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Abstract

This study investigates the relationship between rockfall and seismic activity. The article examines the
development of the Butrointsi rockfall before the earthquake with a magnitude of Mw 5.6 on the Rich-
ter scale and the development which occurred as a result of the seismic activity. Comparing the rock
blocks'’ size, their volume and the deposit's dynamics before and after the earthquake, the authors em-
phasize the role of the seismic factor for the activation of the rockfall process. Through the application
of various methods (morphographics, morphometrics, sedimentologicals etc.) the authors make a com-

plete profile of the deposits and calculate the amount of collapsed rocks caused by the earthquake.

The aim of this study is to emphasize the role of the seismic factor for the dynamics of the Butrointsi

rockfall.

The authors analyze a combination of terrain data and laboratory results in order to gain insights into
the initiation, dynamics and talus deposition of a complex rockfall.
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Introduction

The reason behind this article is the earthquake,
which happened on May 2274 2012, with epicenter
near Pernik (5 km northwest of the city center, be-
tween the villages Meshtitsa and Vitanovtsi). The first
and strongest quake was at 03:00 local time with a
magnitude of Mw 5.6 (EMSC) and a hypocenter depth
of 10 km. (42°3843" north, 22°59'56" east). The earth-
quake caused damage to many buildings in Pernik.
The Butrointsi rockfall is situated about 29 km south-
east of the earthquake epicenter. The main purpose of
the study is to underline the role of the seismic factor
for the development of the rockfall process and the
landform. The Butrointsi rockfall has been monitored
for a period of 4 years as one of the key areas in the
dissertation paper of Rizova (2011). The gauging has

been carried out for a sufficient period and provides
reliable information about the morphodynamics in
the area before the earthquake.

Object of study in this article is a rockfall, located
in the left (moving to north-east) scarp on the road
between the villages Filipovtsi and Butrointsi, in the
northwestern part of Zavalska mountain.

Subject of study are the forms and deposits, formed
as a result of the progress of the gravitational process-
es, in combination with the weathering of the rocks.

This study attempts to calculate the deformations
caused by the earthquake in terms of amount of col-
lapsed mass and the sizes of the newly collapsed rock
blocks. The obtained data is compared to the dynam-
ics of the rockfall before the earthquake in order to
highlight the role of the seismic factor.
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Methods and data

The results, obtained in this paper, came from com-
bination of field and laboratory methods. During the
field study of the key unit, samples were taken for
granulometric analysis, morphoscopic analysis and
petrographic analysis of thin sections. At the same
time marked stakes were placed (Klyukin, Tolstykh,
1984) in order to monitor the intensity of the current
morphodynamic processes in the region.

The morphoscopic and granulometric analysis
were performed by the method of Baltakov (1988) and
Serebryanyi (1980). The results of the granulometric
analysis with aggregate fractions are presented in ta-
bles and histograms. Petrographic description is per-
formed by microscopic examination of two thin sec-
tions. On the topographic map in scale 1:5000 various
morphometric studies were made with a view to cre-
ate a slope map. The steep slopes are an important
condition for the development of rockfalls.

Geologic and geomorphologic setting

The Butrointsi village is located at the northwest flank
of the Zavalska mountain (Kitka peak, 1160 m a.s.l.),
Western Bulgaria (Figure 1). From a geomorphic point
of view this mountain is part of the Zavalsko-Plans-
ka mountain range in the West Srednogorie (Kanev,
1989). It spreads in the northwest direction from the
Breznishki Greben to the Vrabchanska saddle. The
crest of the Zavalska mountain is southwest oriented.
It is steep and narrow. The mountain is built of Upper
Cretaceous volcanic and sedimentary rocks. The relief
is structure-controlled.

In geomorphological sense, parts of Zavalska
mountain have been studied by Konstantinov (1985),
Velchev (1998), Konstantinov and Kanev (1986). In
their researches they affect some problems related to
the tectonic, parts of the foot of the mountain or the
catchment area of some rivers. Publications for this
region have also Boyadzhiev (1979), Vaptsarov (1985),
Kanev (1989), Kostadinov (1974) and others. A com-
plete geomorphological study of Zavalska Mountain
hasn’t done yet.

The relationship between rockfalls and seismic ac-
tivity is mentioned in the studies of many authors,
such as Marzorati et al. (2002), Luuk, Dorren (2003),
Rosser et al. (2007), Mavrouli1 et al. (2009), Lacroix,
Helmstetter (2011), Zimmer et al. (2012), Lari, et al.
(2014), etc. Trough various investigations and calcu-
lations they prove the role of seismic factor for the de-
velopment of rockfall processes and forms.

For the purposes of this study, a Digital Elevation
Model (DEM) was created (Figure 2). The DEM con-
tains elevation every 40 m. Altitude values in the re-
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Figure 1. Geographical location of Butrointsi rockfall in
Zavalska mountain (Western Bulgaria)

search area vary from 790 m in the midstream of the
Butroinska River to 1085 m - northeast of the village
Butrointsi. Exceedances of the relief reaches up to 295
m. The altitude decreases from the northeast to the
southwest, and from the watershed to the carved val-
ley of Butroinska River.

The rock involved in the rockfall process has cata-
clastic structure, with partial recrystallization of some
of the main minerals. It consists of calcite, which com-
prises about 90% of the thin section. Quartz takes sec-
ond place with about 6%. Plagioclase, clay minerals and
hydroxides each have a share of about 2% (Figure 3).

Calcite is represented by bio detritus grains (1-
3mm) in a varying degree of mechanical disintegra-
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Figure 2. Digital Elevation Model and hypsometry
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Figure 3. Limestone blocks, forming
the Butrointsi rockfall

tion and recrystallization. The primary grains are rel-
atively large single crystals with partially preserved
forms of crinoid members. The crystallographic twins
are bent at the periphery of the grains. Secondary
clear grains have developed in cracks of the old grains
as a result of the recrystallization.

Quartz is represented by angular grains with un-
dulose extinction. The angular grains are cracked and
calcite material penetrated in the cracks. Some of the
grains are boudinaged and between the boudins car-
bonate is injected. Dislocation of the quartz fragments
after the deformation can be observed. Being a fragile
and solid material the quartz shows a clear deforma-
tion pattern, when distributed among the more plas-
tic carbonate material and in some places it is trans-
formed into a mosaic of clear smaller grains - mortar
structure. Some of the quartz grains have partially
preserved oval shape, which indicates that before the
deformation they were a terrigenous component in a
sandstone. Feldspar is also deformed and partially re-
placed by secondary grains, the product of a dynamic
recrystallization. These grains are distinctly visible on
the periphery of the larger feldspar grains.

It can be concluded that this is a carbonate terrige-
nous rock (calcarenite), which was deformed in a tec-
tonic zone, and under the effect of mechanical shear,
reduced to tectonic breccia. The traces of dynamic re-
crystallization in the grains resemble that of a low-
grade regional metamorphism and show the intensity
of the shearing process.

The nature of the processing indicates that the rock-
fall is located in the peripheral part of a large fault or
a shear zone.

The crushed material was infiltrated by meteor wa-
ter so the carbonate is partially dissolved. Residual
ferric hydroxide and clay products have formed and
are deposited in the gaps between breccia fragments.
As there is no evidence of multiple and complex in na-

ture karsting, it is highly likely that the tectonic zone
is relatively young and belongs to the system of neo-
tectonic faults in the area.

Slope analysis

Slope gradients are calculated by the method of Bur-
rought and McDonell (1998). The intput data came
from topographic maps in scale 1:5000, which contain
the most accurate and detailed terrain data of Bul-
garia (excluding more modern aerial photos). Based
on this data contours and elevations with altitude are
digitized, which helps generate a relief model, based
on “least squared distance” procedure with a pixel
size 5x5 m. From the so created model of the relief,
a map of the slopes is generated using Arc GIS. For
each pixel the Slope tool calculates the maximum rate
of change in height values of the adjacent pixels. On
the basis of all the calculated values, a map of slopes
is generated (Figure 4). The map created using this
method enables us to change the degree classes for
visualization purposes, thus facilitating analysis and
future inspections.

The calculation of the average slope in the area
outlines the following features in their spatial distri-
bution. The minimum registered slope values are 7°,
while the maximum are 44° (Table 1).

Relatively flat surfaces with slopes up to 10° are ob-
served on the periphery of rivers in watershed areas.
Flat terrains occupy the largest part of the research
area - 24%. They are characterized with creep of the
weathered cover. Hills with slopes of 10° to 15° and
15 ° to 20 ° are of almost equal area. The steep slopes
are carved by short rivers. They are ususally situated
on the periphery of the watershed strips. Accelerat-
ed creep and sheet erosion is dominant in these are-
as. Areas with a slope of 20° to 25° and of 25° to 30° are
found in 17% and 10% of the studied area. These steep
sections are attached to midstreams of rivers of I and
IT order. Intense denudation occurs on the precipitous
valley slopes.

Slopes with maximum steepness - from 30° to 35°
and above 35° occupy a limited area - only 3%. They

Table 1. Slopes acreage and % of the area

Slope in degrees | Territory (ha) | % of the total area
upto 10 19.77 25.30

10-15 16.36 20.94

15-20 13.78 17.64

20-25 11.99 15.35

25-30 8.73 11.18

30-35 4.53 5.81

above 35 2.95 3.78

total 78.14 100.00
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Figure 4. Slope map: 1) - to 10°, 2) - 10-15°, 3) - 15-20°, 4) - 20-25°, 5) - 25-30°, 6) — 30-35°, 7) — over 35°, 8) - studied site

are attached to the valley slopes of the deeply-carved
river valleys of higher order, which are tectonical-
ly imposed and trace faults. Gravitational processes
are a common characteristic of these slopes. Usually
rockfalls develop on slopes steeper than 27° (Konstan-
tinov, 1986). The map of slopes (Figure 3) shows that
the study site is located in an area with maximum gra-
dient values - greater than 35°.

As a result of the analysis of the basic data of the
slope gradients it was established that splash erosion,
along with active denudation processes and sheet ero-
sion prevail. A relatively small part of the total area is
subject to intense gravitational processes.

The rockfall at the beginning of observation
The rockfall (Figure 5) is situated 2,2 km northeast of
Filipovtsi and 1,8 km southwest of Butrointsi. As the
rockfall is closer to Butrointsi, the authors offer, for
more convenience, to be named after this village. It is
located above the confluence of some streams of first
order, which take their source from the Buka peak
(1018, 6 m a.s.l.). They flow into the Butroinska river,
which is a right tributary to the Yablanitsa river . The
exposition is southeast. The altitude is 855 m. The ex-
act location is 42° 50' 12" north, 22° 44 24" east.

The scarp of the rockfall is about 6 m high. At its
base there is a debris funnel with a thickness of about
3 m (Figure 5). The rocks are intensely fractured with
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horizontal and subvertical cracks. The vertical crev-
ices are secondary and less common. The scarp con-
sists of jointed limestone and is approximately 4 m
high. The accumulative part (the trail) is over 2 m
thick and about 8 m long. The latter consists of two
segments. One, which is relatively older, is formed by
sand and gravel. On top of the fine grained under-
layer larger rock blocks collapsed. Their maximum
sizes vary as follows: 88/78/60; 70/50/30; 90/60/75/;
102/80/70; 80/60/40; 75/55/50; 142/110/100; 12/5/4 (in
cm).

Figure 5. The Butrointsi rockfall at the beginning of the
observation (2006)
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Table 2. Results of granulometric analysis in numbers

R2 12.35 33.35

26.3 281

5YR 6/4 light reddish brown

Granulometric analysis

The sample was picked up from the sandy underlay-
er of the rockfall. The fractions of the granulometric
analysis are shown on Table 2 and on the histogram
(Figure 6).
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Figure 6. Results of granulometric analysis in histogram

The following conclusions can be made based on
the results. The filler is clay-sandy. The deposits con-
tain mixed fractions. Sand, gravel and clay have an al-
most equal share. The large pieces (blocks and gravel)
make up to 46% of the sample and the small ones (clay
and sand) up to 54%. The gravel’s share in is the small-
est. Although this is not typical of a rockfall process, it
can be explained by the fact that the sample has been
taken from the lower part of the rockfall, where more
sand is present. After they are detached from the mas-
sif, the rock fragments are subject to continuous exog-
enous influence, which results in further disintegra-
tion.

Morphoscopic analysis
The morphoscopic analysis has been carried out by
examining 30 rock pieces (Figure 7). All of the piec-
es have similar petrographic composition - limestone,
although some pieces have an outer calcite crust and
orange coloration. The age of the limestone is Upper
Cretaceous (Zagorchev and al., 1991). The results of
the morphoscopic analysis are presented in Table 3.
The conclusions, obtained through the morpho-
scopic analysis are as follows: The average dimensions
of the rock fragments on axes “a”, “b” and “c” are re-
spectively: 40, 30 and 22 mm. The maximum dimen-
sions reach up to 90, 63 and 41 mm. These results from

jointing in the upper part of the massif, where be-
tween 10 and 15 joints per linear meter are observed.
The roundness of all fragments is o (according to the
scale of Serebryanyi, 1980). This is characteristic of the
rockfall process. It indicates the fact that gravity is the
main driving force and the transport is short. The ma-

Figure 7. Rock samples for morphoscopic analysis

jority of the fragments are spherical (47%) and 27% are
cylindrical. The form indicates that the mechanism of
transport is saltation.

Observation on marked stake

In early 2006, during the first visit, we placed a small
wooden stake in the bottom (accumulative) part, with
the hope of capturing rockfall at close and tracking
the dynamics of the deposits. The marked stake is
regularly observed for the entire 4-year period (Fig-
ure 8). The following conclusions can be drawn from
the obtained data: The maximum denudation is 23.8
cm, where the stake is completely bare, upturned and
moved at a 1-metre distance down the slope; the min-
imum denudation is 2 cm. The average rate of denu-
dation is 5.95 cm per year. Early spring (April, May) is
the period, when the most active slope denudation oc-
curs. The highest rates of denudation and the largest
collapsed rock fragments have been registered during
this period. Late autumn (October, November) proves
as the second period of high denudation activity. The
denudation activity is at its lowest in the summer and
in the winter.

Research has shown that triggering mechanisms
such as intense rainfall, snowmelt or freeze-thaw
conditions are the most common reason for the
mass movement. During the most active season (the
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Table 3. Results of the morphoscopic analysis (method of Serebryanyi, 1980)

1 62 48 28 limestone 0,58 0,77 disc shaped
2 43 34 21 limestone 0,62 0,79 disc shaped
3 44 29 18 limestone, orange colored 0,62 0,65 flat-elongated
4 90 36 25 limestone 0,69 0,4 cylindrical
5 56 46 31 limestone 0,67 0,82 spherical

6 47 41 34 limestone 0,83 0,87 spherical

7 78 63 39 limestone 0,62 0,80 | disc shaped
8 53 47 41 limestone 0,87 0,88 | spherical

9 45 37 34 limestone 0,92 0,82 | spherical
10 35 34 18 limestone 0,52 0,97 disc shaped
1 55 44 37 limestone, foreign calcite crust, orange colored 0,84 0,80 spherical
12 45 26 21 limestone 0,80 0,57 cylindrical
13 41 34 24 limestone, foreign calcite crust 0,70 0,82 spherical
14 41 27 18 limestone 0,66 0,65 spherical
15 41 24 14 limestone 0,58 0,58 flat-elongated
16 43 38 37 limestone 0,97 0,88 | spherical
17 37 34 20 limestone 0,58 0,91 disc shaped
18 35 19 16 limestone, foreign calcite crust 0,84 0,54 | cylindrical
19 38 30 26 limestone, foreign calcite crust, orange colored 0,86 0,78 spherical
20 46 41 25 limestone 0,60 0,89 disc shaped
21 40 25 21 limestone 0,84 0,62 cylindrical
22 36 25 23 limestone 0,92 0,69 cylindrical
23 35 25 17 limestone 0,68 0,71 spherical
24 41 23 16 limestone 0,69 0,56 | cylindrical
25 30 23 19 limestone 0,82 0,76 | spherical
26 31 27 24 limestone, orange colored 0,88 0,87 | spherical
27 34 32 12 limestone 0,37 0,94 | cylindrical
28 28 22 14 limestone 0,63 0,78 cylindrical
29 28 24 19 limestone 0,79 0,85 spherical
30 26 23 22 limestone 0,95 0,88 spherical

spring) the deposits are transported by water. The  age of water through the crevices plays a key role in
drop of temperatures in winter leads to the sheer  the rocks tearing apart and moving down the slope
mechanic disintegration of the rocks, which have be-  through the power of gravity. The largest pieces are
come very heated during the summer. Consequently  deposited at the greatest distance. The second peak
crevices of various sizes are formed. Spring rainfall  in rainfall is in the autumn, which in turn is the sec-
is the heaviest and the most intensive. The seep-  ond period of high activity.
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Figure 8. Regular reports on marked stake for 4- years observation period:
A) time sequence - 07.07.2006 B) 29.10.2006 - 4,6 cm denudation C) 16.09.2007 - 6,6 cm denudation D) 29.11.2009 -
22 cm denudation - the rod is inverted and moved 1 m over the slope

The rockfall at the end of observation

The development of the rockfall in the beginning
and in the end of the 4-years’ period of observation
is presented on Figure 9. To the left is the rockfall as
of 07.07.2006 and to the right - as of 05.04.2010. The
pictures provide clear evidence that the rockfall pro-
cess has been very dynamic. The results of the marked
stake also confirm this conclusion. The maximum
size of the newly fallen rock fragments varies as fol-
lows: 19/18/7, 19/13/8, 19/12/7, 15/11/7, 13/10/6.5, 42/32/13,
35/21/20, 23/19/16, 36/17/15, 17/13/7 (in cm). Driven by
the power of their own weight, the largest chunks are
transported at the greatest distance, thus reaching the

road, while the smaller material is deposited on the
slope over the previously fallen rocks. The big num-
ber of newly collapsed large blocks near the road in-
dicates that the process entails risks and makes rein-
forcement measures obligatory.

The rockfall after the earthquake

The amount of the collapsed mass as a consequence of
the earthquake of Mw 5.6 in Pernik (22.05.2012) is cal-
culated using mathematical formulas for the calcula-
tion of the area of an ellipse and the volume of a cone.
The rockfall is assumed to be an about 4.5 m high cone
whose peak is at the base of the pine tree (on top of
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Figure 9. Dynamics of rockfall for 4-years of observations. A—on 07.07.2006 B — on 05.04.2010

the cone). The base of the rockfall is assumed to be an
ellipse with a major axis of 7.5 m and a minor axis of
3.5 m (Figure 10). The Figure clearly shows that the so
formed cone is not completely full of rock mass. There
is an empty space of about 35% which is subtracted
from the calculated volume. Thus the calculated vol-
ume of collapsed rock mass as a result of the earth-
quake amounts to approximately 22 m>.

The dynamics of rockfall due to the seismic fac-
tor is shown on Figure 11. The dimension of the larg-

est fallen blocks on axes a, b and ¢ in cm are as fol-
lows: 101/63/50, 106/85/48, 108/71/53, 105/69/43, 96/48/42,
87/56/49, 73/43/26, 78/52/28, 68/45/21, 84/49/38. The num-
ber of blocks has grown, too. While the number of larg-
er collapsed blocks (about 100 cm on axis a) varies be-
tween 5 and 8 during the four-year period prior to the
earthquake, their number has grown several times af-
ter the earthquake. After the falling and the accumula-
tion of rock mass it can be clearly seen that the roots of
the plants grow in the crevices and reach further than

S=m.a.b
S$=3,14%3,75%1,75
$=20,6Tm

V= 1/3h.S
V= 1/3 4,5x20,61
V=30,91Tm

30,91-35%=21.64 m3

Figure 10. Calculation the volume of the follen mass
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Figure 11. The dynamics of rockfall in a result of seismic activity. A — before the earthquake B - after the earthquake

1 m deep, thus destroying the rocks. The cohesion of
the minerals deteriorates further and the crevices grow.
The limestone is oxidized and subject to physical weath-
ering as well as biological weathering.

Conclusion

The comparison of the size of the rock blocks before and
after the earthquake indicates that their dimensions
are quite similar. The same holds true in respect of the
way of accumulation. Most of the largest blocks are de-
posited at the greatest distance from the slope, while
the smaller ones are deposited in the vicinity. Therefore,
it can be concluded that the size of the collapsed blocks
is determined by the crevices caused by weathering in
horizontal and subvertical direction which bear no re-
lation to the earthquake. In the crevices the rocks co-
hesion is damaged and the power of gravity along with
the rainfall or the earthquake has brought about the
falldown. There is a marked contrast in the volume of
collapsed rock mass before and after the earthquake.
Before the latter, over a period of 4 years, single large
collapsed blocks have been registered, while after the
earthquake there are tens of large fallen blocks. The to-
tal volume of the fallen rock mass amounts to 22 m>.

The obtained empirical data, as well as its qualita-
tive and quantitative characteristics, provide explicit
information about the development of the rockfall be-
fore the earthquake. The data is in sharp contrast to
the rockfall dynamics after the earthquake with re-
spect to the size of the rock blocks and the volume of
collapsed mass. The data allows the authors to exam-
ine the development of the rockfall before and after
May 2274 2012 and to emphasize the role of the seismic
factor for the progress of the gravity processes. The ar-
ticle attempts to quantitatively define the earthquake-
caused deformations and characterize the collapsed
rock mass. The petrographic analysis and the data
from the geological map clearly state that the rockfall
is situated on the periphery of a fault located in the
valley of the Butroinska River. The fault will be an ob-
ject of further analysis and examination in the future.
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