies
between 750 m and 900 m a.s.l., The average topo-
graphical elevation of the region is over 750 m a.s.l.
The general physiographic trend of the playa ex-
tends east to west along the Kal-Shour stream with
an average length of 120 km. In addition to wind-
borne sand dunes, volcanic rocks, tuffs and pelagic
carbonate rocks formed in the upper Cretaceous
period and earlier can be found around the playa.
The study area has a semi-arid climate with annual
precipitation of 150-200 mm and average annual
temperature of 16-17° C. According to particle size
classifications, soils of the investigation areas are
generally sandy-loam in TS (Takhte Soltan) and silty
in SP (Sabzevar Playa) (Table 1).
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Figure 1 Location of the study area in Khorasan Razavi province, Iran (sampling points are marked with red circles). TS
(Takhte Soltan), SP (Sabzevar Playa).

Table 1 Specifications of the study area.

SsP TS
Climate (Koppen) BSK BSK
Rainfall average (mm) 150-200 200-250
Average annual temperature(° C) 16-17 14-15
Topographical elevation 650 m 750 m
Soil classification Solonchak Avridisols—Vertisols
Soil texture silt sandy loam
Deposition Cretaceous Quaternary-Cenozoic
Geomorphology Playa Pediment and Alluvial fans

Rock

sand dunes, volcanic rocks, tuffs,
pelagic carbonate

sandstone, conglomerate, shale,
gypsiferrous mudstone

2.2 Sampling

Samples were collected in September 2017 along a
linear transect with a length of 50 m using 50 x 50
cm quadrates. All soil samples were taken in 10 rep-
licates from the topsoil (upper 5 cm) as the purpose
focused on Epilithic species living on topsoil and
rocks. Distance between each quadrat was 5 meters

along the experimental transect according to its en-
tire length. To compare the effects of biocrusts on
the soil properties and vice versa, samples were col-
lected in two zones including biocrusts and non-
biocrusts. Twenty samples were taken from areas
with biocrusts in the Takhte—Soltan region and areas
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with non-BSC in the Sabzevar Playa region, respec-
tively (Fig. 2). Samples were stockpiled in plastic
bags and transferred to the laboratory of Natural
Resources and Environment Faculty. The samples
were kept at about 4° C in an isolated room.

Figure 2 A and B biocrusts in TS (Takhte Soltan) ; C. land-

scape of the TS area; D. bare soil (without biocrusts) in TS;

E. and F. bare soil in SP area; F. accumulation of minerals
and salts on soil surface.

2.3 Laboratory analysis

The soil and biocrusts samples were air-dried and
sieved to 2 mm. Sub-samples were mixed in a me-
chanical agate mortar to obtain the 0.5 mm particle
size necessary for the determination of organic car-
bon and exchangeable cations. Soil samples were
analysed for physicochemical characteristics as fol-
lows: pH was determined with a soil-water suspen-
sion with a ratio of 1: 2.5 by a pH meter (Rayment
and Lyons, 2011); soil electrical conductivity (EC) was
measured by a soil-water suspension in with a ratio
of 1: 5 by an EC meter (Rayment and Lyons, 2011).
Soil organic carbon (SOC) was estimated by the
Walkley and Black method modified by Mingorance
et al. (2007). Calcium carbonate (Nelson and Som-
mers, 1982), exchangeable cations (Ca, Mg, Na, K)
and cation exchange capacity (CEC) were measured

by the formation of Cu (II) complexes with triethyl-
enetetramine followed by photometric analyses
(Meier and Kahr, 1999); soil moisture was calculated
by the gravimetric (weighing) method.

In order to determine the cyanobacteria and
green algae crusts, the soil surfaces were studied by
stereomicroscope (Nicon SMZ-1) and optical micro-
scope (Echo um-210 BD). Also, for better diagnosis
and identification of species, samples were culti-
vated using the cultivation method applied by
Kaushik (1987).

The study of moss and lichens was carried out
through a morphological study by stereomicro-
scope (Nicon SMZ-1). Moreover, for the better eval-
uation of the lichens, the determination of the algae
type and the details of the ascocarp—shaped struc-
ture have been done by sharp blade cutting and
optical microscope observation (Echo um-210 BD).
After cultivating, we identified species based on re-
lated researches including (Fang et al., 2007; Bilgra-
mi and Saha, 2004; Komarek, 2005; Luton et al,
1999; Johnson et al.,, 2005; Hassler et al., 2012; Vi-
jayan and Ray, 2015; Kumar et al., 2016; Moniri and
Sipman, 2009; Zedda et al., 2000; McCune, 2007).

For scanning electron microscopy SEM, small part
of the undisturbed samples was glued onto Alu-
minium stubs with the exposed vertical natural sec-
tion facing upward and coated gold or platinum
(Cox et al., 1989). Observations of the microstruc-
tures of soil crust were performed on a Leo 1450VP
Scanning Electron Microscope (SEM, LEO, and Ger-
many).

2.4 Statistical analysis

The effects of biocrusts on soil physicochemical
properties on soil and differences between bi-
ocrusts, non-biocrusts and bare soils were analyzed
in SPSS (Version 20.0) with t-test (P<0.05) used to
test. At first, the parameters were normalized by the
Kolmogorov—Smirnov test. Then, by using the t-test,
in the 5% statistical significance, the groups were
evaluated. To investigate the effect of biocrusts on
physicochemical parameters of the soil were com-
pared in each catchment (non-biocrusts layer was
compared with biocrusts surfaces).



The effects of biocrusts on soil parameters in a semi-arid pediment at north-eastern Iran

3. Results

3.1 Biocrust influences on soil physicochemical
properties

The current study indicated that biocrusts have sig-
nificant effects on most physical and chemical char-
acteristics (Table 2). Na, K, Ca, and Mg content, EC
and SOC have changed significantly between differ-
ent sites.

Sand, silt and clay contents varied significantly
under the crust types in TS (Table 2). No significant
difference in soil texture was found between the bi-
ocrusts and non-biocrusts layers. A significant dif-
ference in sand and silt contents was observed be-
tween soils with a crust (biocrusts and non-bi-
ocrusts) and bare soils. Although clay content of
bare soil was higher, the difference was statistically
significant. Comparison of sand, silt, and clay con-
tents between the biocrusts site and the non-bi-
ocrusts site show significant differences for all
three—particle size classes.

Soil texture by affecting on soil moisture, play
an important role in composition and distribution of
biocrusts (Kidron, 2016), the dominant texture is
sandy-loam in TS and silty in SP. The amount of
sand under biocrusts was significantly higher than in
bare soils, and in a non-biocrusts site, the percent-
age of clay was significantly higher. Soil moisture
content was higher in soils without biocrusts in sur-
face layer, but was not statistically significant. In the
TS site, the biocrusts samples and the non-biocrusts
samples did not differ significantly regarding mois-
ture. In soil with biocrusts the electrical conductivity
(ds/m) was significantly lower than bare soils.

Regarding soil pH, there were significant differ-
ences (p <0.05) between pH under biocrusts and
bare soil (Table 2). Moreover, soil pH under bi-
ocrusts and non-biocrusts site was not statistically
significant. Organic carbon in biocrusts soils was
lower than bare soils, according to Table 2. The total
content of soil organic carbon in the upper 5 cm of
the soils under non-biocrusts was significantly lower
than the organic carbon content under biocrusts.
The amount of calcium carbonate in the TS region
(biocrusts area) was higher than SP (bare soil), but
this difference was not statistically significant. For
Na, Ca, Mg and K exchange, there is a significant
difference between the two sites, the number of ex-

changeable cations for the bare soil area was sig-
nificantly higher. Exchangeable cations content
shows no variation between soil under biocrusts and
non-biocrusts.

The cation exchange capacity, SAR and ESP of
soils are more dependent on the type of soil and
soil organic carbon content. As a result, due to the
high levels of above two factors, the CEC, SAR, and
ESP are also significantly higher in the bare soil site.
Exchangeable cation content, CEC, SAR, and ESP
show no significant differences between soil under
biocrusts and non-biocrusts.

Micrograph of the samples in ppl (plane—polar-
ized light) and scanning electron microscopy (SEM)
observations of biocrusts in TS showed aggrega-
tions of fungal hyphae (Fig. 4). Connecting of indi-
vidual grains was observed by the hyphae of lichens
and fungi, polysaccharide of cyanobacteria (Fig. 4).

3.2 The dominant species of Biocrusts in the TS
region

Biocrusts site presented higher cyanobacteria, green
algae and lichens biodiversity and species richness
than non-biocrusts site (Figs. 7 and 8; Table 4). The
dominant species of cyanobacteria include: Oscilla-
toria limosa, Oscillatoria irrigua, Phormidium fa-
vosum, Phormidium ambiguum, Phormidium unci-
natum, Pseudanabaena sp, and Microcoleus vagi-
natus.

Some of these species such as Leptolyngbya
boryana, Microcoleus vaginatus, Nostoc commune,
Oscillatoria curviceps and Oscillatoria tenuis were
also found in the non-biocrusts soil. The dominant
species of green algae including: Neochloris sp,
Chlorococcum sp, Chlorella sp, Planktosphaeria,
Rhizoclonium, Oedogonium, Microspora, Euglena
and Protococcus observed on both sites with bi-
ocrusts and non-biocrusts. Two species Chlorococ-
cum sp and Chlorella sp were also observed in the
soil under abandoned agricultural land. The domi-
nant lichens also in the study area are: Collema
tenax, Psora decipiens, Toninia candida, Caloplaca
microthallina, Circinaria mansourfi, Leptogium, Can-
delariella vitelline, Gyalolechia subbracteata, Rino-
dina bischoffi, Endocarpon unifoliatum, Endocarpon
pusillum and Sarcogyne.
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Table 2 Statistical assessment of mean and variance differences between two sites TS (biocrusts) and SP (bare soils).

Levene's Test for Equality of t-test for Equality of Means

Variances . .
Elements Mean Differ- Std. Error Dif-
F Sig. t df  Sig. (2-tailed) ence ference
EC ds/m* 26.652 0.000 -17.295  9.000 0.000 -1.923 0.111
pH 1.355 0.260 0.158  18.000 0.876 0.008 0.054
SOC %* 0.592 0.452 -3.513  18.000 0.002 -0.567 0.161
CaCos 7.365 0.014 1.704 13342 0.112 5.2041 3.05
Na (mg/kg)* 0.192 0.667 -5.367 18.000 0.000 -1.601 0.298
K (mg/kg)* 0.014 0.908 -7.299  18.000 0.000 -28.254 3.871
Ca (mg/kg)* 3.890 0.064 -9.314  18.000 0.000 -1.943 0.209
Mg (mg/kg)* 0.276 0.606 -2449  18.000 0.025 -0.951 0.388
SAR* 8.353 0.010 -12.041  9.085 0.000 -1.911 0.159
ESP* 14.922 0.001 -12.399  9.083 0.000 -1.812 0.146
CEC* 1.899 0.185 -3.113  18.000 0.006 -1.051 0.338
Moisture% 0.013 0.911 -0.739  18.000 0.469 -0.073 0.098
sand* 0.414 0.528 3,573  18.000 0.002 35.235 9.862
silt* 0.005 0.942 -3.915  18.000 0.001 -37.657 9.619
clay* 4363 0.051 0.609  18.000 0.550 1.647 2.706

*represent significant at 95% confidence interval or P<0.05

Table 3 Statistical assessment of mean and variance differences between two sites biocrusts and non-biocrusts in TS
area.

Levene's Test for Equality of t-test for Equality of Means

Variances ) )

Elements Mean Differ-  Std. Error Differ-

F Sig. t df  Sig. (2-tailed) ence ence
EC ds/m 10.460 0.005 -1.539 11.477 0.151 -0.488 0.317
pH 4276 0.053 -1.974 18.000 0.064 -0.207 0.105
SOC %* 2.156 0.159 5.888 18.000 0.000 1.025 0.174
CaCos 1.194 0.289 2.847 18.000 0.011 13.577 4.769
Na (mg/kg) 0.014 0.908 0.299 18.000 0.768 0.082 0.274
K (mg/kg) 0.285 0.600 0.501 18.000 0.622 2.080 4.149
Ca (mg/kg) 0.283 0.601 -1.187 18.000 0.251 -0.326 0.275
Mg (mg/kg) 0.006 0.941 1.145 18.000 0.267 0.396 0.346
SAR 0.203 0.658 -0.339 18.000 0.739 -0.085 0.251
ESP 0.569 0.460 0.202  18.000 0.842 0.054 0.267
CEC 0.127 0.725 -1.194  18.000 0.248 -0.600 0.502
Moisture% 5.278 0.034 -1.136  12.434 0.277 -0.194 0.171
sand* 1.944 0.180 -2.792 18.000 0.012 -21.773 7.798
silt* 6.408 0.021 3.728 11.909 0.003 27.704 7.431
clay* 0.156 0.697 -2.127 18.000 0.047 -6.704 3.152

*represent significant at 95% confidence interval or P<0.05

10
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Figure 3 Mean (+SD, n=30) sand, silt and clay in the three soil layers (a) Calcium carbonate (CaCO3) and Soil organic
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Time :17:47:07
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Date :8 Sep 2018
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Figure 4 The polysaccharide attached Clay particles. The polysaccharide filaments that enclose the clay particles are
marked in the figure with arrows and a red circle.

4. Discussion

Biocrusts affect nutrient cycling as well as hydro-
logical processes in early soil succession processes.
Several studies show that biocrusts could affect the
weathering of racks and thus contribute to the for-
mation of soil and distribution of the particle size
(Souza—-Egipsy et al, 2004; Aghamiri and Schwartz-
man, 2002). Moreover, many studies have indicated
an increase in soil moisture (Issa et al., 2007), N and

SOC content in the soils with biocrusts (Rogers and
Burns, 1994; Gao et al., 2010).

4.1 The effect of biocrusts on physicochemical
properties

In our study, some physicochemical properties such
as EC, pH, SOC, exchangeable cations, SAR, ESP, CEC
and moisture were lower in biocrusts compared to
bare soils.

11
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Soil pH under the biocrusts areas was lower
than bare and non-biological crust soils, although
there is not significant different between sites. In-
crease in microbial population, and carbon dioxide
generation as well as higher respiration found in bi-
ocrusts could decrease pH (Budel, 2005; Lane et al.,
2013). Chamizo et al. (2012b) and Miralles et al.
(2012) found that the soil pH decreased with the
development of biocrusts from primary sequences
such as cyanobacteria to the final sequence, such as
mosses and lichens. Mirales et al. (2013) found that
compared to the soil without crusts with cyanobac-
terium and lichen substrates, pH for coverless soil
<cyanobacteria> lichen, which indicates a decrease
in soil pH in the presence and development of bi-
ocrusts. There is an interaction between soil pH and
soil organic carbon. Biocrusts have a significant role
in producing organic carbon through the carbon
fixation (Beymer and Cleopathek, 1991; Danin and
Ganor, 1991). Phillips and Belnap (1998) indicated
that carbon stabilization increases in the presence
of licorice and moss. Increasing in the infiltration
and reduction of cations at the surface and conse-
quently the decrease of pH at the soil level is accu-
rate for comparison between two bare and crustal
zones, but the amount of cations in two sites with
crust and without crust is not significant and the
lower pH content in the soil to the crusty surface
can be associated with increased microbial respira-
tion (Chamizo et al,, 2012a).

In this study, bare soils (playa) had much higher
values of sodic and saline properties such as Ca, Na,
Mg, EC, ESP and SAR. Similarly, Abed et al. (2013)
showed that biocrusts soils had less pH and EC than
bare soils. Subsequent evaporation and ponding of
water in these areas would leave substantial
amounts of salts behind (Kakeh et al, 2018). High
evaporation causes salinity that could build up to
the surface (Fig. 2F). Increasing salinity has reduced
colonization of plants or biocrusts, thus also in-
creasing the salinity trend (Kakeh et al.,, 2018). The
amount of sodium and potassium in the non-bi-
ocrusts compared with biocrusts has increased,
which confirms the studies of Maqubela et al.
(2009), which explain the reason for the increase of
some soil elements due to the presence of bi-
ocrusts, as follows: copper, sodium, potassium, and
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zinc stick to the outer surface of the cell wall of the
mosses. When wet and does dry, the elements are
washed from the lichens and enter the soil, due to
their positive load they are absorbed by clay col-
loids that have negative charges, resulting in an in-
crease in their amount in such soils. Significant
changes in the soil EC are observed between the bi-
ocrusts and bare soils (Table 2).

Increasing salinity and clay content prevents
vegetation deployment and biocrusts (increasing
clay content in non-biocrusts). Increasing clay ac-
cumulation at the soil surface decreases soil infiltra-
tion. It will only be able to moisturize the superficial
layer, in this situation, an increase in the amount of
evaporation from the surface layer of the soil leads
to an increase in the accumulation of minerals from
the elements of sodium, calcium and magnesium in
this layer. So, the high amount of calcium and mag-
nesium in the non-biocrusts and bare soils is justi-
fied.

Many studies have shown the effective role of
biocrusts in the weathering of parent material, soil
formation and particle size distribution (Aghamiri
and Schwartzman, 2002; Souza—-Egipsy et al., 2004).
Soil organic carbon was higher in biocrusts surface
soils than non-biocrusts, likely due to the ability of
biocrusts to fix atmospheric C (Thomas et al., 2008;
Zaady et al.,, 2000). This leads to enhanced biocrust
biomass and thus SOC in the surface soil layer (0-
5cm) (Chamizo et al, 2012a). Even a thin layer of
photo synthetically layer on the soil can be im-
portant sources of organic carbon input (Zaady et
al., 2000). Biocrusts also produce and secrete extra-
cellular polysaccharides into surrounding soils, in-
creasing the soil C pool (Mager and Thomas, 2011).

Biocrusts have an important role in the produc-
tion of the SOC by carbon fixation (Beymer and
Klopatek, 1991) and decomposition of organic mat-
ter (Danin and Ganor, 1991) in arid soils. Phillips and
Belnap (1998) and Zhao et al. (2013) argued that
carbon stabilization has been increased in the pres-
ence of lichen and moss. Base structures have more
organic carbon compared to other structures, and
there is an inverse relationship between SOC and
soil pH. An increase in carbon in the Playa region
(non-biocrusts) is due to the dust that is deposited
by the wind and the habitat of ants and termites
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(Kidron, 2016). Cyanobacteria can induce carbon
dioxide to calcium carbonate (Wierzchos et al.,
2012); because of the decrease in calcium carbonate
content in non-biocrusts and bare soils, it can be
concluded that cyanobacteria decrease at these lev-
els. Soil texture shows the relative frequency of
sand, clay and silt particles in soil samples.

Previous study has shown that soils with silty
loamy texture are more likely to hold different pop-
ulations of cyanobacteria, lichens and mosses com-
pared to clay soils (Kleiner and Harper, 1997). Hy-
drological processes, aggregation and soil for-
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mation can be related to biological activities (Mi-
ralles et al., 2012). Sediment and desert dusts can
aggregate with wind velocity, so in small catch-
ments, the aggregation will be done in rock cracks
(Hirmas et al, 2011). In a wider range, it improves
topography and sediment accumulation patterns,
the solid rocky surface of the desert pavement, with
a smooth topography, capture less dust (Hirmes et
al, 2011). As a result, a significant increase in the
percentage of clay in the biocrusts compared with
the bare soil can be attributed to dust capture in the
biocrusts of the soil surface.

Date :18 Dec 2017
Time :11:03:18

Signal A = SE1
Photo No. » 318

g oV
,A.'%':{: f',,d

Figure 5 The red circle in image shows that fungal heifers are attached to the soil. a) SEM of mosses; b) SEM of lichens;
) Tortula atrovirens, d) Collema sp.

4.2 The role of biocrusts in soil stability

The biological activities of cyanobacteria, mosses
and lichens have an important impact on soil ero-
sion. The biocrust formed an enhanced contact
structure composed of fine mineral particles. Early

cyanobacterial crusts become stabilized when cya-
nobacteria polysaccharides that bind the soil parti-
cles, whereas late cyanobacterial crusts achieve sta-
bilization by secreting filamentous and polysaccha-
rides (Zhang et al.,, 2016). Mosses trap dust among
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their caulidia and fix by rhizoid (Figs. 4 and 5). The
extensive connections between sand grains of the
sheath material can be seen, and multiple sheets
can often be seen attached to the same sand grain.
The polysaccharide attached clay particles. This may
be a mechanism by which cyanobacteria increase
mineral availability to themselves and vascular
plants. Positively charged macronutrients are bound
to both negatively charged clay particles and the
sheath materials; thus, they are held in the upper
soil horizons in a form readily available to vascular

plants, instead of being leached away (Belnap and
Gardner, 1993).

Cyanobacteria and lichens fix dust particles to
their polysaccharide sheaths, which become sticky
when wet (Farpoor and Krouse, 2008). Trapped dust
was thought to be important for creating a crust
rich in clay and fine silt (Fig. 4). At the lichen stage,
the crusts bind sand particles tightly with mycelium
to form a stable layer. The moss profile shows that
the moss rhizomes have kept the particles of soil
building an extremely stable surface (Fig. 5).

Full Scale 166 cts Cursor -0 012 ke (1963 cte)

Full Scale 225 ¢ts Cursor 0000 ke

Element Weight% | Atomic%
CaCO3 28.7 65.95
Sio2 216 2.13
Wollastonite RIS 3.06
Au 52.2 7.31

Element Weight% Atomic%
CaCO3 283 3845
Na (Albite) 1.3 0.92
MgO 1.15 0.77
Al203 5.76 3.48
Si02 12.17 7.07
9 Wollastonite 5.01 2.04

Figure 6 The EDS spectrum of the soil surface, along with the lichens and mosses biofilm and the percentage of its ele-
ments

Recovery or development of biocrusts makes
changes on soil stability, resulting in increased bio-
logical activity. Consistent with our study, Danin and
Ganor (1991) found calcite concentrations increased
in biological surface soil. Hu et al. (2002) explained
that changes in the numbers and species of algae
were responsible for the mineralogical component
variety in bio-crust at Shapoutou. Hyphae of lichen
and rhizoid of mosses can physically break down
quartz. Lamas et al. (1995) found that the influence
and growth of hyphae occur both horizontally and
vertically and may exceed 5 mm, mainly via inter-
granular voids. Mineral surfaces are often affected
by considerable amounts of organic covering
(Krumbein and Dyer, 1985) that are produced by cy-
anobacteria, fungi and algae as well as higher or-
ganisms that inhabit external and internal (fis-
sure/fracture) surfaces of mineral substrates (Fig. 4;
polysaccharides and the eroding effect).
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This research showed that biocrusts contribute
to mineral erosion, and after analysing the physico-
chemical properties, we found that the main prop-
erties which showed significant differences with
crust and bare soils were SOC, CaCO3; and amount
of clay.

5. Conclusion

Cyanobacteria can grow on the soil surface hence
promoting the formation of biocrusts in arid and
semi-arid areas and protect the soil against erosion
conditions. Experimental analyses indicate that key
physicochemical properties of OC and CaCOs dif-
fered between biocrusts and bare soil significantly
in terms of different types of biocrusts. In general, in
the TS, physicochemical property measurements
were higher in bio-crusted surface soils when com-
pared to the bare soil at the same depth. It is con-
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cluded that in the semiarid catchment in eastern  Acknowledgements

Iran the presence of biocrusts generally increased This work was funded by “Ferdowsi University of

the positive qyalities of'the soil. OL{I’ study rein- Mashhad” (Grant Number: 3-44201).
forces the notion that biocrusts are important for

maintaining and improving the soil conditions.

Figure 7 Cyanobacteria species identified in soil surface samples (0-5 cm) at the TS region: 1) Leptolyngbya sp.; 2) Phor-
midium sp.; 3) Komvophoron sp.; 4) Oscillatoria sp.; 5) Nostoc sp.; 6) Phormidium sp.
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ied in soil surface samples (
Planktosphaeria sp.; 6) Microspora sp.

Figures 7 and 8.

g
H

E

Table 4 Biocrusts species found in samples of TS region and playa. Detailed picture of the different cyanobacteria and green algae species are shown in
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ABSTRACT

The presented paper aims to assess the geomorphology of the Sunda Trench using the scripting cartographic
techniques of Generic Mapping Tools (GMT). The GMT presents one of the technical mapping alternatives to the
traditional GIS with well-defined scripting approaches for geomorphological mapping and scripting functionality
which enables automatization in the geomorphological studies. In this context, modelling of the geospatial da-
tasets is processing using machine learning approaches of GMT which presents fast and accurate modelling of the
unreachable regions of the Earth, the deep-sea trenches. In this case, the study focused on the analysis of the
submarine geomorphology of the selected segments of the Sunda Trench, located in the Indonesian archipelago,
east Indian Ocean, by GMT scripting environment. This research effort is situated in the context of the geomor-
phology of the Sunda Trench. The aim is to point out which differences can be identified in the slope steepness of
the cross-sectional profiles in the selected geomorphological segments of the trench in its southern and northern
parts, as distinct by their geological settings and geospatial location. The actuality of the present paper is the anal-
ysis of the variations of the geomorphology in Indonesia supported by the GMT-based automated, machine-based
geomorphological mapping, which plays an essential role in understanding of the Earth surface processes, sup-
ports managements of natural resources, provides information for monitoring and prognosis of natural hazards
and enables to predict possible changes in geomorphological evolution of the landforms.

KEYWORDS submarine geomorphology; GMT; Sunda Trench; Indian Ocean; geology; cartography; mapping

1. Introduction few of them, these include geodetic measurements
(Tregoning et al.,, 1994), aerial photo-interpretation
and terrain analysis (Van Zuidam, 1985) GIS-based
applications (Gauger et al., 2007; Bishop et al., 2012;

Various methods of geomorphological analysis have
been discussed and described so far. To mention a
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Pubellier et al., 2003), modelling slopes and trends
of the trenches (Lemenkova, 2019f, g). By far the
most effective use of cartographic approaches for
geomorphological studies is for the cross-section
profiling as demonstrating 2D transects of the study
area and depicting various geomorphic landforms
and slope steepness.

Geomorphological mapping of the submarine
features and seafloor is developing rapidly along
with cartographic instruments and tools, and com-
puter-based machine learning methods enabling
effective data visualization, modelling and mapping.
However, besides technical advances, marine geo-
morphology largely depends on using key progress
in general geosciences (geology, environment, land-
scape studies, tectonics) deriving new data and in-
formation from different frontier disciplines of Earth
sciences. Such a multidisciplinary approach is highly
advantageous for our better understanding of vari-
ous geomorphological processes recorded at the
seafloor. It also results in using different approaches
to the geomorphological assessment and various
mapping criteria.

A novelty and major asset of the presented
manuscript, which is being implemented using Ge-
neric Mapping Tools (GMT), is that it presents visuali-
zation of the submarine parts of the trench, pro-
vides methods of geomorphological modelling and
applies quantitative measurements of the depths
computations, which not only presents new data on
the Indonesian archipelago, but also gives technical
approaches that can be repeated in similar geo-
morphological studies, which has a significant asset
due to the automatization of the used cartographic
procedures. Hence, the originality of this paper con-
sists in the presented models of the Sunda Trench
using GMT, which has not been presented before in
the existing literature. Moreover, the new visualized
data on the submarine slopes of the Sunda Trench
segments can be assimilated in other studies on
Indonesian Archipelago and east Indian Ocean ba-
sin, as well as applied in the models based on other
geospatial datasets (e.g., environmental, marine bi-
ological and other thematic studies).

A motivation for developing a present GMT-
based geomorphological model of the Indonesian
region was the need for automatization techniques

22

in cartographic routines for the application of GMT
modules using more sophisticated algorithms com-
paring to the traditional GIS. The automatization
approach by GMT provides an effective means to
visualize the seafloor in geomorphological mapping,
an important surface between the geological sub-
strate and the ocean mass where a range of phe-
nomena (biochemical, hydrological, oceanological)
are controlled by the geomorphological shape of
the submarine landforms and geological character
of the seafloor. Although maps of seafloor geomor-
phology are important for a wide range of science
branches (geology, oil and gas engineering, fisheries
and marine biological mapping), the cartographic
techniques of the submarine geomorphological
maps remain a challenge due to the remote location
of the study object and the specifics of the GMT
syntax. Besides, a submarine geomorphological
mapping is strongly limited to the high-resolution
data, that is a high-resolution GEBCO/SRTM to-
pography grids.

In this context, work on the analysis and geo-
morphological modelling of bathymetric data in the
Indonesian archipelago was stimulated by the avail-
ability of GEBCO dataset. In addition to used high-
resolution datasets (GEBCO, EGM-2008 etc), the
GMT provides a cartographic methods of the geo-
morphological mapping through the significant lev-
el of the machine-based modelling and advanced
solution for graphical visualization of the datasets.
In the following parts of the paper a summary of the
regional geological settings of the Indonesian ar-
chipelago is given, followed by a description of the
GMT modelling of the topographic data, the algo-
rithms used for cartographic visualization are dis-
cussed by giving the references to the methodol-
ogy, and geospatial data retrieval through the avail-
able open source is described.

2. Study area
2.1 Geographic location

The study is focused on the Sunda Trench (also
called Java Trench in the past), the deepest oceanic
depression of the Indian Ocean, stretching 4,000-
5,000 km parallel to the Sunda Island Arc, along its
foot. Geographically, it stretches roughly in the NW-
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SE direction starting from the Andaman Islands,
along the Indonesian archipelago, Sumatra, Java,
and Lesser Sunda Islands until the Island of Timor.
Its seafloor bottom has the irregular character being
wider (up to 50 km) in its northern part and gradu-

ally becoming narrow in the southern one (up to 10
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km). In particular, the paper analyses the difference
in depths and variation in the slope steepness be-
tween the two segments of the trench: the southern
Java transect (coordinates 108.8°E 10.10°S to

113.0°E 10.75°S) and the northern Sumatra transect
(97.5°E 1.1°S to 101.0°E 5.5°S).
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Figure 1 Topographic map of the West Indonesia region basin. GEBCO 15 arc sec resolution global terrain model grid

2.2 Bathymetry

The region of the Sunda Volcanic Arc includes the
islands of Sumatra and Java, the Sunda Strait be-
tween them and the Lesser Sunda Islands stretching
between 5 and 10°S (Rahardjo et al., 1995), Fig. 1.
The depths of the seafloor in the Sunda Trench in-
crease from the northwest (-3,000 m) to the south-
east (-6,000 m), and reach its maximum at -7,209 m.
Further to the east, the short Timor Trough (-3,310
m) continues the Sunda Trench marking the bound-
ary between the Indo—-Australian Plate and the Ti-
mor Plate (Katili, 1972). It is separated by a thresh-
old from the Seram Trough at Kai Islands Arch (-
3680 m). The Sunda Island Arc has a complex topo-
graphic structure. The northwestern part of the arc

is bordered by the Andaman Sea which has a wide
shelf in the east (with depths less than 100 m) and
an oval basin in the west. The seafloor bottom of
the basin is dissected into several local troughs by a
series of the submeridional submarine uphills with
depths exceeding -4000 m in its western part.

2.3 Geomorphology

The geomorphology framework of the Sunda
Trench is largely controlled by the subduction of the
Australian plate underneath the Sunda micro-plate.
The geological processes take place in basin of the
Indian Ocean at different stages of its evolution and
influence the nature of the submarine geomorphol-
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ogy and geometric shape of the trench. The geo-
morphology of the Sunda Trench involves the parti-
tioning of the submarine relief of the terrain into
conceptual spatial entities based upon morphologi-
cal criteria, geological processes, rock composition
and structure, as well as tectonic evolution of the
plates reflected in surface features of the deep-sea
trench, and topological relationships of landforms.
The submarine geomorphology of the Sunda Trench
presents its various landforms and processes in the
deep-sea region of the Indonesian archipelago. A
variety of local landforms within the trench reflect
the action of the selected impact factors at various
spatio—temporal scales. These include such factors
as tectonic, geological and oceanological ones. The
study of the submarine landforms and processes,
which largely reflect the evolution of submarine
landscapes, has both theoretical and practical val-
ues. For example, the seafloor around the oceanic
trench includes accumulated renewable and non-
renewable resources (e.g. hydrocarbons, deep-sea
minerals), which is a practical aim in geological
studies. The environmental purpose of the subma-
rine geomorphology consists in the study of habi-
tats of marine species which is necessary for model-
ling ecosystems among others.

2.4 Tectonics

The Java-Sumatra region is notable for the com-
plexity of the tectonic processes in the active con-
vergent tectonic plate margin marked by the sub-
duction of the Indo-Australian Plate under the Eura-
sian Plate. The complexity of the tectonic setting in
the region is illustrated by the presence of three
major plates: the Eurasian, the Indian and the Aus-
tralian with the Australian Plate diving under the
Sunda Plate forming a subduction zone. The Indo-
nesian segment of the Eurasian plate has been di-
vided into three minor- and micro-plates that in-
clude the following ones: the Sunda Plate, the Ban-
da Sea Plate, the Molucca Plate and the Timor Plate.
More details about the tectonic evolution on the
region are discussed in the available publications
(Barber, 1981; Barber and Crow, 2009; Hamilton,
1977, 1978, 1979; Grevemeyer and Tiwari, 2006). The
movement of the Australian plate northwest relative
to the Wadati-Benioff zone resulted in the for-
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mation of the Sunda Trench-arc system. Local basin
depressions of the Indian Ocean formed in the east-
ern part of the Sunda Island Arc and east of New
Guinea where the structures were oriented across
the main tectonic plate movement and experienced
local rotations. As a consequence, such tectonic
processes controlling the evolution of the Indian
Ocean give rise to the different geomorphic features
as long as they pass through the different periods
of the geologic evolution.

The region of Sunda Trench was formed during
late Paleozoic (Late Permian) and early Mesozoic
(Triassic) periods as a result of the amalgamation of
the continental and arc fragments in Indochina,
Thailand, Malaysia, and Sumatra (Advokaat et al.
2018). Based on the wide distribution of the Meso-
zoic marine deposits found on the Sunda Island Arg,
there was a deep-sea basin existed between Aus-
tralia and Indochina during the Jurassic period of
Mesozoic. This basin was connected with the Pacific
Ocean in the east, and with the Tethys Ocean in the
west. The presence of this basin on the territory of
modern Sunda Island Arc points at the disintegra-
tion of the Gondwana, which occurred at the next
period of its geological development. As a result of
the seafloor expansion, the oceanic plate subducted
under the continental Indo—Australian and Eurasian
plates on the eastern border of Tethys during Creta-
ceous. During Paleogene, the rift zone of Tethys
Ocean reduced due to the northward movement of
Australia. As a consequence, its seafloor also moved
northward, being absorbed in the Wadati-Benioff
zone under the system of Sunda Island Arc. The
oceanic passage from the Indian Ocean to the Pa-
cific Ocean northward off Australia still existed at
the end of the Eocene, although much narrower.
Hence, the Sunda Trench-arc system was formed as
a result of these complex tectonic movements in
course of the geological history of the Indian Ocean
region.

2.5 Geology

The geological processes and phenomena that take
place in the bathymetric basins at different stages of
ocean evolution influence the nature of submarine
geomorphology and geometric shape of the deep-
sea trenches. Tectonic plate subduction and uplift-
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ing driving mechanisms across the Indonesian re-
gion have acted remarkably during Cenozoic (Ad-
vokaat et al,, 2018; Daly et al, 1991; Setijadji et al.,
2008; Smyth et al, 2005). The most important,
among the many geologic processes that generate
and shape the geomorphology of the slopes of the
Sunda Trench is plate subduction, which includes
bending of the oceanic lithosphere (Karig et al.,
1980). Other geological factors affecting the for-
mation of the oceanic trenches include volcanism
and sedimentation (Moore et al., 1982; Moore and
Curray, 1980; Lemenkova, 2019a, 2018). As a result
of the variety of factors, the submarine geomor-
phology of the Indonesian region was formed. Its
geomorphological features include rift valleys,
spreading ridges, local minor troughs and a Sunda
Trench. The subduction of the plate starts many of
kilometers off the trench axis, being caused by the
buoyance of the tectonic slab and the elastic nature
of the lithosphere (Caméron et al., 1980). The be-
ginning of the plate bending is noted by the outer
rise, a bathymetric high on the seaward side of the
trench (facing the Indian Ocean, opposite from the
Indonesia).

The crystalline basement surface of the Ceno-
zoic structures on the Sunda island arc almost coin-
cides with the modern bathymetry forming the two
ridges: the main ridge and the outer ridge, sepa-
rated by a longitudinal trough with depths of up to
2—4 km. The outer ridge has a steep slope to the
Sunda Trench where depths reach up to -6,000 m.
The sedimentary cover on the steep slopes of the
Sunda Island Arc is generally thin increasing only in
local depressions. The thickness of the Cenozoic
deposits exceeds 1 km on the seafloor of the Sunda
Trench (van Bemmelen, 1970). The lower seafloor
layer on the island arcs and submarine ridges, hills
and elevations at the bottom of the basin is mainly
presented by the granite and metamorphic rocks of
the continental crust, especially for the large islands,
formed as folded mountain structures. The structure
of the rocks of the Sunda Trench-arc system points
at Paleozoic schists and gneisses, other metamor-
phic rocks, granite intrusions and occasional turbid-
ite accumulation in the seafloor of the trench
(McDonald, 1977; Anikouchine and Ling, 1967).

2.6 Seismicity

The Sunda Trench is a seismically active part of the
Pacific Ring of Fire. A large number of the cata-
strophic earthquakes are recorded in the Indonesian
archipelago, which makes this region especially
prone to hazards and risks of the high seismicity
(Bellier et al., 1997; Gunawan et al., 2018, 2020; Jena
et al,, 2020a, b; Marchetti et al., 2020; Moya et al,
2020; NASA, 2018; Socquet et al., 2019; Song et al,,
2020; Yulianto et al., 2020). The seismic belt around
it connects the Alpide orogenic system and the cir-
cum-—Pacific seismic belt. A large number of cata-
strophic earthquakes are recorded and reported in
various publications (Abercrombie et al, 2001;
Pollitz et al., 2006; Sagrensen and Atakan, 2008). The
hypocentres of the earthquake surfaces are located
under the Sunda Trench and Sunda Island Arc (Nal-
bant et al., 2005) which ultimately affect the geo-
morphological shape of the seafloor (Nurwihastuti
et al.,, 2014).

The hypocenters of intermediate earthquakes
(focal depth at 60-300 km) and deep-focus earth-
quakes (focal depth >300 km) form a focal zone
with varying inclination: depth of ca. 300 km is 35°,
and depth> 300 km is up to 60°, which indicates the
fracture of the subducted oceanic plate. The mor-
phology and depth of the subducted plate are de-
fined by the earthquake hypocenters that vary along
the plate boundaries (Cardwell and Isacks, 1978).
Thus, the crust under the Sunda island arc is up to
25 km thick. It is composed of a thin layer with
seismic wave velocities of 3.9-4.7 km/s and much
more thick main layers with wave velocities of 5.1—
5.7 and 6.6-7.2 km/s typical for solid crustal rocks.
Under the seafloor bottom of the Sunda Trench the
crustal thickness decreases to 14 km with layers
having seismic velocities of 4.1 and 7.2 km/s (Litvin,
1987). More detailed studies on the seismicity and
earthquakes in the Indonesian region and Sunda
Trench area exist in the published literature (to
mention a few, Curray et al., 1977; Harjono et al.,
1991; Kieckhefer et al., 1980; Kopp, 2011; Lemen-
kova, 2020c; Fujii and Satake, 2006; Ammon et al.,
2006).
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Figure 2 Geologic map of the West Indonesia basin. GEBCO 15 arc sec resolution global terrain model grid

3. Material and Methods

Numerical methods of the data processing are re-
quired to model the specifics and reconstruct the
past Sumatra and Java tectonic movements. For in-
stance, these include geodetic and paleogeodetic
measurements (Chlieh et al., 2008), using GPS and
InNSAR measurements for estimating land subsid-
ence (Abidin et al., 2008), resolution enhancement
techniques for measuring discontinuity depth and
correlation with the morphology of the subducting
Indo-Australian slab (Dokht et al., 2018). Other ap-
proaches include, for example, reconstructed wave
heights and ComMIT tsunami modelling (Meservy et
al., 2020), method of the radiometric age determi-
nation of granitic rocks from the islands for analysis
of the geological evolution and geochronology of
west Indonesia based on the plate-tectonics con-
cept (Katili, 1973). Development of cartographic
methods is presented in works on marine mapping
and visualization (Mammerickx et al., 1976), as well
as automatization approaches in the GIS techniques
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(Schenke and Lemenkova, 2008; Klinger et al., 2012;
Lemenkova, 2019e).

The method used to perform cartographic visu-
alization, modelling and mapping is based on the
Generic Mapping Tools (GMT). The GMT is devel-
oped by Wessel and Smith (1991) and works as a
scripting toolset of modules from a shell console.
Since 1991 it has been used in geophysical and
topographic mapping and being continuously de-
veloped since then (Wessel et al, 2013). The GMT
has embedded vector shorelines and contours of
major geographical objects (rivers, lakes, border-
lands) for the World as a basis map used in this re-
search (Wessel and Smith, 1996). For example, a
group of modules (such as gmtset, gmtdefaults,
grdcut, makecpt, grdimage, psscale, grdcontour,
psbasemap, gmtlogo, psconvert and many others)
was taken together to perform topographic map-
ping by a group of sub-tasks: subset raster grid
from a raw file, to define projection, visualize, add
cartographic elements, and convert the layout out-
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put to a graphical format. All this is done sequen-
tially, in a GMT shell script consisting from a se-
quential line of codes, similar to the principle of
programming.

Technical description of the procedure is as fol-
lows. First, a subset of the ETOPO1 raster grid has
been extracted from the global GEBCO grid using
the following code: “grdcut GEBCO 2079.nc -
R105/115/-14/-5.5 -Gstj_reliefnc'. Then, the data
have been checked up (extreme and range in me-
ters) using GDAL library using the following code:
"gdalinfo st reliefnc -stats". The data for the Java
segment demonstrated the following data extent:
Minimum=-7239 m, Maximum=3063 m. The data
for the Sumatra segment demonstrated following
data extent: Minimum=-7164 m, Maximum=3403
m. The next step included making a color palette
using the following code: “gmt makecpt -Cglobe -V
-T-7239/3063 > myocean.cpt'. Afterwards, the file
was generated: “ps=crossSTJ).ps” and the raster im-
age was visualized in the given geographic extent
here example for the Java segment): “gmt grdimage
sti_reliefnc -Cmyocean.cpt -R105/115/-14/-5.5 -
IM6i -P -I+al5+ne0.75 -Xc -K > $ps’.

The next two steps included adding a color
scale by the following code: “gmt psscale -
Dg103.7/-14+w13¢c/0.4c+v+00.3/0i+m/ -
Rsti_reliefnc -/ -Cmyocean.cpt -Baf+/"Colors for
global bathymetry/topography relief  [R=-
7164/3403, H=0, C=RGB]" -10.2 -By+Im -O -K >>
$ps", and adding cartographic elements (grid, an-
notated coordinate projection and a time stamp)
using the following GMT code: “"gmt psbasemap -R
-/ -Lx13.0c/-0.5i+c50+w250k+!"Mercator projection.
Scale (km)"+f -Bpxg2fia2 -Bpyg2fial -Bsxg1 -Bsyg1
-BWESN -UBL/-5p/-35p -O -K >> $ps". The shore-
lines and plotted title were visualized using the fol-
lowing GMT code: "gmt grdcontour stj_relief.nc -R -
J -C7000 -B+t"Cross-sectional profiles of the Sunda
Trench, Java segment. DEM: GEBCO" -W0.1p -O -K
>> $ps”.

After the cartographic work has been done, the
topographic data were used to extract information
on depths/heights and model the cross-section pro-
files. This was done using the following modelling
procedure. First, the two points (start point and end
point) were selected using UNIX ‘cat’ utility, as fol-

lows: cat << EOF > trenchST).txt 108.8 -10.10 113.0
-70.75 EOF (here EOF signifies “end of file” for the
expression). Then the trench segment and end
points were plotted (visualized on a map) using the
following two chunks of code: 1) gmt psxy -R -/ -
W2p,red trenchST).txt -O -K >> $ps (plotting a line);
2) gmt psxy -R -J -5¢0.15i -Gred trenchST).txt -O -K
>> $ps (plotting start and end points). Afterwards, a
cross-track profiles were generated with the fol-
lowing parameters: 500 km long, sampled every
2km, spaced 10 km and stacked using the mean:
"gmt grdtrack trenchST)itxt -Gsti reliefnc -
C500k/2k/10k+v -Sm+sstackST)txt > tableST).txt
gmt psxy -R -J -W0.5p,yellow tableST).txt -O -K >>
Sps". The data were written in a txt file: “gmt convert
stackST).txt -00,6 -I -T >> envSTJ.ixt".

Finally, the graph has been plotted using the
following code: Plot graph (statistical median for the
profiles): "gmt psxy -R-250/250/-8500/71000 -
IX15.2¢/5¢  -Y15.5¢c envST txt -WO.5p -
Bpxa50g 100f10+/"Distance from trench (km)" -
Bpya1000gf500+/"Depth (m)" -Bsxg50 -Bsyg1000 -
Glightgray -O -K >> $ps". The median lines were
added on the graphs using the code: “gmt psxy -R -
J -W1.0p -Ey+p0.2p stackST).txt -O -K >> $ps, gmt
psxy -R -/ -W1.0p,red stackST).txt -O -K >> $ps’.
Examples of other cartographic scripting are pro-
vided in the existing papers, for example GRASS GIS
(e.g. Lemenkova, 2020a, 2020b). Comparing to
GRASS GIS, a GMT approach is facilitated by a pro-
cess division into sub-tasks and one or more mod-
ules 'responsible’ for the executing these tasks that
visualize certain cartographic elements (e.g. add
annotations, coasts, visualize raster image from a
grid, add colour legend, add information about pro-
jection, defile grid on the cartographic layout, etc.)
and solutions by sketching them out on maps. To a
certain extent, this principle can be compared to the
structure of layers in a standard GIS menu, e.g. in
the ArcGIS (Suetova et al., 2005; Lemenkova et al.,
2012; Klauco et al., 2014, 2017; Lemenkova, 2011).
The result of a GMT data processing consists of the
print-quality series of maps, geomorphological
models, and descriptive statistical analysis.

The importance of the precision and accuracy of the
raw topographic and geophysical data for mapping
has been discussed previously (Smith, 1993; Wessel
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and Watts, 1988; Stagpoole et al., 2016; Weatherall
et al., 2015). Therefore, high-resolution data were
selected as the materials for this research: the to-
pography based on the GEBCO 15-arc-second grid
(GEBCO Compilation Group 2020) which is using
SRTM basemap (Tozer et al., 2019), geoid based on
the 2.5 minute Earth Gravitation Model of 2008
(EGM2008) raster grid (Pavlis et al., 2012), vector
layers from the repository of Scripps Institution of
Oceanography (SIO), U.S., marine free-air gravity
grid (Sandwell et al, 2014; Smith and Sandwell,

1995), data on tectonic plate boundaries and
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movements, geological data on earthquakes from
the global CMT project (Ekstrom et al., 2012;
Dziewonski et al, 1981). Sediment thickness data
were taken from the GlobSed global 5-arc-minute
total sediment thickness dataset (Straume et al.,
2019). The information on the data layers, extend on
topographic range (depths) and projections were
retrieved using GDAL (GDAL/OGR contributors,
2020). The cross-section profiling was done using
'grdtrack’ module of GMT by automated digitizing
of the profile transects crossing the trench in a per-

pendicular direction in two selected segments.
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Figure 3 Sediment thickness of the West Indonesia basin. GlobSed 5 arc min grid V-3

4. Results

As a result of complex geological settings and tec-
tonic evolution, the geomorphology of the Sunda
Trench region is varying in its different segments.
The outer slope of the Sunda Island Arc has a typical
convex profile and stepped structure. The ridge of
the Sunda Island Arc is formed here by massive
submarine narrow elevations with stepped slopes. In
general, the Sunda Island Arc is formed as a double
arc stretching in a southeast direction to the New
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Guinea. The islands of Sumatra, Java and Lesser
Sunda Islands (Sumbawa and Flores and others) are
located on its inner ridge. The outer ridge is much
narrower with the small islands of Nias Island, lo-
cated off the western coast of Sumatra, and a chain
of Mentawai Islands Regency rising on its western
part. The islands of Sumba, Timor, a group of
Tanimbar Islands and Seram are located in the east
of the Sunda Island Arc (IHO-IOC, 2012). The sub-
marine ridges are separated by a longitudinal
trough consisting of the successively located narrow



Analysis of the difference in depths and variation in slope steepness of the Sunda Trench, Indonesia, east Indian Ocean

depressions, with depths gradually increasing from
the NW (-1000 to -1500m) to the SE (-3700 to -4000
m). Some more detailed descriptions of the geo-
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morphology of the Sunda region supporting this
study is given by Verstappen (2000), Curray et al.
(1982) and Karig et al. (1979).
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Figure 4 Geoid model of the West Indonesia basin. World geoid image EGM2008 vertical datum 2.5 min resolution

The seafloor bottom of the trench varies, being
different in the segments off Sumatra and Java. In
the southeast of Java, it is presented by a series of
local depressions separated by the uphills. Com-
paring to other oceanic trenches, such as Tonga,
Kermadec, Vityaz, Vanuatu, Kuril-Kamchatka
(Lemenkova, 2019b, 2019¢, 2020d), the slopes of the
Sunda Trench are generally steeper and asymmetric.
The asymmetry of the slopes is reflected in differen-
tial geometry of its oceanic and landward sides as
follows: comparing to the oceanic slope, the land-
ward slope is higher and steeper, more dissected by
the canyons and complicated by the steps and
ledges. In the Sumatra and northern Java segment,
the seafloor bottom is up to 35 km wide, levelled by
a layer of terrigenous sediments with a large ad-

mixture of volcanic material, the thickness of which
reaches up to 3 km in the north. The Sunda outer
ridge stretches up to several hundred meters in
heights, divided into two parts by a saddle along
the Sunda Trench. Some block structures and sepa-
rate seamounts rise with a height of 2,000-3,000 m
rise on its convex surface.

The main topographic map of the region is
based on the GEBCO grid (Fig. 1). The geologic data
included several categories of objects related to the
geologic settings of the Sunda Trench and Indone-
sia region: the location of trench and ridges, volca-
noes, slabs, ophiolites, tectonic plate boundaries,
focal mechanisms, showing the geological com-
plexity of the region (Fig. 2).
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Marine free-air gravity anomaly for the Sunda Trench, Java and Sumatra region
Global gravity grid from CryoSat-2 and Jason-1, 1 min resolution, SIO, NOAA, NGA.
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Figure 5 Marine free-air gravity map of the West Indonesia basin

The sediment thickness map depicts the thick-
ness of the sediment layer with isolines plotted by
each 1000 m. The highest sediment thickness can
be seen offshore the Kalimantan Island (blue, ma-
genta to purple coloured areas Fig. 3) with values
over 8,000 m, with the highest values (magenta col-
our, >10,000 m) near the Brunei area, Brunei Bay
(Fig. 3). The increased values of the sediment thick-
ness can be seen to the south-east off Kalimantan,
Sulawesi, north-west Sumatra (green to cyan col-
ours in Fig. 3), values from 3,000 to 7,000 m. That
clearly points at the higher values of sediment in the
Sumatra segment of the Sunda Trench comparing
to the Java segment, where the dominating values
are below 2,000 m (orange to red colours in Fig. 3).

The map of the geoid regional model (Fig. 4)
clearly shows the asymmetric undulation over the
study area: the higher categories of the geoid un-
dulation with values above 45 m (red colours on Fig.
4) are seen in the north—eastern part of the map in
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the north—eastern region of the Indonesia Archipel-
ago, the Celebes Sea and the Philippine Sea basin
continuing over the terrestrial area of the Kaliman-
tan and the Philippines. Comparing topographic
contour (Fig. 1) with the geoid isolines (Fig. 4), one
can see the correlation between the geophysical
fields and topographic elevations. The area to the
west of Kalimantan, Java, Sumatra and Thailand
demonstrate a gradual decrease in the geoid values
to -10 m (light orange to green colours in Fig. 4).
The regions of Sumatra and northern Thailand show
negative values decreasing further to the region of
the Indian Ocean with values below 45 m (blue to
dark blue colours, Fig. 4). As for the region of the
Sunda Trench, it shows slightly negative values of
the -30 to -10 m across the trench with a slight in-
crease in its Java segment with 0 to -5 m (light ag-
uamarine colour) comparing to Sumatra segment, -
5 to -15 m (blueish to light cyan colour), Fig. 4.
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Figure 6 Cross—section profiles of the Sunda Trench: Sumatra segment

The dominating free-air gravity values are nota-
ble for the range of -40 to 40 mGal (light aquama-
rine colour in Fig. 5). As for the regions of the Sunda
Trench, it demonstrates lower values (-40 to -80
mgGal) correlating with the physiographic isolines
of the bathymetric map (Fig. 1) which points at the
dependences between the distribution of the eleva-
tions and the geophysical anomaly fields. The high-
est values of the marine free-air gravity with >200
mGal (yellow to orange colours in Fig. 5) can be
seen over the mountainous areas on Kalimantan
and Indonesian archipelago, Sulawesi and central
Thailand. The majority of the terrestrial area of Java
and Sumatra indicate a correlation between gravity
fields and topographic patterns of the mountains
areas, Fig. 5.

The selected segments of the Sumatra and Java
of the Sunda Trench are selected, since they are
spatially distinguishable and formed under the im-
pact of different local geological settings, which in-
troduce a bias in the geomorphological shape of
the Sunda Trench and thereby present various parts
as more distinct segments. If two closely located
segments were selected, the difference in the struc-
ture of the trench would have been eliminated and
statistically less significant. Therefore, the two seg-
ments were selected as the most representative
ones. Besides, the Sumatra segment extents in a
clear north-west direction, while the Java segment
stretches in the north-north—east direction. The
comparison of these two segments of the Sunda
Trench gives the following results: the Sumatra,
which is the northern (Fig. 6) and the Java, which is
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the southern (Fig. 7) shows that Java segment has a
more symmetrical shape form while the Sumatra
segment has a clear asymmetric one-sided shape.
The Sumatra segment of the Sunda Trench has a
steepness of 57.86° on its eastern side (facing Su-
matra Island) and a contrasting 14.58° on the west-
ern part facing the Indian Ocean (Fig. 6A). The dig-
itized segment of the Sumatra transect has coordi-
nates 97.5°E 1.1°S to 101.0°E 5.5°S (Fig. 6B). The Java
segment of the Sunda Trench has a steepness of
64.34° on its northern side (facing Java Island) and
24.95° on the southern part facing the Indian Ocean
(Fig. 7A). The digitized segment of Java transect has

1000

coordinates 108.8°E 10.10°S to 113.0°E 10.75°S, (Fig.
7B). In both cases the cross—track profiles are plot-
ted as cross—track profiles 500 km long (250 km on
each flank from the trench axis), sampled every 2
km, spaced 10 km between each perpendicular line
which can be seen in Fig. 6B and 7B as a set of thin,
parallel yellow coloured lines. Despite the certain
difference in a slope steepness of both flanks of the
Java segment (Fig. 7), it has a more symmetric ge-
ometry form of the geomorphological profile com-
paring to the cross—section of the Sumatra segment
(northern part of the Sunda Trench, Fig. 6).
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The analysis of the statistical histograms (Fig. 8)
shows variation in the depths frequency as data dis-
tributed along the segments of the Sumatra and
Java segments of the Sunda Trench. The Sunda
Trench has a bell-shaped data distribution in con-
trast to the Sumatra segment which has a bimodal
(two-peaked pattern) data distribution. The Java
segment (Fig. 8, above) has a pool of data concen-
trating in the most repetitive depths in a bin with a
range -2,500 to -5,200 m. The most repetitive data
(above 700 samples) are recorded for the following
bins: -3,500 to -3,750 m (816 samples), -3,250 to -
3,500 m (811 samples), -4,750 to -5,000 m (791
samples), -2,750 to -3,000 m (743 samples) and -
3,000 to -3,250 m (721 samples). In shows that in
general, the majority of data are concentrated on
the depths at -2,500 to -5,200 m.

The Sumatra segment of the Sunda Trench
demonstrates a bimodal pattern of the data distri-
bution. Thus, in contrast with the Java transect, the
Sumatra transect has the two peaks corresponding
to the two intervals: 1) a classic bell-shaped peak at
the depths -4,500 m to -5,500 m with values above
600 samples in each bin; 2) a distinct shelf area with
a peak from 0 to -1,750 m. The data at the middle
depths (between -1,750 to -4,500 m) have a fre-
quency below 300 observation points. The most
frequent bathymetric data for the Sumatra segment
of the trench correspond to the bin of -4,750 m to -
5,000 m (2,151 samples). Comparing to the Sumatra
segment, the Java segment is in general deeper. For
instance, if comparing the depths below -6,000 m,
there are only 138 samples for the Sumatra segment
while 547 samples for Java segment. Similarly, the
middle -valued depths (those between -2,000 to -
4,000 m) have clearly less samples for the Sumatra
segment than for the Java segment (compare both
plots in Fig. 8). In context of regional topographic
variations, the comparison of the histograms points
at the difference in depth distribution for the Su-
matra and Java segment of the Sunda Trench: a bi-
modal character of data distribution for a Sumatra
segment Trench and a single-peaked data distribu-
tion for a Java segment. Similarly, it shows the dif-
ference in depths for the both segments: the south-
ern Java segment is deeper comparing to the Su-
matra segment, and the geomorphology of the Su-
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matra segment has a clear asymmetric view com-
paring to the more V-shaped Java segment.

5. Discussion

The power of GMT-based cartographic visualization,
demonstrated in this paper, is primarily relied upon
for geospatial analysis, introducing variations in two
distinct segments of the Sunda Trench with respect
to their local geologic and geophysical settings
which explain the terrain segmentation and differ-
ent slope steepness in two parts of the trench. The
paper furthermore discusses the geomorphology of
the Sunda Trench, an oceanic trench located in
eastern Indian Ocean along the Sumatra and Java
Islands of the Indonesian archipelago. The thematic
maps and geomorphological modelling were plot-
ted using Generic Mapping Tools (GMT).

The materials include high-resolution data on
topography, geology and geophysics: GEBCO 15
arc—-minute resolution grid, EGM2008 2.5 minute
Earth Gravitation Model of 2008, GlobSed global 5-
arc-minute total sediment thickness and vector ge-
ological datasets. In addition to the GEBCO-based
bathymetric data, geological, topographic and geo-
physical maps, the results include enlarged transects
for the Java and Sumatra segments, their slope gra-
dients and cross-section profiles, derived from the
bathymetric GEBCO dataset.

The presented histograms show variation in
depths along the segments of the Sumatra and Ja-
va. The Java segment has a bell-shaped data dis-
tribution in contrast to the Sumatra with bimodal
pattern. The Java segment has the most repetitive
depths at -2,500 to -5,200 m. The Sumatra transect
has two peaks: 1) a classic bell-shaped peak at
depths -4,500 m to -5,500 m; 2) shelf area with a
peak from 0 to -1,750 m. The data at middle depths
(-1,750 to -4,500 m) have a frequency <300 sam-
ples. The most frequent bathymetry for the Sumatra
segment corresponds to the -4,750 m to -5,000 m
(2,151 samples). Comparing to the Sumatra seg-
ment, the Java segment is deeper. For the depths >-
6,000 m, there are only 138 samples for the Sumatra
while 547 samples for Java. Furthermore, Java seg-
ment has more symmetrical geometric shape while
Sumatra segment is asymmetric, one-sided. The
Sumatra segment has a steepness of 57.86° on its
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eastern side (facing Sumatra Island) and a con-
trasting 14.58° on the western part. The Java seg-
ment has a steepness of 64.34° on its northern side
(facing Java Island) and 24.95° on the southern part
(facing Indian Ocean). The paper contributes to the
studies of the submarine geomorphology in Indo-
nesia.

The basin of the Indian Ocean, formed as a re-
sult of the long-term evolution is characterized by
the presence of the ocean trenches (e.g. Makran
Trench, Sunda Trench). As shown in the Fig. 3, the

eomorfologie 22 (2020)

region has a relatively thick sediment deposits (ex-
ceed of 1,000 m), extended areas of continental rise
and presence of submarine fans. Although the area
of the Sunda Trench is relatively small within the
Indian Ocean, it plays a significant role in the geo-
morphology of its basin (besides other landforms,
such as seamounts, plateau of mid—oceanic ridges),
serves as a sediment trap and a habitat for the
deep-sea fauna, and a unique geomorphic land-
form.

Sunda Trench: Sumatra and Java segments: histograms on depths
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The presented GMT techniques for mapping,
cross-section digitizing and spatial modelling are an
excellent alternative to classical GIS cartographic
methods. In particular, scripting iterative methods
enable to produce machine—plotted maps with
higher precision compared to that achieved with
hand-made methods of manual drawing in GIS. A
drawback of a console-based cartographic scripting
might be its high learning curve: a GMT does not
have a standard GUI such as in ArcGIS (Klauco et al.,
2013a, 2013b) but only a console. However, in case
of processing of the large volumes of spatial multi-
source data and a need of digitizing the cross-sec-
tion segments for bathymetric and geomorphologi-
cal mapping, scripting techniques of GMT repre-
sents an excellent solution to reduce the efforts dur-
ing cartographic routine and to increase the pre-
cision of such unreachable areas as the deep-sea
trenches.

This paper reviews the new approach of GMT
for automated processing of the high-resolution
spatial data and geomorphological modelling ap-
proaches for plotting cross-section profiles. Alt-
hough the geomorphological profiles could be
done in other GIS software (QGIS, ArcMap etc.), the
cartographical layout differs comparing with those
approaches, because the GMT-based graphics is
made using the machine approach and hence, the
cartographic representation of the plots is pre-
sented in more details and accuracy comparing to
the traditional hand-made digitizing. Through au-
tomatization, the GMT permit geomorphologists to
go far beyond traditional mapping using GIS soft-
ware, because it permits a significant degree of ma-
chine-learning approaches, a quantitative charac-
terization of the morphology of the submarine land-
forms and the integration of the thematic datasets
(geophysics, geology, sedimentation) for a deeper
analysis of the seafloor geomorphology.

6. Conclusion

The paper has given an overview of the presented
models of the two segments of the Sunda Trench
which contributes to the increase of geomorpho-
logical knowledge of this specific region of the In-
dian Ocean, with emphasis on the Java and Sumatra
segments, spatial distinct and differing from each

other. The presented GMT methodology has ex-
tended the cartographic application of the scripting
methods for geomorphological modelling by in-
cluding code snippets, and also inserted the exam-
ples of the code with a GMT syntax. The interaction
of the submarine geomorphology with other set-
tings in the study area (geology, sediments, geo-
physics) results in their impacts on the actual geo-
morphological landforms in the submarine part of
the Indonesian archipelago and explains slope vari-
ations in the northern and southern segments of the
trench. The article also discussed in general details
the regional settings of the study area that include
effects of seismicity and geophysical instability
which also affect the landforms in various parts of
the trench.

The results from the geomorphological models
of the two segments regarding the slope steepness
and bathymetric variability agree with assumption
that the geologic settings and topography is largely
reflected in the geomorphological form of the
trench. Apart from the fact that that Java segment
has a more symmetrical shape form, while the Su-
matra segment has an asymmetric one-sided shape,
it was pointed out that their steepness vary accord-
ingly. The effectiveness of the GMT has also been
demonstrated: comparing to the GMT, usual tradi-
tional GIS software is not effective for modelling of
the GEBCO grid due to the large dataset of GEBCO
(11,72 Gb for the GEBCO_2019.nc in a NetCDF for-
mat), while the GMT enables to effectively subset
the necessary region and process the data subset
effectively, precisely and timely. In view of this, the
GMT presented an effective cartographic solution
for processing big data in geomorphological mod-
elling.

The submarine geomorphology of the oceanic
trenches is formed as a result of the complex inter-
actions between the processes of the tectonic plate
subduction, geologic setting of the region and geo-
dynamic. As a structural part of the ocean seafloor
topography, the evolution of the oceanic trench
reflects these changes, which are mirrored in its ac-
tual shape (Lemenkova, 2019d). This suggests that
submarine topography has mainly a dynamic char-
acter, being strongly influenced by both the previ-
ous geologic evolution and current external geo-
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physical and geodynamic factors. The complexity of
the natural phenomena and the connectivity and
responses between various geological, geomorphic
and climate factors are discussed previously (Moore
et al., 1976; Kuhn et al, 2006; Widiyantoro et al.,
2011).

The increased availability of high resolution
grids (GEBCO, EGM2008, SRTM) enables to better
distinguish the genetic origin of the seafloor land-
forms. Using datasets with a globe coverage allows
better understand the context of the submarine ge-
omorphological systems of the oceanic trenches in
context of their regional geophysical setting, geo-
logical development and tectonic history. Needless
to say that this progress has been facilitated by a
rapid development of the machine learning tech-
niques, data science approaches and efforts in open
data repositories by SIO and GEBCO. Last but not
least, the progress in the computer hardware and
memory enables to process big datasets for the ge-
omorphological mapping (e.g. original GEBCO grid,
11,72 Gb).

The geomorphological mapping strongly de-
pends on the input data quality and resolution.
Thus, the bathymetric data can vary in terms of pre-
cision e.g. GEBCO 15 arc-second data acquired for
visualizing seafloor versus regional-scale compila-
tions from ETOPO1, ETOPO2 or ETOPO5 with 1, 2
and 5-minute resolution, respectively. Therefore, the
quality of the initial bathymetric grids facilitates the
delineation of the geomorphological features in the
output maps. In particular, it is true for the semi-
automated techniques, as demonstrated by the
GMT cross-sectional profiling. Higher-resolution
topographic raster grids increase the overall quality
of the output geomorphological slope profiling. In
contrary, poorer resolution cannot ensure the ap-
propriate results in slope modelling. As mentioned
before, this research is based on the 15 arc-second
resolution topographic GEBCO grid, which ensured
the quality and the precision of the results.

The automated data processing approaches of
GMT enables time-efficient, precise and accurate
cartographic visualization and geomorphological
modelling using large data volumes, which now re-
places the error-prone traditional, biased, manual
methods of data interpretation. Besides, certain
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GMT modules (‘pshistogram’) provide statistical
methods of data processing and descriptive statisti-
cal analysis. Automated methods of the machine
learning provided by GMT, as demonstrated in this
paper, significantly reduce mapping subjectivity,
labour time and mistakes. Human interpretation can
be reduced to the interpretation of the layout out-
puts and writing the script. The geomorphological
interpretation of the landforms can also be used for
the additional description of natural complexity and
analysis of the correlation with information of the
geological and tectonic evolution and geophysical
settings of the deep-sea trench. This paper contrib-
uted to the regional studies of the Indian Ocean, the
geomorphology of the oceanic seafloor and meth-
odological developing of the cartographic ap-
proaches in geomorphological mapping.
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ABSTRACT

The last three decades have marked an unprecedented urban expansion of the city of Cluj-Napoca, leading to
strong anthropogenic influences on the natural environment and important changes in the land-use. Due to the
specific morphology of Cluj area, characterized by restrained plane surfaces, which are insufficient to support the
urban expansion, more and more territories with slopes between 5°-26° are used for constructions. These areas
are marked by high risks of mass movements due to their specific geological and geomorphological characteris-
tics, therefore the present study proposes a more detailed and complex GIS and remote sensing analysis of Cluj—
Napoca's most affected area by urban sprawl, in order to highlight the main changes of the city and the conse-
quences of the human actions. One of the most used radar interferometry techniques (InSAR) was applied to de-
tect land deformations that can threaten the infrastructure and the population. Sentinel-1B SAR imagery was pro-
cessed by DInSAR methodology, resulting in a land surface deformation map, which represents an important sup-
port in generating a predisposition assessment. Based upon this evaluation, we concluded that the most predis-
posed neighbourhoods (from the study area) to active land deformations are the peripheral ones, as following:
Dambul Rotund, Buna Ziua, Europa, Manastur, West Iris and Faget, proving that human activity and the geological
setting are the main triggering factors of the discussed phenomenon.

KEYWORDS GIS, remote sensing, Cluj-Napoca, land surface deformation, urban planning, InSAR, DInSAR

1. Introduction rock) under the force of gravity, in downhill or
downward direction, inducing land surface defor-

Mass movement or mass wasting represents the . ; .
g rep mations (natural or anthropic hazards), like land-

displacement of materials (snow, ice, soil, debris,
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sliding, subsidence, soil creeping, rockfalls, mud-
flows, debris flows and avalanches (Coleman and
Prior, 1988; Griffiths, 2018; Chen et al., 2019). These
processes can cause severe social and economic
damages, therefore monitoring, mapping land sur-
face deformations with different up-to-date Earth
Observation methods and technologies becomes
essential. Producing vulnerability, susceptibility and
predisposition frameworks are fundamental to re-
duce the impact of damage (Sun et al., 2015), thus
helping the improvement of urban planning for fu-
ture expansion strategies.

In the past decades, many studies and investi-
gations used remote sensing techniques in order to
examine and investigate mass movement processes,
revealing spatial and temporal information and da-
ta. The InSAR satellite-based technique (Interfer-
ometric Synthetic Aperture Radar) is a widespread
method to measure mass movements and dis-
placements of the Earth's surface, with millimetric
accuracy (Fiaschi et al., 2017, Wempen, 2020). Ga-
briel et al. (1989) were the first researchers that ren-
dered the theoretical approach of InSAR and suc-
cessfully generated a map with small elevation
changes. Based upon their research, Massonnet was
the first who applied this technique to detect
ground motion (Massonnet et al., 1993; Massonnet
et al, 1995). The technology was widely and effi-
ciently used in the past years to quantify geological
hazards, like volcanic and seismic activity (Peltier et
al, 2010; Antonielli et. al., 2014; Chini et al., 2015)
and different types of land displacements, like sub-
sidence, debris flow, soil-creeping and landslides
(Carnec et al., 1996; Galloway et al. 1998; Cascini et
al, 2010; Abidin et al., 2013; Heckmann et al., 2014;
Calo et al., 2014; Solari et al., 2016). Moreover, due
to constant development in precision and accuracy
of satellite imagery and remote sensing techniques,
the InSAR method became more efficient, budget-
and time—friendly (in comparison to the classical
methods) to generate multitemporal measurements
of large sections of areas (Cascini et al., 2010; Ullo et
al, 2019). Numerous studies successfully used SAR
with GIS techniques to investigate and map vulner-
able urban areas to different types of terrain dis-
placements caused by geohazards, like landsliding,
subsidence and volcanic activity, taking into account
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social and economic dimensions (Béjar-Pizarro et
al., 2017; Solari et al., 2018; Ezquerro et al., 2020). In
these studies, infrastructure damages were effec-
tively approximated and vulnerable buildings maps
were generated. Susceptibility frameworks were also
produced by using radar technology, predicting
highly prone areas to different mass movement
types based on multiple environmental factors
(Zhao et al., 2019; Bianchini et al., 2019; Jiaxuan et
al., 2020).

The interferometrical SAR techniques can be
grouped into two different classes: DInSAR (Differ-
ential InSAR) and PSI (Persistent Scatterers Interfer-
ometry) method. The PSI technique was created be-
cause DINSAR is only capable of measuring the dif-
ferences and shifts between two points (two im-
ages) in time, it does not possess the ability to dif-
ferentiate the linear motion from the nonlinear one,
and it also has its limitations caused by atmospheric
or signal disturbances and changes in reflections of
objects (Ostir and Komac, 2007; Fiaschi et al., 2017).
Therefore, the PSI approach is able to overcome the
above—-mentioned limitations by using highly corre-
lated dominating scatters (Sun et al, 2015) and can
also be grouped into two main classes: PSInSAR
(Permanent Scatterers InSAR) and Small Baseline
Subset (SBAS). PSINSAR is capable to determine,
over a longer period, coherent radar targets (Ostir
and Komac, 2007), whereas SBAS measures the dis-
placements of distributed scatterers by combining
radar images with small baselines (Fiaschi et al,
2017), moreover, these methods were successfully
used by Ferretti et al, 2001; Lanari et al., 2004;
Lauknes, 2010; Solari et al., 2016; Ma et al,, 2016;
Solari et al., 2018).

The DInSAR technique can be suitably applied
on large areas to measure surface displacements,
offers a quick look of their apportionment, gener-
ates continuous data and detects slow deformations
(Ostir and Komac, 2007; Dalla Via et al, 2012;
Wempen, 2020). The major advantage of the DIn-
SAR method compared to any other interferomet-
rical techniques lies in the actual results, which rep-
resent a continuous surface, unlike in the other
techniques, where the resulted maps contain only
point clouds, making them discontinue (Ostir and
Komac, 2007). The DInSAR method utilizes fewer
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computing resources and only requires two images
for the processing algorithm to work. Furthermore,
this technology offers qualitative information on
land deformations and movements due to its re-
duced topographic components of the phase, which
are based on an external DEM, and can be gener-
ated with even fewer SAR data acquisitions (Fiaschi
et al., 2017). Temporal decorrelation becomes an
important issue in DINSAR processing, as it can
cause difficulties when comparing radar imagery
(Ostir and Komac, 2007). This major problem can be
surpassed by pairing imagery over very short peri-
ods of time and by choosing high coherence areas
(urban and non-vegetated, bare areas) (Ostir and
Komac, 2007; Wempen, 2020). The Sentinel-1B SAR
imagery is very suitable for DINSAR processing due
to its very short temporal baseline (12 days)
(Pawluszek-Filipiak and Borkowski, 2020), moreover,
the satellite's sensor operates on C-band, which has
relatively good performance and results over built-
up areas and bare/rock surfaces (snow—free) (Her-
rera et al., 2013).

On a national scale, in Romania, the InSAR tech-
nigue is relatively new and was used to detect land-
slide movements in lasi (Necula et al, 2017) and
also to measure the subsidence rate in Bucharest
(Poncos et al., 2014; Patrascu et al., 2016; Armas et
al, 2016; Danisor and Datcu, 2018; Gheorghe et al.,
2020).

In this research, social and economic dimen-
sions were not taken into account due to the com-
plexity and volume of data acquisition. A particular
condition (in our case, the active land deformations
from the past year) was taken into consideration,
which can likely describe the behaviour (predisposi-
tion) of the study area qualitatively. Therefore, we
did not accentuate susceptibility frameworks in this
study, because our scope is to describe and quantify
further possible displacements of a geomorphologi-
cal event's surrounding area by using a single pre-
existing condition.

Therefore, our exploratory research aims to dis-
play a potential usage of Synthetic Aperture Radar
Interferometry (InSAR) and to provide an up-to-
date, fast and advanced methodology to investigate
Cluj-Napoca city’'s most active land surface defor-
mations that have occurred in the last year and were

most affected by urban sprawl. Ground displace-
ment in built-up areas can have a great impact on
the development and land-planning strategies of
cities, especially if they are human-induced (Armas,
2017), therefore, our main objective is to gain a
more profound knowledge of the geographical po-
sitions and velocities of the landmass displacements
analysed between 2019 and 2020, using radar data.
Also, by generating a predisposition map based on
the modified methodologies of Gligor et al. (2012)
and Ciampalini et al. (2016), we can describe how
reliable an area can be for construction works.
Moreover, by combining GIS with remote sensing
techniques, we can delineate the neighbourhoods,
within the study area, which are predisposed to land
surface displacements.

2. Study area

Cluj-Napoca is placed in a hilly environment in the
central-western part of Transylvania, over the
Somesul Mic and Nadas River valleys, at the inter-
section of the 46°46'N parallel with the 23°36'E me-
ridian. In the northern part of the municipality, the
Sfantu Gheorghe and Lomb Hills are situated, the
western part occupies the Hoia Hill, and the south-
ern side includes a part of the Feleacului and Ga-
rbaului Hills (Fig. 1). In the past 30 years, the city
limit has extended by 158%, therefore many con-
structions were built on the steeper slopes of the
surrounding hills with 5°-26° inclination (Fig. 2),
leading to a rapid trigger of land surface defor-
mations. As an area of interest, we have selected a
part of the city, which is the most affected by urban
sprawl and built-up area extension. The geograph-
ical location of the study area is shown in Fig. 1.
Moreover, in the future, we intend to conduct fur-
ther DINSAR studies for the remaining part of the
municipality, so we can compare the displacement
values of the two distinct parts of the city described
above, in order to determine the behaviour of de-
formations on two different geological structures.
This split is also a very resource-oriented method,
allowing us to use less computing power to achieve
the desired accuracy of the displacement values.

The study area represents the most populated
and dynamic part of the city, it incorporates the
most important points of interest and has a higher
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built-up rate compared to the remaining part. The
territory is heavily influenced by anthropogenic and
peri-urban activities, it is very dynamic in terms of
buildings and road construction, land-use and land-
cover changes (deforested areas, pastures and or-
chards turned into built-up areas), determining an
increase in geological and geomorphological haz-
ards.

The description of the geological setting of the
study area was compiled after Baciu and Filipescu
(2002) and Poszet (2017). The geological structure
of the study area includes Paleogene (Late Eocene
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and Early Oligocene) and Neogene (Early— and Mid-
dle-Miocene) sedimentary formations, partially cov-
ered by Quaternary (Pleistocene and Holocene) de-
trital deposits. Analysing the lithostratigraphic units
(detailed in Fig. 3) and the geological map (Fig. 4) of
the study area, it can be observed that the most
predominant formations (Brebi, Moigrad and Dancu,
Corus and Chechis, Feleac, and Iris Formations),
aside from the Dej Tuff complex consist of marls,
clays, sands and sandstone, making the study area
very susceptible to different mass movement/ land
deformation processes.
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Figure 1 The geographical position of Cluj-Napoca city (in Europe and Romania) and the extension of the study area

The architecture of the strata is generally mono-
clinal in the study area, and features large folds to
the east. Some large faults affect the general struc-
ture, the most conspicuous of them cutting the
Paleogene deposits on the eastern side of Cetatuia
Hill (Fig. 4).

The geomorphological structure is highly influ-
enced by the above-described geological for-
mations, by the periglacial conditions of the Qua-
ternary, river erosion and anthropogenic effects
(Poszet, 2017). Fluviatile and superficial deposits
were formed during the Quaternary, with the seven
terraces of the Somesul Mic River as the most no-
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ticeable elements. The Pleistocene displacements,
the periodical thawing and the recent (Holocene)
and Pleistocene landslides have relocated the entire
mass of sediments on lower positions of the slope.
In the Holocene, the intense anthropogenic activi-
ties, like deforestation, overgrazing and construction
works have triggered slope failures and thus many
land mass movements have been reactivated
(Kerekes et al., 2018). The majority of these mass
movements are landslides (both rotational and
translational), soil-creeping, land subsidence (espe-
cially near the floodplain / on calcareous for-
mations) and earth slumps (on very steep slopes).
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Figure 3 The lithostratigraphic units of the study area (after Poszet, 2017)

3. Data and methods

The approach applied in this study consists of two
main procedures: the generation of the land de-
formation map from the interferometric products,
and the delineation of the predisposed areas. In

order to achieve the final maps, two specific GIS
and remote sensing software products were used:
SNAP 7.0 (developed by the European Spatial
Agency) and ArcGIS 10.5.
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3.1 Datasets

The deformation map was derived from Sentinel-1B
SAR imagery, which characteristics can be seen in
Table 1. The SAR imagery was acquired from the
European Space Agency (ESA) and has a ground
resolution of 5 m in the range direction and 20 m in
the azimuth direction. In this study, we used 11 pairs
of radar images, acquired between September 2019
and August 2020, with a descending orbit and verti-
cal polarization. To reduce the spatial decorrelation,

we used data with a small temporal baseline (ap-
proximately 1-month interval between two SAR im-
ages).

In order to emphasize the extension of the ur-
ban sprawl of the area under investigation, we also
used Landsat 5 TM from 1991.06.19 and Landsat 8
OLI from 2020.06.27, imagery acquired from the U.S.
Geological Survey.
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Figure 4 The geological map of the study area (after Poszet, 2017, scale 1:5000)
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Table 1 The acquired Sentinel-1B SAR imagery characteristics

Pairs Date Elapsed time Baseline (m) Orbits Average incidence
(days) angle
1 2019.09.04 — 2019.10.10 36 -15.00 17883 — 18408 47
2 2019.10.10 - 2019.11.03 24 -19.40 18408 — 18758 47
3 2019.11.03 - 2019.12.09 36 -68.90 18758 — 19283 47
4 2019.12.09 - 2020.01.14 36 -36.00 19283 - 19808 47
5 2020.01.14 — 2020.02.07 24 -72.28 19808 — 20158 47
6 2020.02.07 — 2020.03.02 24 -187.21 20158 — 20508 47
7 2020.03.02 — 2020.04.07 36 -160.12 20508 — 21033 47
8 2020.04.07 — 2020.05.01 24 -130.54 21033 - 21383 47
9 2020.05.01 — 2020.06.18 48 54.06 21383 - 22083 47
10 2020.06.18 — 2020.07.24 36 -3.67 22083 - 22608 47
11 2020.07.24 — 2020.08.29 36 21.18 22608 — 23133 47

3.2. Methods

In this study, we chose to render the displacement
map using DINSAR methodology owing the fact that
the PSI technique utilizes advanced computer re-
sources, thus becoming time-inefficient. Moreover,
using the Differential Interferometry SAR technique,
the resulted velocity map represents a continuous,
grid—based surface, whereas the output of the PSI
model is vector-based and shows discontinuous
data. Therefore, by using the DINSAR method, data
interpretation and spatial analysis becomes easier.
The DInSAR methodology is suitable for dynamic
process analysis (Ullo et al., 2019). It is based on
measuring the phase shift between two successive
SAR images which must be acquired (in different
time periods) over the same location and their or-
bital parameters are well known (Ostir and Komac,
2007; Fiaschi et al.,, 2017). By processing these two
SAR images, an interferometric phase (phase differ-
ence between the two images) is obtained, which is
used to calculate the relative ground deformations
(Farova et al, 2019; Fiaschi et al., 2017). The interfer-
ometric phase can be described with the following
formula (Hanssen, 2001, Ullo et al., 2019):

A = Adflat + Adheight + A¢displacement +
Apatmosphere + Adnoise (1

where A¢flat represents the phase of the flat-Earth,
Apheight means the residual topography induced
phase, A¢displacement stands for the displacement
measured along LOS (line of sight — contains both
vertical and horizontal displacement) between the
observations, Apatmosphere shows the delay of the

electromagnetic waves caused by the changes in
the ionospheric dielectric constant and A¢noise
stands for the decorrelations/residual noise.

The DINnSAR method aims to eliminate all the
phase contributions mentioned above, aside from
displacement, therefore obtaining the relative
ground deformations (Hanssen, 2001).

Data processing was carried out based on the
classical methodology described by Ullo et al., 2019,
as follows:

— Image Coregistration: the SAR images must
be aligned to be able to be compared pixel-by-
pixel for difference detection.

— Interferogram Formation: the flat-Earth phase
is removed by using orbital information and
metadata.

— Multilooking and Phase Filtering (Goldstein
filtering): these steps are used to remove speckle
noise and it also enhances the accuracy in the
course of the unwrapping step.

— Topographic phase removal: using an a priori
available DEM, the topographic and geometric
phase contribution can be eliminated.

— Phase Unwrapping: this step is carried out us-
ing the SNAPHU plugin; the algorithm is developed
by Stanford University. Phase unwrapping resolves
the ambiguity of interferometric phase (cor-
responding to multiples of |2m|), therefore it is re-
placing the rectified multiples of |2m| of each pixel.
After these steps, the LOS displacements are ob-
tained.

This methodology was applied on the above
mentioned 11 pairs of SAR images (consecutive
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DInSAR) and they were all summed up in order to
generate the final displacement map.

After obtaining the deformation map, we ap-
plied the approaches used by Gligor et al. (2012)
and Ciampalini et al. (2016) in order to estimate, for
the past year, the areas with great predisposition
rates to land surface deformations. In addition to
these methodologies, we introduced a change in
the approximation of the predisposition rates by
using weighted area values, therefore we associated
the 5 LOS land displacement classes (obtained by
natural break distribution) with the following
weights: 0 —(0m + 0.01m); 1-(-0.03m +0m), 2 -
(-0.05 m + -0.03 m) and (0.01 m + 0.05 m), 3 -
(0.05m + 0.10 m) and (-0.07 m + -0.05 m), where 0
means relatively stable surface, 1 stands for slow
deformations, 2 represents medium speed mass
movements and 3 stands for relatively high velocity
land deformations. In order to estimate the predis-
position and the sensitivity to further displacements
of a geomorphological event's surrounding area, we
divided the deformation map into square cells, each
containing areas with different displacements and
weight values. The average area weighted values
formula was used in order to estimate the predispo-
sition for each cell:

P=Y" (Aai/A)* W, (2)

where, P represents the predisposition estimation
value of a cell, Adi represents an area from a land
displacement class, Ac is equal to the cell area, Wi
means the weight of the respective land displace-
ment class and n is the number of displacement
areas within the cell. The results are between 0 and
3, representing the same deformation scales pre-
sented above.

To obtain the best fit, we tested the above-
mentioned approach on different cell sizes, on 100
x 100 m and 200 x 200 m, and we were able to es-
tablish different technical purposes for each scale.

The urban sprawl is an important factor which
influences the land deformation; therefore, the ex-
pansion of the investigated area was emphasized
using the BU (Built-up) Index based on Landsat im-

50

agery. This index can be calculated with the follow-
ing formula (Chunyang et al., 2010):

BUI=NDBI-NDVI 3)
where,

NDBI (Normalized Difference Building Index) =

Near Infrared band — Shortwave Infrared band @)

Near Infrared band + Shortwave Infrared band

NDVI (Normalized Difference Vegetation Index) =
Near Infrared band — Red band (5)

Near Infrared band+Red band

The resulted map helped us to identify different
expansion tendencies and by crossing it with the
predisposition estimation, we were able to calculate
the percentage of the predisposed areas.

3.3. Validation

After generating the final predisposition map, the
next step is to evaluate our estimates. Field data and
measurements are not available due to the fact that
many terrain deformations occurred on private
properties or on inaccessible areas, therefore, we
have used the field validation method.

4. Results and discussion

By using the consecutive DINSAR method on all the
11 pairs of SAR imagery, the perpendicular and
temporal baseline values remained low, therefore
avoiding temporal and spatial decorrelation. Due to
this methodology, the final displacement (defor-
mation) map (Fig. 5) is capable of showing small,
millimetric deformations. The resulted map suggests
that high displacement values (which highlight the
magnitude of the phenomena) appear near the
steeper slopes, whereas low LOS values appear on
the floodplain and terraces of the Somesul Mic Riv-
er, confirming that the stable part of the city is rep-
resented by the before mentioned areas. In order to
understand the distribution of high LOS velocity
values, the geology of the territory must be ana-
lysed together with the complex urbanisation pro-
cesses.
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Figure 5 The deformation map of the study area based on DINSAR measurement

The urban sprawl phenomenon of the study ar-
ea can be investigated by looking over the BU Index
map (Fig. 6), therefore observing that over the last
30 years the built-up area has increased by ap-
proximately 32%. Moreover, this expansion mainly
occurs in the northern (Lomb Hills), western (Hoia
Hill), and southern (Feleacului Hills, Faget, Buna Zi-
ua, Europa) parts of the city, towards areas with
steeper slopes, where new constructions have been
built, and the LOS values are very high (-0.07 m and
0.10 m). Moreover, these slopes are characterized
by sandy-clayey formations. Thus, besides the geo-
logical and geomorphological setting, we deduced
that the land deformation pattern from the last year
is highly influenced by anthropogenic factors, hence

the city's built-up area tendency and expansion be-
comes compromised.

The aim of the predisposition map, which is
generated by using the LOS velocity values, is to
gain a clearer and more qualitative knowledge of
the pattern and concentration of land deformations.
We rendered two different predisposition maps on
two different scales: 100 x 100 m and 200 x 200 m,
respectively (Fig. 7). We chose these two values be-
cause they represent an average area of construc-
tion. By comparing these two maps, it can be ob-
served that the further the scale is increased, the
more the cell values are being merged to the
neighbouring ones, often changing their weight to-
wards lower values. Based on this remark, we con-
cluded that the 200 x 200 m map offers an overall
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view of the predisposition of the study area, where-
as the 100 x 100 m becomes more precise for tech-
nical works. It is very important to study the sur-
roundings of a mass movement because it can be a
potential disruption factor to an even bigger scale
and area than itself, if the slope stability is damaged.
The generated predisposition maps must become
reliable, therefore field validation activity was per-
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formed based on the methodology described by
Righini et al. (2012). During this process, the maps
described above were compared to the actual field
conditions. Deteriorated buildings, damaged roads
and landscapes represented hard evidence of land
surface deformations in correspondence to the
highest values of the predisposition map.
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Figure 6 The built-up area evolution of the study area based on the BU Index

During the field survey, we observed that the
southern, western and northern part of the study
area is affected by landslides, soil-creeping and
earth—slumps which correspond with the very high
predisposition values of the map. As examples, a
classical issue of mass displacement can be ob-
served on Dragalina Str., which is located on
Cetdtuia—Hoia Hill (Fig. 8). A continuous 10-year
movement of a landslide up to present, caused by
land cover change and construction works can be
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clearly observed. The mentioned location is very
unsafe for construction and the reactivation of the
landslide becomes a continuous and commonly
known issue. A similar reactivation example can be
seen on Taietura Turcului Str. (Cetatuia—Hoia Hill)
caused by the lack of terrain stability, but also influ-
enced by excavations, vibrations and construction
works (Fig. 9). Attempts to mitigate the reactivation
of the mass movement have also been done, but,
unfortunately, the mesh / material that was de-
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signed to hold the terrain is in a constant state of
degradation, presenting important risk of collapse.
Severe road and construction damages appeared in
multiple locations of Cluj-Napoca. An example can
be seen on Fig. 10 where Uliului Str. (Grigorescu
neighbourhood) was reinforced several times, but
due to the local particular conditions, it is still under
risk of sliding. Also, in the same area, many cracked
houses were stabilized with alternative, improvised

methods, like iron fences or concrete structures (Fig.
11), but unfortunately, new fractures still appear
every year.

Therefore, throughout the field validation, we
could observe a prominent correspondence be-
tween high terrain deformation predisposition val-
ues and the cracks on the buildings and roads,
which indicates a very good reliability of the gener-
ated map.
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Figure 7 The study area’s predisposition map on different scales (Left: 100 x 100 m; Right: 200x200 m)

Figure 8 The reactivation of mass movements on Dragalina Str., Grigorescu neighbourhood (A: the area under dry con-
ditions; B: mass movement reactivation due to constructions and high water content in soil; C and D: the continuous
mass movement) (source of Fig. 8A and 8C: Poszet, 2017)
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Figure 9 Human induced land deformation on Taietura Turcului (Hoia Hill), between Grigorescu and Dambul Rotund
neighbourhoods (A: slope before excavations; B: the excavation process has disrupted the slope stability; C: concrete
structures have been built in order to block the mass movements; D: the material that was designed to hold the terrain is
degrading)

Figure 10 The restoration of Uliului Str., Grigorescu neighbourhood (Left and middle: large fractures on the street; Right:
the consolidated road which is still under risk of sliding)

Figure 11 Attempts to repair cracked buildings (Left: alternative concrete structures used to stabilize the building; Right:
improvised methods used to hold a house together)

of the remaining buildings are characterized by
high, 7.95% by moderate and 7.48% by low predis-
position rates. With the same methodology, we
could calculate the percentual contribution of each
predisposition class for each neighbourhood, as
shown in Table 2.

After the validation process, some calculations
based upon the 100 x 100 m map were rendered.
By crossing the predisposition map with the total
built-up area, we concluded that 82.42% of the
buildings are constructed on safe areas, but 2.15%
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Table 2 Percentual contribution of each displacement class

Neigbourhood No Low (1) (kmp) Moderate (2) High (3) (kmp) Total area
predisposition(0) (kmp) (kmp) (kmp)
Andrei Muresanu 1.91 (97.8%) 0.04(2.2%) 0 0 1.95
Bulgaria 2.05 (98.08%) 0.04(1.92%) 0 0 2.09
Buna Ziua 0.98 (59.03%) 0.48 (28.92%) 0.20 (12.05%) 0 1.66
Centru 0 0 0 0 342
Dambul Rotund 6.11 (87.80%) 0.82 (11.78%) 0.02 (0.28%) 0.01 (0.14%) 6.96
Europa 0.33 (30.84%) 0.15 (14,02%) 0.59 (55.14%) 0 1.07
Faget 0.75 (6.72%) 4.73 (42.43%) 5.12(45.92%) 0.55 (4.93%) 11.15
Gheorgheni 3.51(89.20%) 0.38 (9.66%) 0.04(1.02%) 0.005 (0.12%) 3.935
Grigorescu 2.95 (84.94%) 0.43 (12.38%) 0.09 (2.60%) 0.003(0.08%) 3.473
Gruia 2.46 (97.23%) 0.05 (1.98%) 0.02 (0.79%) 0 2.53
Iris V 3.42 (50.60%) 2.33 (34.47%) 0.88(13.01%) 0.13 (1.92%) 6.76
Intre Lacuri 1.97 (93.80%) 0.13(6.20%) 0 0 2.10
Manastur 3.008 (70.48%) 0.44 (10.31%) 0.82 (19.21%) 0 4.268
Marasti 2.38 (99.96%) 0.0008(0.04%) 0 0 2.3808
Plopilor 0 0 0 0 1.10
Zorilor 2.07 (98.57%) 0.03(1.43%) 0 0 2.10
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Figure 12 The path of the city's future bypass belt
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In order to determine a predisposition ranking
between the neighbourhoods, we calculated a
weighted average from each neighbourhood'’s per-
centage contribution (the weights and the percent-
age contribution can be seen in Table 2). The results
indicate that the most stable parts of the city are the
Centre and Plopilor neighbourhood. This can be
explained by the fact that these two areas are al-
most entirely built on the lower terraces and the
floodplain of Somesul Mic River. The moderately
predisposed areas are the following: Marasti,
Zorilor, Gruia, Andrei Muresanu, Bulgaria, Gheor-
gheni, Grigorescu, intre Lacuri. This sequence is rel-
atively correct, a significant part of these territories
was built on terraces, but the remaining parts of
them are characterized by steeper slopes, as for ex-
ample Zorilor, Gruia and Grigorescu neighbour-
hoods. intre Lacuri and Gheorgheni neighbour-
hoods show land deformations near some lakes.
Also, the Eastern part of the Gheorgheni neigh-
bourhood is affected by new construction works,
which explains the presence of the sensitive areas.
The most predisposed neighbourhoods, Dambul
Rotund, Buna Ziua, Europa, Manastur, West Iris and
Faget are showing very steep slopes, intensive an-
thropogenic influences and land-use change. The
geological constitution of these terrains, mainly rep-

5. Conclusions

The InSAR technique represents a useful method to
measure terrain deformations, with millimetric ac-
curacy and also presents a wide range of applicabil-
ity in different domains, like engineering and urban
planning.

In this study, the DInSAR model was applied on
11 pairs of SAR images to identify and map the land
surface displacements which occurred in the last
year in the urban and peri-urban area of Cluj-Na-
poca. The unorganized expansion of a city caused
important changes in the landscape, leading to nu-
merous mass movements, mainly caused by con-
struction works, excavations, vibrations and land-
use and cover change. By using this consecutive
Differential Interferometry SAR method, we avoided
decorrelation and became capable to reveal small
movements that cannot be observed by simple ob-
servation. The DInSAR is a cost-effective method

resented by an alternation of sands, marls, and
clays, also increases the predisposition to mass
movements. Therefore, a detailed analysis of the
geological structure, combined with the geomor-
phological features is important in understanding
the reliability of an area for construction works in
order to propose appropriate measures to avoid
land surface deformations and their negative ef-
fects.

Due to the particular geologic and geomorphic
features of the city of Cluj-Napoca, it is more and
more difficult to find convenient locations and safe
areas to build on. Very often, new major infrastruc-
ture projects need to cross zones predisposed to
mass movements. One example is the new bypass
belt project (Fig.12), which is meant to solve the
road traffic problem within the urban area, and to
ease the access to different parts of the city (PCJ,
2019). This is a technical and land planning strategy
example in which our estimation map can be ap-
plied. According to our interpretation, the predispo-
sition of this road to mass movements will be high
for 0.42% of the road length, moderate for 39.89%,
low on 51.17%, and 8.52% will be constructed on
stable areas. Therefore, special technical measures
should be taken in difficult sections of the route, to
avoid failure.

which can yield important spatial and temporal in-
formation about the pattern of land deformations.
Moreover, the resulted displacement map showed a
continuous surface, therefore data interpretation
and spatial analysis became easier.

Based upon an a priori knowledge of the study
area, our generated predisposition map presents a
good approximation and shows that due to the an-
thropogenic activities and geological characteristics,
steeper slopes become more predisposed and have
higher LOS rates (-0.07 m and 0.10 m) than the
plane surfaces. The approach also determines that
the most predisposed neighbourhoods in Cluj-
Napoca are: Dambul Rotund, Bund Ziua, Europa,
Manastur, West Iris and Faget. Therefore, this model
shows promising results in infrastructure monitor-
ing. The methodology also becomes suitable for a
constant surveillance of areas conditioned by hu-
man induced activities in order to prevent calami-
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ties. The predisposition map highlighted the im-
portance of analysing the surrounding area of a
mass movement and it can stand as an operational
tool for construction and geotechnical plans.

Future monitoring of the study area becomes
an important issue. Examining and detecting land-
use changes and deforestation with remote sensing
techniques can also reduce potential mass move-
ments. Also, professional consolidation of the af-
fected constructions is needed to prevent the pre-
existing situation from getting worse and also, over-
loading must be avoided not to damage the slope’s
stability. Local authorities should have a close col-
laboration with mass movement experts, geotech-
nical engineers, and remote sensing specialists in
order to render complex and reliable feasibility as-
sessments.

Future works will be carried out on the whole
municipality of Cluj-Napoca, using a greater
amount of radar satellite imagery to generate fur-
ther vulnerability, risk and susceptibility maps, which
can stand as a support for future disaster mitigation
works.
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ABSTRACT

Rock glaciers are lobate or tongue—shaped assemblages of poorly sorted, angular-rock debris and ice, commonly
found in high mountain environments, which move as a consequence of the deformation of internal ice (Giardino
and Vitek, 1988; Barsch, 1996). However, in most research works, when discussing the formation of these features,
the focus has been mainly on the past or present climatic conditions. The systematic observations of the distribu-
tion of relict rock glaciers in the mountains of the Balkan Peninsula indicate however that geological setting, repre-
sented by bedrock type and composition, and the pattern of fault lines, is not less important for the formation and
evolution of these landforms.

The present article is focused on rock glaciers in the high mountain zone of the Pirin Mounains (Bulgaria), which
are formed in mixed lithology, with participation of both silicate rocks (granite, gneiss) and carbonate rocks (mar-
ble). In fact, these rock glaciers are the only ones of a typical morphology that exist in the glaciokarstic marble area
of Northern Pirin. What is common for all locations where such rock glaciers are found is that the marble layer,
which is on top, is quite thin (few metres to few hundreds of metres). In such conditions, the rock glacier formation
occurred following the mechanism typical for silicate rocks, but using marble debris and block material instead.
The observed forms are characteristic only for marginal zones, along the contact line between silicate and car-
bonate high mountain environments.

KEYWORDS Pirin, rock glaciers, mixed lithology, marble, silicate rocks

1. Introduction ridges, furrows and lobes. In Bulgaria, rock glaciers
are observed in high mountain areas, at altitudes
between 2096 and 2710 m a.s.l. (Onaca et al., 2020).
According to Washburn (1979) a rock glacier is “a
tongue-like or lobate body usually of angular boul-
ders that resembles a small glacier, generally occurs

Rock glaciers are among the most prominent cryo-
genic landforms in the mountains of Southeast Eu-
rope. These are usually large deposits of rock debris
of various sizes, often in form of a chaotic pattern of
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in high mountainous terrain, and usually has ridges,
furrows, and sometimes lobes on its surface, and
has a steep front at the angle of repose”. Berthling
(2011) defined rock glaciers as “the visible expres-
sion of cumulative deformation by long—term creep
of ice/debris mixtures under permafrost conditions”.
It is considered that they originate either from true
glaciers (Ackert, 1998; Harrison et al., 2008), which
during recession and deglaciation in warming con-
ditions were gradually covered by debiris (i. e. during
warming), or from scree deposits (Haeberli, 1985), in
which permafrost developed during a subsequent
cooling stage.

In general, rock glaciers have been categorized
as either active, inactive or relict (Wahrhaftig and
Cox, 1959). Active rock glaciers have a core of bur-
ied ice inside the debris. This makes them able to
move downslope, forced by gravity. The heavy
weight of the debris material exerts pressure on the
ice and makes it plastic, and initiates the creep pro-
cess. Similar to glaciers, rock glaciers are able to
move on surfaces tilted 8-10 degrees. Therefore, the
debris material can travel several hundreds of me-
tres down and away from debris’ source zone. In
conditions of consequent warming/decrease of sol-
id precipitation, rock glaciers may become inactive —
they still have some ice inside, but no more move. If
further warming occurs, ice can melt completely,
and cause some subsidence on the surface of the
rock glacier, which becomes relict. Rock glaciers in
the high mountains of the Carpathian—Balkan area
are considered mostly relict, but for 10 of the high-
est rock glaciers in Rila and Pirin Mountains still the
presence of sporadic patches of permafrost is sug-
gested (Onaca et al., 2020).

Since the pioneer work of Capps (1910), numer-
ous studies of rock glaciers have been published
(Wahrhaftig and Cox, 1959; Martin and Whalley,
1987, Barsch, 1988, 1997). In most of them, rock
glaciers are researched as products of climate
changes in the past, and as landforms which can
successfully be used as proxies for paleoclimate re-
constructions (Martin and Whalley, 1987). At the
same time, less attention has been paid to the im-
portance of topography, and especially of geologi-
cal setting for rock glacier formation.
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Along with appropriate climatic and topo-
graphic conditions, in order to develop, rock glaci-
ers require a source of material to supply debris
with a proper size (Martin and Whalley, 1987).
Prevalent rock fragments need to be large enough
to provide sufficient internal space (caverns, pores)
for the snow accumulation and freezing of water.
The possibility to produce such fragments depends
on the structure of rocks and their way of weath-
ering. Rocks which are not highly prone to physical
weathering (such as limestone and dolomite), or
have thin schistosity and disintegrate into tiles (for
example some schists, phylite) do not support for-
mation of buried ice, as the screes produced in re-
sult of their weathering are very compact and pro-
vide too little pore space. Also inappropriate are all
chemically highly soluble rocks, such as the men-
tioned limestone and dolomite, and also marble
(despite that the latter is a crystalline rock which
fragments into larger blocks than limestone), be-
cause of the development of karst features. At-
mospheric waters that infiltrate in the scree accu-
mulations of such rocks drain in the karst caverns
and cannot be retained in the scree long enough to
form ice (even if pores are large enough).

On the contrary, among the rocks which are es-
pecially supportive for rock glacier formation, are
granite, gneiss, massive conglomerate, which natu-
rally have lots of cracks, and fragment in relatively
large and angular blocks.

The present article focuses on some specific
cases of relict rock glaciers in the Pirin Mountains of
Bulgaria, which blocky substrate is composed of
marble. Contrary to limestone from which it de-
scents, marble has a tendency to develop cracks at
right angles, and defragment on larger angular
blocks due to physical weathering, especially frost
action) and because of this it is able to produce de-
posits for rock glacier formation. On the other hand,
marble is a carbonate rock, chemically soluble in
water. Usually marble surfaces are karstified, which
results in a lack of surface runoff, as atmospheric
(rain and snow) waters infiltrate in karstic caverns.

The studied rock glaciers are formed in condi-
tions of mixed lithology (marble and granite/gneiss),
and have distinct morphology and rock composi-
tion. Such forms can be considered unusual, being
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determined both by the diverse bedrock with con-
trast chemistry (carbonate vs. silicate rocks) and by
the appropriate rock stratification and sequences.

2. Study area

Pirin is the second highest mountain in Bulgaria and
the third highest on the Balkans. It is located in
southwest Bulgaria, between the rivers Struma, to
the west and Mesta, to the east. The mountain is
generally shaped as a rhomboid (70 x 35 km size)
with its longer axis running in NNW-SSE direction
(Fig. 1). The highest point, Mt. Vihren (2914 m a.s.l.),
is situated in the northern part of the mountain.
Two more locations in the central section exceed
2800 m a.s.l, and there are numerous peaks above
2500 m a.s.l.
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(o] town between 5,000 and 20,000 inh.
o town with less than 5,000 inh. ~ -----

state border
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Figure 1 Map of Pirin Mountains with the study objects: 1
— Razlozhki suhodol rock glacier; 2 — Sinanitsa rock glacier

Like many other mountains within the Rhodope
massif, Pirin has a complex geological structure.
Three granitic bodies (intrusions) build up the core
of the massif: one in the farthest north, one in the
center, and one in the south. Around, and between
them, the mantle of metamorphic rocks includes

gneisses, schists, amphibolites and marble. Sedi-
mentary rocks are exposed in the periphery, which is
surrounded from all sides by faults. The mountain
represents a classical horst morphostructure. Vol-
canic rocks occupy the far east of the area. They are
a result of eruptive activities along the Mesta gra-
ben during the Paleogene.

In Pirin, marble is found in two main zones: in
Northern and in Middle Pirin. To the north, this is
the highest section of the main ridge from Vihren
peak on the south, to Okaden peak on the north,
with the adjacent northeast slope (on the SW slope
marble occupies only the highest altitudes). This is a
high mountain section about 5 km long, which in-
cludes the highest peaks in Pirin: Vihren (2914 m
a.s.l.), Kutelo (2908 m a.s.l.), Banski suhodol (2884 m
a.s.l) and Bayuvi dupki (2856 m as.l). Five vast
cirques were carved on the northern slope, which
overlap over preglacial forms — in fact these are
complex glaciokarstic depressions (cirques—uvalas,
as mentioned for Pirin by Popov, 1962; and for Dur-
mitor Mountains by Djurovi¢, 2011). From SE to NW
these are: Kazanite (Goliam Kazan and Malak Kazan),
Kutelo, Banski suhodol, Bayuvi dupki, Kamenitica.
This area is the only in Bulgaria where glaciokarst
has been developed (Gachev, 2017). In Northern Pi-
rin, marbles occupy also a small spot around Sinani-
tsa peak to the SW of Vihren.

The marble area is adjacent to silicate meta-
morphic rocks to the northwest, and with granite to
the southeast, at altitudes up to 2600 m as.l., are
favorable for the existence of fossil rock glaciers.

In middle Pirin marble is spread around Orelek
peak (2099 m a.s.l.). Due to the lower altitudes, per-
iglacial landforms are less common, and there are
no rock glaciers found in that area.

The high part of Pirin was subjected to extensive
glaciation during the Pleistocene. The equilibrium
line altitude (ELA) during the maximum glacial stage
(not dated) was at 2200-2300 m a.s.l. (Georgiev,
1991). Glaciers were of a valley type, descending 7-
11 km to the foot of the mountain at 1100 m as.l,
along the north heading valleys of Banderitsa and
Demianitsa, which join shortly above the town of
Bansko (Lilienberg and Popov, 1966). The area
above 2200 m as.l. is dissected into several large
and a number of smaller cirques. The most exten-
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sive are those in the central (granitic) part of Pirin:
Banderitsa cirque, the cirques of Valiavishki,
Prevalski and Vasilashki lakes, Belemeto, Kremenski,
Popovo lake cirque and many others (Mironski et al.,
1970). Within this area there are around 110 glacial
lakes which are scattered across cirque floors (Val-
kanov et al., 1964).

Apart from two tiny small glaciers (glacierets) in
the marble cirques of Pirin, with a total area of 1.5
ha, and several ice patches (Gachev et al., 2016), all
glacial landforms are a relict character. Nowadays
the high mountain areas are subjected to cryogenic
(periglacial in broad sense) activity. Frost weathering
is especially intensive on rocky slopes, high summits
and ridge tops.

Climatically, Pirin belongs to the sub-mediterra-
nean zone (it is 110 km away from the Aegean Sea).
The mountain has the highest range of annual air
temperatures in Bulgaria, from +14°C at Kresna, to —
1.4°C at Vihren peak (Velev, 2010; www.swu.bg). The
0°C annual isotherm is presently situated between
2650 and 2700 m a.s.l. In general, in high cirques
(2400 m. a.s.l. and above) the period with negative
temperatures lasts from November to April (and is
associated with snowfalls), while between May and
October average daily temperatures are mostly pos-
itive and rainfalls prevail (Grunewald et al., 2016).

The number of days with transition through 0°C
ranges between 90 at 2000 m a.s.l. and 80 at 2900
m as.l., and the number of frost days (with mini-
mum daily temperature below 0°C) range between
170 and 260 respectively (Grunewald and
Scheithauer, 2008, 2011). In result, exposed ridges at
altitudes above 2600-2700 m a.s.l. are strongly
weathered. On the other hand, the great number of
frost and icy days at cirque floors at 2200-2400 m
a.s.l. 200-220 days with minimum temperature be-
low 0°C and 110-130 days with only negative tem-
peratures (Grunewald and Scheithauer, 2008) de-
termines the 6-7 months of snow cover duration at
these sites, and the restricted frost action there. Alt-
hough Pirin is among places with highest annual
precipitation amounts in Southern Bulgaria: around
1000-1100 mm for the high mountain zone, the
overall sums are small compared to other moun-
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tains in Southern Europe, due to the rain shadow
that the Dinaric Mountain and Carpathian mountain
ranges produce over of all the eastern part of the
Balkans. Around two thirds fall in the cold part of
the year (October to March) which provide relatively
good snow accumulation.

The mentioned rain shadow effect should have
occurred in a similar way in the past, during glacial
and late glacial times. Especially in the latter period,
the combination of low temperatures and modest
precipitation supported the formation of rock glac-
iers and permafrost. Based on climate reconstruc-
tions, it is considered that the rock glaciers in the
mountains of Bulgaria (Rila and Pirin) were originally
formed during late glacial, in the course of deglaci-
ation (Dimitrov and Gikov, 2011; Dimitrov and
Velchev, 2012).

3. Methods of research

A detailed geomorphological mapping was done of
those cirques in Northern Pirin, which lie on the
zone of contact between the marble and the sur-
rounding silicate intrusive and metamorphic rocks:
Sinanitsa, Georgiitsa, Razlozhki suhodol and Okaden
cirques (Fig. 2). Because of high portion of non-ice
component, rock glaciers are usually able to retain
much of their morphology long after the permafrost
body has completely thawed (Hughes et al., 2003).
This was used to identify relict rock glaciers on the
field.

Topography maps of 1:10,000 scale were used
as a base for the creation of a digital model in
ArcGIS 10. Landforms were identified on the field
and their main morphometric characteristics were
measured with a laser range finder (900 m range).
Lithology was diagnosed using geological maps and
visually, on the basis of color, crystal structure and
lichen cover. The state of lichens was used to make
a relative dating of geomorphic activity of rock glac-
iers and screes. In situ climatic measurements were
organized at several sites in the area: on Vihren
peak —air temperature and humidity has been
measured since October 2014.
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Figure 2 Geological map of Pirin, with the target cirques: 1 — Okaden, 2 — Razlozhki suhodol, 3 — Georgiitsa, 4 - Sinanitsa

4. Representative rock glaciers in mixed
lithology

Our observations in the marble (glaciokarstic) high
mountain area of Northern Pirin have shown that no
rock glaciers have been formed in that area, despite
the high altitude and the optimal climatic conditions
that might have existed in the past. Only two rock
glaciers have been described and studied in cirques
where marble contacts with other silicate rocks.
They are located in the cirques Razlozhki suhodol
and Sinanitsa.

4. 1 Razlozhki suhodol rock glacier

The cirque of Razlozhki suhodol lies on the geolog-
ical contact between marble (to the east) and gneiss
(to the west) (Fig. 3 and 4). The cirque has a NNW
aspect. The length from the main ridge to the low-
ermost rigel is 3.9 km. the uppermost section of the
cirque is approximately 1.3 x 1.3 km, with an area of
2.78 km? (Mitkov, 2020). The highest point of that
part of the cirque (Razlozhki suhodol peak) is at
2660 m a.s.l, and the lowest altitude is 2320 m a.s.l.
The eastern slope of the cirque is higher, in fact a
giant rock face of marble, which to the north de-

scends with several toothed peaks, known as ‘The
stairs’. A line of large screes runs along the slope
foot. On the contrary, the western slope, carved in
gneiss, is steadier, with a much lower altitude. The
gneiss part of the cirque floor is filled with block
material, which compose a chaotic pattern of ridges
and furrows — a relict rock glacier. The eastern
flange of the rock glacier (more than half) is made
of marble blocks, which have originated from the
marble rocky peak to the south. Descending north,
the debris enter over the silicate terrain, where in
fact the body of the rock glacier is (Figs. 3 and 4).
The existence of the rock glacier in its shape is due
to that silicate bed, which at the time of the rock
glacier formation, hindered the escape of ground
waters and allowed for the formation of permafrost.

The western, much smaller flank of the rock
glacier, is entirely made of gneiss blocks. The rock
glacier is situated at altitudes between 2410 and
2340 m a.s.l, and occupies an area of about 7.5 ha.
In the lower end, debris accumulations are dammed
by a ridge of deposits of mixed lithology and size
with a steep front — probably a glacial moraine. A
small pond (Suhodolsko Lake) is formed before the
ridge.
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Figure 3 Razlozhki suhodol cirque: a look towards south

4. 2 Sinanitsa rock glacier

Sinanitsa rock glacier is located in the cirque to the
north of the 2517 m high Sinanitsa peak. The cirque
is situated in Northern Pirin, on a side ridge de-
scending to the southwest of the main crest of the
mountain. The cirque has a NW aspect, and a stair-
case vertical cross section. The highest level reaches
down to 2179 m a.s.l. at Sinanitsa Lake (Figs. 6 and
7). The lake itself has a length of about 140 m, width
90 m and 11 m depth.

In the area, marbles build up only the massif of
Sinanitsa peak. They form “a marble cap”, which in
this area is a sole remnant of the metamorphic
mantle that once covered the granitic intrusion. The
marble rock strata, which represent remains from
the southern hip of the Sinanitsa anticline
(Zagorchev et al. 2017) descend to southwest, form-
ing a monocline structure. The very small thickness
of the remaining marble cover (up to 200-250 m) is
illustrated by the fact that in the base of the rock
walls of Sinanitsa peak, rock start to change, and
transition layers are observed. In fact all the cirque
floor is on a silicate bedrock.

The rock glacier is developed on the NE, steep-
est slope of Sinanitsa peak (Fig. 6). It represents a
large field full of scattered marble debris and blocks,
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which have produced the familiar pattern of ridges
and furrows, which is normally addressed as a rock
glacier. The altitude of the rock glacier is 2250-2180
m. a.s.l, and the total area is about 9 ha.
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Figure 4 Razlozhki suhodol cirque. Topographic and geo-
logical setting of Razlozhki suhodol rock glacier
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Figure 6 Sinanitsa peak, with the rock glacier in its NE foot and Sinanitsa lake in the background

It seems that the NE slope of the peak provided
best conditions for formation of abundant debris
material — exposed shady rock walls, crossed by nu-
merous tectonic dislocations. In normal situation it
is difficult for atmospheric waters to collect in the
marble block accumulations, because of the karstic
features and the infiltration of waters in depth. But
in this case the marble block materials from the
slope of Sinanitsa peak have been deposited over a
bed of silicate rocks, which allowed for preservation
of accumulating of atmospheric waters and for a
formation of an active rock glacier in the past, when
climate conditions were appropriate.

Like the other of the studied rock glaciers, Sin-
anitsa rock glacier also has part of it made of blocks

of silicate rock (here it is granite). Debris material for
this eastern rock glacier section, are originated from
the granitic part of the cirque (see Fig. 7).

On the field, the two lithologically contrasting
sections of the rock glacier, which are adjacent to
each other, are easily recognizable by the differ-
ences in rock and lichen color (Fig. 8): white for
marble (down right), greenish for granite (up left).

As it was mentioned above, the marble cap of
Sinanitsa is quite thin and all the cirque floor is
made of granite (Fig. 9). This has allowed for the
formation of the rock glacier, and the permanent
water body represented by Sinanitsa lake in the
northern end of the cirque.
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Figure 7 Sinanitsa cirque, with the location of the relict rock glacier

Figure 8 A view over Sinanitsa rock glacier: the marble section (in the foreground) is easily distinguished from the gran-
ite section (in the background) by the difference in rock coloring
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Figure 9 A profile (cross section) of Sinanitsa cirque and the rock glacier, and a view on the rock glacier from the slopes
of Sinanitsa peak

5. Formation of rock glaciers in Pirin

According to Dimitrov and Gikov (2011) there are at
least 55 rock glaciers in the high mountain zone of
the Pirin Mountains, and after more recent studies
their number has been increased to 83, at altitudes
2096 to 2710 m a.s.l. (Magori et al,, 2017). Most of
them are debris rock glaciers, but there are some of
talus type (Gachev et al. 2017). Rock glaciers in Rila
and Pirin Mountains are mostly considered relict at
present (Gikov and Dimitrov, 2010; Dimitrov and
Gikov, 2011). It is suggested that they were formed
in the period soon after the last retreat of Pleisto-
cene glaciers, i. e. at late glacial time, when the cli-
mate was much colder than present, but already
unfavorable for classical glaciation (probably in the
period Oldest Dyas — Younger Dryas, Dimitrov and
Gikov, 2011; Dimitrov and Velchev, 2012).

Climate reconstructions (Bozhilova, 1978; Stefa-
nova and Ammann, 2003; Stefanova et al, 2003)
suggest that in general the late glacial in the moun-
tains of SW Bulgaria was relatively dry. This en-
hanced glacier retreat, and by the middle of the pe-
riod (Oldest Dryas) all glaciers were already in cirque
phase (Mitkov, 2020). The cold dry conditions sup-

ported the enhanced frost weathering in the high
mountain zone. Having in mind the present climate
which provides optimal frost heave conditions for
the open slopes and ridges at 2500-2900 m a.s.l., it
would be suggested that during long time through-
out the late glacial, similar conditions prevailed at
altitudes 2100-2500 m, where most of Pirin rock
glaciers are situated (including the two cases of the
present work).

As it was already mentioned, almost all rock
types in the high mountain zone of Pirin have po-
tential to produce debris material suitable for rock
glacier formation. Apart from the appropriate cli-
matic conditions, which prevailed in the late glacial,
proper topographic and geological settings were
also crucial for the development of these landforms.
Rock glaciers formed mainly at sites where shady or
partly shady aspects combine with zones of weak-
ened rocks. The latter are associated with tectonic
disruptions of various orientation and size that
formed as a consequence of intrusion buildup. In
general, the rise of the Pirin granitic intrusions in the
course of the Cenozoic caused the gradual folding
of the metamorphic series, formed anticline struc-
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tures, among which is the Sinanitsa anticline
(Zagorchev et al. 2017). Moreover, in the course of
multistage intrusion rise and cooling (Zagorchev
1995, 2001), vertical displacements occurred be-
tween major fragments within the granitic bodies.
All these tectonic activities produced planes and
strips of milonitized rocks which have been more
easily eroded. Some weakened zones are associated
to the magmatic dykes that cut through the cooling
granitic and metamorphic bodies and contained still
hot magma from the lower parts of magma cham-
bers (Machev, 1993).

Some of the rock glaciers may have evolved
from cirque glaciers, with their gradual burial by
block and debris material. Others might have
formed during subsequent cooling episodes, in re-

sult of freezing of atmospheric waters in the scree
slope deposits. Most rock glaciers are found in the
granitic part of Pirin, and a fewer number - in areas
made of gneiss. Despite the abundance of produced
debris material of a proper size, no rock glaciers
have been recorded in the high mountain areas
built of marble, the only exception being two lobes
on the northern slope of Kutelo peak (Fig. 10), which
do not possess classical rock glacier morphology.
However, the two rock glaciers described in the pre-
sent work (in the cirques Razlozhki suhodol and Sin-
anitsa) can also be considered exceptions — in fact
they are the only ones that have classical ridge and
furrow morphology, and are constituted by marble
blocks and debris. This is due to their water imper-
meable silicate bed.

Kutelo, 2907 m a. s. I.

Figure 10 The debris lobes in marble, on the northern slope of Kutelo peak - the only landform in the glaciokarstic zone
of Pirin which might have been formed due to former permafrost action

In the course of climatic warming throughout
the Holocene, temperatures in the lower part of the
high mountain belt (2000-2500 m a.s.l.) became too
high to sustain permafrost, and all rock glaciers at
such altitudes presently have a relict appearance —
they are covered in lichens and are vegetated by
grasses, junipers and dwarf (mugo) pine. No rock
glaciers were formed during the Little Ice Age, alt-
hough some minor displacements could have oc-
curred at the highest rock glaciers (near the peaks
Musala, Goliam Kupen in Rila, Polezhan and Bunfer-
ishki chukar in Pirin). Some sporadic permafrost is
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supposed to still exist at these sites even at present
(Magori et al. 2017; Onaca et al. 2020).

6. Conclusions

Pirin is the mountain with the greatest number of
rock glaciers in the high mountain zone of Bulgaria.
These typical cryogenic landforms are suggested to
have formed in late glacial time, in the course of the
gradual retreat of Pleistocene glaciers in the highest
parts of the Pirin Mountains. Out of over 80 rock
glaciers in the massif, only two have been found
and described in the highest mountain ridge of Pi-
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rin, which is made of marble, as in general marble
appears as a rock type which does not support rock
glacier formation. In result of this study it has been
found that those two rock glaciers were formed in
result of favorable accidental combination of topo-
graphic and lithological factors, in cirques where the
marble contacts with other silicate rocks. In both
researched cases (in Razlozhki suhodol and Sinani-
tsa cirques) marble builds of the highest slopes,
which have served as debris source zone for the
rock glaciers; but the cirque bed further down is
made of silicate rocks. In this way, due to lack of
karstic caverns, at the time of rock glacier formation,
atmospheric waters that entered the blocky marble
material were prevented from escaping down, and
were able to remain in the deposits and freeze
there, forming the ice core necessary for rock glaci-
ers to move.

In other words, on both sites, rock glaciers had
the mechanism of formation typical for silicate geo-
logical environments, but with blocky and debris
substrate made of marble. Nowadays, when the
studied rock glaciers are no more active, the settled
marble material is subjected to surface karstification.
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ABSTRACT

Snow avalanches are a common phenomenon in Parang Mountains (Southern Carpathians, Romania) perturbing
tourism activities and associated infrastructures, damaging forests, and causing fatalities. Its past history is an es-
sential information to gather while assessing the hazard zonation areas. Usually, in Romania snow-avalanche activ-
ity occurring in forested areas are neither monitored, nor recorded by historical archives. In these areas, environ-
mental archives such as tree rings may provide useful information about the past avalanche activity. The purpose
of the present study is to reconstruct snow—avalanche history with tree rings along a path located below Carja
Peak (2405 m a.s.l.), an area where past snow—avalanche activity still remains underestimated. In this sense, 57
Norway spruce (Picea abies (L.) Karst.) trees showing clear signs of disturbance by snow avalanches were sampled
and the growth anomalies associated with the mechanical impact produced by snow avalanches on trees were
identified within their rings and served to reconstruct past events. The reconstructed chronology covers the period
1994-2018 showing the occurrence of a minimum of 11 major events, with an average return period of 2.1 years.
Tree-ring records provided the most consistent avalanche event chronology in the study area. Although the lim-
ited extension of the chronology back in time, a better understanding of snow—avalanche history which may be
gained through dendrochronological reconstructions represent nonetheless useful and pertinent information to
consider before the implementation and development of infrastructure in this mountain avalanche—prone area.

KEYWORDS snow avalanches, dendrogeomorphology, return periods, Picea abies (L) Karst, Parang Mountains
(Romania)

1. Introduction agents of debris transfer in such environments (e.g.,
Rapp, 1959; Gardner, 1970; Ward, 1985; Decaulne
and Saemundsson, 2006). As they can frequently
endanger constructions, affect tourist activities and
related infrastructures, and cause fatalities especially

Snow avalanches (SAs) are known as a common
phenomenon occurring in snow—covered moun-
tainous areas worldwide, being one of the main
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during backcountry recreation, it is of paramount
importance to evaluate the risk related to the dy-
namics of snow avalanches for an accurate hazard
zonation, but also to prevent future exposure of
people and tourist infrastructures in such ava-
lanche—-prone areas. The past SAs history, especially
regarding their magnitudes and frequencies are an
essential information to gather while assessing the
hazard zonation areas. However, SAs activity occur-
ring in remote forested mountain areas are neither
monitored, nor recorded by historical archives. In
these areas, environmental archives such as tree
rings may provide useful information about the past
frequency and magnitude of avalanche activity
(Schaerer, 1972; Rayback, 1998; Boucher et al., 2003;
Germain et al.,, 2005; Casteller et al, 2007; Reardon
et al, 2008; Muntan et al, 2009; Corona et al.,
2010a, 2012; Decaulne et al., 2012; Voiculescu and
Onaca, 2013; Silhan and Tichavsky, 2017). Tree-ring
investigations rely on the assumption that annual
growth rings record accurately and objectively, in
their anatomical structure, the mechanical impact of
snow avalanches on trees.

In the last decades, the western and eastern
flanks of the Pardng Mountains (Southern Carpathi-
ans, Romania) have become an attractive area for
winter recreational activities. This recent increase in
tourist numbers, coupled with the projected in-
crease with the development of appropriate infra-
structure to sustain winter recreational activities,
was planned in an avalanche-prone area, which
could result in an increased exposure of people and
infrastructure to avalanche hazards. In this regard
and considering the lack of knowledge regarding
SAs activity in this high mountain area, the absence
of forecasting and warning services, tourists may
cross either unconscientiously or even conscien-
tiously some avalanche paths and hazard zones.
Giving the availability of trees as natural archives on
these forested slopes on the SW flank of Pardng
Mountains, tree-ring-based snow-avalanche re-
constructions have already been established along
two adjacent avalanche paths and for several dec-
ades, up to one century (Pop et al.,, 2016; Mesesan
et al, 2019). However, these two avalanche paths
showed discrepancies in avalanche regime, likely re-
lated to their slope aspect as well as their morpho-
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metric characteristics. Nearby, another avalanche
path appears of interest considering the tragic event
that occurred on December 1°* 2017, when an ava-
lanche released below Carja Peak (2405 m a.s.l.) and
buried two people, one of whom later died. SAs ac-
tivity along the path below Carja Peak still remains
underestimated, but a dendrogeomorphic investiga-
tion does provide useful information for a better
knowledge of the avalanche regime, and subse-
quently adequate zoning. The aim of the present
study is therefore to reconstruct snow-avalanche
history with tree rings along the path below Carja
Peak in the Parang Mountains. From the hazard
management perspective, a better understanding of
SA history in the area which may be gained through
dendrochronological reconstructions should con-
tribute significantly to hazard zoning and the estab-
lishment of appropriate risk mitigation measures.

2. Study area

The Parang Mountains belongs to the Southern Car-
pathians Range (Fig. 1) and are one of the highest
Mountain Range in Romania, with crests and peaks
above 2500 m (Parangul Mare Peak, 2519 m as.l.).
The complex geology of the area is characterized by
schists and granitic intrusions in the central moun-
tain area, and sedimentary rocks amongst them with
limestones in the southern part (Badea et al., 2001).
Evidence of Pleistocene and Holocene glacial and
periglacial activity is well-attested by the alpine
landscape morphology: narrow crests, simple and
complex glacial cirques, nivation cirques, U-shaped
glacial valleys, moraine deposits, etc. (Urdea et al,
2011). The glacial landforms are better developed
on the northern slopes. On steep slopes above 25°,
SAs are a widespread present—day process and par-
ticularly at high—elevation with glacial and perigla-
cial ones (Gavrila et al, 2018). The timberline is
found between 1700 and 1800 m as.l, but ava-
lanches are lower than this limit as evidenced by the
presence of corridors devoid of mature forest vege-
tation along upper reaches valley. The avalanche
path investigated (45°22' N, 23°35' E) is located on
the western flank of Parang Mts., below Carja Peak
(2405 m), ranging between 2200 m and 1500 m a.s.l.
(Fig. 2). The avalanche path as delineated on the
orthophotos has a surface area of 910466 m?
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(based on a DEM with a 10-m accuracy). The slope
profile shows steep slopes (25° to 45°) in the start-
ing and the track zones and lower slope angles (<
25°) in the runout zone. The morphology of the val-
ley limits the lateral spread of avalanches, resulting
then in a typical funnel-shaped avalanche path. The
path is clearly visible by comparison to the adjacent
forest. Along the track and runout zones, one can
observe that tree cover is replaced by a mix of

shrubs (Pinus mugo and Juniperus communis) and
sparse coniferous (Picea abies (L.) Karst.) and decid-
uous (Acer pseudoplatanus) trees related to the fre-
quency of avalanches. In the starting zone, the path
is crossed by the main hiking trail used by tourists
that follow the mountain crest, which represents a
significant risk, especially during winter and spring
seasons. Lower in the track zone, the path is also
crossed by an additional unmarked hiking trail.

A  peak Altitude (m) 28 28°E
o foad > 1,000 - 48°N 48°N-
*~... marked hiking trai | Jll] 1,000 - 1,200
| <~ unmarked hiking trail| Ill 1,200 - 1,400
% | ~_ permanentstream | [1]1,400 - 1,600
155 lake I 1,600 - 1,800
avalanche path I 1,800 - 2,000
I 2,000 - 2,200
B 2.200-2519

Figure 1 Location of the study area

3. Materials and methods

3.1 Field sampling

The path investigated was mapped using a 1:25000
scale topographical map and 1:5000 scale ortho-
photoplans (2012 campaign). A fieldwork campaign
was conducted in August 2018. During fieldwork, a
total number of 57 Norway spruce (Picea abies (L.)
Karst.) trees were sampled. The samples were col-
lected only from trees showing visible disturbances
caused by the mechanical impact of avalanches,
e.g., tilted stems, injured stems, decapitated trees,
trimmed crown, and partially uprooted trees. Sam-

ple collection included either discs cut from 29
trees, as well as cores extracted from 28 trees (2, 3
or 4 cores per tree, 60 cores in total). Even not very
large, the sample depth is coherent with the spatial
extent of the path in the study site, as well as with
the tree—cover conditions. The sampling strategy
consisted also to collect samples from trees be-
longing to different age classes. Younger trees with
high stem flexibility are more sensitive to the recent
avalanche activity, showing then stronger reactions
in their annual rings. By comparison, older trees are
considered on one hand less sensitive to recent ac-
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tivity, but they can provide on the other hand a
longer SAs chronology as they might have recorded
events in the earlier decades of their lifespan (Stof-
fel et al., 2013; Stoffel and Corona, 2014). For each
sampled tree, additional information was gathered,
including tree height, the social position of the tree
within the forest, nature and position of visible dis-
turbance on stems, the position and height of the
samples on the stem, as suggested by Stoffel and
Bollschweiler (2008). Besides the information re-
garding tree morphological characteristics, photos
of each sampled tree were gathered, as well as their

location by using a GPS device. In addition, 22
spruce trees located outside the avalanche path in a
forest stand undisturbed were also sampled (two
cores per tree, 44 cores in total), in order to obtain
a local reference chronology, which represents the
common growth variation of trees in the area (Cook
and Kairiukstis, 1990; Schweingruber, 1996). This
reference chronology was used for cross—-dating the
growth series of disturbed trees and to distinguish
the growth anomalies related to mechanical impact
of SAs from those related to local stand growth
conditions (Stoffel et al., 2006).

0 0125 025 075
Py = - == =

Legend Slope values
“\_- Contour line @ co-s Carja Peak (2405 m)
“\_~ Permanent stream - 5,1 - 15°
*... Temporary stream (@) 15.1°-25°
“\_. Marked hiking trail 251°-35°
“_. Unmarked hiking trail | 35,1°-45°
CQ Avalanche path @ s.10-55°

A Peak @ s5.i0-60

¢ Sampled trees @

Figure 2 Delineation of the avalanche path and location of sampled trees within the path
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3.2 Sampling preparation and analysis

The samples were prepared for analysis following
the procedures described by Braker (2002) and Stof-
fel and Bollschweiller (2008). Working procedure in-
cludes core mounting in wood supports, air—-drying
and sanding of samples using a sanding belt ma-
chine. Successive sanding operations were applied
using an increasing grits of the sanding belts (80,
180, 220, 400, 600 grits), in order to obtain wood
surfaces suitable to reveal clearly the ring bounda-
ries and their anatomical structure. The age of each
sample was determined by ring counting under the
stereomicroscope. Tree-ring width was then meas-
ured along two, three or four radii for cores and
along four radii for cross—sections. Ring—width
measurements were performed to the nearest of
0.01 mm accuracy using a LINTAB 5 system com-
posed of Leica DMS 1000 stereomicroscope con-
nected to the measurement table and to the com-
puter with TSAPWin™ Scientific software (Rinntech,
2020). Tree-ring series of trees growing outside the
avalanche path were also measured to establish a
local reference chronology. The calendar year of
each ring in the disturbed tree growth chronologies
was determined by cross—-dating with the local ref-
erence chronology. The quality of the cross—dating
was visually evaluated using the graphical function
of the TSAP-Win software and statistically analysed
using COFECHA software (Holmes, 1983).

3.3 Growth anomalies identification and event
reconstruction

Ring—width series measured on samples from dis-
turbed trees were visually cross—dated against the
reference chronology, in order to (i) detect possible
false or missing rings and to correct ring-width se-
ries of disturbed trees, and (ii) discriminate between
growth anomalies related to SAs activity and the
normal growth related to climate conditions (Bryant
et al,, 1989). Corrected growth chronologies of dis-
turbed trees were analysed in order to identify the
specific growth anomalies related to the SAs activity
within tree-rings. Typical growth reactions related to
mechanical impacts of SAs (Stoffel and Corona,
2014), e.g., impact scars (SC), traumatic resin ducts
(TRD), compression wood (CW) in association with
the onset sequences of abrupt growth suppression

(GS) were identified within rings of disturbed trees.
Growth reactions developed in the first decade of
the disturbed trees were disregarded for event re-
construction, as young trees having commonly thin
stems are more susceptible to disturbances by vari-
ous factors other than SAs and therefore represent
potentially a source of dating errors (Stoffel and
Bollschweiler, 2008; Silhan and Stoffel, 2015;
Tichavsky et al, 2017). The avalanche chronology
was reconstructed using the Avalanche Activity In-
dex (AA) — an equation which includes the number
of trees showing growth anomalies during a particu-
lar year (R divided by the total number of sampled
trees alive in a specific year (A4) (Shroder, 1978, But-
ler and Malanson, 1985):

AAI = (3= 1Rt/ "= 1AY) x100 M

To distinguish between the tree growth reac-
tions caused by mechanical impact of SAs from
those considered as a noise and recorded by trees,
five growth disturbance (GD) intensity classes were
defined, as proposed by Stoffel and Corona (2014):

e GD Intensity 5: SC, strong TRD;
e GD Intensity 4: moderate TRD, strong CW, strong

GS;

e GD Intensity 3: moderate CW and moderate GS;
e GD Intensity 2: weak CW;
e GD Intensity 1: weak TRD.

The intensity of each reconstructed avalanche
event was determined based on the intensity classes
(Stoffel and Corona, 2014) of the GDs found within
the tree rings. For each class of intensity, a specific
value was accorded as reported by Koglenig-Meyer
et al. (2011):

Wip = [o1Ts X 5) + (Xiz1 Ty X 4) + (XL, T3 X 3)] X
Lt @)
Yitq Ae

where 75 is the number of trees with GD intensity
class 5, multiplied by a factor 5; 74 is the number of
trees with GD intensity class 4, multiplied by a factor
4; 73 is the number of trees with GD intensity class
3, multiplied by a factor 3; Ris the number of trees
showing GDs in the year (t) and A is the total num-
ber of sampled trees alive in the year (t).

Finally, a specific year was considered as being
an event year if the following three conditions are
fulfilled simultaneously: (i) >10 available trees of 10
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years old for the reconstruction; (i) a minimum of
three trees showing severe or moderate growth dis-
turbances; and (iii) a minimum AAI of 10%.

Considering that SAs occur during the winter
and spring seasons, which is the dormant period of
trees, they can only be recorded in the growth rings
of the following summer and fall seasons. For ex-
ample, the reconstructed event year 2018 means
that a SA occurred during the cold season 2017-
2018 (winter and spring).

4. Results

4.1 Age structure of the forest stand

The age of the sampled trees is variable, the young-
est tree is 15 years old and the oldest one reaches

145 years old. Figure 3 shows the spatial position of
sampled trees and the tree-age classes. One can
observe that the older trees are located to the path
margins where could indicate less impact of the SAs.
A group of young trees (classes 14-18 years old and
19-30 years old) and medium aged trees (class 31—
50 years old) is located in the axial area of the path
and seems to indicate that the avalanche path af-
fected repeatedly this area and consequently dis-
turbed trees cannot reach significant heights. The
right side of the path is characterized by younger
trees (class 19-30 year old) than on the left side (31—
50 years old). This suggests that SAs flow closer to
the right side of the path, having then a higher im-
pact on the forest.

¢ Legend Tree age
| - Contour line : :; ) ;(8)
’-\/ Permanent stream o 31-50
* “s.. Temporary stream °o 51-70
“ N _ Unmarked hiking trail e 71-99
Avalanche path e 100- 145

25
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s
0

1418 19-30 31-50

4 4
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= & [ ]
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Figure 3 Spatial distribution and age classes of the sampled trees
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4.2 Reconstructed avalanche events, frequency
and spatial distribution

Tree-rings analyses enabled to identify a total num-
ber of 354 growth anomalies, among which 185
growth reactions of severe and moderate intensities
(GD intensity classes 3 to 5). Taking into considera-
tion the three criteria above-mentioned in the
method section, a minimum of 11 SA events was re-
constructed. The chronology spans the period 1994
— 2018. Other possible event years could be recon-
structed, but the small number of growth reactions,
in combination with a reduced sample depth and an
AAI<10% do not enabled us to consider with confi-
dence these years.

The large number of cross—sections available in
the sample collection enabled to identify a large
number of scars (SCs) and strong traumatic resin
ducts (TRDs), two reliable indicators representing
higher percentage than all the other types of
growth reactions. Therefore, even though the re-
constructed chronology is short, the event years
that were recorded show strong and undoubtedly
signals of snow avalanche activity. Table 1 shows the
types and the number of growth disturbances for
each reconstructed event year. Compression wood
(CW) sequences resulted as a reaction to the stem
tilting were also identified within the samples. Series
of growth suppressed rings following the tree top-
ping represent a valuable indicator of SAs and can
be found as long sequences especially in the case of
the event years with high number of trees disturbed
(e.g., 2005 and 2007). Figure 4 provides some ex-
amples of typical growth reactions identified within
the samples and used for event reconstructions.
Figure 5 illustrates the event years within the recon-
structed chronology which covers a short period of
24 years. The length of the reconstructed chronolo-
gy is limited by the age of the sampled trees. How-
ever, this may also suggest that a recurrent SAs ac-
tivity destroyed repeatedly the forest cover within
the path. The highest number of disturbed trees was
recorded in 2005 and 2007, when the percentage of
affected trees is above 30% from the total sampled
trees. That represents a strong signal of disturb-
ances occurring during the previous dormant sea-
sons, i.e, snow avalanches occurring during winter
seasons 2004-2005 and 2006-2007. During winter

season 2011-2012, several trees were also strongly
impacted by SAs, as this year recorded the most
scar-type reactions (seven in total) from all event
years in the chronology. Few other years (e.g., 1997,
1991) reached the threshold of AAL >10%, but they
were not considered as event years because less
than three trees showed severe or moderate growth
disturbances.

Figure 4 Examples of disturbed trees sampled and their
growth reactions related to mechanical impact of SAs: (a)
wounded tree due to mechanical impact of the avalanche
and scar (SC) overgrown by subsequent tree rings and as-

sociated rows of traumatic resin ducts (TRDs) in the fol-

lowing rings after the disturbance; (b) tilted (sabre-like
form) stem and its associated growth reaction, a compres-
sion wood (CW) sequence formed in several rings after
the disturbance; (c) topped (apex loose) tree stem and as-
sociated growth suppressed (GS) rings
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Table 1 Type, intensities and number of growth disturbances identified within rings and used in the SAs reconstruction

Trees

sc strong moderate weak strong moderate weak strong moderate weak od Affected AAI Wi
TRD TRD TRD GS GS cw cw cw >g1 0 trees (%) (%)
2018 6 5 0 0 0 0 0 0 0 53 6 1 33
2016 4 5 2 7 0 0 0 0 0 56 7 13 4.1
2014 6 6 1 12 0 1 0 0 2 57 9 16 6.9
2012 7 8 4 3 0 0 1 0 4 56 12 21 124
2010 3 1 4 8 0 2 0 1 0 53 8 15 5.2
2008 5 5 0 3 3 1 0 0 1 49 8 16 6.3
2007 5 7 6 3 3 3 7 0 3 46 17 37 28.1
2005 5 8 3 8 4 0 1 1 8 39 13 33 20.3
1999 0 1 4 5 1 0 0 0 3 29 5 17 3.6
1997 3 1 0 1 0 0 0 0 0 26 3 12 1.7
1994 0 1 2 2 0 0 0 0 0 25 3 12 1.5
It < 10% or n< 3 trees wmm—t 10-20% =t 20-40% - Sample depth
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Figure 5 Reconstructed SAs chronology
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Figure 6 Intensity of growth disturbances expressed as Weighted index (W) calculated for the reconstructed SAs years
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For each event year in the reconstructed chro-
nology, a Weighted Index (W) was calculated based
on the intensity of the GDs, in order to assess the
impact of the SAs on the sampled trees (Fig. 6). SAs
which occurred during the winter seasons 2004-
2005, 2006-2007, and 2011-2012 not only have
been confirmed by a highest number of affected
trees, but also by the highest number of the GDs of
strong intensities. The other reconstructed event
years show lower values of the Wi:. Figure 7 presents
some examples of the spatial extension of SAs
where in the winter seasons 2004-2005, 2006-2007
and 2011-2012 the entire path was affected.

5. Discussion

One of the limits of the dendrogeomorphic ap-
proach applied here to reconstruct SAs history is
that it enabled to reconstruct the occurrence of a
single SA per winter season, even if more than one
SA occurred during the same winter period. More-
over, high—-magnitude SAs are usually recorded by a
high number of trees distributed spatially across the
entire path, while low-magnitude SAs may not
reach with sufficient velocity and impact all the trees
inside the path, and consequently are not recorded.
Spatial location of trees within the path has poten-
tially a major influence on the possibilities to recon-
struct SAs in different path sectors.

Trees, depending on their location on the left,
median or right sides of the upper track area, may
potentially be impacted by both low-magnitude
and high-magnitude SAs, while trees located in the
runout area are disturbed by those major SAs affect-
ing the entire path. In this respect, considering the
location of sampled trees within the Carja path
mainly on the left and right sides of the track area,
we are aware that not all SAs have been recon-
structed based on tree-ring analyses. Therefore, the
results of the present study should be considered
only as a minimum chronology of SAs activity along
the Carja path. An improved SAs chronology could
be obtained by combining the tree-ring reconstruc-
tion with historical archives such as reported else-
where (Corona et al, 2010b; Tumajer and Treml,
2015). In areas devoid of forest vegetation, other
indirect information may be obtained regarding the
patterns of SAs activity (SAs type, frequencies), ei-

ther on short-term, as well as on long—term period.
During successive campaigns, field observations
may concern the geomorphic impact of SAs, and
particularly the characteristics of transported debris
by SAs, e.g., boulder size and orientation, plunging
marks, colluvial cone deposit stratigraphy, etc.
(Rapp, 1959, Nyberg, 1988, Decaulne and Sae-
mundsson, 2006). Unfortunately, the lack of his-
torical records in the Parang Mountains and there-
fore tree-ring reconstruction cannot be completed
by this source of information. A single event docu-
mented by newspapers and witnessed by members
of Mountain Rescue Public Service (MRPS) occurred
in December 1% 2017, and related with the loss of
one human life. Therefore, tree-ring reconstruction
may be considered as the method closest to abso-
lute dating of SAs activity that can be used presently
in the study area. The scientific community shows
different opinions regarding the suitable sample size
and the minimum threshold value of AAI to consider
an avalanche event (Decaulne et al,, 2012). By com-
paring historical archives with dendrogeomorphic
reconstructions, Corona et al. (2012) suggested a
sample size of approximately 100 trees in order to
obtain a more complete SAs chronology. Some au-
thors reported sample sizes less than 20 trees unre-
liable for avalanche reconstruction (Butler et al.,
1987). The minimum threshold of AAI should be
variable depending on the sample size, varying from
10% (Boucher et al., 2003; Dubé et al., 2004; Ger-
main et al., 2005; Reardon et al., 2008) to 40% for
the identification of high—-magnitude events (Butler
and Malanson, 1985; Muntan et al., 2009). However,
there is no general agreement on defining a specific
sampling size which may be applied in all tree-ring
reconstructions of SAs. Although a sampling size
around 100 trees could be useful in some mountain
areas with large paths (Corona et al., 2010b), in oth-
er mountain areas with small paths and/or less
dense tree cover may not be applied. Choosing a
suitable sampling size to reconstruct SAs in an area
is still subjective by the expert judgement and de-
pends on various sampling strategies applied, avail-
able trees for sampling, sample type which may be
obtained (discs, wedges or cores), various resources
involved during field-sampling (time, experts,
equipment, etc.).
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Winter season 1996 - 1997

Winter season 2006 - 2007
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Figure 7 Spatial distribution of disturbed trees for winter seasons: 1996-1997, 2004-2005, 2006-2007, 2011-2012 and
2017-2018

In the present study, giving the morphometric
features of the investigated path (relatively small
size, confined path), the small density of tree cover
inside the path, the possibility to collect samples of
high quality (discs) due to availability of the uproot-
ed trees left after the 2017 SA event, and the limited
time resources dedicated to field investigations, a
medium sample size was considered as suitable. A
minimum threshold of 10% was used and consid-
ered suitable to reconstruct past SA events, but we
are aware that a larger sample size would likely en-
able to extent the chronology and improve the his-
torical reconstruction of past SA events. However, it
is also interesting to mention that some of the re-
constructed SA winters have also been documented
in the Romanian Carpathians. Indeed, the years
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2005 and 1997 were also recorded in the previous
tree. The scientific community shows different opin-
ions regarding the suitable sample size and the min-
imum threshold value of AAI to consider an ava-
lanche event (Decaulne et al, 2012). By comparing
historical archives with dendrogeomorphic recon-
structions, Corona et al. (2012) suggested a sample
size of approximately 100 trees in order to obtain a
more complete SA chronology. Some authors re-
ported sample sizes less than 20 trees unreliable for
avalanche reconstruction (Butler et al., 1987). The
minimum threshold of AAI should be variable de-
pending on the sample size, varying from 10% (Bou-
cher et al, 2003; Dubé et al., 2004; Germain et al.,
2005; Reardon et al., 2008) to 40% for the identifica-
tion of high-magnitude events (Butler and Malan-
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son, 1985; Muntan et al., 2009). However, there is no
general agreement on defining a specific sampling
size which may be applied in all tree-ring recon-
structions of SAs. Although a sampling size around
100 trees could be useful in some mountain areas
with large paths (Corona et al, 2010b), in other
mountain areas with small paths and/or less dense
tree cover may not be applied. Choosing a suitable
sampling size to reconstruct SAs in an area is still
subjective by the expert judgement and depends on
various sampling strategies applied, available trees
for sampling, sample type which may be obtained
(discs, wedges or cores), various resources involved
during field-sampling (time, experts, equipment,
etc.). ring-based chronologies either from Parang
Mountains (Pop et al, 2016; Mesesan et al., 2019)
and other mountain ranges in the Southern and
Eastern Carpathians (Voiculescu and Onaca, 2013;
Chiroiu et al., 2015; Pop et al., 2017; Pop et al,
2020). In that regard, further investigations on other
avalanche paths in Parang Mountains are needed, in
order to analyse the weather conditions and pat-
terns that are likely favourable to the triggering of
SAs at a regional scale in the Carpathian Range.

6. Conclusions

The type, amount and intensities of growth disturb-
ances found within the tree rings enabled the recon-
struction of SA history for the period 1994-2018.
Within the investigated avalanche path, the tree—
ring based chronology shows the occurrence of a
minimum of 11 significant SA events, with an aver-
age return period of 2.1 years. Tree-ring records
provided the most consistent avalanche chronology
and may further contribute to an accurate avalanche
hazard zonation in the study area. As most of the
avalanche paths in the area are crossed by tourist
hiking trails, reconstruction of SAs activity over the
last decades should be extended to the whole
Parang Mts., in order to improve the risk assessment
at a regional scale. The results of the present study
and other similar studies can help the Mountain
Rescue Team and local administration in increasing
the awareness about SAs location, frequency, and
magnitude. Finally, although the limited extension
of the chronology back in time, this represents
nonetheless useful and pertinent information to

consider before the implementation and develop-
ment of infrastructure in this mountain avalanche-
prone area.
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ABSTRACT

Casimcea Plateau is an uplifted (exhumated) peneplain cut in Proterozoic green—schists and one of the oldest tec-
tonic units around the Black Sea. Despite its overall monotonous physiognomy, the plateau is crossed by Casimcea
Valley and presents a seaward facade to the east which preserves (sub)horizontal surfaces as testimonies of the
paleoenvironmental changes (sea level and climate). This research aims to identify the marine and fluvio-marine
terraces and to define their vertical distribution based on the morphometric analysis of two study sites (north —
Ceamurlia; south — Tasaul Lake) using EU-DEM. 6 levels were identified as possible marine terraces within the 2-50
m altitude range and also some inferences were made concerning the age of the lower three levels. Also, the present
work highlights a differential (stronger) uplift of the northern sector between Peceneaga — Camena and Ostrov —
Sinoe faults reflected by both the elevation difference of 5-6 m between the terraces staircases identified at the two
sites and by the elevation gaps analysed on an array of cross-fault transects carried on over Ostrov — Sinoe fault.

KEYWORDS Casimcea Plateau, morphometry, marine terraces, faults, uplift

1. Introduction steeper descending slope on the opposite side. In
temperate regions marine terraces often result from
marine erosion (abrasion or denudation) (marine-cut
terraces or shore platforms) or consist of shallow-wa-
ter to slightly emerged accumulations of materials

A marine terrace is any relatively flat, horizontal or
gently inclined surface of marine origin, bounded by
a steeper ascending slope on one side and by a
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removed by shore erosion (marine-built terraces) (Pi-
razzoli, 2005). Marine terraces are unique features
which testify the long term geomorphological evolu-
tion in relation with paleoclimate and sea level oscil-
lations.

The presence and spatial distribution of marine
terraces across the Romanian coast of the Black Sea
is a poorly—known issue despite the old debate con-
cerning their existence and the frequency/number
(Posea, 1980, 1983; Ielenicz, 1988). Most of these
studies tried to identify the supposed marine terraces
and to describe their physiognomy and spatial distri-
bution but, at the same time uncertainty about their
existence persists as long as no study proved this
with clear evidence.

De Martonne (1921) identified three possible
abrasion terraces in northern Dobrogea, whereas
Bratescu (1943) concluded that marine terraces have
been entirely submerged during the Holocene trans-
gression. Latter, Rosu (1969) argued on the existence
of marine terraces extending inland along the Dan-
ube and Danube Delta, identifying up to 7 abrasion
levels (2-4 m; 8-10 m; 15-20 m; 30-45 m; 55-65 m;
75-85 m; 95-110 m). lelenicz (1988) developed the
previously proposed hypothesis (Posea, 1983) and
concluded on the existence of four marine terraces
levels (3-5 m, 6-8 m, 10-15 m, 20-30 m) along the
present—day coastline.

The present study deals with the morphometric
analysis of the lower reach of Casimcea Valley (Tasaul
Lake basin) and the north-east facade of the Cas-
imcea Plateau which fronts presently the Ceamurlia—
Golovita—Zmeica-Sinoe lagoons.

The uplifting pattern associated with marine ter-
races is a subject of discussion in tectonically active
basins. Within the Mediterranean basin, the associa-
tion of marine terraces with the collision between
Eurasian Plate and African Plate largely acknowl-
edged, this factor being related to both seismic
movements and coastal uplifting patterns (Cucci and
Cinti, 1998; Zazo et al., 1999, 2003; Zecchin et al,,
2004; Pirazzoli et al., 2004). On the other hand, alt-
hough the relationship between the marine terraces
extent, spatial distribution and vertical crustal move-
ments along the Romanian Black Sea coastline is not
well documented, this subject was extensively dis-
cussed within the southern Black Sea basin by Keskin
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et al. (2011), Yildirim et al. (2013), Mc Clain et al.
(2016), Berndt et al. (2017), Spencer et al. (2017), Er-
turac et al. (2019; 2020) by analysing the terraces
from northern Turkey, associated with the neo-tec-
tonic and seismic movements related to the North
Anatolian Fault.

The aim of this study is to identify and character-
ize those morphological features which could ac-
count for the existence of marine terraces in central
Dobrogea. Additionally, we inspected the elevation
differences between the identified terrace levels try-
ing to assess the contribution of the vertical crustal
movements, associated with some of the major tec-
tonic faults based on the elevation differences be-
tween terrace levels.

2. Regional settings

Our study area overlays the Casimcea Plateau (Fig. 1),
one of the most affected relief units around the Black
Sea by the processes of marine transgression and re-
gression during the geological-time due to its long
lasting evolution (since Proterozoic; Sandulescu,
1984) and slightly uplifting. (Radulescu et al., 1976
and Visarion et al., 1988). The Casimcea Plateau is
placed between Babadag Plateau (N) and South Do-
brogea Plateau. Peceneaga — Camena and Capidava
— Ovidiu faults disrupt the plateau to the N and to the
S rendering it a perched exhumated peneplain as it
was affected by tectonic uplifting (Ciocardel and
Esca, 1966; Polonic et al., 1999).

Late Pleistocene loess deposits prevail, including
silt or clayey silt and isolated Pleistocene calcareous
pediments along the western banks of the Ceamur-
lia—Golovita—Zmeica-Sinoe Lagoon Complex. The
geological features around Tasaul Lake are more het-
erogeneous: the Precambrian green—schists are pre-
dominant on the western bank and the Late Pleisto-
cene loessoid deposits are predominant on the other
side of the lake, interfering with Pleistocene calcare-
ous layers.

As one of the oldest geological and geomorpho-
logical unit in western Black Sea, Casmicea Plateau
displays a complex morphology with very steep ver-
tical walls, terraces, canyons superimposed on a
widely developed peneplaine with mild slopes re-
sulted from long time subaerial evolution (Posea,
1980; Comanescu, 2004). This complex morphology
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is also imposed by the heterolytic composition with
outcropping green schist, limestones or loess
(Comanescu, 2004, Ielenicz et al., 2004) and their ex-
posure to multiple shaping factors (i.e. tectonic,
subaerial, coastal and marine) which acted at multi-
ple time scales (Ielenicz, 1988). The genesis of marine
terraces is generally associated with the highstands

28°00'N

44°55'N
BLACK SEA

44°20'N

of sea level, which occurred during the odd Marine
Isotope Stages (MIS) specific to warm (inter-glacial)
periods from MIS 1, MIS 3, MIS 5a and MIS 5e to MIS
15 (Yildirim, 2013); during all these intervals the Black
Sea basin was connected with the Mediterranean
Sea, except MIS 3 (Badertscher et al., 2011).

28°50'N

BLACK SEA

Figure 1 Location map showing the position of the study sites in the western Black Sea and in the Casimcea Plateau:
Ceamurlia—Golovita—Zmeica-Sinoe Lagoon Complex (A) and Tasaul Lake (B) in the context of the major units of relief
from Central Dobrogea

The Casimcea Plateau is mainly drained by Cas-
imcea River, which is the most important river in re-
gion, excluding Danube, which crosses Central Do-
brogea following an old syncline alignment from NW
to SE parallel to the main faults. It sums up a drainage
basin of 740 km?, a length of 69 km and a multiannual
average liquid flow of 0.65 m>/s at Casian hydromet-
ric station (Zaharia and Pisota, 2003). The present-
day climate is dry—temperate, with mean annual tem-
perature of ca. 11 °C and mean precipitation of ca.
400 mm/yr (Sandu et al., 2008). Most of this occurs

during summer as heavy rainfalls within relatively
short time intervals. This has a relatively high impact
in sediment mobilization and subsequent morpho-
logical changes.

3. Methodology

For the hypsometry and slope analysis we used the
Digital Elevation Model over Europe (EU-DEM) with a
spatial resolution of 25 m and a vertical resolution of
+7 m (www.eea.europa.eu). Two polygons were cre-
ated for the two study sites, both with a constant
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width of 400 m drawn upslope from the waterlines of
the Tasaul Lake (but excluding the Casimcea river
delta and the littoral barrier) and from the western
waterlines of the Ceamurlia—Golovita—Zmeica-Sinoe
lagoons. The slope values were distributed per alti-
tude classes of 2 m elevation and reclassified to select
and analyse the sub-horizontal (1-2°) and horizontal
surfaces (<1°); these values were associated with the
hypsometric distribution by transforming the EU-
DEM raster to points. All the resulted slope and ele-
vation associated points were joined by using spatial
analysis intersection tool in ArcGis Pro software; Arc
Map 10.8, Global Mapper 15 and Google Earth Pro
were used for identifying the areas with quasi-hori-
zontal levels and for creating ranges of elevation pro-
files. The geological settings of our study sites and

the position of the main faults (Pecenaga—Camena;
Ostrov-Sinoe; Capidava-Ovidiu) were inspected on
1:50000 geological maps for this areas (153 d Ju-
rilovca; L-35-118-D and 169 ¢ Gura Dobrogei L-35-
130-Q).

The analysis concerning the vertical crustal
movements of the areas situated north and south of
the Ostrov — Sinoe fault comprised 53 transects (with
the equidistance of 1-km) placed normal on the Os-
trov — Sinoe fault. Each transect had a 4-km length
with the mid-point right on the fault. Further, the cells
(from the transects) placed at the same distance from
the fault (e.g. 0-25 m, 25-50 m etc.) were averaged
to get a cross-fault hypsometry pattern synthesized
in the cross-fault averaged profile.

Figure 2 Elevation and slope maps of the two study sites from eastern Casimcea Plateau. A. Hypsometry Ceamurlia site);
B. Slopes (Ceamurlia site); C. Hypsometry (Tasaul Lake); D. Slopes (Tasaul Lake)
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Figure 3 Co-distribution (scattered) of slopes and elevation in Ceamurlia (A) and Tasaul Lake (B)

4. Results

The spatial repartition of both elevation and slope is
a suitable method that helped us to find the sub-hor-
izontal levels which are susceptible to be marine ter-
races (Fig. 2). At our study sites which extend over a
surface area of 312 km? (Tasaul) and 288 km? (Cea-
murlia), the slope ranges between 0° and 19.6° for
Tasaul and between 0° and 17.4° for Ceamurlia. In
both areas, the steeper surfaces sit in the proximity
of waterlines, followed by a transition to gentler
slopes further inland. The sub-horizontal surfaces
with slopes <2° and <1.5° represent 27.09%, respec-
tively 15.22%, whilst the horizontal areas (with a slope
<1°) total 6.15% for Tasaul. In the northern—exposed
study site of Ceamurlia the frequency of the sub-hor-
izontal surfaces is of 31.82% (with a slope <2°), re-
spectively 18.14% (with a slope <1.5°). Regarding the
horizontal areas with slopes <1°, they occupy 7.40%.

The elevation distribution in the two sites is
roughly similar but with differences concerning the

maximum altitudes. Thus, the area surrounding
Tasaul Lake displays a range of heights between 0 m
and 39.8 m, while the Ceamurlia hypsometry unfolds
between 0 m to 73.1 m. Nevertheless, even if the el-
evation ranges are different in these two areas, it can
be observed the same pattern of slopes distribution
as shown by the joint analysis of elevation and slope
(Fig. 3). The distribution of the sub-horizontal (1-2°)
and horizontal (<1°) surfaces shows a very distinct
pattern with a significant clustering within the follow-
ing altitude intervals: 2-5m, 7-11 m, 13-16 m, 22-27
m, 31-35 m for Tasaul and 0-2 m, 7-11 m, 13-16 m,
19-23 m, 28-33 m, 36-39 m and 4649 m for Cea-
murlia (Fig. 4). An array of cross-slope profiles which
generally shows one to three steps on the same lin-
ear profile reveals the presence and the aspect of the
quasi-horizontal levels. Figure 5 shows two topo-
graphic profiles that intercepted the levels of 2-5, 7-
11, 13—-16 m for Tasaul and the levels of 7-11 and 13—
16 m for Ceamurlia.
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Figure 5 Selected topographic profiles showing the distribution of (quasi)horizontal surfaces from the two study sites.
Two levels are indicated within the Ceamurlia site (A), while four were identified in the proximity of the Tasaul Lake (B)

5. Discussion

The two study sites have a common convex cross-
slope profile which is specific to areas affected by lat-
eral/horizontal erosion stronger than the overall ver-
tical erosion; the latter one is derived from weather-
ing, sheet-wash and rill-wash (including gullies and
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torrents). In these cases, the extra-erosion which
acted horizontally and imposed both the upward
slope convex profile but also the incision of (sub)hor-
izontal steps at different altitudes seems to be mainly
of marine origin (abrasion and hydraulic pressure) es-
pecially for the north-eastern facade of Casimcea
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Plateau (Ceamurlia) and of combined origin — marine
and fluvial — for the present Tasaul Lake slopes. Due
to its frontal exposure to the north—eastern storm
waves, Ceamurlia probably developed most of the
(sub)horizontal steps during the intervals of Black Sea
highstands when the marine waters could have occu-
pied part of the territory which accommodates now
the delta lagoons. On the present lower reach of Cas-
imcea Valley, the reconnection to the Mediterranean
Sea (ca 9400 BP, Ankindinova et al., 2020) and the
subsequent early and mid-Holocene transgression
drowned the floodplain and the base of the lateral
slopes and transformed it firstly into a ria and later
into a deep liman as suggested by the deep water of
the present Tasaul Lake and by the thick Holocene
sediments strata (>30 m, as indicated by drills) cov-
ering the former Casimcea floodplain within the pre-
sent coastal barrier. The mouth of Casimcea River was
closed by a sandy barrier by the time of the sea—level
rise slowdown (ca. 5000 BP) as most of the coastal
barriers from the western Black Sea (Caraivan et al.,
2015; Vespremeanu-Stroe et al, 2016, 2017). The
(sub)horizontal steps cut in the lateral slopes of the
Tasaul Lake most probably are fluvial terraces which
evolution was imposed by the high position recorded
by the Black Sea which acted as a base level for the
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Casimcea River. It is reasonable to assume that some
of these steps were also shaped by direct marine (ria)
or liman water dynamics which shaped them as flu-
vio—marine terraces.

Our analysis highlights the presence of at least 6
(sub)horizontal steps cut into the slopes of the two
study sites which probably are (all or most of them)
marine or fluvio-marine terraces. Even though, the
sites are located in different (north and south) sectors
of the Casimcea Plateau at a relatively long distance
(40 km) apart, the spatial (vertical) pattern of their
distribution is near identical with the same vertical
development of each terrace and the same vertical
space in-between the terraces. This coherent pattern
made us assuming that they have the same model-
ling agent of marine origin (e.g. waves). The only sig-
nificant difference is the fact that terraces from the
northern site are ca. 5-6 m higher than their corre-
spondents from the southern site (Tasaul Lake) (Fig.
6). Noteworthy, the constant vertical difference for all
terraces could be explained by the Ostrov — Sinoe
fault line (re)activation after the development of the
lower terrace and the vertical displacement of all the
steps from Ceamurlia site (T1-T6) excepting the low-
ermost one (T0).

30 40 50 60

Distance (km)

Figure 6 The altitudinal correlation between the possible marine terraces from the two study sites: C-O = Capidava-
Ovidiu crustal fault; C.V. = Casimcea Valley; O-S = Ostrov-Sinoe fault; P-C = Peceneaga-Camena crustal fault
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In the absence of field evidence (stratigraphy and
chronology) is complicated to infer the age of these
marine terraces. Still, most probably their formation
is linked to the highest and the most long-lasting
highstands of Black Sea from Middle and Late Pleis-
tocene if we take into account the age (MIS15; ca. 600
ka) established for the oldest marine terraces from
Black Sea (Keskin et al., 2011; Yildirim et al., 2013).

Faunal evidence for water intrusions from the
Mediterranean Sea into the Black Sea during the last
600 ka (MIS 15 — present) shows a minimum of 6 in-
tervals (Svitoch et al., 2000) and a maximum of 9 in-
tervals (Zubakov, 1988) when the two seas were con-
nected. But a more recent study reconstructing the
reconnection history based on oxygen isotope
(6180) signatures from a coastal cave (Sofular) pro-
vides evidence for at least twelve time intervals within
the last 670 ka when water exchange between the
Black Sea and Mediterranean Sea was established
which should coincide with sea levels higher than the
current Bosporus sill depth of -35 m b.sl. (Ba-
dertscher et al,, 2011). In our case, the 0—-2 m terrace
(TO) from the northern site should be middle and late

Holocene as it corresponds with the current sea-level
stabilization (5000 BP — present). The next three ter-
races levels, T1-T3, developed at small vertical dis-
tances (ca. 3 m) in-between them and the lowermost
one (T1) seems to be formed either during MIS 3 (41—
30 ka) when terrace formation was also reported for
the Sakarya river (Erturac et al.,, 2019) or MIS 5a (84—
72 ka) when the lowermost terrace was incised in Si-
nop region and Adapazari basin, Anatolia (Yildirim et
al., 2013; Erturac et al., 2020). Next levels of terraces
are even more difficult to assess in the absence of
absolute dating, but with a possible correspondence
of T2 or T3 (which are the best developed in Casimcea
Plateau; highest frequencies) to MIS 5e (125-119 ka)
when the last higher than present World Ocean level
(0-10 m a.s.l.) was reported (Pirazzoli, 1991; 1996).
The vertical crustal movements from Central Dobro-
gea were documented and mapped by several au-
thors between 1966 and 1999 (Ciocardel and Esca,
1966; Cornea et al., 1979; Polonic et al.,, 1999, cited in
Dimitriu and Sava, 2007), which largely considered
Dobrogea either quasi-stable or slightly uplifting.
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Figure 7 Cross-fault averaged topographic profile (4 km long) intercepting Ostrov—Sinoe fault line showing the uplifting
(N) and the lateral compartments

More recently, the emplacement of several GNSS
stations (in 2013) enables permanent vertical move-
ment monitoring which for this short time interval
presents subsidence at rates between —10 mm/yr (Ba-
badag) and -6 mm/yr (C. Midia) across the coastal
strip of our study site (Dimitriu et al.,, 2017). Still, these
values must be considered with caution due to the
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very short time of analysis (4 years) and the errors
which could be associated with the station emplace-
ment especially during first years when the terrain
may compact and settle. Nevertheless, an uplifting
tendency between Peceneaga — Camena and Capi-
dava — Ovidiu crustal faults is firstly suggested by
Radulescu et al. (1976) and Visarion et al. (1988), cited
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in Biter et al. (1998), but also by Diaconescu et al.
(2019) especially for the northern unit of Casimcea
Plateau between the Peceneaga — Camena crustal
fault and the Ostrov — Sinoe strike—slip fault. The
south—north cross-fault averaged profile carried on in
the present study for the Ostrov — Sinoe fault shows
vertical differences up to 30 m depending on the
cross-fault distances (it varies from 150.8 m in south
to 179.5 min the north; Fig. 7). The evolution patterns
of faults and, generally, the crustal movements are
subjects that need more complex analysis. Still, our
results prove an uplifted activity north of Ostrov — Si-
noe fault, for the compartment placed between the
Ostrov — Sinoe and Peceneaga — Camena faults,
which could be also responsible for the vertical gap
between the altitudinal distribution of terraces from
the two Tasaul Lake and Ceamurlia sites (Fig. 6).

6. Conclusions and future work

The present geomorphological analysis identified 7
(sub)horizontal surfaces, with the lowermost (0-2 m)
corresponding to the late Holocene Black Sea level
which suggests the probable presence of 6 marine
terraces within the 2-50 m elevation range. The lower
terraces (T1-T3) were most probably shaped during
MIS 5 (MIS 5a, MIS 5e) but MIS 3 cannot be excluded
as an alternative age for the lowermost one (T1). Our
study also proves a differential (stronger) uplift of the
northern sector between Peceneaga — Camena and
Ostrov — Sinoe faults which is indicated both by the
elevation difference of 5-6 m between the terraces
staircases identified in the two sites and by the eleva-
tion gaps analysed on an array of cross-fault tran-
sects carried on over Ostrov — Sinoe fault.

Further work is needed to confirm and develop
these preliminary results: it is necessary both an in-
depth morphometric analysis carried on a higher ac-
curacy DEM (with centimetre resolution) using
drones and/or terrestrial laser scan and sedimento-
logical and chrono-stratigraphical analyses to de-
scribe and date the deposits which overlay the ma-
rine terraces.
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